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Abstract

Background: Brain size is associated with morphological evolution and behavioral flexibility because animals with
large brain size tend to utilize new resources and colonize novel environments more successfully. Therefore, animals
with larger brain size should possess larger distribution ranges. Brain size is strongly positively correlated with head

size in birds, but also with prey size and vocalizations, because individuals with large heads eat large food items and

produce high frequency calls.

Methods: To test if there exists an association between head morphology and bite performance, we compared head
size and bite force in two sympatric sister species of parrotbills, Ashy-throated Parrotbill (Paradoxornis alphonsianus)
and Vinous-throated Parrotbill (P webbianus), which both originated from the Himalayan area, but differ significantly in

their distribution ranges.

Results: In Guizhou, southwestern China, the Ashy-throated Parrotbill with a restricted distribution range had smaller
heads whilst the Vinous-throated Parrotbill with a large distribution range had larger heads. However, there were no
differences in head size between Ashy-throated Parrotbills and allopatric populations of Vinous-throated Parrotbills
(Jiangxi and Hebei). Furthermore, the tendency of variation in bite force was opposite to that in head size with popu-

lations with larger head size having weaker bite force.

Conclusions: We showed that there are no differences in head size between the Ashy-throated Parrotbill and
allopatric populations of Vinous-throated Parrotbill, which provides evidence for the hypothesis that differences in
head size in the Guizhou populations of two sister species are probably the result of local adaptation rather than
species-specific. Our study has implications for avian dispersal and adaption related to head size such as diet ecology

and vocalizations.
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Background

The evolution of the nervous system, especially the brain,
is a key for animals to perceive and respond to the envi-
ronment in which they live. Brain size has been found
to be associated with morphological evolution. Large
brains are associated with increased behavioral flexibil-
ity thus enabling animals to successfully cope with novel
environmental challenges, and large brains are benefi-
cial for individuals under new selective regimes (Wyles
et al. 1983; Sol and Lefebvre 2000; Sol et al. 2002; Healy
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and Rowe 2007). Because large brain size favors indi-
viduals when establishing in novel environments, it also
increases the opportunities for allopatric speciation (Sol
and Price 2008). Brain size was related to foraging inno-
vations among species (Lefebvre et al. 1997). For exam-
ple, brain size as a reflection of cognitive skills accounted
for the ability to cope with novel habitats (Sol et al. 2005).
In addition, the northern distribution limits of birds are
governed by the relative size of the hippocampus (Gar-
amszegi and Lucas 2005). In birds, brain size is strongly
positively correlated with head size (Mgller 2010), but
also with prey size and vocalizations, because individuals
with large heads eat large food items and produce high
frequency calls (Podos 2001; Podos et al. 2004).
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Bite force is another important ecological trait of ani-
mals that may be tightly linked to both type and magni-
tude of the ecological challenges such as food acquisition,
mate choice through effects on vocalizations, compe-
tition for access to mates and physical defense against
predators (Anderson et al. 2008). A recent study revealed
fast-evolving ecomorphological variation among pop-
ulations of Lizard (Podarcis bocagei), where a direct
association existed between head morphology and bite
performance (Gomes et al. 2018). Therefore, both brain
size and bite force are important traits for successful dis-
persal and colonization of novel environments.

Here we hypothesize that bird species with larger dis-
tribution ranges may have larger head size, and we test
this by comparing head size in two sister species of par-
rotbills (Fig. 1) that differ considerably in distribution
range (Fig. 2). These two sister species of parrotbills,
Ashy-throated Parrotbill (Paradoxornis alphonsianus)
and Vinous-throated Parrotbill (P webbianus), both
originate from the Himalayan area and have long been
considered two subspecies of the same species (Dela-
cour 1946). Recent studies also indicated that these two
parrotbill species may be conspecific, and that they have
diverged ca. 856,000 years ago, although substantial
gene flow occurs after presumed secondary contact ca.
290,000 years ago (Yeung et al. 2011; Shaner et al. 2015).
Although these two parrotbills can be regarded either as
sister species or distinct subspecies, their distribution
ranges are significantly different with the Ashy-throated
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Fig. 2 The distribution ranges and sampling sites of two sister spe-
cies of parrotbills in this study. For Vinous-throated Parrotbills, three
geographic populations were sampled, including Guizhou, Jiangxi
and Hebei whilst for Ashy-throated Parrotbills the Guizhou popula-
tion was sampled

