
Natural Selection after Severe Winter Favors

Larger and Duller Bluebirds

Virginie Rolland,1,* Susan L. Balenger,2 Jennifer L. Grindstaff,3 and Lynn Siefferman4

1. Arkansas State University, Jonesboro, Arkansas 72401; 2. University of Minnesota–Twin Cities, Saint Paul, Minnesota 55108;
3. Oklahoma State University, Stillwater, Oklahoma 74078; 4. Appalachian State University, Boone, North Carolina 28608

Submitted December 17, 2023; Accepted August 14, 2024; Electronically published October 10, 2024

Online enhancements: supplemental PDF.

abstract: Extreme cold events, which have becomemore frequent,
can revert the direction of long-term responses to climate change. In
2021, record snowstorms swept the United States, causing wildlife
die-offs that may have been associated with rapid natural selection.
Our objective was to determine whether the snowstorms caused nat-
ural selection in Eastern Bluebirds (Sialia sialis). To test which mech-
anism most influenced their survival, we measured the morphology
and coloration of fatalities and survivors at three sites. Survival was
associated with a longer tarsus and with a wider, longer, and deeper
beak, in support of the starvation and thermal endurance hypotheses.
Additionally, bluebirds with more-ornamented plumage were less
likely to have survived, perhaps because of an early energy investment
in mate and site acquisition. As bluebirds encounter increasingly
warm summer conditions, the longer extremities favored during the
snowstorms may continue to be favored through their thermoregula-
tory benefits. However, the dull plumage coloration favored by natural
selection during the snowstorms may be opposed by sexual selection
benefits of more-ornamented plumage. Overall, responses to extreme
events are difficult to predict from responses to long-term climate
change, and responses to one event, such as the 2021 snowstorms,
may not predict responses to a future extreme event.

Keywords: Eastern Bluebirds, extreme weather, ornamentation, mor-
phology, mortality, Sialia sialis.

Introduction

Climate models predict an increase in the frequency and
intensity of extreme weather events, such as droughts
and floods, heat waves and cold snaps, and severe fire
seasons (Cohen et al. 2014; IPCC 2018). When such ex-
treme events cause high mortality, there may be strong
nonrandom selection for individuals with specific traits

(Bumpus 1899; Boag and Grant 1981; Brown and Brown
1998, 1999; Campbell-Staton et al. 2017; Hasegawa and
Arai 2017). Conditions during those events can be so in-
tense that they can accelerate or reverse the direction of
long-term natural selection (Endler 1986; Bailey and van
de Pol 2016; Brown et al. 2018).
Extreme cold conditions not only affect thermoregula-

tory ability but can lead to food shortages that greatly in-
crease the risk of starvation (Lima 1986; McNamara et al.
2016). To survive such conditions, high fasting endurance
and thermal tolerance are crucial. First, individuals with
greater energy stores may be less likely to starve (Rogers
1987; Chapman et al. 2011). Furthermore, larger individ-
uals may be able to consume a greater variety of prey sizes
(Dickman 1988; Cohen et al. 1993). Finally, a large body
confers a thermal endurance advantage in cold conditions
(Chapman et al. 2011). Thus, natural selection should fa-
vor large-bodied individuals in severely cold weather. Ac-
cordingly, after cold events in 1992 and 1996, surviving
Barn Swallows (Hirundo rustica) and Cliff Swallows (Pet-
rochelidon pyrrhonota) tended to have longer culmen and
tarsi (i.e., be larger individuals; Brown and Brown 1998,
1999). Although used as indices of skeletal size in these
swallow studies, beak and tarsus are also exposed areas
with the highest heat exchange in birds (Tattersall et al.
2017). Consequently, smaller extremitiesmight alternatively
be advantageous in cold conditions. Accordingly, Silver-
throated Tits (Aegithalos glaucogularis) that survived harsh
winters had smaller beaks (Wang et al. 2023).
Natural selection can also act on sexually selected traits,

such as plumage ornamentation in sexually dimorphic spe-
cies. Energetically expensive, these traits are the product of
a trade-off between investment in reproduction and other
life history variables like survival (Höglund and Sheldon
1998; Kokko 1998). In normal conditions, sexual selec-
tion favors more-ornamented birds that invest more in
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reproduction; in Eastern Bluebirds (Sialia sialis), more-
ornamented males acquire nest sites and pair earlier than
less-ornamented males (Siefferman and Hill 2003, 2005a),
and more-ornamented females nest earlier (Siefferman and
Hill 2005b). By contrast, under extreme and unfavorable
conditions, high ornamentation can be selected against; in
a mass mortality event inWestern Bluebirds (S. mexicanus),
dead males were more ornamented than survivors (Keyser
and Siefferman 2005), while an extreme cold event led to
reduced survival of more-ornamented male Great Tits (Pa-
rus major; Moore et al. 2015).
Two snowstorms in February 2021 (Uri on February 12–

16 and Viola on February 15–20) swept the United States
and set new or near records of snowfall and low temper-
ature in both magnitude and duration (NOAA 2021).
For example, cities in Oklahoma neared or broke their
records with temperatures at or below 2257C and wind
chills as low as 2447C (Oklahoma Climatological Survey
2021) but also with the longest period (7–11 days) below
277C (Erdman 2021). Across the coastal southern region,
temperatures remained below freezing for more than a
week (Whaley 2021; table 1). These extreme conditions
severely impacted wildlife, including birds (Flesher and
Stengle 2021), likely because the conditions exceeded their
tolerance for cold temperatures (thermal tolerance) and
scarce resources (fasting endurance; Ketterson and Nolan
1976; Chapman et al. 2011). For example, in Cliff Swallows
severe weather (i.e., high of !157C, low of !87C, and rain)
must last at least 4 days to cause mortality (Brown and
Brown 1999).
Following the 2021 snowstorms, reports suggested a

mass mortality event for Eastern Bluebirds (Flesher and
Stengle 2021), which had historically suffered population
declines due to severe winter weather (Musselman 1941;
James 1962; Pitts 1981; Sauer and Droege 1990). Popula-
tions in southern states consist mostly of resident individ-
uals with some partial migrants (Gowaty and Plissner
2020), and winter mortality in resident populations seems
strongly correlated with the number of days with subfreez-
ing temperature (Pitts 1981).
In cold conditions, Eastern Bluebirds can lower their

body temperature by 57C–87C through nocturnal hypo-

thermia (Reinertsen 1996; Ritchison 2000) and roost in
cavities, including nest boxes (Thomas 1946; Frazier and
Nolan 1959; Pitts 1979), to use 13%–28% less energy (even
at2307C) than if roosting outside (Kendeigh 1961; Cooper
1999). Additionally, Eastern Bluebirds can roost commu-
nally in groups of up to 16 individuals (Pitts 1976; Fowler
Neal 2014) to increase the temperature within the cavity
or nest box and reduce heat transfer to the environment
through bodily contact among birds (Du Plessis and Wil-
liams 1994). However, when severely cold conditions are
long lasting and the scarce resources are buried under a
thick layer of snow or ice, these strategies may not be
enough to survive, and mortality from hypothermia and
starvation increases (Pitts 1978a).
By comparing morphological characteristics between

nonsurviving and surviving bluebirds, we addressed the
following question: Which morphological traits in East-
ern Bluebirds were associated with a higher survival prob-
ability during the severe winter storms of February 2021?
We hypothesized that conditions during a severe winter
storm could lead to a microevolutionary change. Specifi-
cally, we predicted two alternative scenarios for body size.
Following the thermal and fasting endurance hypotheses,
these February winter storms should have favored indi-
viduals with bigger skeletal size (with beak and tarsus as
proxies); or if survival was driven primarily by heat reten-
tion, survivors should have had smaller extremities (beak
and tarsus) to minimize heat loss. We further expected
birds with more-ornamented plumage color to have been
disadvantaged from a too-early investment in reproduc-
tion to acquire mates and territories. We also measured
wing and tail length; symmetry in wing, tail, and tarsus;
and coloration metrics of the white belly but predicted no
pattern of natural selection on those traits.

