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Owls have evolved sensitive hearing facilitated by a facial disc, and flight that is quieted in part by a leading-edge 
comb on their wing. This comb is a series of modified barbs, or serrations, which project up from the outermost 
primary feathers on the leading edge of the wing. Here we explore the evolution of comb and facial disc morphology. 
We measured leading-edge comb morphology on museum skins of 147 owl species, and facial disc morphology 
from photos, as well as ecological traits, on 66 species. The first principal component of comb morphology loaded 
on serration length, which varied between 0 and ~6 mm long in the species we sampled. Comb size (PC1) was 
correlated with relative facial disc size, suggesting that owls with good hearing also tend to have quiet flight. Two 
non-exclusive hypotheses for why quiet flight evolved are for stealth, allowing the owl to approach prey undetected; 
or to reduce self-masking, enabling the owl to hear prey better midflight. We examined whether ecological variables 
(prey type, active period and habitat) suggest whether stealth or self-masking better explain the evolution of comb 
size. Phylogenetic analyses suggested support for both the stealth and the self-masking hypotheses for the evolution 
of quiet flight.

ADDITIONAL KEYWORDS:  cue – locomotion-induced sound – predator-prey interaction – sonation.

INTRODUCTION

Predator-prey interactions are often described as an 
evolutionary arms race, a cyclical pattern of predator 
adaptations and prey counter-adaptation (Brodie 
& Brodie, 1999b). Coevolutionary arms races occur 
between two species with tightly intertwined ecology, 
such as between garter snakes and rough-skinned 
newts (Brodie & Brodie, 1999a, b) or between bats and 
tiger moths (Corcoran et al., 2009; Conner & Corcoran, 
2012). In both of these examples, the predator is 
specialized for eating that prey species, and the prey 
species has evolved a defence mechanism in response 
to that particular predator. Alternatively, when a 
predator eats many types of prey, or the prey has 
many types of predators, selection may instead push 
the predator in multiple directions (Slobodkin, 1974). 
Instead of an arms race, predatory characteristics may 
evolve under ‘top-down’ evolution, where predators 
evolve multiple complementary traits that make them 
good at catching prey in general, and prey respond 

with generalized anti-predator adaptations, resulting 
in escalation, rather than the cyclical pattern predicted 
by an arms race (Vermeij, 1994).

Here we consider which of these scenarios better 
applies to an adaptation that many owls use to hunt: 
quiet flight. Owls tend to produce substantially lower 
levels of sound than other birds during flight (Neuhaus 
et al., 1973; Sarradj et al., 2011). For nocturnal owls, 
limited light means listening for auditory cues given 
off by prey is often the primary sensory modality by 
which an owl hunts (Martin, 1990). For nocturnal 
prey, such as a mouse, detecting and responding to 
auditory cues from an approaching owl may be the 
best means of escape (Payne, 1971; Martin, 1986). 
Therefore, there are two hypotheses for the function of 
quiet flight: stealth and reduced self-masking. Stealth 
is the ability to remain undetected by an opposing 
target; stealth is therefore strictly about whether an 
owl remains unheard by prey until it is too late for the 
prey to escape. In reduced self-masking, the owl’s wing 
sounds block its own hearing less. Under the stealth 
hypothesis, quiet flight could be a coevolutionary 
counter-adaptation to prey hearing, allowing owls to 
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better ambush their prey (Clark et al., 2020a). Under 
the reduced self-masking hypothesis, quiet flight is an 
example of escalation, a co-adaptation that owls have 
evolved to complement their sensitive hearing.

These two hypotheses, while not mutually exclusive, 
make certain predictions that differ. The stealth 
hypothesis predicts that (1) owls that hunt prey that 
listen for predators will have sound-reducing features, 
whereas owls hunting functionally-deaf prey (such 
as terrestrial arthropods or fish) will not have quiet 
flight. Examples of prey with excellent hearing ability 
are rodents and flying insects. Although flying insects 
have been best-studied in the context of their ability to 
hear and evade bats (Strauß & Stumpner, 2015), they 
can and likely do use hearing to avoid bird predators 
as well (Fournier et al., 2013; Yack et al., 2020). Under 
the stealth hypothesis, we also predicted (2) that 
owls hunting in quiet environments such as deserts 
(Mennitt et al., 2013, 2014) will have quieting features 
because environments with low background sound 
make it easier for an owl to be heard by prey. We also 
assume that quieting features are costly, such that 
owls that lose the need for quiet flight then evolve to 
lose traits that promote it. What might make quieting 
features costly is poorly known; however, increased 
drag or hampering the ability to be waterproof have 
been proposed as possible costs (Clark et al., 2020a).

The self-masking reduction hypothesis predicts 
that quiet flight is an adaptation that improves owls’ 
ability to hear prey sounds, such as vocalizations or 
adventitious sounds the prey makes when moving (e.g. 
rustling grass) or chewing. Masking occurs when a 
sound interferes with an animal’s ability to perceive 
other salient sounds (Larsson, 2012). We predicted 
that quiet flight would be positively correlated with 
owl reliance on hearing, and specifically (1) positively 
correlated with owl hearing-related morphology, 
here quantified as the relative size of the facial disc 
(see below); (2) positively correlated with owls that 
hunt prey that make noise (functionally silent prey 
such as flying insects cannot be hunted by ear); 
and (3) positively correlated with owls that hunt in 
environments that attenuate prey sounds (e.g. prey 
under snow).

