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1 | INTRODUCTION

Abstract

1. Studies modelling heat transfer of bird plumage design suggest that insulative
properties can be attributed to the density and structure of the downy layer,
whereas waterproofing is the result of the outer layer, comprised of contour feath-
ers. In this study, we test how habitat and thermal condition affect feather mass
and density of body feathers (contour, semiplume and downy feathers) measured
on the ventral and dorsal sides of the body, using a phylogenetic comparative anal-
ysis of 152 bird species.

2. Our results demonstrate that feather mass and the density of downy feathers are
higher in species that inhabit colder environments, whereas total feather density is
higher of species breeding under intermediate temperatures compared to the ones
breeding under more extreme conditions. The density of contour feathers, depend-
ing on the body region, is either quadratically related or negatively correlated with
minimum winter temperature.

3. The density of contour and downy feathers, measured on both sides of the body, is
higher in aquatic than in terrestrial birds. However, among the former, diving be-
haviour does not select for further increases in body feather mass or density.

4. The results of this study provides key insights into how the plumage of birds is
adapted to different environments and lifestyles and provides a basis for under-

standing the diverse range and the evolution of variation in these characteristics.
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birds, comparative analysis, feather density, feather mass, thermoinsulation, waterproofing

requirements of an individual (Jarman, 1973; McCafferty et al.,

2013). The high thermoinsulatory capacity of the plumage en-

The plumage of birds functions as a critical barrier between the ables birds to maintain a core body temperature surpassing 40°C
skin and the environment by controlling heat transfer and prevent- (Prinzinger, PreRBmar, & Schleucher, 1991) over a wide range of en-
ing the penetration of water, providing up to 90% of the insulation vironmental temperatures (Handrich et al., 1997; Ponganis et al,,
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2003). While plumage can function to decrease heat flux between
the skin and the environment by blocking radiation and trapping air
near the skin, it can also increase heat flux via conduction backwards
and forwards to the body (Walsberg, 1988). The thermoregulatory
characteristics of body feathers are probably related to a range of
attributes, including plumage depth, density and morphology (Prum
& Brush, 2002; Srinivasan et al., 2014). Indeed, multiple traits of the
plumage, especially body feathers, define the density and morphol-
ogy of the downy plumage layer (Butler, Rohwer, & Speidel, 2008;
Davenport, O’Halloran, Hannah, McLaughlin, & Smiddy, 2009; Dove
& Agreda, 2007; Du, Fan, Wu, Chen, & Liu, 2007; Eadie & Ghosh,
2011; Pap et al., 2017; Wilson, Hustler, Ryan, Burger, & Noldeke,
1992), as well as the number and size of spaces that trap air adjacent
to the skin (Dawson, Vincent, Jeronimidis, Rice, & Forshaw, 1999;
Wilson et al., 1992). Plumage water repellence is also thought to
be conferred by a layer of contour feathers that form an external
barrier, whereas water resistance is further determined by plum-
age density. Thus, the amount of keratin, the number of feathers
per unit surface and the air spaces trapped within them, comprise
a multiscale air cushion at the feather-water interface. This cush-
ion functions to prevent feathers from getting wet (Davenport
et al.,, 2009; Eadie & Ghosh, 2011; Grémillet, Chauvin, Wilson, Le
Maho, & Wanless, 2005; Grémillet et al., 2001; Kooyman, Gentry,
Bergman, & Hammel, 1976; Pap et al., 2017; Rijke, 1970; Williams,
Hagelin, & Kooyman, 2015). In water birds, however, alterations in
insulation must occur because the thermal conductivity of this me-
dium is about 23 times that of air, whereas further modifications
are required in diving birds because increased hydrostatic pressure
impinges on the plumage and compresses the air trapped among
the feathers (Grémillet, Tuschy, & Kierspel, 1998; Grémillet et al.,
2001; Wilson et al., 1992). Thus, in diving birds, the reduced volume
of trapped air is likely partially compensated for by denser plumage
(Walsberg, 1988).

Plumage in birds comprises different feather types that all have
subtly different functions (Prum & Brush, 2002). This means that
quantifying the densities of different feather types is essential if we
are to understand how avian plumage achieves its unique thermo-
insulatory and water-repellent functions. The most numerous com-
ponents of avian plumage are contour feathers which cover most of
the body and have multiple functions (Butler et al., 2008; Pap et al.,
2017); the pennaceous distal region of these feathers form an outer
water-repellent cover over the inner thermoinsulatory layer, defined
by the proximal plumulaceous feather section (Pap et al., 2017; Prum
& Brush, 2002; Rijke, 1970; Srinivasan et al., 2014; Stephenson &
Andrews, 1997). The contour feathers of some species also have an
auxiliary shaft called the afterfeather; it has been assumed that this
shaft has a function in thermoinsulation, although its role in ther-
moregulation remains unclear (Williams et al., 2015). In addition, the
plumulaceous part of contour feathers, semiplumes and downy feath-
ers also contribute significantly to the insulating layer. Semiplumes
have a central shaft which is longer than their longest barb, whereas
lateral plumulaceous barbs radiate from here with barbules that
do not attach to one another. Downy feathers are fluffy and have

short rachises which are shorter than the longest barbs (Lucas &
Stettenheim, 1972).

The mass and the density of different body feather types vary dra-
matically among bird species (Cooper, 2002; Davenport et al., 2009;
Hutt & Ball, 1938; Swanson, 1993; Wetmore, 1936). This variation has
previously been attributed to thermal conditions as well as water re-
pellency in aquatic birds (Dawson et al., 1999; Williams et al., 2015).
However, these conclusions have been based mostly on single species,
and no systematic analyses of these variations have been undertaken.
Most studies completed thus far on plumage density as an adaptation
to cold environments and an aquatic lifestyle have been carried out
on highly specialized species which means it has been difficult to de-
duce the specific functions of different body feathers. For example in
terrestrial species that are much less exposed to water, body plumage
appears adapted to repel, rather than to withstand, water infiltration
(Rijke, 1970; Srinivasan et al., 2014).

Variation in the density of avian body feathers is likely subject to
a trade-off between the benefits of the plumage and costs of integ-
ument production (Butler et al., 2008; Danner, Greenberg, Danner, &
Walters, 2015; Dawson, Hinsley, Ferns, Bonser, & Eccleston, 2000;
Pap, Vagasi, Czirjak, & Barta, 2008). Producing feathers is likely con-
strained by limited resources, including available protein content of
food (Pap et al., 2008). While there is some consensus on how re-
source limitation reduces the amount of keratin invested in feathers,
no studies to date have considered its effects on plumage mass and
density.