Methods

Study Species and Locations

We conducted the project at three sites that were within
the path of the February 2021 snowstorms: Jonesboro,
Arkansas; Stillwater, Oklahoma; and Oxford, Mississippi.

Table 1: Eastern Bluebird (Sialia sialis) fatalities from nest boxes and weather data at three sites during snowstorms
Uri and Viola, February 2021

Site
No. monitored
nest boxes

No. bluebird
fatalities

No. consecutive days
less than 07C/277C

Snowfall
(cm)

Jonesboro, AR 150 77 11/4.5 27.9
Oxford, MS 218 69 8/1 14
Stillwater, OK 106 17 12/5 19.3

Note: Weather data were obtained from the National Climatic Center Data.
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At all sites, Eastern Bluebirds have been banded and their
nests monitored in 106–218 nest boxes since 2003, 2009,
and 2017, respectively. Nest boxes are placed on metal
poles, 100 m apart, in a linear or grid-like fashion (when
not constrained by private landowners or habitat). De-
pending on the site, nest boxes are located in a combina-
tion of walking trails, roadsides, areas with short grass
(e.g., private mowed yards, golf course, city park), grass-
land, hay fields, and pastures, interspersed with mixed
coniferous-deciduous forest lots.
Within a season, between late March and August, East-

ern Bluebirds typically have up to three successful clutches
of up to six eggs each, and both parents are involved in
parental care (Gowaty and Plissner 2020). The Eastern Blue-
bird is a migratory species, but their migratory behavior
depends on the climate at their nesting grounds. In Still-
water, the average maximum temperature in January and
February is 3.57C–5.57C, with total snowfall averaging
7.3 cm (range: 0–19.0 cm), between 2003 and 2020. The Still-
water bluebird population is made of partial migrants; a
band recovery indicates that some overwinter in Texas,
but the proportion of migrants is unknown. In Jonesboro,
the average maximum temperature is 47C–5.97C, with an
average snowfall of 6.7 cm (range: 0–32.5 cm), in January
and February. In Oxford, the average maximum temper-
ature is 5.77C–7.77C, with an average snowfall of 4.3 cm
(range: 0–32 cm), in January and February. Bluebirds of
the Jonesboro and Oxford populations are mostly year-
round residents, although a few partial migrants cannot
be excluded.
During the nesting season, Eastern Bluebirds are mostly

insectivorous (Beal 1915; Pinkowski 1978; Pitts 1978b).
Between late summer and early spring, they may still feed
on arthropods, but they also eat berries (e.g., sumac, mul-
berry; Pinkowski 1977; Pitts 1978b). In snow or ice con-
ditions, both prey and berries become inaccessible (Pitts
1978a).
Eastern Bluebirds are sexually dichromatic: males dis-

play bright ultraviolet (UV) blue color on most of their
bodies and have chestnut breast and white belly plumage.
Females are duller overall. The UV-blue and white col-
oration is structural (Shawkey et al. 2003), whereas the
chestnut coloration is melanin based (McGraw et al. 2004).
Plumage coloration is likely a sexually selected trait in East-
ern Bluebirds; birds with more colorful blue coloration
achieve higher reproductive success (Siefferman and Hill
2003, 2005a) and tend to be in better body condition
(Grindstaff et al. 2012). Their breast coloration may also
respond to sexual selection (Siefferman and Hill 2003; but
see Grindstaff et al. 2012). Bluebirds experience trade-offs
between producing colorful plumage and investing energy
in other energetically expensive life history traits. Sieffer-
man and Hill (2005b) increased the cost of reproduction,

which caused a reduction in blue color in the following
breeding season. To date, no study has tested whether white
color is sexually selected.

Field Procedures

At all sites, we checked all nest boxes for dead bluebirds
between the last week of February and the first week of
March 2021. We collected up to 77 specimens at a given
site (table 1). All specimens were rolled into a piece of
paper towel and placed into resealable plastic bags that
we stored in a2207C freezer on return to the laboratory.
Later, from late March to early August 2021, we captured
adults 1–3 days following hatching using the trap design
by Robinson et al. (2004).
For both dead (after they had completely thawed) and

live (in the field) individuals, we recorded band number
and color band combination, nest box and date of cap-
ture, age, and sex. In addition, with a wing ruler we mea-
sured wing chord (left and right) and tail length (left and
right outer tail feather) as well as the middle-right tail
feather (51 mm). With a caliper we also measured tarsus
length (left and right) and beak width, depth, and length
(50.01 mm). We did not use body mass because dead in-
dividuals had already started degrading when we col-
lected them.
From both dead and live individuals, we collected the

right outer tail feather in addition to eight feathers from
each of the following regions: chestnut breast, white belly,
and blue rump. We taped region-specific feathers from
each individual together in an overlapping fashion to a
piece of black cardboard. Using an Ocean Optics S2000
reflectance spectrophotometer (Dunedin, FL), we quanti-
fied plumage coloration as the proportion of the total re-
flectance of Ocean Optics W-1 white standard measured
before and after each feather sample. We took five read-
ings from each sample, and each reading was an average
of 20 reflectance curves for each body region. We then
averaged the five readings from each body region of each
individual (for more details, see Keyser and Siefferman
2005). From reflectance data, we calculated (1) brightness
(total amount of light reflected by the feather) as the summed
reflectance from 300 to 700 nm (for overall reflectance of
each body region); (2) UV chroma (measure of spectral
purity for blue rump and tail feathers) as the ratio of the
total reflectance in the UV range to the total reflectance of
the entire spectrum (∫300–400/∫300–700); (3) red chroma
(for chestnut breast feathers) as the ratio of the total reflec-
tance in the red range to the total reflectance of the entire
spectrum (∫645–700/∫300–700); and (4) hue (for blue rump
and tail feathers) as the wavelength at peak reflectance us-
ing the R package pavo (Maia 2013). For UV-blue plum-
age, more-ornamented birds have greater brightness, greater
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UV chroma, and hues with shorter wavelengths (Siefferman
and Hill 2003). For the chestnut breast coloration, more-
ornamented birds have darker (lower brightness) and red-
der (greater red chroma) breasts (Siefferman and Hill 2003).
A more-ornamented belly would have greater brightness
(Doucet et al. 2005).
At a given site, a single trained individual (i.e., V.

Rolland in Arkansas, J. L. Grindstaff in Oklahoma, and
S. L. Balenger in Mississippi) took the measurements the
same way and with the same set of tools for all birds (dead
and alive) to avoid interobserver variability and minimize
intraobserver variability at a site. Although repeating the
measurements on live individuals was not feasible, mea-
surements were taken two to three times on the dead spec-
imens. Additionally, not all monitored sites around Oxford
yielded survivors. Therefore, for comparison purposes, we
included dead specimens only from sites where we also
had survivors, leading to a reduction in sample size from
69 to 36 nonsurvivors for Oxford.
This study was conducted under state scientific collec-

tion permits (011420203 and 1221120211 for Arkansas;
4116217, W2312, and 2210 for Oklahoma; 0507191 for
Mississippi) and with the approval of the Institutional
Animal Care and Use Committee of Arkansas State Uni-
versity (FY17-18-484 and FY20-21-268), Oklahoma State
University (OSU AS-18-2 and IACUC-21-18), and Mis-
sissippi State University (18-015). All authors own a
banding permit with an authorization to collect feathers
and were permitted to access landowners’ properties.

