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ABSTRACT

Aim Allen’s rule posits that the appendages of endothermic organisms will be

larger in warmer climates to allow for dumping of heat loads. Given a link

between appendage size and climate, we tested the prediction that climate

change has driven the evolution of larger bills in birds, resulting in measurable

changes over the recent past.

Location Australia.

Methods We explored geographical and temporal variation in bill surface area

of five Australian parrot species to determine whether individuals from warmer

climates have larger bills, and whether there have been increases in bill surface

area over time, consistent with climatic warming. Measurements were obtained

from museum specimens dating from 1871 to 2008. These data were then

related to geographical location, collection date and locality-specific climate

data, in order to construct and compare models of spatio-temporal and cli-

mate-related variation in bill morphology.

Results There have been increases in bill surface area in mulga parrots (Psepho-

tus varius), gang-gang cockatoos (Callocephalon fimbriatum), red-rumped parrots

(Psephotus haematonotus) and male crimson rosellas (Platycercus elegans), equat-

ing to a c. 4–10% increase in bill surface area since 1871. Average maximum

summer temperature in the 5 years prior to specimen collection also positively

predicted bill surface area in mulga parrots, red-rumped parrots and crimson

rosellas, consistent with Allen’s rule. With the exception of red-rumped parrots,

however, models with geographical location and year of collection were still bet-

ter predictors of bill surface area than local climate at the date of collection.

Main conclusions Our analysis provides evidence that four species of parrot

have exhibited adaptive change in bills over the past century potentially miti-

gating the thermal stress caused by climatic warming. Although consistent with

the predicted effects of climate change, the temporal patterns we observe may

have additional causes, however, such as changes in primary productivity, habi-

tat or food availability.
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INTRODUCTION

Climate is intimately associated with aspects of animal

morphology, life history, behaviour and thermal physiology.

A great deal of inter- and intraspecific variation in these

traits is linked to climate, with species in tropical environ-

ments differing in their biology from those species found in

temperate climes (Cardillo, 2002; Jetz et al., 2008). Probably

the best known of these gradients or ‘ecogeographical rules’

is Bergmann’s rule, which states that homeotherms in colder

climates tend to be larger than their relatives living in warm

climates, because larger-bodied species, with their lower sur-
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face area to volume ratios, are less prone to heat loss (Berg-

mann, 1847; Olson et al., 2009). The related Allen’s rule

(Allen, 1877) states that the morphology of appendages of

endotherms, relative to body size, is also linked to their sur-

rounding thermal environment. Specifically, Allen’s rule pre-

dicts that appendages tend to be larger in warmer climates

(lower latitudes and elevations), allowing for greater heat loss

and prevent overheating, whereas in colder climates (higher

latitudes and elevations) appendages are smaller, thereby

reducing heat loss. Allen’s rule has been documented in a

variety of mammalian and avian appendages including ears,

limbs, tails and bills (e.g. Griffing, 1974; Fooden & Albrecht,

1999; Nudds & Oswald, 2007; Symonds & Tattersall, 2010;

Greenberg et al., 2012a; but see Stevenson, 1986).

Given Allen’s rule, we might predict that appendage sizes

would increase in response to the rising temperatures associ-

ated with contemporary climate change. Global temperatures

have been rising since the early 1900s, with the largest rates of

increase observed since 1950 and especially since 1980, largely

due to human activities (Hartmann et al., 2013). In Australia,

there has been an average increase of 0.8 °C in the mean sur-

face temperature over the past 100 years, mostly since 1950

(Hennessy et al., 2007). There has also been increased variabil-

ity in rainfall, with prolonged periods of drought punctuated

by increasingly frequent extreme rainfall events (Hennessy

et al., 2007). Because organisms are adapted to their local cli-

mate (e.g. ambient temperature and rainfall), a changing cli-

mate can have dramatic impacts on their biology, including

shifts in phenology (Walther et al., 2002), distribution (Par-

mesan, 2006) and body size (Gardner et al., 2011). Previous

studies of Australian birds have found evidence of shifts in lat-

itudinal clines in body sizes since 1950, with birds at higher

latitudes now exhibiting the smaller body sizes that were typi-

cal for more tropical latitudes before 1950 (Gardner et al.,

2009, 2014). Changes in appendage sizes are also predicted to

occur but have seldom been tested in this context, and there is

an urgent need to understand the variety of effects climatic

warming may have on mechanisms for coping with heat and

osmoregulatory stress (Oswald & Arnold, 2012).

Bills are one of the defining features of birds. They are

intimately linked with various aspects of a bird’s life, includ-

ing diet, vocalizations, competition and mate choice (Gibbs

& Grant, 1987; Grant & Grant, 1996; Podos & Nowicki,

2004). One of their less appreciated functions is their role in

thermoregulation. Infrared thermographical studies have

demonstrated that bills act as surfaces for heat loss (e.g. Ha-

gan & Heath, 1980; Tattersall et al., 2009). Bills are effective

heat-exchange organs because they are well vascularized and

birds can control blood flow to increase or decrease the tem-

perature of the structure, thereby regulating heat dissipation.

