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Abstract
Aim: Avian beak morphology is a good example of how anatomical structures have
evolved in response to different selective pressures, such as diet and vocalizations, but
also thermoregulation. The last of these functions was neglected until recently, but
convincing evidence has been provided regarding the capacity of birds to regulate heat
dissipation through their highly vascularized bills. According to this adaptive function
and coherently with the ecogeographical “Allen's rule”, which predicts smaller body
appendages in colder climates, large beaks should be favoured in warm environments.
Here, we tested this prediction in the cosmopolitan common barn owl group.
Location: World.
Time period: 1809–2017.
Major taxa studied: Tyto alba species complex.
Methods: We analysed the variation in bill length relative to body size according
to temperature, latitude and elevation in 7,619 barn owls. The specimens were
collected by 140 museums and represent three distinct evolutionary lineages that
occur in geographically separated regions and cover the entire distributional range
of the species complex: the Afro‐Palaearctic Tyto alba, the Australasian Tyto javanica
and the American Tyto furcata.
Results: In the three lineages, the bill becomes larger with increasing temperature.
This convergent pattern of evolution of smaller bills in colder climates is associ‐
ated with a latitudinal variation in temperature, because small‐billed individuals oc‐
curred at higher latitudes than conspecifics living closer to the Equator. Moreover, in
T. furcata, large‐billed birds mostly occurred at lower elevations closer to the Equator,
with bill length decreasing progressively with concomitant increase in latitude and
elevation.
Discussion: These findings provide evidence for the repeated evolution of bill size
on a global scale that is compatible with Allen's rule. These results suggest a role
of the bill as a potential heat‐exchange surface in nocturnal raptors, which are not
directly exposed to solar radiation and whose bill shape evolved primarily to hunt and
consume animal prey.
KEYWORDS

Allen's rule, bill size, biogeographical rules, convergent evolution, cosmopolitan species,
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selected in warm environments, whereas the opposite is expected
in cold climates.

The size of the body and the proportions of its parts are prob‐

Although geographical variation in bill size compatible with

ably the most important functional traits for living organisms,

Allen's rule has been shown in comparative studies among differ‐

and they vary widely both within and among species (Chown &

ent species (Campbell‐Tennant, Gardner, Kearney, & Symonds,

Gaston, 2010; LaBarbera, 1989). How body size and proportions

2015; Friedman et al., 2017; Symonds & Tattersall, 2010) and at the

are determined by the climatic conditions prevailing in the envi‐

within‐species level on a continental scale (Danner & Greenberg,

ronments where animals live have been the focus of many the‐

2015; Gehlbach, 2003; Greenberg, Cadena, et al., 2012; Greenberg,

oretical and empirical studies, even before Darwin (Allen, 1876;

Danner, Olsen, & Luther, 2012; Laiolo & Rolando, 2001), compre‐

Atkinson & Sibly, 1997; Bergmann, 1847; Mayr, 1956; Sheridan

hensive analyses on cosmopolitan species are still scant (Johansson,

& Bickford, 2011; Smith & Lyons, 2011). The most influential

Linder, Hardin, & White, 1998). The main aim of the present study is

study proposing a clear prediction about the distribution of body

to examine whether the variation in bill size, relative to body size, is

size along environmental gradients was published by Bergmann

linked to temperature and geographical factors in the cosmopolitan

(1847). Known as “Bergmann's rule”, it postulated that endotherms

common barn owl (Tyto alba) species complex. To this end, we used

tend to be larger in colder climates compared with warmer habi‐

> 7,600 specimens of the three distinct evolutionary lineages of this

tats (Bergmann, 1847; see also Meiri, 2011; Olson et al., 2009;

species complex, representing their entire range of distribution.

Salewski & Watt, 2017). From a biophysical perspective, this pat‐

Although their taxonomic status has yet to be elucidated fully (see

tern emerges because the lower surface‐to‐volume ratio of large

Section 2.1), they can be considered as adaptive radiations occurring

individuals confers better heat retention for than smaller ones.

in different geographical regions and producing a large variety of

The related “Allen's rule” (Allen, 1876) is instead focused on the

local adaptations (see details described by Romano, Séchaud, Hirzel,

size of the body extremities (relative to body size) according to

& Roulin, 2019; Uva, Päckert, Cibois, Fumagalli, & Roulin, 2018): the

the thermal environment. According to this rule, body append‐

Western (or Afro‐European) barn owl, T. alba, the American barn owl,

ages are expected to be smaller in colder climates (e.g., higher

Tyto furcata, and the Eastern (or Australasian) barn owl, Tyto javan‐

latitudes and elevations) because they prevent heat dissipation

ica. The investigation of this model system therefore provides the

better. Geographical variation in the size of body appendages,

unique opportunity to compare traits among populations exposed

such as limbs, tails, ears and bills, coherent with such a predic‐

to very different climatic and ecological conditions, and to disclose

tion have been observed frequently in many mammal and bird taxa

whether the same abiotic factors promoted the evolution of conver‐

(e.g., Fooden & Albrecht, 1999; Friedman, Harmáčková, Economo,

gent traits in geographically separated regions.