We employ a phylogenetic comparative approach to investigate
how habitat, diving behaviour, thermal environment and diet influ-
ence the mass and density of feathers in a dataset that incorpo-
rates dorsal and ventral plumage samples from 152 bird species.
Our prediction is that body feather mass and density will be higher
in aquatic birds and divers than in their terrestrial and non-diving
counterparts respectively. We predict that dorsal and ventral plum-
age traits are variously affected by habitat because sides of the
body are similarly exposed to rain and water in terrestrial species,
whereas the plumage on the ventral side of aquatic birds (particu-
larly in floaters) is subject to higher water pressure than on the dor-
sal side. We also predict that low ambient temperature will select
for a more thermoinsulatory plumage, manifested in increased body
feather mass and feather density (Dawson et al., 1999; Williams
et al., 2015). Plumage may also function to facilitate heat loss
(Butler et al., 2008); it is likely that looser plumage is correlated with
enhanced heat loss in birds that live in hot environments. Therefore,
we expect that birds that are adapted to warmer climates will have
a lower mass and density of body feathers (Ward, Ruxton, Houston,
& McCafferty, 2007). Heat retention and heat transfer can be en-
sured by low or high feather mass and density, respectively, because
the number of air vacuoles vary in function of these feather traits,
whereas the amount of air trapped in the plumage may remain un-
changed. As a result, species living in warm or cold environments
may show the same adaptation in plumage traits. Therefore, we as-
sumed in models both linear and quadratic effect of temperature on
plumage traits.
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2 | MATERIALS AND METHODS
2.1 | Field data collection and feather measurements

We collected feather samples from 337 birds encompassing 152
neognath species at several locations across Romania, Hungary,
Norway, Sweden and Scotland, as well as the sub-Antarctic Crozet
Islands archipelago (king penguin, Aptenodytes patagonicus) be-
tween 2012 and 2016. Most individuals died due to natural causes
(e.g. road kill, building collision, electrocution, starvation) or were
procured from authorized hunters. All samples were preserved at
-20°C in a freezer until examination in 2016. The age of all speci-
mens was recorded upon investigation that was determined based
on plumage characteristics, degree of skull pneumatization and by
examining flight feather moult patterns. Feathers were collected
from the ventral and dorsal sides of the body, with samples used
including just non-moulting individuals in good condition with clean
plumage. We collected samples of ventral feathers from an area de-
limited by the breastbone, the contact point of the wing and leg to
the body and side, including one ventral feather tract (see Appendix
S1). The rectangular-shaped dorsal surface of the bird was defined
as the area between the shoulder, the tail end of the synsacrum and
the side. King penguin feathers were collected from a smaller area
(c. 20 cm?) on ventral and dorsal sides; however, because of the uni-
form distribution of feathers across the body in these birds (Dawson
et al., 1999; Williams et al., 2015), this smaller sampling area prob-
ably had little effect on feather mass and density estimates of this
species. Subsequent to feather collection, we photographed bare
skin areas in front of a metric grid (1 x 1 mm) background and meas-
ured the surface using the ImageJ software, version 1.51 (http://
rsh.info.nih.gov/ij/). Body feathers were then weighed and desic-
cated for 24 hr at 37°C to eliminate any moisture captured in the
plumage. We weighed all body feathers (using a professional digi-
tal analytical balance Axis AGN200, accuracy class |, e = 0.001g;
d = 0.0001g) from ventral and dorsal sides separately, and recorded
the total feather mass per unit area (g/cm?), presenting just the mass
of total feathers because the weights of different types were too
low to be measured with precision. We then separated and counted
different feather types in each sample to record the numbers of
contour feathers, semiplumes and downy feathers per unit area
(number/cm?). Given that the thermoinsulatory function of semi-
plumes and downy feathers are probably similar, and because the
number of the former in most species was very low, we pooled our
data for these two feather types in all analyses. We measured the
length of one contour feather from each individual on both sides of
the body, collected from the middle of the breastbone in case of the
ventral part and from the middle of the backbone in case of dorsal
part, using a ruler, and these data were completed with additional
measurements from an earlier work (Pap et al., 2017); thus, our
sample sizes for feather mass and density, as well as contour feather
length differ slightly (Osvath et al., 2017). Feather samples from dif-
ferent species and individuals were randomly assigned to one of
the five investigators (JP, CIV, GO, PLP and TD). Repeatability be-
tween observers was high for all parameters (total feather density:

ICC (Intra-class Correlation Coefficients) = 0.95, 95% Cl 0.88-0.98;
contour feather density: ICC=0.96, 95% Cl 0.91-0.99; down
feather density: ICC = 0.94, 95% Cl 0.85-0.98; semiplume density:
ICC =0.78,95% Cl 0.55-0.91; all F > 11.34, n = 14, all p < .0001).

2.2 | Body mass, ecological traits and habitat

We obtained body mass data from (Del Hoyo, Elliot, & Sargatal, 1992-
2013; Dunning, 2007). Where mass data were available for multiple
regions, we selected the one for European populations and subspe-
cies. We then classified species into one of five habitat groups Cramp
and Perrins (1977-1994); terrestrial (i.e. rarely encountering water),
riparian (i.e. living in wetland habitats like marshes and sedges), wad-
ers (i.e. species that move above, and around water surface), floaters
(i.e. aquatic species that float on the water but do not dive) and divers.
We extracted ambient temperature data from the University of East
Anglia Climate Research Unit database (http://www.cru.uea.ac.uk/;
version 3.10.01) (Mitchell & Jones, 2005), a global dataset containing
interpolated monthly average land temperatures (°C) in a grid of spa-
tial coordinates (0.5 x 0.5 degrees). We used the most recent 10 years
of temperature data for this study (encompassing the period between
2006 and 2015, downloaded on 3rd November 2016), and calculated
average monthly mean temperature over this period for each spatial
grid cell. From these monthly mean data, we created a 12-layer shape
file for each grid cell, and by intersecting temperature and species
distribution files, we calculated monthly temperatures for each spe-
cies separately for wintering and breeding grounds (Pap et al., 2015,
2017; Vincze, 2016). Distribution maps (shape files) were retrieved
from http://www.birdlife.org/datazone/info/spcdownload (BirdLife
International & NatureServe, 2015, accessed on 27th October 2016).
For breeding areas, we extracted the highest monthly mean (“maxi-
mum breeding temperature”) for the period April to August as a proxy
for breeding heat stress, whereas for wintering grounds we extracted
the lowest monthly mean (“minimum winter temperature”) for the pe-
riod December to February as a proxy for winter harshness. Monthly
temperatures were calculated for breeding and wintering distribution
areas for species between longitudes 20°W and 60°E, although, in
some cases, where breeding or wintering areas were situated outside
this range, we used global ranges or other ranges specific for the sam-
pled population (e.g. king penguin; see Osvath et al., 2017). Because
African and Arabian resident populations of several species are clearly
separated from their European migratory counterparts (with likely lit-
tle gene flow between them), these populations and areas were not in-
cluded in our analyses (Osvath et al., 2017). Furthermore, because the
protein content of food can limit feather synthesis (Pap et al., 2008),
we included diet type as a factor in our analyses. Diet was assigned
to one of two categories, “high,” or “low” protein content (Pap et al.,
2015); a high protein content was defined as exclusively feeding on
invertebrates and/or vertebrates, whereas low was used for species
that are either omnivorous and/or species feeding on plants. Dietary
information for each species was obtained from Cramp and Perrins
(1977-1994). All variables for all species can be found at Osvath et al.
(2017).
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2.3 | Statistical analyses

Large within-group (i.e. within-species) variation in traits can lead
to significant bias in phylogenetic comparative analyses (Freckleton,
Harvey, & Pagel, 2002). Thus, in order to determine whether, or not,
our feather parameters were species-specific and suitable for multi-
taxon comparisons, we tested repeatability by assessing the impor-
tance of “between-species” compared to “within-species” variance
using the “icc” function in the r package “irr” (Gamer, Lemon, Fellows,
& Sing, 2010). As within-species sample size varies, we calculated re-
peatability using two randomly selected individuals per species; this
test was repeated 1,000 times and ICCs and corresponding confidence
intervals (Cls) were calculated as the means of 1,000 estimates (Pap
et al., 2015). Repeatability was tested using raw, non-transformed val-
ues. Feather traits are highly species-specific for both ventral (total
feather mass: ICC = 0.75, 95% CI 0.65-0.83; total feather density:
ICC =0.85, 95% Cl 0.79-0.90; contour feather density: ICC = 0.84,
95% Cl 0.77-0.89; downy + semiplume feather density: ICC = 0.58,
95% Cl 0.42-0.70) and dorsal sides of the body (total feather mass:
ICC =0.71, 95% Cl 0.59-0.80; total feather density: ICC = 0.84, 95%
Cl 0.77-0.89; contour feather density: ICC = 0.81, 95% CI 0.73-0.87;
downy + semiplume feather density: ICC = 0.60, 95% CI 0.45-0.71;
all F>4.19, all p <.0001). We therefore conclude that the species in-
cluded in our datasets are adequately characterized in terms of their
feather traits, and that small sample sizes in some species are unlikely
to bias our results. Because feather traits can also vary over the course
of a year due to changes in temperature (Cooper, 2002; Middleton,
1986; Novoa, Bozinovic, & Rosenmann, 1994; Swanson, 1991), re-
sults could also be affected by systematic bias in sampling dates
among species. Thus, to test whether seasonality affects our feather
traits, we compared data from birds collected in the winter (October
to March) and summer (April to September) using phylogenetic paired
t tests (r package “phytools”) (Revell, 2012). Note that only a subsam-
ple of the species could be used for these tests, those for which at
least one individual was measured in both periods. Feather param-
eters were similar between the two periods (in all cases t < 1.87,
Neentral side = 29 N