Data Analyses

For each of our study sites, we calculated decline rates
as the number of birds captured, recaptured, or resighted
during the 2021 nesting season divided by the number of
birds captured, recaptured, or resighted during the 2019
and 2020 nesting seasons (if available). For reference, we
also calculated state-level decline rates using 2019 and 2021
point count data from the Breeding Bird Survey (https://
www.pwrc.usgs.gov/BBS/PublicDataInterface/index.cfm)
for three states within and three states outside the path of
the 2021 snowstorms.
In addition to the morphometrics recorded directly on

the birds, we derived an asymmetry score (i.e., absolute
difference between left and right) from the bilateral mea-
surements (e.g., right and left wing chord; Brown and
Brown 1998). We also derived beak volume and surface
area from depth, width, and length, using volume and
surface area formulas for an elliptic cone.
We performed four analyses, all of them in R statistical

software (R Core Team 2022). Data and scripts for all
analyses are shared in a data repository (https://doi.org
/10.5061/dryad.2ngf1vhwh). First, we assessed repeatabil-

ity of the original morphometrics recorded on dead indi-
viduals using Nakagawa and Schielzeth’s (2010) function
from the rptR package (Stoffel et al. 2017) with 1,000 boot-
straps. We used bird ID as a grouping (random) effect, and
a Gaussian distribution was the most appropriate for our
measurement data. The repeatability index ranges from 0
to 1 and is assessed at a p :05, with a significant index
representing a repeatable variable. All measurements were
highly repeatable; the repeatability index for two asym-
metry variables was !0.5 but still indicated repeatability
(P ! :001; table S1; tables S1–S6 are available online).
Second, to visually assess patterns of natural selection

in the distribution of morphology and coloration between
bluebirds that died versus those that survived, we per-
formed two principal component analyses (PCAs), one
on standardized morphological measurements and the
other on standardized plumage coloration measures. We
used the packages FactoMineR (Lê et al. 2008) and facto-
extra (Kassambara and Mundt 2020). For the morpholog-
ical measurements, we included averages and asymmetry
scores rather than the original side-specific variables. For
both PCAs, more than three principal components (PCs)
were needed to meet any of the common stopping rules
(i.e., latent root, scree plot, broken stick, and relative per-
cent variance; McGarigal et al. 2000; Husson et al. 2017),
but we could easily interpret only the first two. The first
two PCs accounted for 49% of the variation in the mor-
phological measurements and for 57% of the variation in
the coloration measures.
Third, to determine whether natural selection acted on

bluebird morphology and plumage coloration, we built
generalized linear mixed models (GLMMs) with a bino-
mial error distribution, using the lme4 package (Bates et al.
2015). The dependent variable was survival (yes or no).
To avoid multicollinearity issues resulting from strong cor-
relations among the original variables (tables S2, S3), fixed
effects were the twomorphology PCs or the two coloration
PCs; morphology and coloration were analyzed separately
because the datasets differed in sample sizes. We also used
sex as a fixed effect. We created five types of models: PC
alone, PC with an additive effect of sex, PC with an inter-
action effect of sex, both PCs (additive), and both PCs with
an additive effect of sex. One random effect was site ID to
avoid confounding effects of interobserver variability and
other site differences. Another random effect was whether
a bird was newly captured or recaptured so as to further
reflect potential interpopulation differences; new captures
likely represent immigrants (through dispersal), although
some birds already in the population may have nested in
nearby natural cavities and been missed in the previous
season. Although populations consist of both nest box and
natural cavity nesters, we cannot determine whether an
unbanded individual was born in a natural cavity of the
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population or immigrated into the population. Similarly,
although mostly composed of year-round resident indi-
viduals, populations at the three sites include an unknown
proportion of seasonal migrants. However, a study on the
closely related Western Bluebird indicated that body size
does not differ between residents and migrants (Dale et al.
2019). Assuming that Eastern Bluebirds follow similarmigra-
tory patterns in populations of partial migrants, the inclusion
of partial migrants likely does not bias our analyses.
For both morphology and coloration, we selected the

best model using an information-theoretic approach based
on the Akaike information criterion (AIC) corrected for
small sample size (AICc; Burnham and Anderson 2002).
The best model was the model with the lowest AICc, but
if two models were equivalent (i.e., DAICc ≤ 2), we ap-
plied the principle of parsimony and retained the model
with the fewest parameters (Burnham and Anderson 2002).
Furthermore, considering the PC in the selected model, we
built post hoc models containing each original (morphology
or coloration) variable with which the selected PCwas highly
correlated (jloadingj 1 0:5). From these post hoc models,
we extracted slope estimates (b51 SE) to provide a more
straightforward interpretation.
Last, to better characterize selection, we analyzed se-

lection differentials (total selection on a trait) and selec-
tion coefficients, also called selection gradients (selection
on a trait independent of other traits), using standardized
morphology and coloration variables (Brodie et al. 1995).
Following Endler (1986) for selection differentials, we cal-
culated i as a measure of directional selection and j as a
measure of stabilizing ( j ! 0) or disruptive ( j 1 0) selec-
tion, using survivors and nonsurvivors as the group before
selection and survivors only as the group after selection.
However, we compared the survivors (selected) to the non-
survivors (unselected) for a more sensitive test (Endler
1986; Brown and Brown 1998), using a two-independent-
sample t-test if normality and variance assumptions were
met or a Wilcoxon rank sum test if normality was violated.
For selection coefficients, we estimated i* (also com-

monly denoted b), the coefficient of directional selection,
and j* (also commonly denoted g), the coefficient of variance
(stabilizing or disruptive) selection (Lande andArnold 1983)
from GLMMs using the lme4 package (Bates et al. 2015).
GLMMs were built with a binomial error distribution for
the response variable, which was the relative fitness de-
fined as 1 for survivors and 0 for nonsurvivors. For mor-
phology, we extracted the coefficients i* from a GLMM
that included all traits except beak surface area and vol-
ume because these variables were derived from the com-
bination of the other beak measurements, creating com-
plete collinearity. For coloration, we used two GLMMs to
circumvent model convergence issues: one GLMM with
belly and breast variables, the other with rump and tail

variables. The coefficients j* were the quadratic coefficients
from the same GLMMs in which we also included a non-
linear term for each test trait X as X p (X 2 �X)2 (Endler
1986). Finally, the random factors were site ID and whether
the bird was newly captured or recaptured. For both selec-
tion differentials and selection coefficients, P values were
evaluated at a p :05; a p :0042 was used for morphol-
ogy and a p :0056 was used for coloration after Bon-
ferroni correction.

Results

Although other cavity nesters (e.g., Carolina Chickadees
Poecile carolinensis) use nest boxes, we found fatalities
only among bluebirds. We recovered 17–77 fatalities per
site (table 1), alone or in groups of up to 16 birds in one
nest box. Among the 130 fatalities we measured, 57% were
females. Only 6 birds in Oklahoma, 33 in Arkansas, and
42 in Mississippi nested in 2021. The number of adults,
combining new and recaptured individuals, declined by
87% from 2020 to 2021, or 81%–92% from 2019 to 2021
at the studied populations, corresponding to the state-
level decline of up to 62%–87% recorded by the Breeding
Bird Survey from 2019 to 2021 (table S4).

