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Abstract
Background: Climate imposes multiple selection pressures on animal morphology. Allen’s Rule proposes that
geographic variation in the appendage size of endotherms, relative to body size, is linked to climatic variation,
thereby facilitating heat exchange and body temperature regulation. Thus relatively larger appendages tend to be
found in animals in warmer climates. Despite growing understanding of the role of the avian bill as an organ for
heat exchange, few studies have tested the ecological significance of bill size for heat dissipation across species
and environmental gradients. Amongst those that have, most have focused on the relationship with ambient
temperature, but there is growing evidence that humidity also has a strong influence on heat dissipation. In
particular, increasing humidity reduces the potential for evaporative cooling, favouring radiative and convective
heat loss via the bill, and hence potentially favouring larger bills in humid environments. Here, we used
phylogenetically-controlled analyses of the bill morphology of 36 species of Australian passerines to explore the
relationship between bill size and multiple aspects of climate.
Results: Humidity during the hot summer months (December-February) was positively associated with relative bill
surface area across species. There was no overall association between bill size and summer temperatures per se, but
the association with humidity was mediated by temperature, with a significant interaction indicating stronger
associations with humidity at cooler summer temperatures. This is consistent with the idea that larger bills may
become disadvantageous in humid conditions as ambient temperature approaches body temperature. Relative bill
size was similar among closely related species, with phylogeny explaining 63.3% of the variance, and there was
significant variation among species in their response to humidity. However, the relationship between relative bill
size and humidity was not associated with phylogeny.
Conclusions: Our results are consistent with the idea that body temperature regulation underlies continent-wide
patterns of bill size variation in a broad range of Australian passerines, and suggests that Allen’s Rule may apply to
humidity gradients as well as temperature gradients. They add to growing evidence that a narrow focus on
temperature alone in studies of responses to climate change may limit our understanding of species’ sensitivities to
climatic variation, and of their capacity to adapt.
Keywords: Meliphagoidea, Honeyeaters, Thermoregulation, Heat dissipation, Bill morphology, Bird beak, Allen’s
Rule, Climate, Humidity, Museum specimens
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Background
Morphology is important for thermoregulation in endotherms. In particular, variation in the size of and shape
of morphological traits is linked to heat exchange and
regulation of body temperature [1, 2]. For example,
smaller overall body size results in increased surface area
to volume ratios, with improved capacity for heat dissipation, which may be advantageous in warmer climates
[1]. This relationship between body size and heat exchange was originally proposed by [3] as an explanation
for the observed geographical variation in endotherm
body size that is associated with latitude and climate, an
ecogeographic pattern known as Bergmann’s Rule.
The avian bill is also fundamentally important for heat
exchange and thermoregulation. Although bill morphology is strongly associated with diet and foraging niche
[4, 5], there is also growing evidence of its significance
in body temperature regulation [6–8] and heat exchange
via the bill has been found in all species investigated to
date [9]. The keratinized outer layer of the bill, the
rhamphotheca, covers an extensive network of blood
vessels into which blood may be pumped during exposure to high temperatures to achieve dissipation of excess
metabolic heat via radiation and convection [10]. Thus,
for example, the Toco toucan, Ramphastos toco can
shunt up to 60% of its heat load through the bill when
air temperatures exceed 28 °C, reducing the need for
evaporative cooling [6]. Southern yellow-billed hornbills,
Tockus leucomelas, also use their bills as radiators to
dump heat in hot conditions [9]. Heat loss via the bill
can also be important in species with relatively small
bills [11]; for example, although the bill of the song sparrow, Melospiza melodia, accounts for only about 2% of
the bird’s total surface area, it can shed up to 10% of the
heat load [12]. Like Bergmann’s Rule, Allen’s Rule proposes that the pattern of geographic variation in the
appendages of endotherms, relative to body size, will be
linked to climatic variation [13]. It posits that larger
appendages will be associated with warmer climates to
facilitate heat dissipation. A comparative analysis of
avian bill size across latitude in 214 species from 8
diverse groups provided strong support for Allen’s Rule
and the idea that thermoregulatory function has been a
factor in the evolution of bird bills: larger bills were
generally found in warmer climates [7].
In addition to information from studies of thermal
physiology, there is also evidence that heat exchange
may underlie intraspecific variation in bill size across
species’ distributions. For example, across the distribution of the song sparrow, a 17% increase in bill surface
area was associated with ambient temperature increasing
from 15 to 37 °C, which led to a 33% improvement in
the capacity to dissipate heat as indicated by thermal
imaging [12]. Similarly, among 13 subspecies of the
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yellow warbler, Setophaga petechia, distributed throughout North and Central America, there was a strong positive relationship between bill size and ambient
temperature in habitats experiencing mean maximum
July (summer) temperatures in the range 18–41 °C [11].
Larger bill size may be a particularly important adaptation in hot, arid environments where water availability is
limited in summer [9, 12, 14] since heat dissipation via
the bill does not involve evaporative water loss, thereby
improving water conservation [2, 15–17]. However, in extremely hot environments large bill size may be costly due
to the risk of heat uptake. Where ambient temperatures
regularly exceed body temperature the bill will absorb heat
from the environment rather than dissipate it, so the
advantages of large bill size may actually be reversed in
extremely hot climates [18]. This suggests that there may
be non-linear associations between temperature and optimal bill size. For instance, although relative bill size in
song sparrows increased monotonically with ambient
temperature across their range, bill size decreased in size
in parts of their range where average summer temperatures exceeded body temperature, above about 36 °C [14].
To date most studies of the role of bill size in heat exchange have focused on the relationship with ambient
temperature and/or aridity, but there is growing evidence that humidity also has a strong influence on heat
dissipation. Aridity is determined by levels of rainfall,
which may vary independently from humidity, i.e. atmospheric water vapour pressure. For most birds the
primary means of dissipating heat is via evaporative
cooling from cutaneous and respiratory surfaces [2, 16].
However, high humidity reduces the gradient driving
evaporation thereby reducing the rate of heat loss via
evaporative cooling [2, 16]. In such conditions, birds
may rely on heat loss from the bill via radiation and convection, the efficiency of which is unaffected by humidity
(Andrew McKechnie and Blair Wolf, pers comm). This
suggests adaptive advantages of larger bill sizes in hot,
humid conditions [9, 12, 19–21]. Allen’s rule may therefore apply to humidity gradients as well as temperature
gradients: large appendages should be particularly
advantageous to birds inhabiting hot climates that are
also humid [9, 12].
Despite growing understanding of the role of the avian
bill in heat exchange, there have been very few studies
testing the ecological significance of bill size for heat
dissipation across species and environmental gradients.
Australian passerines provide a useful model in this
regard because the continent comprises a diverse range
of climatic regions, including arid (desert) and humid
(tropical) regions that experience high summer temperatures. Accordingly, selection pressures acting on traits
linked to heat exchange are expected to be strong. Here,
using a phylogenetically-controlled comparative analysis
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and bill morphology data from museum collections of
36 species of Australian passerines, we test two nonmutually exclusive hypotheses regarding variation in
avian bill size and associated heat-related mechanisms.
We use measures of summer weather in order to
explore associations with climate at times when temperatures will be at their highest. We test the following
predictions:
(1)Larger relative bill size should be associated with
warmer climates, in accordance with Allen’s Rule
[13]. However, in hot climates where ambient
temperature regularly exceeds body temperature, the
selection pressure acting on bill size may be reversed
in favour of smaller bills in regions experiencing very
hot summer temperatures. We therefore predict a
non-linear association with temperature.
(2)Larger relative bill size will be associated with
climates where hot conditions coincide with high
humidity, because increasing humidity reduces the
potential for evaporative cooling, favouring heat
transfer via the bill.