feather traits can vary depending on the age of a bird (Butler et al.,

dorsal side = 24, P >.0753). Furthermore, because
2008), and because our sample includes birds in both immature and
adult plumages, we tested differences in feather traits between age
classes using phylogenetic paired t tests. All parameters remained
26,
=24, p >.1194), therefore, it is unlikely that our results are

similar between age classes (in all cases t<1.62, N
N

affected by either within-species seasonal differences or age-specific

ventral side —

dorsal side

changes in feather traits.

We used phylogenetic paired t tests to test whether the feather
parameters (mass and density) differed between ventral and dorsal
sides of the body. Differences between ventral and dorsal sides of the
body (A = ventral minus dorsal) were analysed as response variables
in multivariate models separately to test whether these differences
were influenced by ecology and diet. To investigate the relationship
between feather density or feather mass and body mass, diet, hab-

itat, breeding maximum and winter minimum temperatures across

birds, we built phylogenetic generalized least squares (PGLS) models
using ventral, dorsal and A feather masses and feather densities as re-
sponse variables. Because feather mass is largely determined by the
length of individual body feathers, we additionally carried out sepa-
rate analyses for the ventral and dorsal sides in which contour feather
length of the respective body side was also added as an explanatory
variable in models of feather mass. Total feather density and density
of different feather types may also be influenced by the presence of
afterfeathers on contour feathers; we therefore included this factor
as an explanatory variable in feather density models. Sampling effort
in our dataset differs among species, ranging between one and five
individuals. Sampling inequality can cause bias in the data as mea-
sured parameters cannot be estimated with similar precision for each
species (Garamszegi & Mgiller, 2010, 2011). Accordingly, likelihood-
ratio statistics indicated that weighting phylogenetic models by log-
transformed, within-species sample size significantly increases the
model fit. Therefore, we present the results of models weighted by
log-transformed within-species sample size in the case of each feather
parameter investigated.

We accounted for phylogenetic non-independence using trees
from http:/birdtree.org (Jetz, Thomas, Joy, Hartmann, & Mooers,
2012). We downloaded 100 random trees using the Hackett back-
bone tree (Hackett etal., 2008), and calculated a rooted, ultra-
metric consensus tree using the SumTrees software (Sukumaran
& Holder, 2010). We used this consensus tree in the PGLS model
(Pagel, 1997, 1999) and we set the degree of phylogenetic depen-
dence (Pagel's ) to the most appropriate value estimated by max-
imum likelihood in each model separately (Freckleton et al., 2002).
We employed backward-stepwise elimination of non-significant
(p > .05) predictors from the full model. Habitat, the presence of af-
terfeathers and diet, were all entered into models as fixed factors,
whereas all other (continuous) variables were included as covariates.
Temperature variables were included in the model as second-order
orthogonal polynomials in order to test for possible quadratic ef-
fects on feather traits. The only flightless species in our study was
the king penguin. For this species, breeding temperature as well as
a number of other feather traits represented outliers in our datasets
(see Figure S1). We therefore re-ran all PGLS models excluding this
species, but we present both model sets in the Results. Although we
present the results of our models incorporating a consensus tree,
we re-ran both full and minimal PGLS models using all 100 phy-
logenies to control for phylogenetic uncertainty. All models yielded
highly consistent results across the 100 phylogenetic trees tested.
p-values from these models were plotted as histograms (Figure S2).

All statistical analyses were conducted using the r statistical com-
puting environment, version 3.3.2 (R Development Core Team, 2016),
and all PGLS models were built using the “nlme” package (Pinheiro,
Bates, DebRoy, & Sarkar, 2015). Sample sizes vary across models de-
pending on the body side (i.e. ventral versus dorsal) as measurements
were unobtainable for some individuals from one side of the body.
Finally, all feather traits and sample sizes were log(x + 1)-transformed
in all statistical models to ensure model residual normality. Means + SE
are reported throughout the text and tables. Model predictions and
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associated SE for graphical representations of data were obtained

using the “Ismeans” package in r (Lenth, 2016).

3 | RESULTS

3.1 | Feather mass and density on the ventral and
dorsal sides

Winter minimum temperature is significantly negatively corre-
lated with feather mass on the ventral and dorsal sides of the body
(Table 1a,b), indicating larger feather masses in colder than in warmer
climates. This correlation remains significant after controlling for the
confounding effect of feather lengths on plumage weight (Table S1).
Excluding the king penguin did not change this relationship (Table 1a;
Figure 1). Habitat does not affect the mass of feathers on either side of
the body (Table 1a). Nonetheless, after controlling for the confound-
ing effects of feather length on plumage weight, the effect of habitat
on ventral feather mass became significant (Table S1), although there
was no clear trend between groups (contrasts between groups: W < F
and W < D at p < .01, all other contrasts at p > .05). Excluding the king
penguin does not affect these results (Table 1a).

Depending on feather types and body region, feather density pa-
rameters are either quadratically related or negatively correlated with
maximum breeding temperature (Table 1b), indicating higher feather
densities in species breeding under intermediate temperatures com-
pared to the ones breeding under more extreme conditions, or lower
feather densities in hotter compared to colder breeding climates. The
latter effect holds even when the presence of afterfeathers on con-
tour feathers is controlled (Table S1). However, the effect of breeding
maximum temperature disappears in most cases, when data for the
king penguin are excluded from the analyses, only showing a relatively
weak but significant negative linear association with total feather den-
sity on dorsal and contour feather density on ventral sides (Table 1b).
In general, feather density and winter minimum temperature are qua-
dratically related (Table 1b), with higher feather densities in species
wintering under intermediate climates compared to species winter-
ing in colder or hotter areas. Moreover, this effect is consistent even
after controlling for the presence of afterfeathers on contour feathers
(Table S1). The quadratic effect of minimum winter temperature on
feather density is also significant for total feather density and contour
feather density measured on the ventral side after excluding the king
penguin (Table 1b; Figure 2), whereas the effect turns negative and lin-
ear for contour feather density on dorsal side and downy + semiplume
density on both sides of the body, indicating higher densities of these
feather types in colder climates. Finally, we calculated the density
of downy + semiplumes compared to total feather density; this trait
measured on the ventral side of the body is significantly negatively
and linearly correlated with winter minimum temperature, indicating
proportionally higher number of purely insulatory than contour feath-
ers in species inhabiting colder climates; this effect was significant
both with and without the king penguin’s data (data of the king pen-
guin included: F=6.61, p=.0112, B(SE) = -2.32 x 107°(9.06 x 10™);
excluded: F = 6.56, p =.0114, B(SE) = -2.17 x 1073(9.92 x 107™).