Parrotbill limited to the Himalayan area while the
Vinous-throated Parrotbill has dispersed to northern
and eastern China where it occupies a much larger area.
Thus a comparison of morphology of these two species
constitutes a unique opportunity for this study. We pre-
dicted that the Vinous-throated Parrotbill possesses a
larger head size than does the Ashy-throated Parrotbill.
Furthermore, bill size and bite force were also compared
between these populations.

Bruce Lyon)

Fig. 1 The Vinous-throated Parrotbill (Paradoxornis webbianus) (a; photo by Naxun Zhao) and Ashy-throated Parrotbill (P alphonsianus) (b; photo by
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Methods

Sampling and measurements

Three geographic populations of Vinous-throated Par-
rotbills and one population of Ashy-throated Parrot-
bills were sampled (Fig. 2). The sampling sites include
Guizhou, Jiangxi, and Hebei provinces, which represent
populations located in southwestern, central and north-
ern China. The Vinous-throated Parrotbill is distributed
in all three areas, whilst the Ashy-throated Parrotbill only
occurs in a limited area in southwestern China. They are
both residents and the distribution ranges of these two
parrotbills overlap in southwestern China (Fig. 2).

We set up mist nests from April to July 2016 in shrub,
which is the classical habitat for both species of par-
rotbills, then measured head length, head width, head
height, commissural width and tomial length to the near-
est 0.01 mm for calculating head size and bill size by using
a digital caliper, body mass to the nearest 0.01 g with a
digital scale and bite force to the nearest 0.01 N with a
micro-signal collector (NBIT-DUD-2404A, NBIT Inc,,
Nanjing, China) with a sensor probe (S2-200NHL-001).
For each individual three values of bite force were meas-
ured, and maximal bite force was used to represent bite
force (Anderson et al. 2008). Values of head length were
obtained by measuring the length from the tip of the beak
to the back of the head and then subtracting beak length.
Head width was measured as the maximum value at the
widest point at the back of the head whilst head height
was measured as the maximum value from the top of the
head to the bottom behind the jaw. Finally, head size was
estimated as the product of these three dimensions and
4/3m to obtain the volume of a spheroid. For bill size, we
calculated the grasp index as the product of commissural
width and tomial length (Yang et al. 2015). Tomial length
was determined from the commissural point at the cor-
ner of the mouth whilst the commissural width was the
distance between the commissural points (Rohwer and
Spaw 1988).

Statistical analyses

Generalized linear mixed model (GLMM) with a nested
structure of populations nested within species was used
to investigate the effect of species and the interaction
between species and populations (species x populations)
on head size or maximal bite force by controlling for
body mass and sampling date. For the statistics of maxi-
mal bite force, bill size was also included as a control vari-
able. Pearson correlation was used to test the relationship
between head size and body mass, maximal bite force
and body mass, or maximal bite force and head size. For
the correlation between maximal bite force and head size,
body mass was included as a control variable. Multiple
comparisons among values of head size or maximal bite
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force of the four sampled parrotbill populations was con-
ducted by using the method of Fisher’s least significant
difference (LSD). All values are presented as mean =+ SD.
All statistics were performed in IBM SPSS 20.0 for Win-
dows (IBM Inc., USA).

Results

In total 94 individual parrotbills were sampled, with simi-
lar sample sizes among different populations (Table 1).
Head size was positively correlated with bill size
(r=0.528, df=94, p<0.001, Pearson correlation). Head
size differed significantly among populations (F=8.53,
df=3, p<0.001, ANOVA), in which the Guizhou popu-
lation of Vinous-throated Parrotbill had the largest value
(2.0640.19 cm®) whilst the Ashy-throated Parrotbill had
the smallest value (1.57+0.15 cm®). Bill size and head
size of the Guizhou population of Vinous-throated Par-
rotbill was larger than that of the other populations and
Ashy-throated Parrotbills (p<0.001 for all, LSD test;
Table 1; Fig. 3), while no statistical differences were
detected among the other populations (Tables 1, 2).