Methods
Study species

Our study focused on 36 species of Australian passerine
from the Meliphagoidea (honeyeaters and allies), a large
and diverse group of Australasian passerines that is
widely distributed across habitats and climatic regions
and for which robust, species-level molecular phylogenies are available [22, 23]. The species in our study
ranged from 6 to 101 g (mean female body mass), included both insectivores and nectarivores and sedentary
and mobile species, and occupied a diversity of climatic
regions (Table 1) [22, 23].
We measured the bills of 2,864 adult individuals using
museum specimens collected across the geographic
ranges of each species between 1970 and 2012 (Table 1,
Fig. 1, Additional file 1: Figure S1). The specimens we
examined are housed at the Australian National Wildlife
Collection at CSIRO in Canberra, the Australian
Museum in Sydney and Museum Victoria in Melbourne,
Australia. We recorded the sex and year of collection of
each specimen and location (latitude, longitude) and
biogeographic region in which each specimen was collected. Biogeographic region was based on the Interim
Biogeographic Regionalisation for Australia (IBRA version 6), with specimens from 77 biogeographic regions
included in our study. We excluded juveniles and subadults identified by information provided in museum
metadata or from age-related differences in plumage.
We restricted our sampling to birds collected prior to
2012 to eliminate the confounding effect of shrinkage,
which occur in the first few years after preservation [24].
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Morphometric measurements