& Remeš, 2017; Laiolo & Rolando, 2001; Nudds & Oswald, 2007;

Firstly, we examined whether bill size varies according to tem‐

Symonds & Tattersall, 2010). Nevertheless, exceptions to this rule

perature in the manner predicted by Allen's rule. Secondly, we ana‐

have been reported (e.g., Stevenson, 1986).

lysed whether the observed patterns in bill size can be explained by

Among the anatomical structures exclusive to birds, the beak

the two main geographical predictors strictly linked to temperature:

size is an excellent example of how evolution has shaped morphol‐

latitude and elevation. Under a scenario of convergent evolution

ogy in response to a wide variety of selective pressures, including

during concomitant adaptive radiations, we expected similar spatial

the prevailing diet, mate competition and vocalizations (Badyaev,

patterns of body size variation among the three barn owl lineages.

Young, Oh, & Addison, 2008; Grant & Grant, 1995; Podos &
Nowicki, 2004; Smith, 1987; Willson, Karr, & Roth, 1975). A func‐
tion of the bill less appreciated until recent years is its role in ther‐
moregulation (Tattersall, Arnaout, & Symonds, 2017). However, an
increasing number of studies are providing convincing evidence

2 | M E TH O DS
2.1 | Study system

that avian beaks are functional heat‐exchange surfaces used

The common barn owl species complex is a group of nocturnal

by birds to regulate the maintenance of body heat (Greenberg,

owls (König & Weick, 2008; but see a notable exception in Bunn

Cadena, Danner, & Tattersall, 2012; Scott, Cadena, Tattersall,

1972) that inhabit all the continents, including most of the world's

& Milsom, 2008; Tattersall, Andrade, & Abe, 2009). It has been

archipelagos, with Antarctica representing the only exception.

demonstrated that birds are able to increase or decrease the blood

The barn owl can live in a wide range of habitats, and it occurs

flow within the highly vascularized keratinaceous outer layer of

across a huge latitudinal range (from c. 65° N to c. 55° S). Very

the bill, the rhamphotheca, to regulate heat dissipation through

little information has been collected about the altitudinal range

its surface (Tattersall et al., 2009). In addition, they can behave

potentially exploited by barn owls. Although it has been suggested

actively to minimize exposure of the beak to lower ambient tem‐

that at high latitudes it prefers to live at relative low elevations and

peratures by attempting to insulate it with their plumage (“back

that high mountain ranges might represent ecological barriers that

rest behaviour”; Pavlovic, Weston, & Symonds, 2019; Ryeland,

limit its dispersal (e.g., the Rocky Mountains; Machado, Clément,

Weston, & Symonds, 2017). According to this adaptive function

Uva, Goudet, & Roulin, 2018), it is also well known that this taxon

and coherently with “Allen's rule”, large beaks should therefore be

inhabits many high mountainous areas, especially valleys (e.g., in

|
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the New Guinean Central Range, in the Andes, in the Alps and in

67

Collected specimens cover the entire range of distribution of the

the Himalayas), and uplands (e.g., in the East African Highlands),

three evolutionary lineages of the barn owl species complex, and

≤ 3,000 m a.s.l. (see also Supporting Information Figure S1).

the total sample includes 3,902 Western, 2,525 American and 1,192

Discrete differences in morphological traits, including plumage

Eastern barn owls (Supporting Information Appendix S1, Figure S1).

coloration and body size, and in distribution have led to the iden‐

Bill length is a reliable proxy of the total bill surface (and body size;

tification of a variable number of species (from one to four) and

Roulin, Riols, Dijkstra, & Ducrest, 2001; see below), and it has been

subspecies (up to 36; for details, see Uva et al., 2018) worldwide.

used in most of the previous influential studies on beak size variation

However, the most comprehensive molecular phylogeny published

in birds (e.g., Symonds & Tattersall, 2010).

to date (Uva et al., 2018) failed to recognize most of the previously

When possible, the sex of the individual was recorded. Overall,

identified species/subspecies as independent taxonomic units.

data on 3,054 males, 3,270 females and 1,295 unsexed individuals

Although the taxonomy of the common barn owl species complex

were collected. Following a previous study using the same approach

has not yet been determined fully (Uva et al., 2018), all the phy‐

(Romano et al., 2019), all the analyses were run on the total sample

logenetic analyses (Aliabadian, Alaei‐Kakhki, Mirshamsi, Nijman,

of specimens (i.e., excluding the effect of sex in the models) and on

& Roulin, 2016; Uva et al., 2018; Wink, El‐Sayed, Sauer‐Gürth, &

a subsample of individuals for which the information about sex was

Gonzalez, 2009) agreed that this group is split into three geneti‐

available.

cally distinct evolutionary lineages. Irrespective of their taxonomic
level, from an evolutionary perspective these lineages can be con‐
sidered as adaptive radiations occurring simultaneously in geo‐
graphically separated regions: (a) the Western barn owl (T. alba),