For maximal bite force, both Ashy-throated Parrotbills
and the Guizhou population of Vinous-throated Par-
rotbills were the smallest with no statistically significant
differences (9.58+3.36 N vs. 9.49+291 N, p=0.93,
LSD test). However, both were significantly smaller than
Jiangxi and Hebei populations of Vinous-throated Par-
rotbills (Tables 1, 2; Fig. 3). The maximal bite force also
differed significantly between pairs of populations in
Vinous-throated Parrotbills (Table 2).

We made GLMMs that control for body mass and
sampling date in head size comparison and body mass,
sampling date and head size in maximal bite force. The
resulting comparisons showed that both species and the
interaction between species and populations were sig-
nificant predictors of head size (species: F4,=23.76,
p<0.001; species x populations: F,4,="71.03, p<0.001,
GLMM). That also applied to maximal bite force (spe-

cies: Fj4,=23.34, p<0.001; species x populations:

Table 1 Descriptive values (mean+SD) for Vinous-
throated and Ashy-throated parrotbills obtained in this
study

Vinous-throated Parrotbill Ashy-
throated
Parrotbill
Guizhou Jiangxi Hebei Guizhou
Head size (cm®) 2064019 1654022 1624012 1574015
Maximal bite 9494291 1194£353 1424+480 9.58+336
force (N)
Body mass (g) 945+070 886+054 9.07+068 8944071
Bill size (mm?, 5037£398 4379+£534 43.03£475 43.03+4.75

grasp index)
Sample size 25 24 21 24
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Fig. 3 The head size and maximal bite force values of four geo-
graphic populations in two sister species of parrotbills. Box plots
represent error bars, medians, and 5- and 95-percentiles

Guizhou Jiangxi Hebei

F, 99=28.55, p<0.001, GLMM) (Table 3). Finally, head
size was positively correlated with body mass (r=0.304,
df=94, p=0.003; Pearson correlation) whilst maximal
bite force was not significantly correlated with either
body mass (r=-0.172, df=94, p=0.097, Pearson cor-
relation) or head size after controlling for body mass
(r=-0.131, df =94, p=0.210, Pearson correlation).

Discussion

Numerous studies have supported the idea that animals
with larger brain size have more flexible behavior that
allows them to deal with challenges of novel environ-
ments, and thus perform more efficiently in terms of
resource use (Sol and Price 2008). Morelli et al. (2018)
also showed that generalist cuckoo species tend to
occupy larger distribution ranges than more specialist
species. Therefore, it is reasonable to speculate that indi-
viduals with larger head size are more flexible in behavior,
which is beneficial for colonizing larger areas. Because
brain size can be predicted from head size, since they are
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Table 2 Multiple comparisons among different popula-
tions in two sister species of parrotbills by LSD method

Vinous-throated Parrotbill Ashy-
throated
Parrotbill
Guizhou Jiangxi Hebei Guizhou
Head size
Vinous-throated Parrotbill
Guizhou - ** ** **
Jiangxi ** - NS NS
Hebei ** NS - NS
Ashy-throated Parrotbill
Guizhou ** NS NS -
Maximum bite force
Vinous-throated Parrotbill
Guizhou - * ** NS
Jiangxi * - * *
Ashy-throated Parrotbill
Guizhou NS * ** -