Selection on Morphology

The first morphology PC (hereafter, “beak PC”), which
increased with beak and tarsus measurements, discrimi-
nated survivors with positive scores from dead individ-
uals with negative scores (fig. 1). Loadings were highest
for beak volume (0.97), beak surface area (0.87), beak
depth (0.76), beak width (0.71), and beak length (0.67),
followed by tarsus length (0.53). The second morphology
PC (hereafter, “wing PC”), which increased with wing and
tail measurements, did not discriminate survivors from
dead birds. Loadings were highest for outer tail feather
length (0.85), wing chord (0.83), and middle tail feather
length (0.76).
In morphological models of survival, random effects

of state and recapture status were important (table S5).
The model with the wing PC did not perform better than
the null model (table S6). The best model included a pos-
itive effect of beak PC (b p 1:1950:21; table S6) with-
out a sex effect, suggesting that survival was higher for
males and females with overall greater beak and tarsus
measurements. The post hoc models specifically indicated
that bluebirds were more likely to survive the snowstorms
if their beak was deeper (b p 8:0351:32), wider (b p
4:3250:94), and longer (b p 1:2650:47), thus having
larger surface area (b p 0:0650:01) and volume (b p
0:0750:01; fig. 2), as well as longer tarsus (b p 1:115
0:32; fig. 2). Mean beak depth, width, length, surface area,
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and volume increased by 4%, 3%, 2%, 5.6%, and 9.5%, re-
spectively, whereas tarsus length increased by 1.6%.
The selection differentials and coefficients corroborated

these patterns. We detected directional selection for the
same six beak measurements as well as for tarsus length,
although the variance was not reduced (table 2, pt. A).
Coefficients (selection once correlations are removed) sug-
gested that selection acted only on tarsus length and beak
depth (table 2, pt. A). We also found disruptive selection

for wing asymmetry, but the selection coefficient analysis
provided no evidence that this selection was strong (table 2,
pt. A).

Selection on Plumage Ornamentation

The first coloration PC (hereafter, “blue PC”), which de-
creased with tail and rump hue but increased with their
brightness and UV chroma, attributed a slightly lower
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Figure 1: Principal component analyses (PCAs) of morphological characteristics (top) and plumage coloration (bottom) in Eastern
Bluebirds (Sialia sialis) that did (Y) or did not (N) survive the February 2021 snowstorm in Jonesboro (Arkansas), Oxford (Mississippi),
and Stillwater (Oklahoma). Confidence ellipses are indicated for individuals that died versus those that survived; their centers represent
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score to survivors than to dead birds. Loadings were high-
est for rump UV chroma (0.91), tail UV chroma (0.90),
tail hue (20.84), rump hue (20.68), and rump brightness
(0.67). The second coloration PC (hereafter, “inverse chest-
nut PC”), which decreased with breast red chroma but in-
creased with breast brightness, discriminated survivors
with a higher score from dead individuals with a lower
score (fig. 1). Loadings were highest for breast brightness
(0.84) and breast red chroma (20.66).
In coloration models of survival, random effects of state

and recapture status were important (table S5). The model
with the blue PC and the null model performed equally
(table S6). The most parsimonious model included a posi-
tive effect of the inverse chestnut PC (b p 0:4850:21; ta-
ble S6) without an effect of sex, suggesting that survival was
higher for both males and females with a less-ornamented
chestnut coloration. The post hoc models specifically in-
dicated that survival probability during the snowstorm

increased with breast brightness (b p 0:1750:06) and
decreased with breast red chroma (b p 213:8655:27;
fig. 3).
The selection differentials or coefficients also revealed

patterns of selection for breast brightness and tail UV
chroma but not for breast red chroma. Selection was di-
rectional on breast brightness but not strong—partial se-
lection was not significant (table 2, pt. B). Tail UV chroma
seemed under strong selection, but the selection differ-
ential analysis did not detect it as significant (table 2,
pt. B).

Discussion

Mass mortality events can be associated with rapid natural
selection (Bumpus 1899; Boag and Grant 1981; Brown and
Brown 1998, 1999; Campbell-Staton et al. 2017; Hasegawa
and Arai 2017). Extreme weather, including severe winters,
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Figure 2: Observed (points) and predicted (line) survival probability of Eastern Bluebirds (Sialia sialis), based on tarsus length and beak
dimensions (n p 175 birds), during the 2021 February snowstorm in Jonesboro (Arkansas), Oxford (Mississippi), and Stillwater
(Oklahoma). The shaded area represents the 95% confidence interval around the predicted line from the generalized mixed models of sur-
vival with a given morphological variable as a fixed effect and with state and whether a bird was recaptured as random effects.
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can cause high mortality of birds (Robbins et al. 1986;
Sauer et al. 1996), including bluebirds (up to 78% region-
ally between 1976 and 1978; Pitts 1978a, 1981; Pinkowski
1979). All three study populations experienced drastic de-
clines in breeding bluebirds locally (81%–92% decline)
and at the state level (62%–97% decline) during the spring
of 2021. During these weeks, the central southern region
of the United States experienced extreme snowfall and
low temperatures, in both magnitude and duration. This
was the fourth most severe winter in all metrics (Bolinger
et al. 2022), with new records in some metrics (Earley
2021; Erdman 2021). Notably, the maximum temperature
remained below freezing for 8–12 consecutive days at all
sites. Such a prolonged period of extreme cold likely ex-
ceeded many of the birds’ fasting endurance and/or their
ability to maintain homeostasis, resulting in high mortal-
ity (Pitts 1978a, 1981). By sampling across three sites im-
pacted by the storms, we found phenotypic differences

between the birds that died and survived the inclement
weather, suggesting natural selection. Male and female
bluebirds that survived the storm had longer tarsi, larger
beaks, and less-ornamented plumage coloration.

Selection on Morphology

Our data are consistent with predictions of the fasting en-
durance hypothesis that larger individuals can store more
fat reserves and endure longer periods of fasting, assum-
ing that bluebirds with longer tarsi and larger beaks also
had a greater body mass. Although we did not have body
mass data for our study period, studies report body size
as positively correlated with tarsus length (Siefferman
et al. 2006) and beak depth (Grant 1991). Chapman et al.
(2011) hypothesized that fasting endurance ability ex-
plains why some birds remain on the breeding grounds
during the winter.

Table 2: Selection differentials and coefficients for Eastern Bluebirds selected during the two 2021 severe snowstorms in Arkansas,
Oklahoma, and Mississippi

Trait i Pa j Pb i* Pc j* Pc

A. Morphological traits (n p 175 birds)

Wing chord .007 .950 2.21 .148 .121 .746 .150 .612
Outer tail length 2.244 .019 2.09 .657 2.526 .193 .250 .378
Middle tail length 2.120 .254 .275 .070 .300 .398 .168 .537
Tarsus length .438 !.001 .171 .054 1.154 .001 .154 .578
Wing asymmetry .127 .994 .456 !.001 .056 .840 .676 .012
Tail asymmetry .164 .060 .115 .215 .384 .133 .032 .777
Tarsus asymmetry .195 .180 .364 .443 2.035 .913 2.173 .394
Beak length .365 !.001 2.092 .860 .325 .371 2.264 .297
Beak depth .775 !.001 2.367 .008 1.934 !.001 .636 .039
Beak width .596 !.001 2.054 .128 .845 .010 2.222 .535
Beak volume .785 !.001 2.292 .773 . . . . . . . . . . . .
Beak surface area .619 !.001 .270 .013 . . . . . . . . . . . .