For example, in toco toucans (Ramphastos toco) the bill con-

sistently accounts for 30–60% of heat loss in both juveniles

and adults (Tattersall et al., 2009). Even in birds with rela-

tively small bills, however, the capacity to lose heat may be

biologically significant. In song sparrows (Melospiza melodia),

the bill accounts for only around 2% of the surface area of

the bird, but accounts for more than 10% of dry heat loss

(Greenberg et al., 2012b). Furthermore, because this heat loss

does not involve evaporative cooling and hence water loss,

the use of the bill to shed excessive heat loads may be an

adaptive advantage in xeric environments. In song sparrows,

individuals living in arid salt-marshes and coastal dunes dis-

sipate around 30% more heat through their bills than coastal

sparrows living in more mesic environments, due to a 17%

larger bill surface area (Greenberg et al., 2012b).

An increasing number of studies have reported clines in

bill morphology along climate gradients that are in accor-

dance with Allen’s rule (for recent examples see Greenberg &

Danner, 2012; Greenberg et al., 2012a; Caro et al., 2013). In

addition, the most extensive comparative test of Allen’s rule

to date, incorporating over 200 bird species, demonstrated

interspecific climate-related, latitudinal and elevational gradi-

ents in relative bill length in accordance with Allen’s rule

(Symonds & Tattersall, 2010). In some lineages, the effect

was extremely strong (63% of the variance in relative bill

length in Canadian Galliformes was explained by latitude, as

was 44% of that in penguins). As such, bird bills make an

ideal candidate for examining temporal variation in append-

age morphology, especially given the role they play in other

crucial biological contexts, such as foraging.

We examined whether bills have become larger over the

past century concomitant with climatic warming. We used

museum specimens to investigate spatio-temporal and cli-

mate-related variation in bill surface areas of five common

Australian parrot species that are well represented in

museum collections. The five species exhibit a wide range of

body sizes, and also occupy a diverse range of climates and

habitats in eastern Australia, from hot, arid desert to cool

temperate rain forests, and therefore represent a wide range

of biological variation within Australian parrots. We tested

whether there were geographical patterns (latitude, elevation

and distance from the coast) in bill surface area and whether

there was any directional variation related to year of collec-

tion. We compared these results with those obtained from

models of local climate at the time of collection. If Allen’s

rule holds, we predict that birds will have larger bills relative

to body size in warmer and more arid climates (lower lati-

tudes or elevations and further inland in Australia, with

higher temperatures and less rainfall, respectively). Moreover,

if bills have been getting larger over time principally as a

result of climatic warming, we would expect the local climate

at the time of collection to provide an even better model of

bill morphology than a spatio-temporal model.

MATERIALS AND METHODS

Bird specimen measurement

Measurement of bill dimensions and body size (wing length)

were taken from five native Australian parrot species: the

mulga parrot (Psephotus varius Clark, 1910; n = 105), gang-

gang cockatoo [Callocephalon fimbriatum (Grant, 1803);
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n = 31], red-rumped parrot [Psephotus haematonotus (Gould,

1838); n = 100], Australian king parrot [Alisterus scapularis

(Lichtenstein, 1818); n = 44] and crimson rosella [Platycercus

elegans (Gmelin 1788); n = 130], using museum specimens

housed at Museum Victoria, the Queensland Museum, the

South Australian Museum and the Australian National Wild-

life Collection, Canberra. These species were chosen because

they are common and widespread in eastern Australia.

Specimens were selected for the period spanning 1871–
2008; individuals collected after 2008 were excluded to elimi-

nate the confounding effect of shrinkage, which usually

occurs in the first few years after initial preservation (Sum-

mers, 1976). Specimens were also excluded if they had bro-

ken, cracked or chipped bills or primary feathers, or if they

were in flight-feather moult (when wing length is an unreli-

able measure of body size).

Owing to difficulties distinguishing juvenile females from

adult females, only males were included for most species.

The exception was crimson rosellas, where female ages are

easier to separate on the basis of plumage colour. Neverthe-

less, information on the size and shape of ovaries was used

to confirm gender and sexual maturity/age. Larger ovaries

are indicative of sexual maturity and convoluted ovaries are

indicative of females that have laid eggs. If there was no

information on the ovaries, the specimen was excluded.

Bills were measured in three dimensions (to 0.1 mm preci-

sion) using a pair of digital vernier callipers:

1. Length: the straight-line distance from the middle ridge

of the cere (the fleshy or sometimes wax-like membrane that

covers the base of the upper region of the bill in some bird

species) to the tip of the bill.

2. Width: the distance from the corner of the bill where the

cere meets the edge of the bill on one side to where the cere

meets the corner of the bill on the other side.

3. Depth: the distance from where the plumage meets the

bill edge at the middle of the bottom of the bill to the mid-

dle ridge of the cere on the top of the bill.