We measured bill length (BL), width (BW) and depth
(BD) of the exposed bill for each individual using digital
calipers with direct download to a spreadsheet to reduce
transcription errors. Bill length was measured from the
feathering at base of the upper mandible (maxilla) to the
bill tip, bill width from the posterior edge of the nares
(nostrils) on one side of the bill to the same on the other
side, and bill depth from the posterior edge of the nares
on the upper mandible to the bottom of the lower mandible at right angles to the tomia, i.e. the cutting edge of
the bill. Bill measurements were converted to an estimate of the surface area of the bill using the formula
((BW + BD)/4) × BL × π, which approximates lateral surface area of a nearly circular elliptical cone [14]. To estimate bill size relative to overall body size, we used an
index of body size measured as the length of the flattened wing chord from the carpal joint to the tip of the
longest primary (wing length is the best single linear
predictor of structural body size [25]; see Additional file
1: Figure S2 for relative bill surface area of each species.
Because feathers abrade over the course of the year,
between successive moults, and can affect wing length,
we accounted for feather wear in our estimate of wing
length using the residuals from a regression between wing
length and an ‘abrasion score’ [26]. All measurements
were undertaken by the same person (Jesse Smith).
Climate data

We estimated climate variables at all collection locations
of each species. These point data were interpolated from
the ANUClimate 1.0 spatial model of monthly Australian
climate variables on a 0.01° longitude/latitude grid for the
period January 1970 to December 2013 [27]. For the
72 months preceding each collection date, we collated
monthly estimates of mean maximum temperature, total
rainfall (mm), and mean humidity (water vapour pressure
in hectopascals); these being derived from daily records.
From these data we calculated mean maximum
temperature, mean total rainfall and mean water vapour
pressure (WVP) for the austral summer, by averaging the
values for the months December, January and February.
Individuals were captured at all months throughout the
year, so we calculated climate variables for the last
summer experienced by each individual prior to capture,
as well as the preceding 4 summers, and averaged to give
estimates of climate over the previous 5 years. Correlations amongst the three explanatory climate variables are
shown in Additional file 1: Table S1 and Figure S3.
Statistical analyses

We used a spatially-explicit, phylogenetically controlled
comparative analysis to analyse the data. We wished to
explore variation in relative bill size, i.e. accounting for
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Table 1 Sample sizes, mean wing length (mm) and female body mass for each species included in the study
Species

Common Name

Number of Individuals

Mean Wing Length (mm)

Mean Female Mass (g)