B. Coloration traits (n p 145 birds)

Belly brightness .263 .009 2.207 .428 .437 .050 .070 .689
Breast brightness .370 !.001 .438 .349 .641 .163 2.097 .223
Breast red chroma 2.187 .066 .129 .308 2.193 .563 2.011 .947
Rump brightness .163 .042 2.199 .077 .317 .287 2.141 .424
Rump hue .014 .798 2.299 .014 .144 .668 2.203 .439
Rump UV 2.007 .948 2.116 .316 .545 .312 2.204 .553
Tail brightness .013 .898 2.230 .097 .151 .518 2.593 .010
Tail hue .124 .302 2.009 .602 2.614 .178 .190 .564
Tail UV 2.210 .038 2.086 .668 21.751 .001 .191 .390

Note: Standardized directional (i) and variance ( j) selection differentials capture total selection on a trait, whereas selection coefficients (i* and j*) represent
selection on a trait independent of selection on other, correlated traits. Directional (i*) and variance ( j*) selection coefficients were estimated from linear and
quadratic partial regression coefficients, respectively. Coefficients j and j* indicate stabilizing or disruptive selection if they are negative or positive, respectively.
Boldfaced coefficients are significantly selected at a p :0042 and .0056 for morphological and plumage coloration traits, respectively, after Bonferroni cor-
rection. UV p ultraviolet.

a P values are from a two-independent-sample t-test or Wilcoxon rank sum test, depending on the normality of the samples.
b P values are from a variance test or Mood’s test, depending on the normality of the samples.
c P values are from a generalized linear mixed model of survival with state and recapture status (yes or no) as random effects.
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With the same assumption that beak and tarsus lengths
are measures of skeletal body size, our data also support
the thermal endurance hypothesis that a larger body size
is more advantageous in cold weather because the smaller
surface area–to–volume ratio helps conserve body heat and
avoid hypothermia (Chapman et al. 2011). Accordingly,
the Vinous-throated Parrotbill’s (Sinosuthora webbiana)
culmen and tarsus lengths and beak volume increased as
the minimum temperature of the coolest month decreased
(Lee et al. 2021). This larger-body advantage also explained
the longer beaks in Cliff and Barn Swallows that survived
a cold spell (Brown and Brown 1998, 1999). Similarly, if
individuals with larger beaks and longer tarsi also had
larger pectoralis muscles, they would have benefitted from
improved shivering endurance because muscle mass, es-
pecially pectoralismusclemass, is positively associatedwith
summit metabolism (a measure of maximal shivering ther-

mogenic capacity; Swanson et al. 2013; Petit and Vezina
2014). By contrast, our data appear inconsistent with the
hypothesis that thermoregulation in cold conditions is
aided by smaller extremities (e.g., legs). Although individ-
uals with shorter beaks lose heat to the environment less
readily (e.g., Friedman et al. 2017), animals, including birds,
can constrict blood vessels in their extremities (Scholander
1955; McQueen et al. 2023) and adjust their posture to
minimize heat loss. Birds with long legs tend to bring one
or the other into their belly plumage, whereas those with
long bills may tuck it into their back plumage (Pavlovic
et al. 2019).
Forces other than thermoregulationmay also have driven

selection. Although speculative, bluebirds with longer tarsi
and/or larger beaks might have had a foraging advantage
during the 2021 snowstorm. Snow (1954) showed that mor-
phology associated with feeding and movement efficiency

0%

25%

50%

75%

100%

0.30 0.35 0.40 0.45
Breast red chroma

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0%

25%

50%

75%

100%

10 20 30 40 50
Breast Brightness

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0%

25%

50%

75%

100%

10 15 20 25 30
Breast Brightness

Su
rv

iv
al

 P
ro

ba
bi

lit
y

Figure 3: Observed (points) and predicted (line) sex-specific survival probability of Eastern Bluebirds (Sialia sialis), based on plumage col-
oration variables (n p 145 birds), during the 2021 February snowstorm in Jonesboro (Arkansas) and Oxford (Mississippi). The shaded area
represents the 95% confidence interval around the predicted line from the generalized mixed models of survival with an additive effect of sex
and a given color variable and with state and whether a bird was recaptured as random effects.
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can override thermal constraints. Moreover, foraging abil-
ity influences the evolution of beak morphology (Grant
1979; Boag and Grant 1981). Bigger beaks (and associated
greater bite force) allow birds to feed on a wider variety
of food items (Grant 1979; Lefebvre et al. 2017) and to for-
age more efficiently (i.e., larger items in less time; Snow
1954). Notably, the selection we documented on beak depth
was equivalent to the previously documented selection on
beak depth in Medium Ground Finches (Geospiza fortis;
Grant 1991). Although bluebirds can switch from insects to
fleshy fruit on colder days (Pinkowski 1977; Pitts 1978a),
these fruits are difficult to access in snow or ice conditions.
Thus, perhaps bluebirds with a larger beak were better able
to access new foods. Similarly, longer tarsi might have
helped them forage in snow or on new substrate. For ex-
ample, Blue Tits (Parus caeruleus) with longer tarsi tend
to forage while hanging, while those with shorter legs tend
to forage while standing (Carrascal et al. 1994).

Selection on Plumage Ornamentation

As predicted, male and female bluebirds that survived the
storms displayed less-ornamented plumage (i.e., lighter
chestnut breasts and less blue tails) than those that died.
These data are consistent with the assumption that ener-
getically expensive sexually selected traits are the product
of a life history trade-off between reproductive and somatic
investment (Höglund and Sheldon 1998; Kokko 1998). We
argue that these unpredictable back-to-back winter storms
disproportionately challenged themore highly ornamented
birds after they had allocated energy toward an early start
to reproduction acquiring mates and territories. Bluebirds
mate assortatively for blue tail coloration, and in both sexes
bluer birds nest earlier and achieve greater reproductive
success (Siefferman and Hill 2003, 2005c; Grindstaff et al.
2012).
Our results for melanin-based breast coloration mirror

those in Western Bluebirds, in which males that survived
an epidemic were duller than nonsurvivors (Keyser and
Siefferman 2005). Whether the melanin-based chestnut
coloration is sexually selected in bluebirds is not as clear
as the blue structurally based coloration. Siefferman and
Hill (2003) found thatmales that achieved higher reproduc-
tive success in an Alabama population displayed more-
ornamented breast coloration, whereas Grindstaff et al.
(2012) did not find this relationship in our Oklahoma study
population. Similarly, breast coloration of females was not
related to body condition or reproductive success (at least
in the metrics tested) in Alabama (Siefferman and Hill
2005a), but females with less colorful breasts had higher
fledging success in Oklahoma (Grindstaff et al. 2012). Sim-
ilar trends between sexually selected plumage coloration
and survival in the face of unpredictable and extreme

events have been documented in other species (Van Oort
and Dawson 2005; Moore et al. 2015).
Neither brightness of the white plumage on the belly

nor body symmetry differed between bluebirds that died
and survived the winter storms. Whether sexual selection
has shaped the brightness of the white belly coloration
and body symmetry of bluebirds has not yet been studied.
In fact, such traits allow us to contrast the strength of nat-
ural selection for traits that are currently under directional
sexual selection versus those that are likely not. Our results
differ from those of Brown and Brown (1998, 1999), who
found that aerial-foraging swallows with greater tail sym-
metry were more likely to survive a cold spell in the 1990s.
But tail symmetry may be less important to ground-foraging
bluebirds. Sexual selection could also drive tail asymmetry
in swallow species (Møller and De Lope 1994; but see Safran
andMcGraw 2004). Finally, low repeatability (although sig-
nificant) in asymmetry parameters may have prevented us
from detecting a difference (Brown and Brown 1998).