The individual bill measurements were used to estimate bill

surface area, based on the formula used in Greenberg et al.

(2012a):
ðdepthþ widthÞ

4
� length

Because larger individuals are expected to have larger bills,

it is necessary to control for structural body size in the

analyses. Wing length is the best single linear predictor of

structural size (Gosler et al., 1998) and is thus widely used as

an index of body size (Rising & Somers, 1989). The length

of the flattened wing chord was measured from the carpal

joint to the tip of the longest primary, to a precision of

0.5 mm, using a butt-ended ruler.

Collection data for each specimen were obtained from

museum records, including the latitude and longitude of the

capture locality (see Fig. 1 for localities), date of collection

and, where applicable, the condition of the ovaries as an

indicator of age and sex. These sources were also used to

confirm that birds were wild-caught.

Spatio-temporal and climatic modelling

Our analytical approach used two different types of models.

Spatio-temporal models predicting bill surface area were con-

structed using geographical locality data (latitude, elevation

and distance from coast) and temporal data (year of collec-

tion). These provide means of identifying general geographi-

cal and temporal trends in bill morphology, which may

ultimately be thought of as rough proxies for climatic infor-

mation (Hawkins & Diniz-Filho, 2004). Climatic models pre-

dicting bill surface area used climate data (e.g. maximum

and minimum temperatures, number of extreme high tem-

perature events, precipitation) extracted for each specimen

collection locality, and reflecting the local climate at the time

of collection (by averaging temperatures and rainfall in the

5 years leading up to the collection date). We then compared

the results of the two models.

For the spatio-temporal models, in addition to latitude,

we estimated the elevation of the collection localities using

Google Maps (Google, Mountain View, CA, USA; available

at: http://maps.google.com/), and distance from coast

(degrees; standardized by dividing absolute distance by

111.32 km, to be equivalent to 1° distance at the equator to

avoid distortion at higher latitudes) using a 0.005° raster file

for Australia developed by Karen Ikin (Australian National

University, Canberra). This last measure provides an indica-

tion of environmental aridity (sites further inland in Austra-

lia are typically more arid than coastal locations).

Mulga parrots (Psephotus varius) 

Gang-gang cockatoos 
(Callocephalon fimbriatum) 

Red-rumped parrots 
(Psephotus haematonotus) 

Australian king parrots
(Alisterus scapularis) 

Crimson rosellas
(Platycercus elegans) 

Figure 1 Maps of collection localities in Australia for the five

parrot species used in the analyses.
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The climatic data were taken from continent-wide 0.05°
grids of interpolated weather-station data produced by the

Commonwealth Scientific and Industrial Research Organisa-

tion (CSIRO) using the WaterDyn model (Jones et al., 2009)

for every day between 1 January 1911 and 31 December

2008. From these, we calculated the average maximum daily

summer temperature (over the period December to Febru-

ary), the average minimum daily winter temperature (June

to August), the number of days over 35 °C and average

annual precipitation at each collection locality. The tempera-

ture and rainfall averages were based on the 5-year period

leading up to the specimen collection date. The total number

of days over 35 °C during this period provides a measure of

how often birds experienced extreme heat events, with 35 °C
being a threshold above which severe fitness costs are

incurred (McKechnie & Wolf, 2010). Because a 5-year aver-

age might be overly affected by interannual variability and

stochasticity, we also performed analyses using an average

over the 30 years prior to collection, but there were no

major differences in the inferences derived from the two

approaches. Consequently, we present here the 5-year aver-

aged data, because these composed a larger data set.

Owing to the reduced time-frame (1911–2008) of weather

station records, specimens collected before 1916 had to be

excluded in the climatic data analyses (because 5-year climate

data before this date could not be extracted). As such, the

specimens used in these climatic data analyses (see below)

were a subset of those used in the spatio-temporal analyses.

(See Appendix S1 in Supporting Information for the raw

data.)

Statistical analyses

We used an information-theoretic approach to model selec-

tion, with statistical analyses carried out using the program

R version 3.1.1 (R Core Team, 2014). Specifically, the R

packages MuMIn (Barto�n, 2013) and AICcmodavg (Maze-

rolle, 2013) were used to compare the output of different

specified general linear models that predict bill surface area.

Even though, ultimately, across-species inference would be

ideal, the limited number of species makes a phylogenetic

mixed-effects model impractical, so our focus is on separate

within-species analyses. Models were ranked using the Akaike

information criterion corrected for small sample sizes (AICc)

(Burnham & Anderson, 2002; Symonds & Moussalli, 2011).