Habitat affects feather density parameters, with the exception
of the density of contour feathers on the dorsal side of the body, and
this effect is significant both with and without the king penguin’s
data (Table 1b; Figure 3). Results show that the total feather den-
sity, and density of different types of body feathers increased from
terrestrial to aquatic birds, with intermediate values seen for ripar-
ian and wading taxa. This change in feather density between habi-
tat groups varied, however, as terrestrial, riparian and wading birds
were similar to one another, as well as floaters and divers were sim-
ilar to one another, whereas the difference between the first three
and last two groups was significant (Figure 3). The effect of habitat
on feather density remained significant even after we controlled for
the presence of afterfeathers on contour feathers (Table S1). The
density of downy + semiplume to total feather density, measured on
the dorsal side of the body is also significantly related to habitat, as
terrestrial, riparian and wader birds formed one cluster and floaters
and divers another, whereas the difference between the two clus-
ters was significant in the models both with and without the king
penguin (with king penguin: F = 3.94, p = .0046; without: F = 3.97,
p = .0044; contrasts between groups: T=R=W atp >.9838, F=D
atp=.6222,F+D>T+ R+ W at p <.0003).

Food category affects the total feather density as well as the
downy + semiplume density measured on the ventral side with, or
without, the king penguin data, as species with high food protein con-
tent had higher densities of these feather types than species with low
food protein content (Table 1b). The effect of food on feather density
remains consistent after controlling for the presence of afterfeathers

on contour feathers (Table S1).

3.2 | Effects of ecological traits on A and

feather mass

Afeather density

Overall differences in all feather traits between ventral and dorsal sides
of the body are non-significant (phylogenetic paired t tests, feather
mass: t = 0.00, p = 1.0000; total feather density: t = 0.00, p = 1.0000;
contour feather density: t=0.00, p = 1.0000; downy + semiplume
density: t=0.64, p=.5243; N =147), indicating no general cross-
species dorsoventral difference in feather traits. Habitat influences
A
there was no clear trend between groups (contrasts between groups:
W < F and D at p < .01, all other contrasts at p > .05). No other dorsal-
to-ventral differences are influenced by habitat. A

feather mass IN the models with and without the king penguin, although

feather mass is related
to food in the models with and without the data of the king penguin
(Table 2a), indicating that species with higher protein content in their
diet have higher feather mass on their dorsal than on their ventral

side. A is not influences by any predictors (Table 2b).

feather density

4 | DISCUSSION

4.1 | Feather traits and habitat

We found that habitat does not affect feather mass per unit
area across species. This result is counter-intuitive as our initial
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TABLE 1 Minimum adequate PGLS models used to investigate relationships between feather mass (a), total feather density and density of
different body feathers (b) on the ventral and dorsal sides of the body, in relation to body mass, life-history and ecological traits. Minimal
models were obtained by eliminating non-significant predictors from full models in a backward-stepwise manner based on the largest p-value
(see text for details). Temperature variables are included as second-order orthogonal polynomials. Exponent at the F value of these two
variables indicate whether both the linear and quadratic (I + g) or only the linear (l) component of polynomial is retained in the minimal model
after model selection

Models including king penguin

Models without king penguin

Ventral Dorsal Ventral Dorsal
df F p F p F p F p
(a)
Feather mass Pagel's A = 0.50, Pagel's A = 0.60, Pagel's A = 0.49, Pagel's A = 0.54,
N =148 N =151 N =147 N =150
Body mass 1 37.80 <.0001 2.17 1432 32.38 <.0001 0.43 .5123
Minimum winter 1 20.62 <.0001 22.30 <.0001 20.81 <.0001 23.92 <.0001
temperature
(b)
Total feather density Pagel's A = 0.91, Pagel's A = 0.60, Pagel's A = 0.82, Pagel's A = 0.61,
N =148 N =151 N =147 N =150
Body mass 1 198.79 <.0001 207.17 <.0001 211.75 <.0001 223.20 <.0001
Habitat 4 7.91 <.0001 6.82 <.0001 10.18 <.0001 7.36 <.0001
Maximum summer lor2 10.27' .0017 13.12'*9 <0001 - 6.66' 0109
temperature (linear
+ quadratic effects)
Minimum winter lor2 7.00'* 9 0013 4359 0146 7.81'*d .0006 4754 .0100
temperature (linear
+ quadratic effects)
Food 1 6.29 .0133 - 6.01 .0155 -
Contour feather density Pagel's L = 0.91, Pagel's A = 0.77, Pagel’s A = 0.90, Pagel's A = 0.79,
N =148 N =151 N =147 N =150
Body mass 1 296.85 <.0001 242.64 <.0001 322.72 <.0001 268.86 <.0001
Habitat 4 4.51 .0019 - 414 .0034 -
Maximum summer lor2 11.29' .001 11.99'*9 <0001 477! 0306 -
temperature (linear
+ quadratic effects)
Minimum winter lor2 4,27'*4 0158 - 437'*a 0145 8.74' .0036
temperature (linear
+ quadratic effects)
Downy + semiplume feather density Pagel's . = 0.60, Pagel's A = 0.72, Pagel's A = 0.61, Pagel's A = 0.69,
N =148 N=151 N =147 N =150
Body mass 1 41.56 <.0001 45.49 <.0001 46.22 <.0001 50.65 <.0001
Habitat 4 6.67 .0001 5.18 .0006 8.62 <.0001 7.13 <.0001
Maximum summer lor2 7.94'+a .0056 9.30' .0027 - -
temperature
Minimum winter lor2 7.3'*a .001 3.6'*a 0298 15.47' .0001 7.56' 0067
temperature (linear
+ quadratic effects)
Food 1 16.63 .0001 - 14.38 .0002 -

prediction was that plumage should be heavier in aquatic birds, par-
ticularly in divers, because of enhanced insulatory and water resist-
ance capabilities (Davenport et al., 2009; Williams et al., 2015). The
density of all feather types was generally higher in aquatic com-
pared to terrestrial birds, which indicates that habitat affects not

only the density of water-repellent contour feathers, but also the
thermoinsulative downy layer. The water resistant outer plumage
layer is composed of short, overlapping contour feathers in aquatic
birds (Eadie & Ghosh, 2011; Grémillet et al., 2005; Pap et al., 2017;
Rijke & Jesser, 2011), and the resistance of this layer is further
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FIGURE 1 The relationship between residual feather mass
corrected for body mass and minimum winter temperature, measured
on ventral (a) and dorsal (b) sides of the body. Lines are linear
regressions without the king penguin’s data with the equations

y = 0.0056 - 0.0006x (a), and y = 0.0065 - 0.0007x (b)

enhanced by the high vane density of the distal pennaceous parts
of contour feathers, which prevents the infiltration of water into
deeper plumage layers (Pap et al., 2017; Rijke, 1970; Rijke & Jesser,
2011). This result, that aquatic birds possess a higher density of
contour feathers compared with their terrestrial counterparts, cor-
roborates the earlier finding of Pap et al. (2017) regarding structural
modifications of the vane of contour feathers, and further demon-
strates the presence of a complex set of plumage adaptations cor-
related with aquatic lifestyle in birds. In line with this, we found
that the density of downy feathers on both body sides, and the
ratio of downy + semiplume to total feather density on the dorsal
side of the body was higher in aquatic than in terrestrial species,
which is also expected if we consider the high thermal conductivity
of water. The high density of downy feathers and semiplumes may

also enhance compression resistance of this layer during swimming

or diving (Kooyman et al., 1976), although these characteristics in
aquatic birds probably replace air-filled spaces in the plumage by
a keratin matrix. Because heat flow through avian plumage is the
result of approximately equal contributions of thermal conduction
through the feather elements and the sum of conductive and con-
vective heat transfer through encapsulated air (Walsberg, 1988),
insulating properties are likely not compromised. Furthermore, be-
cause the density of keratin is much higher than air, it follows that
aquatic birds are able to minimize upthrust whilst keeping heat loss
at a minimum (Grémillet et al., 1998).