Implications

Overall, although the avian beak is a site of constant heat
loss (McQueen et al. 2023), bluebirds with larger beaks
and longer tarsi were selected during the 2021 winter
storms in the southeastern United States. Similarly, Dark-
eyed Juncos (Junco hyemalis) have beaks with larger sur-
face area at greater relative temperature extremes, such
as in unusually cold years in regions with warm climates
(LaBarbera et al. 2020). We speculate that the winter storms
favored bluebirds with these traits because of the syner-
gistic effects of greater fat reserves, increased shivering
thermogenesis, improved foraging abilities, and more fa-
vorable surface area–to–volume ratios.
After catastrophic events such as extreme weather or

epidemics, newly selected phenotypes, including the deeper
beaks observed here, may persist in populations for several
years (Brown and Brown 2011). Studying persistence, how-
ever, requires recapture of the survivors’ descendants, which
can be challenging after a population bottleneck. Addition-
ally, recapture rates of second-year birds are typically low
(up to 13%; Gowaty and Plissner 2020)—only five offspring
born in 2021 were recaptured as adults in 2022 at the
Arkansas site.
In the long term, in increasingly warmer summer condi-

tions (IPCC 2018), we might anticipate that deeper beaks
and longer tarsi could persist because of thermoregulatory
advantages through heat dissipation (McQueen et al. 2023).
In Cliff Swallows, tarsus length and bill dimensions were
consistently linked with fitness for many years after a se-
vere spring storm (Brown et al. 2013). However, selection
on tarsus length in response to a subsequent spring storm
was in the opposite direction than in the initial 1996 event
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(Brown et al. 2018). Therefore, not only may the response
to extreme events be difficult to predict from the response
to longer-term climate change, but responses to one event
may not predict responses to a subsequent event. This is
also true for responses of plumage ornamentation traits,
in which interactions between natural and sexual selection
may be critical in determining the overall response to selec-
tion during extreme events. Extreme winter weather events
have increased in frequency in northern temperate regions
since the 1990s (Cohen et al. 2014; IPCC 2018). If natural
selection favoring duller plumage in extreme winter weather
acts against sexual selection favoring brighter and more
vivid plumage in normal weather conditions, the expres-
sion of plumage ornamentation traits may stabilize.

Acknowledgments

V.R. thanks Monica Reusche, Anneka Lamb, Joe Schroe-
der, Peridot Galloway, Amanda Trusty, and Abby Barlow,
who assisted in the field in 2021 in Arkansas. J.L.G. thanks
KentAndersson, Angela Riley, Victoria Roper, Paola Salazar,
and Georgia Vester, who assisted in the field in 2021 in
Oklahoma. S.L.B. is grateful for her field technician, Brooke
Norman, in 2021 in Mississippi. L.S. is grateful to Elva
Swibold for preparing and measuring feather samples.
We thank the editors and anonymous reviewers for their
constructive comments that helped strengthen the manu-
script. This project was financially supported by the Arkansas
Audubon Society. Authors have no conflict of interest to
declare.

Statement of Authorship

All authors conceived the study. V.R., S.L.B., and J.L.G.
collected the data, whereas L.S. analyzed the feathers.
V.R. obtained funding, curated the data, performed all the
data analyses, and wrote the first draft. V.R., J.L.G., and
L.S. contributed significantly to the writing and editing of
the manuscript.

Data and Code Availability

Data files and R code to reproduce the figures and the
results presented in text and tables in this article have
been archived in the Dryad Digital Repository (https://
doi.org/10.5061/dryad.2ngf1vhwh; Rolland et al. 2024) and
Zenodo (https://doi.org/10.5281/zenodo.10329630).

Literature Cited

Bailey, L. D., and M. Van De Pol. 2016. Tackling extremes: chal-
lenges for ecological and evolutionary research on extreme cli-
matic events. Journal of Animal Ecology 85:85–96.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting lin-
ear mix-effect models using lme4. Journal of Statistical Software
67:1–48.

Beal, F. E. L. 1915. Food habits of the thrushes of the United States.
USDA Bulletin 280. USDA, Washington, DC.

Boag, P. T., and P. R. Grant. 1981. Intense natural selection in a
population of Darwin’s Finches (Geospizinae) in the Galápagos.
Science 214:82–85.

Bolinger, R. A., V. M. Brown, C. M. Fuhrmann, K. L. Gleason, T. A.
Joyner, B. D. Keim, A. Lewis, et al. 2022. An assessment of the
extremes and impacts of the February 2021 South-Central US
Arctic outbreak, and how climate services can help. Weather and
Climate Extremes 36:100461.

Brodie, E. D., III, A. J. Moore, and F. J. Janzen. 1995. Visualizing
and quantifying natural selection. Trends in Ecology and Evolu-
tion 10:313–318.

Brown, C. R., and M. B. Brown. 1998. Intense natural selection on
body size and wing and tail asymmetry in cliff swallows during
severe weather. Evolution 52:1461–1475.

———. 1999. Natural selection on tail and bill morphology in Barn
Swallows Hirundo rustica during severe weather. Ibis 151:652–659.

Brown, C. R., M. B. Brown, S. L. Hannebaum, P. K. Hosack, A. J.
Kucera, C. E. Page, S. A. Strickler, and G. S. Wagnon. 2018.
Changing patterns of natural selection on morphology of Cliff
Swallows during severe weather. Wilson Journal of Ornithology
130:755–762.

Brown, C. R., M. B. Brown, and E. A. Roche. 2013. Fluctuating vi-
ability selection on morphology of cliff swallows is driven by cli-
mate. Journal of Evolutionary Biology 5:1129–1142.

Brown, M. B., and C. R. Brown. 2011. Intense natural selection on
morphology of Cliff Swallows (Petrochelidon pyrrhonota) a de-
cade later: did the population move between adaptive peaks?
Auk 128:69–77.

Bumpus, H. C. 1899. The elimination of the unfit as illustrated by
the introduced sparrow, Passer domesticus. Biological Lectures
of the Woods Hole Marine Biology Station 6:209–226.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and
multimodel inference: a practical information-theoretic approach.
Springer, New York.

Campbell-Staton, S. C., Z. A. Cheviron, N. Rochette, J. Catchen,
K. B. Losos, and S. V. Edwards. 2017. Winter storms drive rapid
phenotypic, regulatory, and genomic shifts in the green anole
lizard. Science 357:495–498.

Carrascal, L. M., E. Moreno, and A. Valido. 1994. Morphological
evolution and changes in foraging behaviour of island and main-
land populations of blue tit (Parus caeruleus): a test of convergence
and ecomorphological hypotheses. Evolutionary Ecology 8:25–35.

Chapman, B. B., C. Brönmark, J.-Å. Nilsson, and L.-A. Hansson. 2011.
The ecology and evolution of partial migration. Oikos 120:1764–
1775.

Cohen, J. E., S. L. Pimm, P. Yodzis, and J. Saldaña. 1993. Body
sizes of animal predators and animal prey in food webs. Journal
of Animal Ecology 62:67–78.

Cohen, J., J. A. Screen, J. C. Furtado, M. Barlow, D. Whittleston,
D. Coumou, J. Francis, K. Dethloff, D. Entekhabi, J. Overland,
and J. Jones. 2014. Recent Arctic amplification and extreme mid-
latitude weather. Nature Geoscience 7:627–637.