This metric allows one to compare statistical models to

determine which model best and most parsimoniously

approximates the true pattern explaining a biological phe-

nomenon (Burnham & Anderson, 2002). The model with the

lowest AICc score is identified as the ‘best approximating

model’. We compared model sets across each species sepa-

rately. For crimson rosellas, we analysed males and females

separately. Two kinds of models were analysed:

1. Spatio-temporal models of bill morphology variation. We

compared 64 models with different combinations of latitude

(°S), elevation (m), distance from coast (standardized

degrees) and year of collection. Two other variables were

included as possible covariates with bill surface area. The

first, season of collection, was due to the possibility of sea-

sonal variation in bill proportions relating to diet, changing

bill wear or sexual selection during the breeding season (Sch-

luter & Smith, 1986; Greenberg et al., 2013). We categorized

season as spring (September–November), summer (Decem-

ber–February), autumn (March–May) or winter (June–
August). The other covariate was flattened-wing chord

length, to account for differences in bill morphology associ-

ated with body size. The candidate model set represents all

possible model combinations of these variables. Following

Gardner et al. (2009), we also compared results for speci-

mens collected before 1950 and specimens collected after

1950, to examine whether there were any significant differ-

ences in the relationship between latitude and relative bill

surface area (i.e. shifts in latitudinal clines) before and after

1950. Geographical clines are widely interpreted as evidence

for adaptation to the environment, particularly climate, and

are predicted to shift with climate change (Gardner et al.,

2009). We also compared models that used collection date as

a categorical variable (pre-1950 versus 1950 onwards) with

those that did not. The date of 1950 was chosen because

increases in climatic temperature in Australia have been

observed since 1950 (Hennessy et al., 2007).

2. Climatic models of bill morphology variation. We com-

pared 48 models with combinations of climate variables. The

predictor variables were locality-specific and date-specific

measurements of temperature and precipitation for the

5-year period prior to collection (see ‘Data collection’ above

for a description of the variables). Again, the models

included wing length and season of collection as potential

covariates. We did not include the average maximum sum-

mer temperature and the number of days over 35 °C in the

same model because they were strongly correlated

(r = 0.858; see Appendix S2), but the model comparisons

otherwise represent all possible combinations of models.

For each analysis, the ‘dredge’ function in MuMIn was

used to compare all specified model formulations. In addi-

tion to identifying the best approximating model, we also

calculated the individual parameter weights – the summed

Akaike weights of the models in which that predictor

appears, indicating the relative importance of a particular

variable in estimating the model. To assess the effect size and

direction of relationships, we calculated model-averaged ‘nat-

ural’ estimates (parameter estimates and 95% confidence

intervals) as described in Buckland et al. (1997) and Burn-

ham & Anderson (2002). We considered important effects to

be those where the 95% confidence interval around the

parameter estimate does not cross zero.

Finally, AICc scores for the best spatio-temporal models

were compared with the best climatic models to determine

which provided the better model. When comparing models

with AICc, the data sets must comprise the same individuals.

We therefore used only those specimens that were included

in the climatic data subset (i.e. collected from 1916 onwards)
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for this comparison of models. We also calculated evidence

ratios, to assess how much more likely the better model was

than the poorer model (Symonds & Moussalli, 2011).

For graphical visualization of geographical, temporal and

climatic trends in bill surface area, independent of body size,

we calculated partial residuals. These are calculated as the

sum of mean bill surface area and the residual of bill surface

area on wing length.

RESULTS

Spatio-temporal variation in bill morphology

There is strong evidence (importance values > 0.98) that bill

surface area has increased in three of the five species investi-

gated (mulga parrots, gang-gang cockatoos and red-rumped

parrots) between 1871 and 2008, after controlling for body

size, season and geographical position or local climate

(Table 1, Fig. 2). From the parameter estimate of year, we

calculated that since 1871 bill surface area has increased by

10.4%, 10% and 7% in mulga parrots, gang-gang cockatoos

and red-rumped parrots, respectively. Male crimson rosellas

also showed evidence of a similar trend towards larger bills

over time, equating to a 3.8% increase in bill surface area,

although the importance value is lower (0.64) and the confi-

dence intervals around the estimate slightly overlap zero.

Note that these increases in bill surface area are not the

indirect consequence of reductions in body size (hence

increasing relative bill size): a separate spatio-temporal analy-

sis of wing length variation found no evidence of changes in

body size over time for the three species that most strongly

show changes in bill morphology (see Appendix S3).

With the exception of Australian king parrots and female

crimson rosellas, bills for specimens collected from 1950

onwards are generally larger for their latitude than would

have been predicted from pre-1950 specimens (i.e. there has

been a shift in the latitudinal clines, with post-1950 speci-

mens having a higher intercept to their best-fit regression

line; Fig. 3). Comparing linear models of bill surface area

with wing length, latitude and a categorical measure of col-

lection date (before or after 1950) as predictors reveals that

models with collection date as a predictor are substantially

better for mulga parrots, gang-gang cockatoos, red-rumped

parrots and male crimson rosellas (evidence ratios indicate

that they were 180,757 times, 36 times, 8908 times and 8.6

times more likely, respectively, than models without collec-

tion date as a predictor), but not for king parrots or female

crimson rosellas (3.3 and 3.2 times less likely, respectively).