NS: p>0.05; *0.01 <p<0.05; **p <0.01

strongly positively correlated (Mgller 2010), head size in
birds can be used as a representation of brain size. This
occurs because birds are constrained in morphology from
the extreme costs of flight that put a premium on mass
reduction. As predicted, head size of Vinous-throated
Parrotbills varies among geographic populations and was
significantly larger than that of Ashy-throated Parrotbills.
However, the Guizhou populations of Vinous-throated
Parrotbills and Ashy-throated Parrotbills had the largest
difference in head size. This result is surprising because
these two populations are the phylogenetically clos-
est among the two parrotbill species. Thus the contrast
in head size should be expected to be the smallest com-
pared to contrasts among other population. One possible
explanation may be that selection is intense between the
Guizhou populations of the two parrotbills compared
to other populations. A recent study showed that inter-
specific competition strongly influences the evolution of
traits involved in resource use (Drury et al. 2018). The
two parrotbill species studied here originated from the
Himalayan area, where altitude varies considerably. Habi-
tats with distinct altitude can lead to distinct specializa-
tion in morphology and life history (Lu et al. 2010; Yang
et al. 2012). In Guizhou, Ashy-throated Parrotbills live in
the highland while Vinous-throated Parrotbills live in the
lowland (Shaner et al. 2015). Furthermore, human set-
tlements are concentrated in the lowland. Therefore, the
Vinous-throated Parrotbill that disperses to new habitats
(i.e. lowland with human settlement) may face challenges
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Table 3 The results of generalized linear mixed mod-
els (GLMM) with nested structure of populations nested
in species for testing the predictors (species and the inter-
action between species and population) of the target
measurements (head size or maximal bite force)

F df, df, p

Head size*

Corrected model 61.82 3 90 <0.001

Species 23.76 1 90 <0.001

Species x Population 71.03 2 90 <0.001
Maximum bite force**

Corrected model 23.90 3 90 <0.001

Species 23.34 1 90 <0.001

Species x Population 28.55 2 90 <0.001

*GLMM was performed by controlling for body mass and sampling date

**GLMM was performed by controlling for body mass, sampling date and bill
size

that can be more readily resolved with a larger brain. Pre-
vious studies indicated that large brains and associated
behavioral flexibility increase speciation rates (Nicolaka-
kis et al. 2003; Ricklefs 2004), and parrotbill individuals
that colonize new habitats may favor speciation. How-
ever, there are no differences in head size between the
Ashy-throated Parrotbill and allopatric populations of
Vinous-throated Parrotbill (Jiangxi and Hebei), which
provides further evidence for the hypothesis that differ-
ences in head size found in the Guizhou populations of
the two species are probably the result of local adaptation
and are not species-specific.

A recent study revealed fast-evolving ecomorphologi-
cal variation among populations of Lizards (Podarcis
bocagei), where a direct association existed between head
morphology and bite performance (Gomes et al. 2018).
We investigated differences in bill size and bite force
among populations, but the results showed the opposite
tendency. The Guizhou population of Ashy-throated Par-
rotbills is smaller than the Jiangxi and Hebei populations,
but not the Guizhou population of Vinous-throated Par-
rotbills. Variation among populations of Vinous-throated
Parrotbills in bite force shows the opposite tendency
compared to those for head size and bill size. In other
words, the Guizhou populations of the two parrotbill
species differed considerably in head size and bill size but
not in bite force. Additionally, the tendency of variation
in bite force is opposite to those for head size and bill size
with populations with larger head size and bill size having
weaker bite force. One possible explanation for this pat-
tern is that populations with larger head size have larger
bill size as a byproduct. Previous work showed a positive
relationship between bill size and acoustic frequencies
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during song production (Podos 2001; Podos et al. 2004).
The upper and lower mandibles of a larger bill may be
more difficult to stretch out and draw back by muscles,
thus leading to a smaller bite force. This logical assump-
tion is supported because head size was found to be posi-
tively correlated with bill size. Finally, variation in bite
force among different populations of Vinous-throated
Parrotbill may simply reflect geographic variation in
food resources, because larger beaks and larger bite force
should allow for exploitation of larger and more variable
food size (e.g. Lefebvre et al. 1997; Gomes et al. 2018),
although this assumption needs further study.

In summary, this study supports the prediction that a
larger head leads to more flexible behaviors that may be
beneficial for parrotbills to utilize variable resources and
thus contribute to their colonization of new habitats. Our
study may therefore have implications and perspectives
for the role of head size, and by implication brain size, in
dispersal and adaptation in birds.

Conclusions

We showed that there are no differences in head size
between the Ashy-throated Parrotbill and allopatric
populations of the Vinous-throated Parrotbill, which pro-
vides evidence for the hypothesis that differences in head
size found in the Guizhou populations of the two sister
species are probably the result of local adaptation and are
not species-specific. Our study has implications for avian
dispersal and adaption related to head size such as diet
ecology and vocalizations.
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