Our results did not reveal any differences in feather density
between divers and non-diving birds, a surprising outcome if we
consider the higher thermal stress and plumage compression that
is encountered when swimming underwater compared to surface
feeding (De Vries & van Eerden, 1995; Grémillet et al., 2001; Wilson
et al., 1992). This result implies that floaters and divers are subject
to the same thermal stresses and water pressure as the functional
morphology of their plumage remains unchanged irrespective of en-
vironment, and is further supported by the fact that there are no
differences between the contour feather morphology of diving and
non-diving birds (Pap et al., 2017). In addition, we show that there
is a similar density of body feathers on the ventral and dorsal body
surfaces of all species irrespective of habitat categories. However,
the adaptation to diving exists at least at microscopic level of the
downy feathers, in the barbule morphology, indicating that feather
morphology, and less the density of the plumage ensure the en-
hanced repellency and insulation capacity of the diving birds (Dove
& Agreda, 2007).

4.2 | Feather traits and temperature

Our results show that feather mass and density of downy + semi-
plume feathers, and the ratio of downy + semiplume to total
feather density on the ventral side of the body, were all negatively
correlated with minimum winter temperature, corroborating the
prediction that a dense plumage plays a role in thermal insulation
(Cooper, 2002; Middleton, 1986; Novoa et al., 1994; Swanson,
1991; Williams et al., 2015). However, because we were unable
to weigh different types of body feathers separately, we could
not determine the specific effects of temperature. It therefore re-
mains to be seen which specific feather types evolved to enhanced
thermal insulation. The high density of downy feathers of species
wintering under cold conditions support our prediction that the
downy plumage layer has high insulating properties (Williams et al.,
2015). The high density of contour feathers on the dorsal side of
the body in species living in cold areas is also intriguing and shows
that, in addition to the downy plumage layer, these may serve a
similar function in thermoinsulation (Butler et al., 2008; Pap et al.,
2017). Morphological adaptation of the contour feathers include
the proximal plumulaceous part of the vane, in addition to a well-
developed afterfeather (Osvath et al., 2017) in some species. It is
thus not surprising that our results show that the density of con-
tour feathers is higher in species that winter in colder areas; to the
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best of our knowledge, this study presents the first multi-species
evidence for the thermoinsulatory function of this trait. We found,
however, that the total density of feathers measured on both sides
of the body and the density of contour feathers on the ventral
side are quadratically related with minimum winter temperature,
showing higher feather densities in species wintering under inter-
mediate climates compared to species wintering in colder or hotter
climates. Our results suggest that heat retention and heat transfer
can be ensured at the same time by low total feather density on the
ventral and dorsal sides and by the contour feather density on the

ventral side of the body. This relationship between feather density

1

Minimum winter temp.

y = 0.0604 - 0.008 (c) for the dorsal side of
the body. Regression lines are without the
king penguin’s data

6 11 16 21 26

and minimum winter temperature can be related to the variation
in the number of air vacuoles in function of these feather traits,
whereas the amount of air trapped in the plumage may remain
unchanged. This finding indicates that species living in warm or
cold environment may show the same adaptation in plumage traits,
however, further measurements of feather traits and heat transfer
are important to verify this assumption.

We found weak support for the prediction that birds living in
warmer environments can reduce heat absorption at the surface of
their plumage to prevent it from reaching the skin, or increase heat

transfer from the body to the environment, at least through structural
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changes of the plumage (Walsberg & King, 1978). Our results weakly
support the idea that birds living in warmer areas, as characterized by
maximum breeding temperature, have less dense plumage, consistent
with an earlier multi-species study that showed that the morphology
of individual body feathers is unrelated to the maximum breeding
temperature (Pap etal., 2017). A reduced, or completely absent,
role for plumage in heat dissipation might be related to the fact that
avian skin has a limited capacity for evaporative heat transfer, some-
thing that is probably compensated for by other heavily vascularized

appendices, including the bill (Tattersall, Arnaout, & Symonds, 2016),
and other behavioural or physiological thermoregulatory adapta-
tions seen in birds living in hot climes (Nilsson, Molokwu, & Olsson,
2016; Nord & Williams, 2015). However, it is important to note that
our species pool encompass mostly cold adapted temperate breed-
ing birds, which limit our interpretation about the function of bird
plumage to reduce heat absorption under warm conditions. Further
investigation including warm adapted species will definitely clarify
this issue.
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TABLE 2 Minimum adequate PGLS models used to investigate
the relationships between differences in feather mass on ventral and
dorsal sides of the body (A; a), and total feather density and density
of different body feather types (b) on the ventral and dorsal sides of
the body in relation to body mass, life-history and ecological traits.
Minimal models were obtained by eliminating non-significant
predictors from full models in a backward-stepwise manner based on
the largest p-value (see text for details)

Models including Models without
king penguin king penguin
df F p F p
(@)
Feather mass Pagel's A = 0.56, Pagel's A = 0.54,
N =147 N =146
Body mass 1 16.09 <.0001 20.15 <.0001
Habitat 4 3.84 .0054 4.24 .0029
Food 1 8.98 .0032 10.31 .0016
(b)

Total feather Pagel's A = 0.18, Pagel's A = 0.18,

density N =147 N =146
Body mass 1 6.21 .0138 6.42 .0124
Contour feather Pagel's A =0.42, Pagel's A = 0.42,

density N =147 N =146
Body mass 1 0.21 .6503 0.26 6111
Downy + semi- Pagel’s A = 1.01, Pagel's A = 0.51,

plume feather N =147 N =146

density
Body mass 1 5.17 .0245 1.66 .2001
Food 1 4.50 .0356 -

4.3 | Feather traits and diet

We found that birds that feed mainly on plants have lower feather
density than those that feed on insects and vertebrates, corroborating
former studies that have suggested that protein limits feather synthesis
(Butler et al., 2008; Danner et al., 2015; Dawson et al., 2000; Pap et al.,
2008). Intraspecific studies have also demonstrated the presence of a
protein limitation on feather synthesis during growth, which shows that
given the range of food compositions naturally present in avian diets,
feather quality largely depends on ingested food (Dawson et al., 2000).
The results of this study suggest that the density of body feathers per
unit area is limited across species by food type, possibly suggesting the
presence of species-level constraints on food protein content which
links with keratin synthesis during feather growth. Earlier compara-
tive studies on feather morphology (Pap et al., 2015, 2017) suggested
that type of food has no effect on feather structural traits. Therefore,
it appear that across multiple species food quality is associated with
the amount and density of feathers but not their structural properties.

Our comprehensive study is the first to explore how natural vari-
ation in the amount and density of body feathers in birds relates to
lifestyle and the environment. We present the result of a series of tests
to determine how habitat and thermal condition affect feather mass,

a proxy of the amount of keratin invested per unit area, as well as the
density of body feathers measured on the ventral and dorsal sides of
the body, using a phylogenetic comparative analysis of 152 bird spe-
cies. The results of this study demonstrate, for the first time, that body
feathers mass, as well as the density of downy + semiplume feathers in
birds is higher when environmental conditions are colder. Remarkably,
we also show that the density of contour and downy feathers, mea-
sured on both sides of the body, is higher in aquatic than in terrestrial
birds, whereas diving behaviour does not select for further increases
in body feather mass and density.

This comparative study provides a basis for understanding the
evolution of variation in body feather characteristics. Although our
initial results are tantalizing, more work will be required if we are to
understand the factors underlying the evolution of the diverse range
of feathers seen in living birds. Future work will extend this study to
directly measure the thermal capacity and conductivity of the plumage
under various conditions, as well as in air and in water, to correlate
these values with plumage traits.