Malurus cyaneus

Superb Fairy-wren

39

50.13

9.6

Malurus lamberti

Variegated Fairy-wren

99

47.63

8.1

Malurus leucopterus

White-winged Fairy-wren

77

46.65

7.3

Malurus melanocephalus

Red-backed Fairy-wren

72

42.69

7.5

Acanthiza apicalis

Inland Thornbill

113

51.84

6.9

Acanthiza lineata

Striated Thornbill

170

52.16

7.2

Acanthiza nana

Yellow Thornbill

82

49.52

6.3

Acanthiza pusilla

Brown Thornbill

105

51.00

6.9

Acanthiza reguloides

Buff-rumped Thornbill

65

52.84

7.2

Acanthiza uropygialis

Chestnut-rumped Thornbill

100

50.69

6.2

Aphelocephala leucopsis

Southern Whiteface

121

58.53

12.4

Sericornis frontalis

White-browed Scrubwren

85

55.88

12.5

Sericornis magnirostris

Large-billed Scrubwren

90

56.20

9.3

Smicrornis brevirostris

Weebill

65

49.63

5.8

Acanthorhynchus tenuirostris

Eastern spinebill

31

65.90

10

Acanthagenys rufogularis

Spiny-cheeked Honeyeater

102

111.13

42.8

Anthochaera carunculata

Red Wattlebird

41

151.91

101.1

Conopophila rufogularis

Rufous-throated Honeyeater

46

71.16

10.6

Entomyzon cyanotis

Blue-faced Honeyeater

97

146.91

97.4

Epthianura tricolor

Crimson Chat

38

66.92

10.7

Gavicalis virescens

Singing Honeyeater

79

89.28

23.9

Lichenostomus melanops

Yellow-tufted Honeyeater

99

85.81

24.5

Lichmera indistincta

Brown Honeyeater

95

65.82

9.3

Manorina flavigula

Yellow-throated Miner

100

124.84

55.8

Manorina melanocephala

Noisy Miner

64

137.16

57.9

Meliphaga lewinii

Lewin’s Honeyeater

86

98.56

31.9

Melithreptus albogularis

White-throated Honeyeater

81

70.93

11

Myzomela obscura

Dusky Honeyeater

51

67.47

10.7

Nesoptilotis leucotis

White-eared Honeyeater

49

91.13

20.1

Phylidonyris novaehollandiae

New Holland Honeyeater

83

76.07

19.2

Phylidonyris pyrrhoptera

Crescent Honeyeater

67

72.69

13.9

Ptilotula penicillata

White-plumed Honeyeater

130

80.08

17.3

Ptilotula plumula

Grey-fronted Honeyeater

67

76.29

16.8

Stomiopera unicolor

White-gaped Honeyeater

43

95.33

29.1

Pardalotus punctatus

Spotted Pardalote

72

57.20

8.4

Pardalotus striatus

Striated Pardalote

60

64.79

11.3

Maluridae

Acanthizidae

Meliphagidae

Pardalotidae

We report female body mass from [52], and mean wing length calculated from individuals included in the study

body size, so in all models we fitted wing length as a covariate to first correct for overall variation in body size.
We tested for the effects of climate on bill surface area

(hereafter bill size) by fitting bill size as a response variable and climate variables as predictors. All models also
controlled for sex, year and season of collection. Season
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Our first model (Model 1) contained just the
random effects described above. Thus for observation
yi on bird i, the model was of the form:
yi = fixed effects + regioni + yeari + speciesi + resi(model 1),

Fig. 1 Locations at which museum specimens were sampled. See
Additional file 1: Figure S1 for locations at which museum
specimens were sampled, in relation to the distribution of
each species

(spring, summer, autumn, winter) was included because
the rhamphotheca (see Background) grows and wears
continuously and rates of wear vary with seasonal
changes in diet, and also because bills are used as a
sexual signal in some species and may therefore change
dimensions prior to the breeding season [28]. Because
specimens included in our study were collected over a
42-year period, during which time the climate has been
changing rapidly, we controlled for temporal changes in
climate by including year of collection as a covariate; this
allowed us to focus on spatial, not temporal, associations
between bill size and climate.
The data were analysed using a mixed model fitted in
the package ASReml [29]. Bill surface area was logtransformed to ensure normality of residuals. In addition
to the climate variables, all models contained the fixed
effects as described above: wing length, sex, season, and
year as a continuous variable. All models also contained
random effects of IBRA region (defined above, to account for morphological similarities among individuals
from the same geographic regions), year (as a multi-level
factor, to account for the repeated measures on each
year; note that this is necessary to avoid pseudoreplication when testing both for the effects of climatic
variation and for the temporal trend with year as a
covariate), and species (to account for sampling of
multiple individuals within a species). This mixed model
framework allowed us to further probe the role of the
phylogeny in shaping differences between species,
differences in their response to climatic variation, and
any potential interaction between the two. We did so
by comparing a series of four models with increasingly complex random effects structure.

where terms in italics indicate random effects. The
full version of model 1 contained fixed effects of all
three weather variables (Tmax, Rain and WVP), their
quadratic terms and all three pairwise interactions.
As we show in the Results, we found significant
effects of summer humidity (water vapour pressure)
and its interaction with temperature across all species, so all subsequent models contained just Tmax,
WVP and their interaction as climate variables. In
this model, the total phenotypic variation VP in
relative bill size (after correcting for fixed effects)
was thus decomposed into components of variance
due to region, year, species and residual effects
respectively.
We then incorporated phylogenetic information to
estimate the extent to which differences between species
were phylogenetically-determined. We constructed a
phylogeny for the 36 species which was derived using
information from the “Global Phylogeny of Birds” website
– www.birdtree.org [30]. Specifically, we downloaded 2000
trees for the 36 species from the pseudo-posterior
distribution of trees using the [31] backbone. We then
used these 2000 trees to calculate a majority-rule consensus phylogeny which was used as the basis for
analysis. We resolved polytomies in the consensus
phylogeny using a recently published phylogeny for
the Meliphagidae [23]. We scaled the branch lengths
observed in Meliphagidae [23] to that of the consensus phylogeny. The scaling was based on the distance
from the base of the Meliphagidae to the species with
the longest evolutionary branch length leading to it
(Myzomela obscura). We used this distance (31.85) as
the basis for rescaling all the other branch lengths.
The tree was made ultrametric using the compute.
brlen package from the R package ape [32]. We then
added the phylogenetic component [33], using the
inverseA and sm2asreml functions from the R package MCMCglmm [34] to invert the phylogenetic covariance matrix for inclusion in the ASReml model.
This model (model 2) still also included a term to account
for differences between species not due to phylogeny
(see e.g. [35]), thus partitioning the variance as:
yi = fixed + regioni + yeari + species.phyloi + species.nonphyloi + resi(model 2),
We then (model 3) tested for differences between
species in their response to climate by incorporating a
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random regression component to the model (see for example [36]). Because humidity had the clearest main effect,
we modelled random slopes for each species’ response to
humidity (WVP) by inclusion of an interaction between
WVP and species (though without linking the interaction
to the phylogeny):
yi = fixed + regioni + yeari + sp.phyloi + sp.non-phyloi +
WVP:sp.non-phyloi + resi (model 3)