2.3 | Climatic and geographical data
The geographical coordinates of the recovery site of each individual

occurring in Africa, the Arabian Peninsula, the Middle East and

were reported (Supporting Information Figure S1). When the label

Europe up to Southern Scandinavia; (b) the American barn owl

reported a region (or small country) name, rather than a precise loca‐

(T. furcata), living from Southern Canada to Patagonia, including

tion, coordinates near the centre of the region were assigned to the

throughout the Caribbean, Galapagos and Hawaiian islands; and (c)

individual. If different specimens were collected in the same area,

the Eastern barn owl (T. javanica), inhabiting the part of Asia south

slightly different coordinates (distance 1–5 km) were assigned to

of the Himalayan plateau and Australasia, including Tasmania and

each of them. This was done in order to consider all the individuals

all the archipelagos in the Pacific Ocean (for further details, see

as separate observations, because they were collected in different

Romano et al., 2019).

years and because barn owls are basically territorial animals (for fur‐

As recently reported, T. furcata and T. javanica lineages could
be paraphyletic (Uva et al., 2018). Indeed, the former includes the

ther details, see Romano et al., 2019).
For each latitude–longitude combination, climatic (temperature)

ashy‐faced owl (Tyto glaucops) from Hispaniola and smaller Antilles

and geographical (elevation) information were reported. Elevation data

(the formerly identified subspecies Tyto glaucops nigrescens and Tyto

were extracted at a 30 arc‐s spatial resolution from the International

glaucops insularis), and the latter includes the Sulawesi (Tyto rosen‐

Centre for Tropical Agriculture site (http://srtm.csi.cgiar.org; Jarvis,

bergii) and the Taliabu (Tyto nigrobrunnea) masked owls, all taxa char‐

Reuter, Nelson, & Guevara, 2008), and temperature information was

acterized by limited and insular distribution that were previously

extracted at the same spatial resolution from the WordClim data re‐

described as separate species using morphological criteria. Given

pository (http://www.worldclim.org/) for the period 1970–2000 (for

that we cannot exclude the possibility that these three groups might

details, see Romano et al., 2019). Given that the barn owl is a resident

be very recent cases of island adaptation, all the analyses described

species, spending the entire year within a few kilometres of its nest, the

below were also carried out including the individuals belonging to

mean annual temperature and elevation over a radius of 20 km from

these taxa.

the location where each specimen was collected were associated to
each individual (for details, see Romano et al., 2019). The elevational

2.2 | Museum skins collection
The bill length of 7,619 barn owl specimens, collected between

range of the sampled locations is very similar between T. alba (minimum,
−224 m; maximum, 4,099 m) and T. furcata (minimum, −66 m; maximum,
4,357 m), whereas for T. javanica it is smaller than for the other two

1809 and 2017 by 140 museums and private citizens (Supporting

lineages (minimum, −2 m; maximum, 2,228 m). However, variation in bill

Information Appendix S1), was measured (expressed as millime‐

size has often been associated with the minimum or the maximum an‐

tres × 10; approximation of .01 mm) by the same experimenter (A.

nual temperature, rather than with the mean annual temperature (e.g.,

Roulin). To test whether the bill length measurement was reliable,

Danner & Greenberg, 2015; Friedman et al., 2017; Greenberg, Danner,

we calculated its repeatability on 197 adults breeding in Switzerland,

et al., 2012). Therefore, we also extracted information on the minimum

which were measured twice during the same year (between 1996

and maximum temperatures recorded at the same 20 km radius scale.

and 2011) by the same experimenter who collected data on museum

We note that the timespan of temperature data does not co‐

specimens. The repeatability is very high (intraclass correlation coef‐

incide with the period when the specimens were collected (1809–

ficient = .96; 95% confidence interval = .95–.97), and measurement

2017). However, the large reduction in sample size (from 7,619 to

error is very low (.049 mm).

1,622 specimens) prevented us from carrying out the analyses on
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the subset of individuals collected only in the same timespan. In

bill size and predictors and because it allows a better comparison

order to account for the variability in the year of collection of the

between the results obtained on different lineages.