ACKNOWLEDGEMENTS

We thank the “Milvus Group” Bird and Nature Protection Association,
as well as the members of the MTA-DE “Lendiilet” Behavioural
Ecology Research Group, and Adam Lendvai, Adam Pereszlényi, Agnés
Lewden, Anna L.K. Nilsson, Attila D. Sandor, Attila Fllop, Cosmin
Muresan, Edgar Papp, Fredrik Andreasson, Gabor Bakacsi, Jannie
F. Linnebjerg, LaszI6 Rakosy, Levente Barti, Maria von Post, Mark
A. Newell, Mihaly Barta, Peter Aaastrup, Sandra Bouwhuis, Sarah J.
Burthe, Tamas Deme, Tamas Marok and Tom Evans for considerable
help with data collection. We are also grateful to Manuela Banciu and
Alina Sesarman from the Laboratory of Biophysics and Biochemistry
at Babes-Bolyai University, Cluj Napoca. Comments from three
anonymous reviewers greatly improved the manuscript. PLP was
funded by the Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences (HAS). CIV was funded by the Janos Bolyai
Research Scholarship of the HAS and a post-doc grant of the National
Research, Development and Innovative Office of Hungary (NKFIH
PD #121166). AN was supported by the Swedish Research Council
(grant no. 637-2013-7442). During manuscript writing, OV was sup-
ported by the Hungarian Eétvés Scholarship (MAEO2016_15/76740)
and a Campus Mundi Scholarship (CMP-69-2/2016), both awarded by
the Tempus Public Foundation, as well as by the Hungarian Research
Fund OTKA K113108. GD was supported by the Romanian Ministry
of Education (grant no. PN-I1l-P4-1D-PCE-2016-0572).

CONFLICT OF INTEREST

The authors declare they have no conflicts of interests.

AUTHORS’ CONTRIBUTIONS

P.L.P. and G.O. designed the research; G.O., T.D., T.F., AN, J.P.,, D.V.
and C.I.V. collected the data; O.V., P.L.P. and G.O. analysed the data.



OSVATH ET AL

Functional Ecology 11

G.O., P.L.P. and G.D. wrote the paper with significant contribution
from all co-authors. All authors discussed the results and gave final

approval for publication.

DATA ACCESSIBILITY

Data associated with this study are available from the Dryad Digital
Repository https://doi.org/10.5061/dryad.40rép (Osvath et al., 2017).

ETHICAL STATEMENT

All feather data were collected from birds that died accidentally or due

to natural causes.

ORCID

Andreas Nord http://orcid.org/0000-0001-6170-689X

Csongor |. Vdgdsi http://orcid.org/0000-0002-8736-2391
http://orcid.org/0000-0002-3659-7684
http://orcid.org/0000-0003-1542-9128
http://orcid.org/0000-0002-8390-7817

http://orcid.org/0000-0001-5789-2124

Péter L. Pap
Gergely Osvdth
Gareth Dyke

Orsolya Vincze

REFERENCES

BirdLife International & NatureServe (2015). Bird Species distribution maps
of the world. Cambridge, UK/Arlington, TX: BirdLife International/
NatureServe.

Butler, L. K., Rohwer, S., & Speidel, M. G. (2008). Quantifying structural
variation in contour feathers to address functional variation and life
history trade-offs. Journal of Avian Biology, 39, 629-639. https://doi.
org/10.1111/j.1600-048X.2008.04432.x

Cooper, S. J. (2002). Seasonal metabolic acclimatization in mountain chick-
adees and juniper titmice. Physiological and Biochemical Zoology, 75,
386-395. https:/doi.org/10.1086/342256

Cramp, S. , & Perrins, C. M. (Eds.). (1977-1994). The birds of the western
Palearctic, Vols 1-9. Oxford, UK: Oxford University Press.

Danner, R. M., Greenberg, R. S., Danner, J. E., & Walters, J. R. (2015).
Winter food limits timing of pre-alternate moult in a short-distance
migratory bird. Functional Ecology, 29, 259-267. https:/doi.
org/10.1111/1365-2435.12322

Davenport, J., O'Halloran, J., Hannah, F., McLaughlin, O., & Smiddy, P.
(2009). Comparison of plumages of white-throated dipper Cinclus cin-
clus and blackbird Turdus merula. Waterbirds, 32, 169-178. https:/doi.
org/10.1675/063.032.0121

Dawson, A., Hinsley, S. A., Ferns, P. N., Bonser, R. H. C., & Eccleston, L.
(2000). Rate of moult affects feather quality: A mechanism link-
ing current reproductive effort to future survival. Proceedings of the
Royal Society B: Biological Sciences, 267, 2093-2098. https:/doi.
org/10.1098/rspb.2000.1254

Dawson, C., Vincent, J., Jeronimidis, G., Rice, G., & Forshaw, P. (1999). Heat
transfer through penguin feathers. Journal of Theoretical Biology, 199,
291-295. https:/doi.org/10.1006/tbi.1999.0959

de Vries, J., & van Eerden, M. R. (1995). Thermal conductance in aquatic
birds in relation to the degree of water contact, body mass, and body
fat: Energetic implications of living in a strong cooling environment.
Physiological Zoology, 68, 1143-1163. https:/doi.org/10.1086/
physzo0l.68.6.30163797

Del Hoyo, J., Elliot, A., & Sargatal, J., (Eds.). (1992-2013). Handbook of birds
of the world, Vol, 1-16. Barcelona, Spain: Lynx.

Dove, C. J., & Agreda, A. (2007). Differences in plumulaceous feather char-
acters of dabbling and diving ducks. Condor, 109, 192-199. https:/doi.
org/10.1650/0010-5422(2007)109[192:DIPFC0]2.0.CO;2

Du, N., Fan, J.,, Wu, H., Chen, S., & Liu, Y. (2007). An improved model of
heat transfer through penguin feathers and down. Journal of Theoretical
Biology, 248, 727-735. https://doi.org/10.1016/j.jthi.2007.06.020

Dunning, J. B. (2007). CRC handbook of avian body masses (2nd ed.). Boca
Raton, FL: CRC Press. https:/doi.org/10.1201/9781420064452

Eadie, L., & Ghosh, T. K. (2011). Biomimicry in textiles: Past, present and po-
tential. An overview. Journal of The Royal Society Interface, 8, 761-775.
https://doi.org/10.1098/rsif.2010.0487

Freckleton, R. P,, Harvey, P. H., & Pagel, M. (2002). Phylogenetic analysis
and comparative data: A test and review of evidence. The American
Naturalist, 160, 712-726. https://doi.org/10.1086/343873

Gamer, M., Lemon, J., Fellows, I., & Sing, P. (2010). irr: Various coefficients of
interrater reliability and agreement (Version 0.83) [software]. Retrieved
from http:/CRAN.R-project.org/package=irr

Garamszegi, L. Z., & Mgller, A. P. (2010). Effects of sample size and intra-
specific variation in phylogenetic comparative studies: A meta-analytic
review. Biological Reviews, 85, 797-805.