Table 1 Parameter importance (summed Akaike weight, w) with model-averaged estimates (b) and 95% confidence intervals (CI) of

geographical and temporal variables from general linear models predicting bill surface area of five Australian parrot species. Wing,
flattened wing length measurement (a proxy measure of body size); year, year the specimen was collected; season, season of collection;

latitude, positive latitude (°S) of the collection locality; distance, distance of collection locality from the coast (in standardized degrees).
Season does not include a relationship estimate or standard error because it is a categorical predictor and only presents as a presence/

absence in models. Values in bold indicate parameter estimates whose confidence intervals do not overlap zero.

Predictor Parameter Mulga parrot Gang-gang cockatoo Red-rumped parrot Australian king parrot

Crimson rosella

Males Females

Latitude w 0.571 0.214 0.459 0.272 0.961 0.965

b 0.191 0.020 �0.117 0.083 �0.482 �0.420

lower 95% CI �0.063 �2.863 �0.298 �0.346 �0.799 �0.683

upper 95% CI 0.445 2.903 0.064 0.512 �0.165 �0.157

Elevation w 0.334 0.220 0.276 0.236 0.424 0.314

b 0.002 0.001 �0.001 �0.001 0.003 0.002

lower 95% CI �0.002 �0.011 �0.003 �0.008 �0.002 �0.002

upper 95% CI 0.006 0.013 0.001 0.006 0.008 0.006

Distance from coast w 0.931 0.245 0.365 0.234 0.333 0.423

b 0.411 1.866 0.130 0.517 1.587 1.654

lower 95% CI 0.075 �5.400 �0.183 �5.419 �2.057 �0.900

upper 95% CI 0.777 9.132 0.443 6.453 5.231 4.208

Year w 1.000 0.999 0.994 0.235 0.640 0.298

b 0.033 0.248 0.025 �0.007 0.039 �0.016

lower 95% CI 0.018 0.133 0.011 �0.080 �0.003 �0.059

upper 95% CI 0.048 0.363 0.039 0.066 0.081 0.027

Season w 0.042 0.763 0.053 0.029 0.133 0.117

b — — — — — —
lower 95% CI — — — — — —

upper 95% CI — — — — — —
Wing w 0.997 0.350 0.649 0.546 0.998 0.984

b 0.217 0.451 0.106 0.277 0.484 0.411

lower 95% CI 0.103 �0.459 �0.008 �0.058 0.245 0.174

upper 95% CI 0.331 1.251 0.220 0.612 0.723 0.648
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Geographical location was an important predictor in two of

the five species (Table 1). Latitudinal clines in bill morphology

were observed in both male and female crimson rosellas, with

bill surface area decreasing with increasing latitude (i.e. smaller

bills at higher latitudes) in accordance with Allen’s rule

(Fig. 3). In addition, there was a positive relationship between

distance from coast and bill surface area in mulga parrots.

Climate-related variation in bill morphology

In mulga parrots, gang-gang cockatoos and crimson rosellas,

bill surface area exhibited a clear positive relationship with

average maximum summer temperature, as predicted by

Allen’s rule (Table 2, Fig. 4). The number of days over

35 °C in the same 5-year period was also identified as a

strong predictor of bill surface area in mulga parrots and

gang-gang cockatoos, although its relationships are opposite

in the two species: mulga parrots show a positive relation-

ship (larger bills when there were more days above 35 °C),
but the relationship is negative in gang-gang cockatoos

(smaller bills when there were more days above 35 °C).
Contrary to the predictions of Allen’s rule, however, mini-

mum temperature showed a negative relationship with bill

surface area in both mulga parrots and male crimson rosel-

las, meaning that birds have larger bills at sites with colder

winter minimum temperatures (Table 2, Fig. 5). There was

also a positive relationship between bill surface area and

precipitation in male crimson rosellas, with larger bills asso-

ciated with wetter climates.

Comparison of spatio-temporal and climatic models

Overall, the climatic models did not provide a substantially

better fit than the spatio-temporal data (with geographical

locality and year of collection as predictors) (Table 3). The

AICc score for the climatic model was better than that for

the spatio-temporal model in only one case (red-rumped

parrots), and even then the difference was less than 2 AICc

units, which means the two models can be considered equiv-

alent (Burnham & Anderson, 2002).