specimens, we thus adopted a different approach. We repeated the

The size of the bill is known to vary allometrically according to the

analyses using the mean annual temperature recorded over the de‐

overall body size (Roulin et al., 2001). To account for this source of

cade when each individual lived (i.e., when it was collected by the

variation, and therefore to account for bill size relative to body size,

museum). Temperature information before 1970 was collected from

in all the models we included “wing length” as an additional predic‐

PaleoView (Fordham et al., 2017) at a 2.5° × 2.5° latitude–longitude

tor. In addition, all the models were repeated using the ratio between

spatial resolution, whereas temperature after 1969 was collected

bill length and wing length as a dependent variable. Results are al‐

using the Climatic Research Unit dataset (TS3.10 Dataset; Harris,

ways qualitatively similar, and we therefore show only the results

Jones, Osborn, & Lister, 2014) at a .5° × .5° latitude–longitude spatial

obtained using the first described approach. We used wing length

resolution. This was done because we could not find any climatic

as a proxy for body size, following the vast majority of the studies

data repository reporting temperature information at higher spatial

investigating body size variation in birds (see e.g., a meta‐analysis by

resolution for the entire period of the study. The 559 individuals for

Ashton, 2002; but for limitations of this approach, see e.g., Gosler &

which the year of collection was not reported were associated with

Harper, 2000). In addition, and importantly, given that we relied only

the average mean annual temperature recorded in their recovery lo‐

on museum specimens, wing length is the only available and reliable

cation over the entire period spanning from the year when the first

information on body size that it was possible to collect. However, all

(i.e., 1809) to the last (i.e., 2017) specimens were collected. However,

the analyses were also performed without accounting for body size

because of: (a) the low resolution of temperature data; (b) the use of

to check for the effect of including wing length in the models.

different sources to extract these data; (c) the large positive correla‐

Bill size (and body size) is also predicted to vary according to both

tion between current and past temperature recorded in the same

the availability and the size of food resources. Therefore, it has gener‐

locations (for details, see Romano et al., 2019); and (d) considering

ally been recognized that insular populations should be different in size

that the results were qualitatively similar, we chose to report in the

from those living on continents (Lomolino, 2005), and this is also the case

main text the results obtained using temperature data collected be‐

in our model system (Roulin & Salamin, 2010). To account for this addi‐

tween 1970 and 2000 at a very high resolution, as we did in a previ‐

tional source of variation, in all the models a two‐level factor indicating

ous study (Romano et al., 2019). The results of the analyses in which

whether each specimen originated from a continent (including Australia;

each specimen was associated with the temperature recorded in the

coded as zero) or from an island (coded as one) was included. Finally,

decade when it was alive are, however, reported in the Supporting

given that bill size can be hypothesized to vary non‐monotonically with

Information.

temperature (see e.g., Greenberg & Danner, 2012), we also included the
quadratic term of temperature in the models, which was removed from

2.4 | Statistical analyses

final models because it was never significant (details not shown).
In all the analyses, a model‐specific spatial correlation structure

The analyses were performed using generalized least squares

(Züur, Ieno, Walker, Saveliev, & Smith, 2009) was added to account for

(GLS) methods accounting for spatial autocorrelation between data

spatial autocorrelation between each pair of data points (for details,

points, with the nlme package (Pinheiro, Bates, DebRoy, Sarkar, &

see Romano et al., 2019). We ran models including both a Gaussian

R Core Team, 2014) in R (v.3.5.1; R Core Team, 2018). Variation in

and an exponential correlation matrix, and selected the one to be in‐

bill size was tested separately for T. alba, T. furcata and T. javanica

cluded in the final model according to the associated Akaike informa‐

in three different sets of models that included as main predic‐

tion criterion (AIC). The correlation structures were realized with the

tors, respectively: (a) mean annual temperature; (b) minimum and

CorRGaus/CorRExp procedure implemented in the R package ramps

maximum annual temperature; and (c) absolute latitude and eleva‐

(Smith, Yan, & Cowles, 2008) by setting the “range” value after examin‐

tion. A full model including all the independent variables was not

ing the variogram of the residuals of each model performed, consider‐

performed because of the high correlation between temperature

ing all the data points as independent observations (Züur et al., 2009).

and absolute latitude (r = −.85). In the latter models, a logarithmic

The “haversine” metric was used to set the great‐circle distance be‐

conversion of elevation values was used in order to approximate

tween each pair of coordinates. When necessary, correlation matrices

to a normal distribution. Given that some recovery locations were

were also weighed by their associated nugget effect (i.e., a parameter

below sea level (e.g., Israel or The Netherlands), the logarithmic

indicating the variability observed between samples that are closely

conversion was performed after the addition of the most nega‐

located). Finally, each resulting correlation matrix was converted into

tive elevation value to each elevation value in order to generate

a correlation structure (corsym) in order to make it usable with a GLS

all positive values and to maintain the absolute elevational differ‐

procedure. Spatial independence of the residuals of the final models

ence among locations. Temperature and elevation values were also

was checked by examining the variogram plots. A comparison between

standardized within each evolutionary lineage to consider only the

the AIC of each model before and after the inclusion of correlation

range of values to which each barn owl group was subjected during

matrix was also performed. In all cases, the final models showed no

its adaptive radiation. This procedure was also chosen because it

spatial dependence of residuals, and the AIC of each model decreased

provides scale‐independent estimates of the covariation between

significantly (Supporting Information Table S1).
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Effect sizes of the associations between bill length and, respec‐
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to the likelihood that paraphyletic groups might exhibit different al‐

tively, temperature, absolute latitude and elevation were computed by

lometric relationships between bill and body size, we excluded all

repeating the analyses by standardizing all the variables, including the

three taxa for which there currently exists taxonomic uncertainty

dependent variable. In such conditions, the regression coefficients are

(details of analyses including these taxa are available upon request).