We compared each of these models with the previous
one using likelihood ratio tests (on 1 d.f. for the comparison between model 1 and 2, and 2 d.f. for the subsequent comparisons involving models 3 and 4, as in each
case we had added two parameters: a variance and a covariance component).

Results
Effects of maximum summer temperature and rainfall

This model also included a term for the covariance
between random intercepts and slopes for humidity.
Finally (model 4), we tested for a phylogenetic component to the differences between species in their response
to humidity:
yi = fixed + regioni + yeari + sp.phyloi + sp.non-phyloi +
WVP:sp.phyloi + WVP:sp.non-phyloi + resi (model 4)

We found no evidence for any direct linear or nonlinear association between bill size and maximum
summer temperature, with neither the main effect nor
the quadratic term for summer maximum temperature
being significant (Table 2). Similarly, we also found no
evidence for any associations with rainfall, with neither
the main effect nor the quadratic term for rainfall being
significant (Table 2).

Table 2 Factors affecting bill surface area of 36 species of passerine from the Meliphagoidea
Wald statistic

Df

p-value

parameter

SE

(Intercept)

2354.543

1

<0.001

5.768

0.559

Wing Length

656.986

1

<0.001

0.01145

0.00056

SeasonCapture.autumn

49.425

3

<0.001

0

NA

.winter

−0.00958

0.00543

.summer

0.03092

0.00758

0.01419

0.00543

0

NA

.spring
Sex.female

59.914

1

<0.001

0.02894

0.00423

YearCapture

10.097

1

0.001

−0.00089

0.00027

Humidity

66.511

1

<0.001

0.01802

0.00765

Tmax

0.514

1

0.473

0.00386

0.00743

.male

Rain

0.668

1

0.414

−0.00058

0.00042

Humidity2

0.435

1

0.510

0.00048

0.0002

Tmax2

0.414

1

0.520

0.00012

0.00014

Rain2

0.239

1

0.625

6.28E-07

5.41E-07

Humidity * Tmax

4.284

1

0.038

−0.00085

0.00027

Humidity*Rain

0.491

1

0.483

−0.00004

0.00002

Tmax * Rain

5.250

1

0.022

0.00004

0.00002

Variance of random effects

Component

SE

Region

0.000502

0.000158

YearCapture

0.000163

0.0000821

Species

0.1485

0.0360

Residual

0.008474

0.000230

Results are from a full mixed model of bill size (log-transformed) with fixed effects of body size (wing length), season of capture, sex and all weather variables
and their interactions and quadratic terms, and random effects of species, IBRA region, year and residual effect (see Model 1 in Methods). The table shows Wald
statistics, df, p-values, parameter estimates and standard errors (SE). Tmax is the mean maximum summer temperature; humidity is mean summer water vapour
pressure (hPa), and rainfall is mean summer rainfall, all averaged for the preceding 5 summers prior to capture; summer is defined as the months December
to February. Parameter estimates for Season of Capture are relative to autumn, and for Sex are for males relative to females. Log-likelihood of model = 5102.48.
N = 2864 individuals, across 41 years, 36 species and 77 IBRA regions. Significant weather terms (p < 0.05) are shown in bold
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Effects of humidity

Bill size was strongly associated with humidity (water
vapour pressure) showing significant increases on average
across the species (Table 2; Fig. 2). The correlation between relative bill size and humidity was 0.38, corresponding to an R2 of 0.14. However, the association between bill
size and humidity differed with maximum summer
temperature (humidity x Tmax interaction; Table 2, Fig. 3,
Additional file 1: Figure S4). There was also a significant
interaction between Tmax and rainfall (Table 2, p = 0.021)
in the initial full model. However, this interaction was no
longer significant once we had dropped other nonsignificant terms from the model, nor was it significant in
any subsequent models (2–4), and so we did not include it
in any further models.
Effects of phylogeny and species variation in response to
climate