Garamszegi, L. Z., & Mgiller, A. P. (2011). Nonrandom variation in within-
species sample size and missing data in phylogenetic comparative stud-
ies. Systematic Biology, 60, 876-880. https:/doi.org/10.1093/sysbio/
syr060

Grémillet, D., Chauvin, C., Wilson, R. P,, Le Maho, Y., & Wanless, S. (2005).
Unusual feather structure allows partial plumage wettability in diving
great cormorants Phalacrocorax carbo. Journal of Avian Biology, 36, 57-
63. https://doi.org/10.1111/j.0908-8857.2005.03331.x

Grémillet, D., Tuschy, I., & Kierspel, M. (1998). Body temperature and insula-
tion in diving Great Cormorants and European Shags. Functional Ecology,
12, 386-394. https://doi.org/10.1046/j.1365-2435.1998.00199.x

Grémillet, D., Wanless, S., Carss, D. N., Linton, D., Harris, M. P., Speakman, J.
R., & Le Maho, Y. (2001). Foraging energetics of arctic cormorants and
the evolution of diving birds. Ecology Letters, 4, 180-184. https:/doi.
org/10.1046/j.1461-0248.2001.00214.x

Hackett, S. J., Kimball, R. T., Reddy, S., Bowie, R. C. K., Braun, E. L., Braun,
M. J,, ... Yuri, T. (2008). A phylogenomic study of birds reveals their evo-
lutionary history. Science (New York, NY), 320, 1763-1768. https://doi.
org/10.1126/science.1157704

Handrich, Y., Bevan, R. M., Charrassin, J.-B., Butler, P. J., Pltz, K., Woakes,
A. J.,, ... Maho, Y. L (1997). Hypothermia in foraging king penguins.
Nature, 388, 64-67. https://doi.org/10.1038/40392

Hutt, F. B., & Ball, L. (1938). Number of feathers and body size in passerine
birds. The Auk, 55, 651-657. https://doi.org/10.2307/4078591

Jarman, M. (1973). Experiments on the emperor penguin, Aptenodytes for-
steri, in various thermal environments. British Antartic Survey Bulletin,
33-34,57-63.

Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K., & Mooers, A. O. (2012).
The global diversity of birds in space and time. Nature, 491, 444-448.
https:/doi.org/10.1038/nature11631

Kooyman, G. L., Gentry, R. L., Bergman, W. P., & Hammel, H. (1976). Heat
loss in penguins during immersion and compression. Comparative
Biochemistry and Physiology Part A: Physiology, 54, 75-80. https://doi.
org/10.1016/50300-9629(76)80074-6

Lenth, R. V. (2016). Least-squares means: The R package Ismeans. Journal of
Statistical Software, 69, 1-33.

Lucas, A. M., & Stettenheim, P. R. (1972). Avian anatomy: Integument (agri-
cultural handbook 362 (pp. 1-750). Washington, DC: U.S. Government
Printing Office.

McCafferty, D. J., Gilbert, C., Thierry, A. M., Currie, J., Le Maho, Y., & Ancel,
A. (2013). Emperor penguin body surfaces cool below air temperature.
Biology Letters, 9, 20121192. https://doi.org/10.1098/rsbl.2012.1192


https://doi.org/10.5061/dryad.40r6p
http://orcid.org/0000-0001-6170-689X
http://orcid.org/0000-0001-6170-689X
http://orcid.org/0000-0002-8736-2391
http://orcid.org/0000-0002-8736-2391
http://orcid.org/0000-0002-3659-7684
http://orcid.org/0000-0002-3659-7684
http://orcid.org/0000-0003-1542-9128
http://orcid.org/0000-0003-1542-9128
http://orcid.org/0000-0002-8390-7817
http://orcid.org/0000-0002-8390-7817
http://orcid.org/0000-0001-5789-2124
http://orcid.org/0000-0001-5789-2124
https://doi.org/10.1111/j.1600-048X.2008.04432.x
https://doi.org/10.1111/j.1600-048X.2008.04432.x
https://doi.org/10.1086/342256
https://doi.org/10.1111/1365-2435.12322
https://doi.org/10.1111/1365-2435.12322
https://doi.org/10.1675/063.032.0121
https://doi.org/10.1675/063.032.0121
https://doi.org/10.1098/rspb.2000.1254
https://doi.org/10.1098/rspb.2000.1254
https://doi.org/10.1006/jtbi.1999.0959
https://doi.org/10.1086/physzool.68.6.30163797
https://doi.org/10.1086/physzool.68.6.30163797
https://doi.org/10.1650/0010-5422(2007)109[192:DIPFCO]2.0.CO;2
https://doi.org/10.1650/0010-5422(2007)109[192:DIPFCO]2.0.CO;2
https://doi.org/10.1016/j.jtbi.2007.06.020
https://doi.org/10.1201/9781420064452
https://doi.org/10.1098/rsif.2010.0487
https://doi.org/10.1086/343873
http://CRAN.R-project.org/package=irr
https://doi.org/10.1093/sysbio/syr060
https://doi.org/10.1093/sysbio/syr060
https://doi.org/10.1111/j.0908-8857.2005.03331.x
https://doi.org/10.1046/j.1365-2435.1998.00199.x
https://doi.org/10.1046/j.1461-0248.2001.00214.x
https://doi.org/10.1046/j.1461-0248.2001.00214.x
https://doi.org/10.1126/science.1157704
https://doi.org/10.1126/science.1157704
https://doi.org/10.1038/40392
https://doi.org/10.2307/4078591
https://doi.org/10.1038/nature11631
https://doi.org/10.1016/S0300-9629(76)80074-6
https://doi.org/10.1016/S0300-9629(76)80074-6
https://doi.org/10.1098/rsbl.2012.1192

12 Functional Ecology

OSVATH T AL.

Middleton, A. L. A. (1986). Seasonal changes in plumage structure and body
composition of the American goldfinch, Carduelis tristis. Canadian Field
Naturalist, 100, 545-549.

Mitchell, T. D., & Jones, P. D. (2005). An improved method of construct-
ing a database of monthly climate observations and associated high-
resolution grids. International Journal of Climatology, 25, 693-712.
https://doi.org/10.1002/(ISSN)1097-0088

Nilsson, J.-A., Molokwu, M. N., & Olsson, O. (2016). Body temperature
regulation in hot environments. PLoS ONE, 11, e0161481. https:/doi.
org/10.1371/journal.pone.0161481

Nord, A., & Williams, J. B. (2015). The energetic costs of incubation.
In D. C. Deeming, & J. S. Reynolds (Eds.), Nests, eggs, and incuba-
tion: New ideas about avian reproduction (pp. 152-170). Oxford,
UK: Oxford University Press. https:/doi.org/10.1093/acprof:oso/
9780198718666.001.0001

Novoa, F.F.,Bozinovic, F., & Rosenmann, M. (1994). Seasonal changes of thermal
conductance in Zonotrichia capensis (Emberizidae), from central Chile: The
role of plumage. Comparative Biochemistry and Physiology Part A: Physiology,
107, 297-300. https://doi.org/10.1016/0300-9629(94)90384-0

Osvath, G., Daubner, T., Dyke, G., Fuisz, T. I, Nord, A., Pénzes, J., ... Pap, P. L.
(2017). Data from: How feathered are birds? Environment predicts
both the mass and density of body feathers. Dryad Digital Repository,
https://doi.org/10.5061/dryad.40r6p

Pagel,M.(1997).Inferringevolutionaryprocessesfromphylogenies.Zoolog-
ica Scripta, 26, 331-348. https://doi.org/10.1111/j.1463-6409.1997.
tb00423.x

Pagel, M. (1999). The maximum likelihood approach to reconstructing
ancestral character states of discrete characters on phylogenies.
Systematic Biology, 48, 612-622. https://doi.org/10.1080/10635159
9260184

Pap, P. L., Osvath, G., Sandor, K., Vincze, O., Barbos, L., Marton, A,, ...
Vagasi, C. I. (2015). Interspecific variation in the structural proper-
ties of flight feathers in birds indicates adaptation to flight require-
ments and habitat. Functional Ecology, 29, 746-757. https:/doi.
org/10.1111/1365-2435.12419

Pap, P. L., Vagasi, C. |, Czirjak, G. A., & Barta, Z. (2008). Diet quality
affects postnuptial molting and feather quality of the house spar-
row (Passer domesticus): Interaction with humoral immune function?
Canadian Journal of Zoology, 86, 834-842. https://doi.org/10.1139/
Z08-060