comprised between minus one and plus one and can be considered as

Finally, in order to provide a comprehensive picture of variation

semipartial correlations, which reflect the strength of the association

in bill size at the global scale, we also performed models including the

between the dependent variable and each predictor (Schielzeth, 2010;

same aforementioned predictors on data of the three barn owl lineages

S. Nakagawa, personal communication). This procedure was used to

pooled together. These models included the additional effect “evolu‐

compare different models, in addition to a comparison between the

tionary lineage”, in order to pool data belonging to the three distinct

difference in the AICs of each model before and after the inclusion of

evolutionary units. The coefficients reported in the Results section refer

the predictor(s) of interest (e.g., mean annual temperature).

to the analyses performed on all the individuals (including unsexed ones)

All the models described above were carried out on all the indi‐

excluding specimens of T. glaucops, T. rosenbergii and T. nigrobrunnea, but

viduals (including unsexed ones) and only on the subset of specimens

all the models performed on different subsamples of data always pro‐

for which the sex was known. In the latter case, an additional dichot‐

vided qualitatively similar results (details not shown for brevity).

omic factor indicating the individual sex (1 = male; 2 = female) was
added to the models, in addition to the interaction between sex and
temperature to test for potential sex‐related effects of temperature

3 | R E S U LT S

on bill length. Moreover, all the analyses were repeated including
data of T. glaucops (113 specimens), nested within T. furcata, in addi‐

In all three lineages, bill length increased with increasing mean an‐

tion to T. rosenbergii (48 specimens) and T. nigrobrunnea (one speci‐

nual temperature recorded around the sites where specimens were

men), both nested in T. javanica. However, given the poor model fit

collected (Table 1; Figure 1). This was the case also when the analyses

for the models including T. rosenbergii and T. nigrobrunnea, in addition

were limited to the subsample of the “sexed” individuals (Supporting

TA B L E 1 Variation in bill length according to mean annual temperature and island versus mainland in the three lineages of the common
barn owl group
Coefficient (SE)

t

p‐value

Western barn owl (Tyto alba)
R2

0.150

ΔAIC

12.60

Intercept

131.571 (4.611)

Island

1.657 (0.741)

2.24

.025

Temperature

1.437 (0.374)

3.84

<.001

Wing length

0.213 (0.016)

13.42

<.001

American barn owl (Tyto furcata)
R2

0.511

ΔAIC

58.09

Intercept

110.204 (5.191)

Island

1.625 (1.099)

1.48

.14

Temperature

3.519 (0.428)

8.23

<.001

Wing length

0.320 (0.016)

20.30

<.001

Eastern barn owl (Tyto javanica)
R2

0.421

ΔAIC

3.668

Intercept

135.257 (8.301)

Island

2.208 (1.289)

1.71

.09

Temperature

1.535 (0.725)

2.12

.035

Wing length

0.282 (0.029)

9.82

<.001
2

Note: Bold type indicates statistical significance. Residual degrees of freedom: T. alba = 3898; T. furcata = 2521; T. javanica = 1188. R shows the
variance explained by the models and the change in Akaike information criterion (ΔAIC) indicates the difference between the model including or
excluding “Temperature”.
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latitude (all |t| < 1.69, all p > .09). In addition, in T. furcata an effect
of elevation was observed: bill size decreased at increasing ele‐
vation (Table 2; Figure 2). The effect sizes of the relationship be‐
tween elevation and bill length were moderate in T. furcata (−.148)
and negligible in both T. alba (−.051) and T. javanica (.010). Finally,
and interestingly, in T. furcata a significant effect of the interac‐
tion between elevation and latitude emerged (t = 4.64, p < .001),
whereas this was not the case for T. alba (t = 1.64, p = .10) and
T. javanica (t = .15, p = .88). As expected, in the American barn owl
large‐billed birds mostly occurred at lower elevation closer to the
Equator, with bill length decreasing progressively at concomitant
increasing latitude and elevation (Supporting Information Figure
S2). The results were qualitatively similar when the analyses were

F I G U R E 1 Relationship between mean annual temperature and
bill length in the three lineages of the common barn owl group: the
Western barn owl (Tyto alba; red line) the American barn owl (Tyto
furcata; blue line) and the Eastern barn owl (Tyto javanica; green
line). Regression lines and 95% confidence intervals (coloured
bands) from the models reported in Table 1 are shown. Values of
mean annual temperature were standardized within each taxon to
facilitate the comparison among the lineages [Colour figure can be
viewed at wileyonlinelibrary.com]

TA B L E 2 Variation in bill length according to absolute latitude,
elevation and island versus mainland in the three lineages of the
common barn owl group
Coefficient (SE)

t

p‐value

Western barn owl
(Tyto alba)
R2
ΔAIC
Intercept

0.150
4.78
136.859 (4.677)
1.510 (0.729)

2.07

.038

Absolute latitude

−0.132 (0.036)