Table 3 shows a comparison of the four models with increasing complexity of random effects structure. Including
covariance between species due to phylogeny resulted in a
significant improvement to the model (Table 3, Model 2
vs 1; p < 0.001): differences between species in relative bill
size had a strong phylogenetic component. There was also
a significant increase in log-likelihood on adding a
random effect to allow the effect of humidity to vary
between species (i.e. random slopes for humidity:
Model 3 vs 2, p < 0.001, Table 3). However, there was
no indication that this variation between species in
response to humidity had a phylogenetic basis, i.e.
there was no improvement on adding an interaction
between humidity and the effect of species relatedness

Fig. 2 The association between bill surface area (log-transformed) and
humidity for 36 species passerine from the Meliphagoidea (n = 2867
individuals). Humidity is mean summer water vapour pressure (hPa)
averaged for the preceding 5 summers prior to capture; summer is
defined as the months December to February

Fig. 3 The interaction between humidity and maximum temperature
influencing bill surface area for 36 species passerine from the
Meliphagoidea (n = 2867 individuals). Humidity is mean summer water
vapour pressure (hPa) and temperature is mean maximum summer
temperature averaged for the preceding 5 summers prior to capture;
summer is defined as the months December to February. Colours
represent categories of bill surface area

via the phylogeny (Model 4 vs 3). The full output of
the best model (Model 3) is shown in Table 4.

Discussion
Of the climatic variables we have considered, humidity
most strongly predicted relative bill size across the ranges
of 36 ecologically diverse species of Australian passerine
bird. Humidity during the summer months (December,
January, February) when temperatures are high was positively associated with relative bill surface area, with bill
size increasing with increasing humidity across species
(Fig. 2). However, the strength of the association between
bill size and humidity was mediated by maximum summer
temperature, with a significant interaction indicating
slightly stronger associations with humidity at cooler summer temperatures (Fig. 3). Relative bill size also showed a
strong phylogenetic signal, with the random effect associated with phylogeny explaining 63.3% (18.4%SE) of the
variance remaining after accounting for fixed effects
(Table 4). There was also significant variation between
species in their association between relative bill size and
humidity. However, despite the strong phylogenetic effect
on average bill size, the relationship between bill size and
humidity was not associated with the phylogeny, indicating that bill size variation associated with humidity is
more likely to be environmentally determined.
Our results suggest that bill size may be important for
heat dissipation at high humidity during summer, when
temperatures are high, and hence that Allen’s Rule may
apply to humidity as well as temperature gradients. Our
results especially relate to tropical environments in
Australia because conditions of sustained high humidity
do not coincide with high summer temperatures in other
Australian climatic zones. At high humidity, radiative
and convective, rather than evaporative, cooling may be
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Table 3 Comparison of models of (log) bill size with increasing complexity of random effects structure, to test for effects of
phylogeny and of variance between species in the slope of their response to humidity; see Methods for details of models
Model

Variance components

LogL

χ2

d.f.

p-value

1

Vregion + Vyear + Vspecies + Vres

5163.20

2

Vregion + Vyear + Vsp.non-phylo + Vsp.phylo + Vres

5179.149

19.83

1

<0.001

3

Vregion + Vyear + Vsp.non-phylo + Vsp.phylo + (Vsp.non-phylo x humidity) + Vres

5183.95

23.36

2

<0.001

4

Vregion + Vyear + Vsp.non-phylo + Vsp.phylo + (Vsp.non-phylo x humidity) + (Vsp.phylo x humidity) + Vres

5183.95

0.00

2

1.00

All models included fixed effects of wing length (to correct for body size), sex, season, year of capture, humidity, Tmax, and the interaction between humidity and
Tmax. LogL gives the log-likelihood of each model; χ2 is the likelihood ratio test for comparison with the previous model, with corresponding degrees of freedom (d.f.):
models 3 and 4 each required an additional 2 d.f. because they estimated one additional parameter for variance in slopes and and one for covariance between intercept in
slope (see Methods). The best model (Model 3) is shown in bold. Definitions of terms: Vregion IBRA region, Vyear year, Vsp.non-phylo variance between species not associated with
phylogeny, Vsp.phylo variance between species associated with the phylogeny, Vsp.non-phylo x humidity variance in humidity-slope not associated with phylogeny, Vsp.phylo x
humidity variance in humidity-slope associated with phylogeny, Vres residual variance

a more effective means of heat dissipation because the
gradient driving evaporation is reduced by humidity.
Thus, selection on relative bill size is predicted to be
particularly strong in these conditions [20]. Gerson and
colleagues [20] found that high humidity inhibited rates
of evaporative water loss by up to 36% at 48 °C, in sociable weavers, Philetairus socius, in a desert environment
that experienced discrete rainfall events that resulted in
prolonged periods of high humidity. Work on Anna’s
hummingbird, Calypte anna, [37] also suggests that

humidity reduces the effectiveness of evaporative cooling
but at much lower temperatures, between 20 and 37 °C
[20], which largely overlaps the temperature range
included in our study. In humid conditions, heat transfer
via the bill via radiative or convective cooling may
compensate for the inefficiency of evaporative cooling.
Such compensation may be beneficial given that reductions in the efficiency of heat dissipation during panting
may compromise survival during extended periods of
exposure to high temperatures in humid conditions [20].