Pap, P. L., Vincze, O., Wekerle, B., Daubner, T., Vagasi, C. |, Nudds, R. L., ...
Osvath, G. (2017). A phylogenetic comparative analysis reveals correla-
tions between body feather structure and habitat. Functional Ecology,
31, 1241-1251. https://doi.org/10.1111/1365-2435.12820

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. & R Core Team. (2015). nime:
Linear and nonlinear mixed effects models. R package version 3.1-122.
http://CRAN.R-project.org/package=nime

Ponganis, P. J., Van Dam, R. P., Levenson, D. H., Knower, T., Ponganis,
K. V., & Marshall, G. (2003). Regional heterothermy and conser-
vation of core temperature in emperor penguins diving under sea
ice. Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology, 135, 477-487. https://doi.org/10.1016/
51095-6433(03)00133-8

Prinzinger, R., PreBmar, A., & Schleucher, E. (1991). Body temperature in
birds. Comparative Biochemistry and Physiology Part A: Physiology, 99,
499-506. https://doi.org/10.1016/0300-9629(91)90122-S

Prum, R. O., & Brush, A. H. (2002). The evolutionary origin and diversifica-
tion of feathers. Quarterly Review of Biology, 77, 261-295. https:/doi.
org/10.1086/341993

R Development Core Team. (2016). R: A language and environment for statis-
tical computing. Vienna, Austria: R foundation for statistical computing.
http:/www.R-project.org/

Revell, L. J. (2012). phytools: An R package for phylogenetic comparative
biology (and other things). Methods in Ecology and Evolution, 3, 217-
223. https://doi.org/10.1111/j.2041-210X.2011.00169.x

Rijke, A. M. (1970). Wettability and phylogenetic development of
feather structure in water birds. Journal of Experimental Biology, 52,
469-479.

Rijke, A. M., & Jesser, W. A. (2011). The water penetration and repellency of
feathers revisited. The Condor, 113, 245-254. https://doi.org/10.1525/
cond.2011.100113

Srinivasan, S., Chhatre, S.S., Guardado, J. O., Park, K.-C., Parker, A. R., Rubner,
M. F, ... Cohen, R. E. (2014). Quantification of feather structure, wet-
tability and resistance to liquid penetration. Journal of the Royal Society
Interface, 11, 20140287. https:/doi.org/10.1098/rsif.2014.0287

Stephenson, R., & Andrews, C. A. (1997). The effect of water surface ten-
sion on feather wettability in aquatic birds. Canadian Journal of Zoology,
75, 288-294. https://doi.org/10.1139/297-036

Sukumaran, J., & Holder, M. T. (2010). DendroPy: A python library for
phylogenetic computing. Bioinformatics, 26, 1569-1571. https://doi.
org/10.1093/bioinformatics/btq228

Swanson, D. L. (1991). Seasonal adjustments in metabolism and insula-
tion in the dark-eyed junco. The Condor, 93, 538-545. https:/doi.
org/10.2307/1368185

Swanson, D. L. (1993). Cold tolerance and thermogenic capacity in dark-
eyed juncos in winter: Geographic variation and comparison with
American tree sparrows. Journal of Thermal Biology, 18, 275-281.
https:/doi.org/10.1016/0306-4565(93)920014-K

Tattersall, G. J., Arnaout, B., & Symonds, M. R. E. (2016). The evolution
of the avian bill as a thermoregulatory organ. Biological Reviews, 92,
1630-1656.

Vincze, O. (2016). Light enough to travel or wise enough to stay? Brain
size evolution and migratory behavior in birds. Evolution; International
Journal of Organic Evolution, 70, 2123-2133. https://doi.org/10.1111/
evo.13012

Walsberg, G. E. (1988). Heat flow through avian plumages: The relative im-
portance of conduction, convection, and radiation. Journal of Thermal
Biology, 13, 89-92. https:/doi.org/10.1016/0306-4565(88)90018-6

Walsberg, G., & King, J. R. (1978). The relationship of the external surface
area of birds to skin surface area and body mass. Journal of Experimental
Biology, 76, 185-189.

Ward, J. M., Ruxton, G. D., Houston, D. C., & McCafferty, D. J. (2007).
Thermal consequences of turning white in winter: A comparative
study of red grouse Lagopus lagopus scoticus and Scandinavian wil-
low grouse L. I. lagopus. Wildlife Biology, 13, 120-129. https://doi.
org/10.2981/0909-6396(2007)13[120:TCOTWI]2.0.CO;2

Wetmore, A. (1936). The number of contour feathers in Passeriform and
related birds. The Auk, 53, 159-169. https:/doi.org/10.2307/4077274

Williams, C. L., Hagelin, J. C., & Kooyman, G. L. (2015). Hidden keys to sur-
vival: The type, density, pattern and functional role of emperor penguin
body feathers. Proceedings of the Royal Society B: Biological Sciences,
282, 20152033. https:/doi.org/10.1098/rspb.2015.2033

Wilson, R. P, Hustler, K., Ryan, P. G., Burger, A. E., & Noldeke, E. C. (1992).
Diving birds in cold water: Do Archimedes and Boyle determine en-
ergetic costs? The American Naturalist, 140, 179-200. https:/doi.
org/10.1086/285409

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Osvath G, Daubner T, Dyke G, et al.
How feathered are birds? Environment predicts both the mass
and density of body feathers. Funct Ecol. 2017;00:1-12.
https://doi.org/10.1111/1365-2435.13019



https://doi.org/10.1002/(ISSN)1097-0088
https://doi.org/10.1371/journal.pone.0161481
https://doi.org/10.1371/journal.pone.0161481
https://doi.org/10.1093/acprof:oso/9780198718666.001.0001
https://doi.org/10.1093/acprof:oso/9780198718666.001.0001
https://doi.org/10.1016/0300-9629(94)90384-0
https://doi.org/10.5061/dryad.40r6p
https://doi.org/10.1111/j.1463-6409.1997.tb00423.x
https://doi.org/10.1111/j.1463-6409.1997.tb00423.x
https://doi.org/10.1080/106351599260184
https://doi.org/10.1080/106351599260184
https://doi.org/10.1111/1365-2435.12419
https://doi.org/10.1111/1365-2435.12419
https://doi.org/10.1139/Z08-060
https://doi.org/10.1139/Z08-060
https://doi.org/10.1111/1365-2435.12820
http://CRAN.R-project.org/package=nlme
https://doi.org/10.1016/S1095-6433(03)00133-8
https://doi.org/10.1016/S1095-6433(03)00133-8
https://doi.org/10.1016/0300-9629(91)90122-S
https://doi.org/10.1086/341993
https://doi.org/10.1086/341993
http://www.R-project.org/
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1525/cond.2011.100113
https://doi.org/10.1525/cond.2011.100113
https://doi.org/10.1098/rsif.2014.0287
https://doi.org/10.1139/z97-036
https://doi.org/10.1093/bioinformatics/btq228
https://doi.org/10.1093/bioinformatics/btq228
https://doi.org/10.2307/1368185
https://doi.org/10.2307/1368185
https://doi.org/10.1016/0306-4565(93)90014-K
https://doi.org/10.1111/evo.13012
https://doi.org/10.1111/evo.13012
https://doi.org/10.1016/0306-4565(88)90018-6
https://doi.org/10.2981/0909-6396(2007)13[120:TCOTWI]2.0.CO;2
https://doi.org/10.2981/0909-6396(2007)13[120:TCOTWI]2.0.CO;2
https://doi.org/10.2307/4077274
https://doi.org/10.1098/rspb.2015.2033
https://doi.org/10.1086/285409
https://doi.org/10.1086/285409
https://doi.org/10.1111/1365-2435.13019