3.66

<.001

ture of the decades when each specimen was collected (Supporting

Elevation

−0.461 (0.276)

1.67

.10

Information Table S3). When we included the effect of the inter‐

Wing length

0.212 (0.016)

13.36

<.001

1.641 (1.087)

1.51

.13

Absolute latitude

−0.156 (0.070)

2.22

.027

Elevation

−1.965 (0.300)

6.55

<.001

0.317 (0.016)

19.95

<.001

0.50

.62

Island

Information Table S2) and when we used the mean annual tempera‐

action between sex and temperature in the models, this term was
never statistically significant (T. alba: t = −1.61, p = .11; T. furcata: t =

American barn owl
(Tyto furcata)

−1.32; p = .19; T. javanica: t = −.41, p = .69), thus indicating a similar

R2

pattern of variation in bill length according to temperature in both

ΔAIC

sexes. The effect sizes of the relationship between temperature and
bill length are moderate to medium depending on the barn owl line‐
age (T. alba = .157; T. furcata = .265; T. javanica = .146).
Interestingly, in the models including minimum and maximum
temperature rather than mean annual temperature, in all three
lineages the minimum temperature was statistically significant
(Supporting Information Table S4; effect sizes: T. alba = .100; T. fur‐
cata = .198; T. javanica = .194). In addition, maximum tempera‐
ture positively predicted bill length only in T. furcata (Supporting
Information Table S4; effect sizes: T. alba = .067; T. furcata = .127;
T. javanica = −.023).
The third set of analyses showed that in all the three lineages

Intercept
Island

Wing length

0.507
37.20
115.679 (5.239)

Eastern barn owl
(Tyto javanica)
R2
ΔAIC
Intercept
Island

0.430
15.523
151.974 (8.740)
0.661 (1.318)

of the common barn owl there was a significant variation in beak

Absolute latitude

−0.508 (0.106)

4.79

<.001

size according to absolute latitude (Table 2). In particular, indi‐

Elevation

0.107 (0.277)

0.38

.70

viduals displaying a larger beak were found close to the Equator

Wing length

0.264 (0.029)

9.16

<.001

rather than at higher latitudes (Figure 2). The effect sizes of this
relationship were moderate to large depending on the barn owl
lineage (T. alba = −.217; T. furcata = −.140; T. javanica = −.513). This
pattern of variation in bill size according to latitude was similar in
both hemispheres, as suggested by the lack of a statistically signif‐
icant effect of the interaction between hemisphere and absolute

Note: The effect of the interaction between absolute latitude and eleva‐
tion is reported in the main text. Bold type indicates statistical signifi‐
cance. Residual degrees of freedom: T. alba = 3,897; T. furcata = 2,520;
T. javanica = 1,187. R2 shows the variance explained by the models, and
the change in Akaike information criterion (ΔAIC) indicates the differ‐
ence between the model including or excluding “Absolute latitude” and
“Elevation”.

|

ROMANO et al.

71

F I G U R E 2 Relationship between absolute latitude and elevation and bill length in the three lineages of the common barn owl group.
Upper panel: bill length according to absolute latitude; lower panel: bill length according to elevation. The Western barn owl (Tyto alba; red
line); the American barn owl (Tyto furcate; blue line); the Eastern barn owl (Tyto javanica; green line). Regression lines and 95% confidence
intervals (coloured bands) from the models reported in Table 2 are shown. Values of elevation were standardized within each taxon to
facilitate the comparison among the lineages [Colour figure can be viewed at wileyonlinelibrary.com]
limited to the subsample of the “sexed” individuals (Supporting

birds live. In particular, individuals inhabiting in colder environments

Information Table S2).

display relatively smaller bills compared with those occurring in

Qualitatively similar results were obtained using the ratio be‐

warmer climates. This is consistently the case for populations living

tween bill length and wing length as a dependent variable (an ex‐

in the Afro‐Palaearctic region, in the Americas and in Australasia.

ample is given in Supporting Information Table S5; other details are

Importantly, although the specimens used in the present study were

available upon request).

collected over a large timespan, our findings are not confounded by

When the analyses were performed without accounting for the ef‐

the temporal variation in temperature occurring at different mag‐

fect of wing length, in T. alba the results were similar to those described

nitude across the globe, because very similar findings were ob‐

above (temperature: t = 2.85, p = .004, effect size: .135; absolute lati‐

tained when each specimen was associated with the temperature

tude: t = −3.29, p = .001, effect size: −.209; elevation: t = −1.01, p = .32,

recorded in the decade when it was alive. On the whole, these re‐

effect size: −.032). In T. furcata, the effects of temperature and eleva‐

sults are coherent with the prediction of Allen's rule (Allen, 1876)

tion were smaller but still statistically significant (temperature: t = 4.39,

and provide evidence of intraspecific variation in bill size according

p < .001, effect size: 0.160; elevation: t = −3.14, p = .002, effect size:

to temperature at the global scale. The observation that a similar

−.093), whereas the latitudinal trend disappeared (t = −0.07, p = .95,

association between beak size and temperature occurs in geographi‐

effect size: −.008). However, the effect of the interaction between ab‐

cally separated, but genetically closely related, evolutionary lineages

solute latitude and elevation was confirmed (t = 1.96, p = .05). In T. ja‐

is consistent with the hypothesis that this trait is, at least in part,

vanica, the effect of temperature became statistically non‐significant

convergently selected for body heat maintenance depending on the

(t = 0.14, p = .89, effect size: .010). However, a latitudinal variation in bill

thermal environment.