Table 4 Full output of Model 3: best model of factors affecting bill surface area
Wald statistic

Df

p-value

parameter

SE

(Intercept)

500.722

1

<0.001

5.650

0.56786

Wing length

636.932

1

<0.001

0.011

0.000568

SeasonCapture.autumn

51.499

3

<0.001

.

.

.winter

−0.010

0.005387

.summer

0.031

0.007547

0.013

0.005351

Sex (male relative to female)

.spring
60.443

1

<0.001

0.031

0.004217

YearCapture (continuous)

11.150

1

0.001

−0.00091

0.00027

Humidity

26.335

1

<0.001

0.0160

0.00544

Tmax

0.338

1

0.561

0.00587

0.00274

Humidity.Tmax

4.277

1

0.039

−0.0003467

0.000168

Variance/covariance of random effects

Component

SE

Region

0.000446

0.000142

YearCapture

0.000166

0.000082

Species:Phylo

0.108706

0.070089

Species:NonPhylo

0.053945

0.017836

cov(SpeciesNonPhylo,SpNonPhylo:Humidity)

0.001227

0.001389

SpNonPhylo:Humidity

0.000480

0.000211

Residual

0.008343

0.000227

Results are from a full mixed model of bill size (log-transformed) with fixed effects of body size (wing length), season of capture, sex, humidity, Tmax and the
interaction between humidity and Tmax. The table shows Wald statistics, df, p-values, parameter estimates and standard errors (SE). Significant weather terms
(p < 0.05) are shown in bold. The random effects were region, year of capture (multi-level factor), phylogenetic species effect (SpeciesPhylo), a non-phylogenetic
species effect (SpeciesNonPhylo), and an effect of humidity for each species (not linked to the phylogeny; SpNonPhylo:Humidity); see further details of Model 3 in
Methods. The table shows the variance components for each random effect (and SE), and also the covariance between the intercepts and slope for the non-phylogenetic
species effect, which was also fitted. Parameter estimates for Season of Capture are relative to autumn, and for Sex are for males relative to females. N = 2864 individuals; 36
species; 41 years; 77 IBRA Regions. Log-likelihood of model = 5187.482
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This suggests there will be strong selection for larger
bills in humid environments, consistent with our findings and prediction (2) above. Given the diverse range of
species included in this study, reliance on the bill for
cooling in humid summer conditions may be a common
strategy in Australian birds.
Bird bills may no longer be effective in dissipating heat
when air temperatures exceed body temperature because
bills become a source of heat gain, drawing heat into the
body rather than dissipating it [9, 12]. Our results show that
the strength of the association between bill size and humidity was mediated by maximum summer temperature, with
stronger associations with humidity at cooler summer
temperatures. When air temperature exceeds body
temperature (ca. 40 °C for birds), the only avenue available
for heat dissipation is evaporation [2, 38], and larger bills in
these conditions may provide no adaptive advantage, and
indeed may become detrimental to survival.
The effects of humidity on heat dissipation have been little studied in tropical environments [20, 39], despite the
fact that birds and mammals are already thought to be
highly sensitive to climate change in these regions [40–43].
Recent studies suggest that tropical endotherms have limited physiological safety margins, and that small-bodied
species may be at particular risk of climate change [44–46].
Our study suggests that constraints imposed by humidity
on heat dissipation may be widespread among passerine species and contribute to the thermal sensitivities
of birds in the tropics. Small passerines have high
levels of metabolic heat production and tend to rely
on evaporative cooling, so may be particularly sensitive to changes in climate in the tropics [37, 47]. The
reduced effectiveness of evaporative cooling in high
humidity, together with temperature-dependent costs
on the function of heat loss via the bill when air temperatures exceed body temperature, suggests a narrow
thermal window for temperature regulation. As temperatures rise and rainfall patterns shift, this thermal
window may narrow, with potential for fitness consequences for tropical birds. Data from field studies of
thermoregulation in tropical endotherms are thus currently needed to clarify these issues.
Our analysis also suggests a significant temporal trend
in relative bill surface area over the 1970–2012 period
during which the specimens were collected. Although
this finding provides further evidence of changes in the
size and shape of endotherm appendages concurrent
with ongoing climate change, as recently demonstrated
in the bill sizes of some Australian parrots [21], the
trend is in the opposite direction (relatively smaller bills
over time). However we note that the effect size was
minimal (−0.00091 mm2 per year), and equates to a decrease of only 0.27% over the 50-year study period,
which is unlikely to be biologically meaningful.
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Surprisingly, we found no evidence for a positive association between bill size and temperature per se as is
predicted by Allen’s Rule, which suggests that species in
our study use alternative strategies for dissipating heat
in summer when ambient temperatures are high. For
many birds, evaporative cooling via cutaneous and
respiratory tissues is the primary means of dissipating
heat, and can be more efficient than radiative and convective heat loss via the bill [48]. Heat loss may also be
achieved through non-evaporative heat dissipation
through the legs, and Allen’s Rule predicts increases in
leg size in relation to temperature [12, 14]. Behavioural
thermoregulation may also allow species to avoid exposure to hot conditions [49]. Birds in our study may have
used these strategies to cope with increasing heatloads
associated with higher temperatures, but we lack the
data to assess them. Additionally, it may be that bill
surface area is more closely associated with minimum
winter temperature, rather than maximum summer
temperature, which would suggest that selection primarily acts on bills to be smaller in colder conditions in
order to aid winter heat retention, rather than on bills to
be larger when it is hot to aid summer heat dissipation.
Symonds & Tattersall [7] found evidence that smaller bill
sizes were most closely associated with minimum winter
temperatures in the species they examined, which may
be related to issues of heat conservation, but this is outside the scope of this study. Danner & Greenberg [50]
have also demonstrated that different populations of
song sparrows exhibit different ‘critical seasons’ in terms
of the relationship between bill size and temperature:
Californian populations show an Allen’s rule pattern in
relation to maximum summer temperature, but midAtlantic populations do not, and only exhibit the same
pattern in relation to minimum winter temperature.
The arguments above indicate that there are many
aspects of thermoregulation in wild animal populations
yet to be fully understood. It is also worth considering
the actual mechanisms that may have driven the associations shown here between climate and morphology –
none of them exclusive. While the patterns may be
adaptive evolutionary responses to selection shaped by
local climatic conditions, thermoregulatory selection
pressures may also have changed the distribution of phenotypes within a generation, regardless of whether those
changes generate genetic change. The pattern could also
be driven by developmental phenotypic plasticity if individuals experiencing humid conditions during summer
grow relatively larger bills. Finally, any of these responses
could potentially be driven by other mechanisms, such
as an impact of relative bill size on foraging ability or
diet (for example, if humid conditions result in changes
in primary productivity such that seed size, for example,
is larger in tropical warm environments; [51]). However,
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we cannot distinguish these different scenarios with the
current data: further work is needed to explore possible
explanations for the observed patterns.