DISCUSSION

Temporal trends in bill morphology

Our results provide clear evidence of increases in bill sizes over

the past century in mulga parrots, gang-gang cockatoos and

red-rumped parrots, and some evidence for a similar trend in

male crimson rosellas. In the first three species, bill surface area

has increased by approximately 7–10% between 1871 and

2009, consistent with the predicted positive response to cli-

mate warming. From a thermoregulatory perspective, this

magnitude of change may be important. In song sparrows, a

17% increase in bill surface area over their geographical range

was found to increase the capacity to dissipate excess heat by

up to 33% (Greenberg et al., 2012b). Although many studies
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Figure 2 Relationships between bill surface area and year of

collection for four Australian parrots: (a) mulga parrot
(Psephotus varius – filled triangles) and red-rumped parrot

(Psephotus haematonotus – open squares) (b) gang-gang
cockatoo (Callocephalon fimbriatum) and (c) crimson rosella

(Platycercus elegans) males. Bill surface area is shown as the
partial residuals from the regression of bill surface area

against wing length. Least-squares regression lines are
shown.
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(a) Mulga parrots
(Psephotus varius)
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(b) Gang-gang cockatoos
(Callocephalon fimbriatum)

(c) Red-rumped parrots
(Psephotus haematonotus)

(d) Australian king parrots
(Alisterus scapularis)
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(e) Crimson rosella males
(Platycercus elegans)

(f) Crimson rosella females
(Platycercus elegans)

Figure 3 Relationship between bill surface area (partial residuals) and latitude of collection locality for specimens of five Australian

parrot species collected before 1950 (open circles, dashed line) and from 1950 onwards (filled circles, solid line). Least-squares
regression lines are shown.
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have documented the potential effects of climate change on

body size (for a review, see Gardner et al., 2011), including in

Australian birds (Gardner et al., 2009), our findings are the

first evidence we know of that adjustments in bill morphology

may be a thermoregulatory mechanism by which birds can

adapt to climatic warming.

Table 2 Parameter importance with model-averaged estimates and confidence intervals of individual predictor variables from general

linear models predicting bill surface area of five Australian parrot species using climatic data taken from the 5 years prior to specimen
collection. Parameters and predictors are as in Table 1 except: max. temp., average maximum summer temperature; min. temp., average

minimum winter temperature; days over 35 °C, total number of days (over the 5 years) above 35 °C; precipitation, the average annual
precipitation (all climatic data taken for the collection locality of the specimen). Values in bold indicate parameter estimates whose

confidence intervals do not overlap zero. Note that parameter weights for maximum temperature and days over 35 °C will
underestimate parameter importance due to the smaller number of candidate models in which these parameters appear.

Predictor Parameter Mulga parrot Gang-gang cockatoo Red-rumped parrot Australian king parrot

Crimson rosella

Male Female

Max. temp. w 0.401 0.057 0.704 0.205 0.911 0.716

b 0.226 0.564 0.249 0.215 1.299 0.719

lower 95% CI 0.017 �1.486 0.047 �0.773 0.386 0.062

upper 95% CI 0.435 2.614 0.451 1.203 2.212 1.376

Min. temp. w 0.736 0.166 0.450 0.293 0.727 0.282

b �0.537 �0.255 �0.238 �0.302 �1.026 0.079

lower 95% CI �1.070 �1.670 �0.605 �1.095 �2.028 �0.770

upper 95% CI �0.004 1.160 0.129 0.491 �0.024 0.928

Days over 35 °C w 0.475 0.711 0.242 0.186 0.029 0.069

b 0.004 �0.252 0.004 0.009 �0.027 0.003

lower 95% CI 0.001 �0.481 0.000 �0.177 �0.152 �0.067

upper 95% CI 0.007 �0.023 0.008 0.195 0.098 0.073

Precipitation w 0.264 0.231 0.451 0.263 0.957 0.436

b �0.001 �0.005 0.002 0.002 0.009 0.003

lower 95% CI �0.007 �0.024 �0.002 �0.005 0.003 �0.002

upper 95% CI 0.005 0.014 0.006 0.009 0.015 0.008

Season w 0.053 0.963 0.037 0.022 0.042 0.076

b — — — — — —

lower 95% CI — — — — — —
upper 95% CI — — — — — —

Wing w 0.999 0.247 0.975 0.273 0.768 0.743

b 0.275 0.515 0.182 0.121 0.419 0.348

lower 95% CI 0.147 �0.569 0.067 �0.242 0.033 0.015

upper 95% CI 0.403 1.599 0.297 0.384 0.805 0.681

r  = 0.058 
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Figure 4 Relationship between bill surface

area (partial residuals) and average
maximum summer temperature at

collection localities in Australia for male
and female crimson rosellas (Platycercus

elegans – filled and open diamonds,
respectively), red-rumped parrots (Psephotus

haematonotus – open squares) and mulga
parrots (Psephotus varius – filled triangles).

Least-squares regression lines are shown.
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It is notable that the two species that do not show any tem-

poral trend (king parrots and crimson rosella females) are

those that cover the widest latitudinal ranges (Fig. 1), perhaps

reflecting their wider range of thermal tolerances (Jiguet

et al., 2006) and hence greater capacity to deal with the rela-

tively small (0.8 °C on average) temperature increases over

the past century without adaptation in bill proportions. It is

curious that male crimson rosella, but not females, have

exhibited changes in bill morphology. There is clear sexual

dimorphism in bill size (and body size) in this species, so it is

possible that this influences the strength of selection on bill

size in the two sexes. Additionally, female crimson rosellas are

the only group in our study to have exhibited an increase in

body size over time (Appendix S3), so it may be that if struc-

tural size has increased over time, this has negated increases

in relative bill size over the same period.