length was confirmed (absolute latitude: t = −4.70, p ≤ .001, effect size:
−.590; elevation: t = 1.51, p = .13, effect size: .044).
The analyses performed on data of all the lineages pooled to‐

Interestingly, in all three lineages the minimum temperature
predicts bill length better than maximum temperature. Together
with the observation that the quadratic effect of temperature was

gether showed that bill size increased with increasing temperature

never significant, this finding is compatible with the nocturnal

(mean: 2.651 ± .298, t = 8.88, p < .001; minimum: 1.815 ± .354,

habits of the barn owl, which is mainly active in the coolest part

t = 5.13, p < .001; maximum: 1.267 ± .281, t = 4.50, p < .001) and

of the day and therefore should not be subjected to overheating.

with decreasing absolute latitude (−0.175 ± 0.035, t = 5.05, p < .001)

The nocturnal behaviour of the barn owl could also be the rea‐

and elevation (−.953 ± .167, t = 5.71, p < .001).

son why our statistical models explain a small to medium amount
of variance in bill length according to temperature. In addition,

4 | D I S CU S S I O N

the investigation of a single taxon displaying a rather conserved
morphology should limit the expected variation in bill size com‐
pared with comparative analyses performed on different species

In the present study, we showed that the size of the barn owl bill

displaying a large variability in bill shape (Symonds & Tattersall,

is linked to the temperature recorded in the environments where

2010). Finally, it is important to note that, as in all raptors, the
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evolution of the shape and size of the barn owl bill was probably

geographically in a manner similar to temperature. This should be

constrained by the diet, which is invariably based on small mam‐

the case especially for T. javanica. The investigation of barn owl diet

mals across the globe, thus further limiting its potential thermo‐

across the globe can thus constitute an interesting follow‐up to the

regulatory function. We note, however, that the values of variance

present study.

explained by our models are similar or even larger than those

Another aspect that deserves attention is the observation that

usually reported by evo‐ecological studies (see e.g., Low‐Décarie,

the effect sizes of the models including wing length as predictor are

Chivers, & Granados, 2014; Møller & Jennions, 2002).

systematically larger than the corresponding ones excluding this ef‐

This convergent pattern of evolution of larger bills in warmer

fect. Such an effect is particularly marked in T. javanica, for which

climates among the three different barn owl lineages seems to be

the effect of temperature disappeared when we did not control for

driven mainly by a latitudinal variation in temperature. Indeed, indi‐

body size. Although absolute bill length is significantly climate de‐

viduals of T. alba, T. furcata and T. javanica living at higher latitudes

pendent in T. alba and T. furcata, this finding thus indicates that the

display smaller bills compared with their conspecifics occurring

main temperature effect is on the size of the bill relative to body size,

closer to the Equator. The observation that this was the case irre‐

rather than on the absolute bill length. This is consistent with previ‐

spective of the hemisphere (i.e., no significant effect of the inter‐

ous studies on other birds (Campbell‐Tennant et al., 2015; Friedman

action between absolute latitude and hemisphere was observed in

et al., 2017; Greenberg, Cadena, et al., 2012; Greenberg, Danner, et

all the lineages) suggests the occurrence of a very general macro‐

al., 2012; Johansson et al., 1998; Symonds & Tattersall, 2010).

ecological pattern of spatial distribution in bill size across the globe.

The structure of the avian bill is one of the best textbook cases

Interestingly, in the American lineage, we also observed an eleva‐

of evolution in response to different selective pressures (Badyaev

tional cline, with individuals inhabiting higher elevations showing a

et al., 2008; Podos & Nowicki, 2004; Willson et al., 1975), al‐

significantly smaller beak compared with those living at elevations

though it mostly reflects feeding habits, even among different

closer to sea level. Another piece of evidence showing an associa‐

populations of the same species (Grant & Grant, 1995; Smith,

tion between temperature and bill size was provided by the signifi‐

1987). However, it is well known that the tissue underlying the

cant effect of the interaction between latitude and elevation in the

outer keratinaceous layer of the bill is highly vascularized (Lucas

American barn owl, with small‐billed birds occurring mainly at high

& Stettenheim, 1972), thus allowing birds to disperse a substan‐

elevations far from the Equator. Why this pattern was observed only

tial amount of body heat (Greenberg, Cadena, et al., 2012; Scott

in T. furcata is a matter of speculation. A possible interpretation rests

et al., 2008; Symonds & Tattersall, 2010; Tattersall et al., 2009,

on the observation that the highest mountain ranges in the Americas

2017). Like other poorly insulated animal appendages, such as the

(i.e., Andes, Rocky Mountains and Sierra Madre Occidental) cover

ear pinnae of hares (Hill, Christian, & Veghte, 1980; Stevenson,

almost the entire latitudinal range of distribution of T. furcata (i.e.,

1986), the flippers of pinnipeds (Whittow, Matsuura, & Lin, 1972)