Cooper, S. J. 1999. The thermal and energetic significance of cavity
roosting in Mountain Chickadees and Juniper Titmice. Condor
101:863–866.

Snowstorms Select Traits in Bluebirds 571



Dale, C. A., J. J. Nocera, S. E. Franks, T. K. Kyser, and L. M.
Ratcliffe. 2019. Correlates of alternative migratory strategies in
western bluebirds. Journal of Avian Biology 2019:e02031.

Dickman, C. R. 1988. Body size, prey size, and community struc-
ture in insectivorous mammals. Ecology 69:569–580.

Doucet, S., D. J. Mennill, R. Montgomerie, P. T. Boag, and L. M.
Ratcliffe. 2005. Achromatic plumage reflectance predicts repro-
ductive success in male black-capped chickadees. Behavioral Ecol-
ogy 16:218–222.

Du Plessis, M. A., and J. B.Williams. 1994. Communal cavity roosting
in GreenWoodhoopoes: consequences for energy expenditure and
the seasonal pattern of mortality. Auk 111:292–299.

Earley, N. 2021. State snowstorms seen as historical standouts. Arkansas
Democrat Gazette, February 22. https://www.arkansasonline.com
/news/2021/feb/22/state-snowstorms-seen-as-historical-standouts/.

Endler, J. A. 1986. Natural selection in the wild. Princeton Univer-
sity Press, Princeton, NJ.

Erdman, J. 2021. Our recap of a frenetic stretch of record-breaking
winter weather. Weather Channel, February 22. https://weather.com
/storms/winter/news/2021-02-19-record-cold-snow-winter-storms
-stretch-recap.

Flesher, J., and J. Stengle. 2021. Bats, birds among wildlife pummeled
during Southern freeze.Associated Press, February 24. https://apnews
.com/article/bats-birds-wildlife-southern-freeze-9070466a70d54ee6c
84d060c9ea05005.

Fowler Neal, J. A. 2014. Winter roosting habits of Eastern Blue-
birds (Sialia sialis) in northeast Arkansas. MS thesis, Arkansas
State University, Jonesboro.

Frazier, A., and V. J. Nolan. 1959. Communal roosting by the
bluebird in winter. Bird Banding 30:219–226.

Friedman, N. R., L. Harmáčková, E. P. Economo, and V. Remeš.
2017. Smaller beaks for colder winters: thermoregulation drives
beak size evolution in Australasian songbirds. Evolution 71:2120–
2129.

Gowaty, P. A., and J. H. Plissner. 2020. Eastern Bluebird (Sialia
sialis), version 1.0. In A. F. Poole, ed. Birds of the world. Cornell
Lab of Ornithology, Ithaca, NY.

Grant, P. R. 1979. Ecological and morphological variation of Ca-
nary Island blue tits, Parus caeruleus (Aves: Paridae). Biological
Journal of the Linnean Society 11:103–129.

———. 1991. Natural selection and Darwin’s finches. Scientific
American 265:82–87.

Grindstaff, J. L., M. B. Lovern, J. L. Burtka, and A. Hallmark-
Sharber. 2012. Structural coloration signals condition, parental
investment, and circulating hormone levels in eastern bluebirds
(Sialia sialis). Journal of Comparative Physiology Part A 198:625–
637.

Hasegawa, M., and E. Arai. 2017. Natural selection on wing and
tail morphology in the Pacific Swallow. Journal of Ornithology
158:851–858.

Höglund, J., and B. C. Sheldon. 1998. The cost of reproduction and
sexual selection. Oikos 83:478–483.

Husson, F., S. Le, and J. Pagès. 2017. Exploratory multivariate
analysis by example using R. CRC, Boca Raton, FL.

IPCC (Intergovernmental Panel on Climate Change). 2018. Sum-
mary for policymakers. In V. Masson-Delmotte, P. Shai, H. O.
Pörtner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani, et al., eds.
Global warming of 1.57C. An IPCC special report on the impacts
of global warming of 1.57C above pre-industrial levels and related
global greenhouse gas emission pathways, in the context of strength-

ening the global response to the threat of climate change, sustain-
able development, and efforts to eradicate poverty.WorldMeteoro-
logical Organization, Geneva.

James, D. 1962. Winter 1961–62: dominated by movements of bo-
real birds and marked by still low numbers of Eastern Bluebirds.
Audubon Field Notes 16:306–331.

Kassambara, A., and F. Mundt. 2020. factoextra: extract and visu-
alize the results of multivariate data analyses. R package version
1.0.7. https://CRAN.R-project.org/packagepfactoextra.

Kendeigh, S. C. 1961. Energy of birds conserved by roosting in cav-
ities. Wilson Bulletin 73:140–147.

Ketterson, E. D., and V. Nolan Jr. 1976. Geographic variation and
its climatic correlates in the sex ratio of eastern-wintering dark-
eyed juncos (Junco hyemalis hyemalis). Ecology 57:679–693.

Keyser, A. J., and L. M. Siefferman. 2005. Viability selection against
highly ornamented males. Evolutionary Ecology Research 7:595–
606.

LaBarbera, K., K. J. Marsh, K. R. R. Hayes, and T. T. Hammond.
2020. Context-dependent effects of relative temperature extremes
on bill morphology in a songbird. Royal Society Open Science 7:
192203.

Lande, R., and S. J. Arnold. 1983. The measurement of selection on
correlated characters. Evolution 37:1210–1226.

Kokko, H. 1998. Good genes, old age and life-history trade-offs.
Evolutionary Ecology 12:739–750.

Lê, S., J. Josse, and F. Husson. 2008. FactoMineR: an R package
for multivariate analysis. Journal of Statistical Software 25:1–
18.

Lee, C.-C., Y. Fu, C. Yeh, C. K. L. Yeung, H. Hung, C. Yao, P. L.
Shanner, and S.-H. Li. 2021. Morphological variations in a widely
distributed Eastern Asian passerine cannot be consistently explained
by ecogeographic rules. Ecology and Evolution 11:15249–15260.

Lefebvre, L., P. Whittle, E. Lascaris, and A. Finkelstein. 2017. Feed-
ing innovations and forebrain size in birds. Animal Behaviour
53:549–560.

Lima, S. L. 1986. Predation risk and unpredictable feeding condi-
tions: determinants of body mass in birds. Ecology 67:377–385.

Maia, R., C. M. Eliason, P. P. Bitton, S. M. Doucet, and S. D.
Shawkey. 2013. pavo: an R package for the analysis, visualiza-
tion and organization of spectral data. Methods in Ecology
and Evolution 4:906–913.

McGarigal, K., S. Stafford, and S. Cushman. 2000. Ordination: prin-
cipal component analysis. Pages 19–80 in Multivariate statistics
for wildlife and ecology research. Springer, New York.

McGraw, K. J., K. Wakamatsu, S. Ito, P. M. Nolan, P. Jouventin,
F. S. Dobson, R. E. Austic, et al. 2004. You can’t judge a pigment
by its color: carotenoid and melanin content of yellow and brown
feathers in swallows, bluebirds, penguins, and domestic chickens.
Condor 106:390–395.

McNamara, J. M., A. D. Higginson, and S. Verhulst. 2016. The in-
fluence of the starvation-predation trade-off on the relationship
between ambient temperature and body size among endotherms.
Journal of Biogeography 43:809–819.

McQueen, A., R. Barnaby, M. R. E. Symonds, and G. J. Tattersall.
2023. Birds are better at regulating heat loss through their legs
than their bills: implications for body shape evolution in re-
sponse to climate. Biology Letters 19:20230373.