Relationship of bill morphology to maximum

summer temperatures

We found strong evidence of relationships between bill mor-

phology and thermal environment in mulga parrots, red-

rumped parrots and crimson rosellas, whereby larger bills are

associated with higher summer temperatures, in accordance

with Allen’s rule. Similar patterns have been shown across

Australian parrots as a whole (Symonds & Tattersall, 2010).
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Figure 5 Relationship between bill surface
area (partial residuals) and average

minimum winter temperature at collection
localities in Australia for mulga parrots

(Psephotus varius – filled triangles) and male
crimson rosellas (Platycercus elegans – filled

diamonds). Least-squares regression lines are
shown.

Table 3 The best-approximating models predicting bill size obtained from geographical and temporal data compared to those obtained

from climatic data (averaged over the 5 years prior to specimen collection), using specimens of five Australian parrot species collected
between 1916 and 2008. Variables are as in Tables 1 & 2. ER, evidence ratio (how many times more likely the better model is than the

poorer model).

Species Model optimization Model

Sample

size (n) AICc DAICc ER r2

Mulga parrot Spatio-temporal Wing + year + latitude + distance

from coast + elevation

105 486.4 0.0 5.4 9 106 47.31%

Climatic Wing + min. temp. + days over 35 °C 105 517.4 31.0 — 26.07%

Gang-gang cockatoo Spatio-temporal Year + season 31 248.4 0.0 2.2 51.07%

Climatic Season + days over 35 °C 31 250.0 1.6 — 48.45%

Red-rumped parrot Spatio-temporal Wing + year + latitude 100 465.4 0.2 — 17.23%

Climatic Wing + max. temp. + precipitation 100 465.2 0.0 1.1 18.27%

Australian king parrot Spatio-temporal null 44 312.9 0.0 n/a 0.00%

Climatic null 44 312.9 0.0 — 0.00%

Crimson rosella (male) Spatio-temporal Wing + year + latitude 73 515.7 0.0 15.6 27.11%

Climatic Wing + min. temp. + max.

temp. + precipitation

73 521.2 5.5 — 23.97%

Crimson rosella (female) Spatio-temporal Wing + year + latitude 57 372.1 0.0 85.6 29.39%

Climatic Wing + max. temp. + precipitation 57 381.0 8.9 — 17.52%

AICc, Akaike information criterion corrected for small sample sizes.
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Mulga parrots also show a similar trend, with the number of

days over 35 °C in the 5 years prior to specimen collection

being positively related to bill surface area, although the

parameter estimate is very small and hence the biological

effect is likely to be weak. These results provide further evi-

dence that thermoregulatory considerations play a role in the

evolution of bill morphology.

Curiously, in gang-gang cockatoos, where we did not detect

an Allen’s rule trend (perhaps due to their comparatively small

geographical range; see Fig. 1), bill surface area was smaller in

individuals from sites which had had a greater number of days

over 35 °C in the previous 5 years. This may be due to our

particular choice of threshold interacting with this species’

particular environment and body temperature. Under expo-

sure to air temperatures above 35 °C, body temperature may

be lower than ambient temperature for extended periods of

time depending on the radiant heat load. Consequently, heat

transfer via the bill may be reversed, from dissipating heat to

drawing in heat from the environment, potentially causing

overheating and heat stress (Marder & Arad, 1989). In envi-

ronments that experience extreme high temperatures, selection

on bill size may therefore be reversed, with smaller bills associ-

ated with extremely hot climates, as is seen in song sparrows,

Melospiza melodia (Greenberg & Danner, 2012).

Relationship of bill morphology to minimum winter

temperatures

In both mulga parrots and male crimson rosellas, there was

a negative relationship between bill surface area and average

minimum winter temperature (i.e. larger bills in climates

with colder winters), contrary to the pattern predicted by

Allen’s rule. These patterns are not unique. A similar

negative relationship with winter temperatures exists in song

sparrows (Greenberg & Danner, 2012), despite them showing

a positive relationship with summer temperature. Those

authors argued that this pattern was an indirect reflection of

the fact that sites with coldest winter temperatures also have

the hottest summer temperatures. In the case of mulga par-

rots, this is true (correlation between the two temperature

measures for mulga parrot collection localities: r = �0.340;

n = 120; P < 0.001). In crimson rosellas, however, maximum

and minimum temperatures are positively correlated

(r = 0.443; n = 166; P < 0.001) and yet we observe opposite

effects (at least in males) of these two temperature measures

on bill surface area. A simple explanation for these results is

not obvious, but we suggest that it may be associated with

levels of aridity that the two species experience (see below).

Relationship of bill morphology to aridity and

rainfall

In the case of mulga parrots, bills are larger further inland.