they are mostly perpendicular to Equator), whereas this is not the

or the legs and the tails in birds and mammals (e.g., Baudinette,

case for Europe, Africa, South‐East Asia and Australia. A change in

Loveridge, Wilson, Mills, & Schmidt‐Nielsen, 1976; Fooden &

bill size according to the concomitant variation in latitude and eleva‐

Albrecht, 1999), the primary function of the avian bill can thus

tion might therefore be expected in the Americas rather than in the

have been co‐opted for thermoregulatory purposes. This is the

Afro‐Palaearctic region or Australasia.

case also for raptor species, whose bill size and shape evolved

The comparison between different models suggests that the

primarily as adaptations to promote the hunting and consump‐

temperature is the main driver of bill size variation in T. alba and

tion of animal prey, as shown by the present and previous studies

T. furcata, because the climatic models perform better than the

(Gehlbach, 2003; Johansson et al., 1998).

geographical ones. In addition, the effect of mean temperature is

The only available information about the heritability of bill size

always larger than that of minimum temperature, probably because

in our model system was collected in a Swiss population (h2 = .62;

this information integrates the climatic conditions experienced by

Roulin, 2006). According to previous studies on other avian spe‐

the individuals better during the entire year. This is not surprising,

cies (Keller, Grant, Grant, & Petren, 2001; Smith & Dhondt, 1980),

because the barn owl is a resident species, spending the circan‐

the study of Roulin (2006) provided evidence that bill length is de‐

nual cycle in the same area. However, the relatively low variance

termined by a strong genetic component. It is therefore likely that

explained by the models of T. alba also indicates that other selec‐

different sizes of the bill have been selected under different tem‐

tive pressures not considered here substantially contribute to the

perature regimes rather than having emerged as a consequence of a

generation of the spatial variation in bill length observed in this lin‐

climatic effect on bill development during ontogeny. Nevertheless,

eage. In contrast, a different story seems to emerge for T. javanica,

the possibility that a peculiar bill size arose in different populations

in which, although the temperature (mean and minimum) is always a

as a plastic trait driven by the temperature to which barn owls were

significant predictor of bill length, the main driver of its geographi‐

exposed during development/rearing cannot be discarded fully. In

cal variation is latitude. Given the correlative nature of our analyses

fact, it has been shown that birds reared in an experimental cold en‐

and the many functions of the bill, we cannot exclude the possibility

vironment developed smaller bills than related individuals reared in

that the patterns observed might also have been affected by some

warmer conditions (Burness, Huard, Malcolm, & Tattersall, 2013; see

untested variables, such as local diet or prey size, which can vary

also James, 1983). Natural selection positively favouring individuals
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depending on the bill size in different thermal environments and
phenotypic plasticity in the development of the bill in different tem‐
perature conditions might thus have acted together to determine the
pattern of geographical variation documented in the present study.
Spatial and temporal patterns of variation in morphological traits
have recently attracted increasing scientific attention because of po‐
tentially predictable response by organisms to climate change. Indeed,
an increasing number of studies have provided evidence of an asso‐
ciation between temporal variation in morphological traits and the
concomitant increase in temperature (e.g., Møller, Erritzøe, & Dongen,
2018), thus suggesting that it might be considered a general effect of
global warming (e.g., Gardner, Peters, Kearney, Joseph, & Heinsohn,
2011; Sheridan & Bickford, 2011; Van Buskirk, Mulvihill, & Leberman,
2010). However, although an increase in the frequency of large‐billed
individuals should be expected in regions where annual temperature
is increasing, to the best of our knowledge, only one study has found
evidence of such a temporal trend in bill size (Campbell‐Tennant et al.,
2015). In the light of our study, providing evidence of convergent evo‐
lution of bill size in line with the prediction of Allen's rule during three
simultaneous adaptive radiations, we encourage further research on
other species to investigate whether the changing thermal environ‐
ments consequent to the current global warming are imposing a gen‐
eral response in bird bill size at the worldwide scale.
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is to understand the role of natural and sexual selection in
the evolution and maintenance of genetic and phenotypic
variation in different morphological and chromatic traits and
in their covariation by combining disciplines of evolutionary
ecology, biogeography, behavioural ecology, genetics and
population genetics/genomics. Specific aims of our research
are to determine the adaptive function of alternative phe‐
notypes, to identify how ecological, social and physiological
factors influence and maintain inter‐individual variation in
melanin‐based coloration and the other associated pheno‐
typic traits, and to disclose the mechanisms favouring the
high adaptability to different environmental conditions of this
cosmopolitan raptor.
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