Møller, A. P., and F. De Lope. 1994. Differential costs of a secondary
sexual character: an experimental test of the handicap principle.
Evolution 48:1676–1683.

572 The American Naturalist



Moore, F. R., D. Cīrule, I. Kivleniece, J. Vrublevska, M. J. Rantala,
E. Sild, T. Sepp, P. Hõrak, T. Krama, and I. Krams. 2015. Invest-
ment in a sexual signal results in reduced survival under ex-
treme conditions in the male great tit (Parus major). Behavioral
Ecology and Sociobiology 69:151–158.

Musselman, T. E. 1941. Bluebird mortality in 1940. Auk 58:409–410.
Nakagawa, S., and H. Schielzeth. 2010. Repeatability for Gaussian

and non-Gaussian data: a practical guide for biologists. Biolog-
ical Reviews 85:935–956.

NOAA (National Oceanic and Atmospheric Administration). 2021.
February 2021 national climate report. https://www.ncei.noaa.gov
/access/monitoring/monthly-report/national/202102#:~:textpThe
%20average%20contiguous%20U.S.%20temperature,127%2Dyear
%20period%20of%20record.

Oklahoma Climatological Survey. 2021. Historically frigid Febru-
ary punctuates winter. Oklahoma Mesonet Network, March 1.
https://climate.ok.gov/index.php/site/page/news.

Pavlovic, G., M. A. Weston, and M. R. E. Symonds. 2019. Mor-
phology and geography predict the use of heat conservation be-
haviours across birds. Functional Ecology 33:286–296.

Petit, M., and F. Vézina. 2014. Phenotype manipulations confirm
the role of pectoral muscles and haematocrit in avian maximal
thermogenic capacity. Journal of Experimental Biology 217:824–
830.

Pinkowski, B. C. 1977. Foraging behavior of the Eastern Bluebird.
Wilson Bulletin 89:404–414.

———. 1978. Feeding of nestling and fledgling Eastern Bluebirds.
Wilson Bulletin 90:84–98.

———. 1979. Effects of a severe winter on a breeding population
of Eastern Bluebirds. Jack-Pine Warbler 57:8–12.

Pitts, T. D. 1976. Fall and winter roosting habits of Carolina Chick-
adees. Wilson Bulletin 88:603–610.

———. 1978a. Eastern Bluebird mortality at winter roosts in
Tennessee. Bird-Banding 49:77–78.

———. 1978b. Foods of Eastern Bluebird nestlings in northwest
Tennessee. Journal of Tennessee Academy of Science 53:136–139.

———. 1979. Foods of Eastern Bluebirds during exceptionally cold
weather in Tennessee. Journal of Wildlife Management 43:752–
754.

———. 1981. Eastern Bluebird population fluctuations in Tennessee
during 1970–1979. Migrant 52:29–37.

R Core Team. 2022. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna.
https://www.R-project.org/.

Reinertsen, R. E. 1996. Physiological and ecological aspects of hy-
pothermia. Pages 152–157 in C. Carey, ed. Avian energetics and
nutritional ecology. Chapmann & Hall, New York.

Ritchison, G. 2000. Eastern Bluebird. Stackpole, Mechanicsburg,
PA.

Robbins, C. S., D. Bystrak, and P. H. Geissler. 1986. The breeding
bird survey: its first fifteen years, 1965–1979. Resource Publica-
tion 157. US Fish and Wildlife Service, Washington, DC.

Robinson, T. J., L. M. Siefferman, and T. S. Risch. 2004. A quick,
inexpensive trap for use with nest boxes. North American Bird
Bander 29:116–117.

Rogers, C. M. 1987. Predation risk and fasting capacity: do winter-
ing birds maintain optimal body mass? Ecology 68:1051–1061.

Rolland, V., S. Balenger, J. Grindstaff, and L. Siefferman. 2024. Data
from: Natural selection after severe winter favors larger and duller

bluebirds. American Naturalist, Dryad Digital Repository, https://
doi.org/10.5061/dryad.2ngf1vhwh.

Safran, R. J., and K. J. McGraw. 2004. Plumage coloration, not
length or symmetry of tail-streamers, is a sexually selected trait
in North American barn swallows. Behavioral Ecology 15:455–
461.

Sauer, J. R., and S. Droege. 1990. Recent population trends of the
Eastern Bluebird. Wilson Bulletin 102:239–252.

Sauer, J. R., G. W. Pendleton, and B. G. Peterjohn. 1996. Evaluat-
ing causes of population change in North American insectivo-
rous songbirds. Conservation Biology 10:465–478.

Scholander, P. F. 1955. Evolution of climatic adaptation in homeo-
therms. Evolution 9:15–26.

Shawkey, M. D., A. M. Estes, L. Siefferman, and G. E. Hill. 2003.
Nanostructure predicts intraspecific variation in ultraviolet–blue
plumage colour. Proceedings of the Royal Society B 270:1455–1460.

Siefferman, L., and G. E. Hill. 2003. Structural and melanin plum-
age coloration indicate parental effort and reproductive success
in male eastern bluebirds. Behavioral Ecology 14:855–861.

———. 2005a. Evidence for sexual selection on structural plum-
age coloration in female eastern bluebirds (Sialia sialis). Evolu-
tion 59:1819–1828.

———. 2005b. Male eastern bluebirds trade future ornamentation
for current reproductive investment. Biology Letters 1:208–211.

———. 2005c. UV-blue structural coloration and competition for
nestboxes in male eastern bluebirds. Animal Behaviour 69:67–
22.

Siefferman, L., K. J. Navara, and G. E. Hill. 2006. Egg coloration is
correlated with female condition in eastern bluebirds (Sialia sialis).
Behavioral Ecology and Sociobiology 59:651–656.https://doi.org
/10.1007/s00265-005-0092-x.

Snow, D. W. 1954. Trends in geographical variation in palearctic
members of the genus Parus. Evolution 8:19–28.

Stoffel, M. A., S. Nakagawa, and H. Schielzeth. 2017. rptR: repeat-
ability estimation and variance decomposition by generalized
linear mixed-effects models. Methods in Ecology and Evolution
8:1639–1644.

Swanson, D. L., Y. Zhang, and M. O. King. 2013. Individual vari-
ation in thermogenic capacity is correlated with flight muscle
size but not cellular metabolic capacity in American goldfinches
(Spinus tristis). Physiological and Biochemical Zoology 86:421–
431.

Tattersall, G. J., B. Aranout, and M. R. E. Symonds. 2017. The evo-
lution of the avian bill as a thermoregulatory organ. Biological
Reviews 92:1630–1656.

Thomas, R.H. 1946. A study of Eastern Bluebirds inArkansas.Wilson
Bulletin 58:143–183.

Van Oort, H., and R. D. Dawson. 2005. Carotenoid ornamentation
of adult male Common Redpolls predicts probability of dying in
a salmonellosis outbreak. Functional Ecology 19:822–827.

Wang, Y., Q. Hu, J. Xu, and J. Li. 2023. Sex-specific selective effect
on winter weather on morphological traits in a small passerine
bird. Avian Research 14:100093.

Whaley, L. 2021. Winter weather will have impact on wildlife, ex-
perts says. KAIT 8, February 25. https://www.kait8.com/2021/02
/26/winter-weather-will-have-impact-wildlife-expert-says/.

Associate Editor: Rebecca J. Safran
Editor: Volker H. W. Rudolf

Snowstorms Select Traits in Bluebirds 573