Unlike the other species we examined, this species has a very

broad longitudinal range (see Fig. 1) that covers the arid and

semi-arid grasslands of southern Australia (Higgins, 1999).

Aridity increases with distance from the coast in Australia, and

heat loss from the bill is particularly important in environ-

ments where fresh water is limiting (Wolf & Walsberg, 1996).

Unlike ‘panting’, which involves water loss through the

mucous membranes of the mouth when shedding heat (McK-

echnie & Wolf, 2010), heat loss via the bill is non-evaporative

(Greenberg et al., 2012b). Selection may therefore favour lar-

ger bills in arid climates as this mechanism avoids water loss.

Thus, water availability may account for the geographical vari-

ation in bill morphology in this species. Although we found no

association between annual precipitation and bill surface area

in this species (or others, with the exception of crimson rosel-

las discussed below), rainfall in the arid regions of Australia is

characterized by occasional drenching rainfall events (which

are becoming rarer but more extreme). Thus, average precipi-

tation might not reflect the long periods of drought that large

parts of the continent experience. This may, incidentally,

explain why we found no negative relationships between

annual precipitation and bill surface area more generally.

In contrast, precipitation was found to be an important

predictor of bill surface area in male crimson rosellas. Here,

though, larger bills were associated with increasing rainfall –
the opposite of what would be predicted if there was selection

for larger bills in arid environments. A possible explanation

may be that in hot and wet environments, evaporative cooling

becomes less effective at reducing heat loads, hence prompting

selection for larger bills, or that, because water conservation is

less of an issue, a larger gape and thus larger bill is physiologi-

cally possible. Either way, it may be that there is selection on

bills to be larger in both very wet and very dry environments.

Evidence that climatic warming selects for increases

in bill surface area

The increase in bill surface area over time in gang-gang

cockatoos, mulga parrots, red-rumped parrots and male

crimson rosellas, and the relationship between maximum

temperature and bill surface area in the last three of these

species (as predicted by Allen’s rule) is consistent with the

idea with that climatic warming has selected for larger bills.

We cannot rule out that the changes are due to factors other

than temperature, however. If the observed increases in bill

surface area over time were the direct result of increases in

temperature, we might expect that climatic data (based on

climate averages from around the time of specimen collec-

tion) should provide a better fit than spatio-temporal models

with geographical locality and year of collection as predic-

tors, but this was only the case for red-rumped parrots.

If the increases in bill surface area are not directly attribut-

able to changes in temperature or rainfall, then alternative

explanations need to be found. The most obvious is that

there have been changes in food supply or foraging habitat

that have consequently selected for larger bills (Schluter &

Smith, 1986; Grant & Grant, 2002). In Australia, the mass

clearing of native vegetation to make land for agriculture

and grazing has resulted in profound changes to the environ-
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ment, with land-use changes strongly influencing bird distri-

butions (Allen & O’Connor, 2000). The complex interplay of

changes in vegetation, availability of water (particularly from

man-made irrigation sources), and competition with invasive

species such as starlings, make it difficult to identify post hoc

the way in which these would influence bill morphology. It

seems very likely, however, that the removal of woodland

and replacement with grassland would have profoundly

altered the available diets, particularly for granivorous birds

such as the species in this study.

Changes in temperature and rainfall patterns may also be

indirectly responsible for changes in bill proportions by way

of their influence on primary productivity, leading to

changes in food availability (e.g. seed size; Moles et al.,

2005). Associations between rainfall, productivity and seed

availability have well-documented consequences for bill mor-

phology (e.g. Gibbs & Grant, 1987). In addition, changes in

primary productivity may influence the opportunity for

behavioural thermoregulation by providing more shade and

better protection from extreme events, for example, which

may also indirectly affect bill morphology (Huey et al.,

2012). Unfortunately, accurate measures of primary produc-

tivity such as NDVI (normalized difference vegetation index)

do not extend back before 1980 for Australia, so we are lim-

ited in our capacity to test these ideas.

CONCLUSIONS

The increases in bill surface area over time that we have doc-

umented are potentially profound, because they affect a

major morphological structure for birds that is integrated

into every aspect of their lives from diet to vocalizations to

sexual selection as well as thermoregulation. If we assume

that some species change in bill morphology, either in direct

response to temperature, or in response to food and/or habi-

tat availability, then this may in turn bring them into com-

petition with other species (Greenberg, 1990; Grant & Grant,

1996), or – on a longer time-scale – result in population

divergence and or speciation, if populations in different envi-

ronments are affected to different extents (Grant & Grant,

1996; Mallet, 2008).

Conclusively identifying effects of climate change on ani-

mal morphology relies not only on accurate data, but suit-

able historical data and the identification of plausible

mechanisms. Although, unfortunately, we are likely to have

plenty of opportunity to document more of these changes,

given the dramatic changes in climate that are predicted,

further work should attempt to quantify the physiological

consequences of these increases in bill proportions and their

role as a thermoregulatory mechanism by which birds can

balance their heat budgets in response to a warming world.
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