Conclusions
Our study demonstrates the ongoing value of museum
collections in providing insights into spatial and temporal
trends within and across species; only such collections can
provide the necessary time series for testing the ecological
significance of traits at this scale. Our results provide evidence that Allen’s Rule applies to humidity gradients, and
are consistent with the idea that body temperature regulation underlies continent-wide patterns of bill size variation
in a broad range of Australian passerines. We demonstrate
that humidity has a much stronger association with bill
size than does temperature per se, but temperature mediates the association between humidity and bill size,
suggesting shifts between reliance on evaporative versus
radiative and convective cooling are associated with different climatic regimes, as suggested by studies of thermal
physiology [9]. In combination with our finding for environmental determination of the species-level association
between humidity and bill size, our results suggest that
responses to contemporary change in climate will vary
among populations of the same species. Our results
support those of others who have emphasized the role of
multiple environmental factors in shaping the evolution of
bill morphology [8]. They also add to growing evidence
that a narrow focus on temperature alone in studies of
responses to climate change is overly simplistic and limits
our understanding of species’ sensitivities to climate
change, and their capacity to adapt.
Additional file
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included in models. Tmax is the mean maximum summer temperature;
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corrected for body size (wing length), for each species. Figure S3 The
correlation between rainfall and humidity. Humidity is mean summer
water vapour pressure (hPa) and rainfall is mean summer rainfall (mm)
averaged for the preceding 5 summers prior to capture; summer is
defined as the months December to February. Figure S4 Relationship
between mean maximum summer temperature and mean summer
humidity. Humidity is mean summer water vapour pressure (hPa) and
temperature is mean summer temperature (°C) averaged for the
preceding 5 summers prior to capture; summer is defined as the months
December to February. (DOCX 3198 kb)
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