Quiet flight morphology

Owls have several wing features that seem to reduce 
flight sounds, including a leading-edge comb, a 
fringed vane of many of their wing and tail feathers 
and a velvety dorsal surface on their flight feathers 
(Graham, 1934; Bachmann et al., 2007; Clark et al., 
2020a). For all of these features, casual observation 
of different species of owls suggests that there is 
substantial variation in these traits, but the form-
function relationship is unknown: how size of the 

comb, thickness of the velvet or length of the fringe 
differentially affects sound production has not been 
investigated. Of these traits, the leading-edge comb is 
easily accessed on a standard museum specimen. This 
comb comprises stiff barbs that taper as they extend 
from the leading edge of the wing (Bachmann et al., 
2007; Weger & Wagner, 2016). The leading-edge comb is 
present on the anterior edge of the outermost primary 
(P10) as well as on the neighbouring feathers P9, P8 
and P7 in some species (Fig. 1). The leading-edge comb 
varies morphologically among species, as well as down 
the length of P10 (Weger & Wagner, 2016). Since the 
variation in this morphology among owls as a clade 
had not been characterized, our goal was to describe 
the interspecific variation in comb morphology.

owl hearing

The ability of many owls to localize sound is 
facilitated by feathers on their head termed the 
facial disc and ruff (von Campenhausen & Wagner, 
2006). The facial disc is the externally-visible ring of 
feathers on the face, while behind it sits the ruff, a 
ring of stiff feathers that functions similarly to the 
fleshy pinnae of the mammalian ear: it filters high 
frequency sound as it travels to the eardrum (Norberg, 
1977; Heffner & Heffner, 1992; von Campenhausen 
& Wagner, 2006). Hereafter we refer to both features 
as the ‘facial disc’, because we assume that the size 
of the facial disc (the structure we measured) is 
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Figure 1. Measurements of the leading-edge comb. 
Serration length was measured at (A) 25%, (B) 50%, (C) 
75% and (D) 100% the total comb length. Measurements 
were: (E) serration length, (F) distance between barbs, (G) 
the width a barb at the tip and (H) barb density (barbs per 
cm). Wing: great horned owl (Bubo virginianus). Squares in 
background are 6.5 mm wide.
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tightly correlated with the size of the facial ruff (the 
structure that actually filters sound). Owls often 
have also evolved ear asymmetry, which seems to be 
associated with sound localization. Ear asymmetry 
has evolved independently multiple times (Norberg, 
1977) such as in the genera Tyto, Asio and Strix. 
Conversely, owls that lack asymmetrical ears, such as 
the great horned owl (Bubo virginianus), burrowing 
owl (Athene cunicularia) or scops owls (Otus spp.) 
often have reduced facial discs (Volman & Konishi, 
1990; Gutiérrez-Ibáñez et al., 2011). These patterns 
suggest that species with larger facial discs may 
have enhanced sound localization ability.

Here, to test the stealth and self-masking hypotheses 
for the evolution of quiet flight, we measured variation 
in the morphology of the leading-edge comb in 168 owl 
species and facial disc morphology in 66 species of owl. 
We scored ecological variables for each species (prey 
type, habitat, nocturnality and hunting strategy). On 
an owl phylogeny, we tested whether indices of self-
masking or stealth were better correlated with the 
leading-edge comb morphology.

MATERIAL AND METHODS

Comb measurements

We measured museum specimens at the Natural 
History Museum of Los Angeles County (LACM), the 
California Academy of Sciences (CAS), the Museum 
of Vertebrate Zoology (MVZ), the American Museum 
of Natural History (ANMH) and the Natural History 
Museum (NHM) in Tring. When possible, we collected 
data on three males and three females from each 
species. We photographed wings against a scale bar, 
and used ImageJ (Rueden et al., 2017) to measure 
fine-scale details. We measured 11 traits, including 
three body size measurements (folded wing chord, 
tarsus length, tail length) and eight comb traits. 
These were the total length of the comb on P10 and 
the length of a serration at four places along that 
length (see Fig. 1); at 25% of the length of the comb, 
we also measured the distance between two barbs, 
mid-serration (Fig. 1F) and the width of a single barb 
at the tip (Fig. 1G). Finally, we measured barb density 
(barbs/cm; Fig. 1H).

faCial disC measurements

Owls may orient their gaze directly towards the 
shutter sound of a camera (Knudsen & Konishi, 1979). 
Therefore, we used photographs of live birds obtained 
from internet sources (Supporting Information, Table 
S1) to measure interspecific variation in the facial disc. 
To control for variation, we measured three images 

per species (except Jubula lettii; N = 1). We only used 
photos of birds in adult plumage that were looking 
directly at the camera, as indicated by equal widths of 
the left and right eye.

From each photo, we took the measurements as 
shown in Figure 2. For both the left and right side of 
the facial disc, we measured from the top of the eye 
to the top of the disc (Fig. 2-1), from the bottom of the 
eye to the bottom of the facial disc (Fig. 2-2) and from 
the left or right of the eye to the respective side of the 
facial disc (Fig. 2-3). The edges of the facial disc were 
determined by either the location of the facial ruff, 
which are the stiff feathers surrounding the disc, or 
a change in the orientation or colour of the feathers 
on the face. For example, in species with a poorly 
developed disc, such as the collared owlet (Glaucidium 
brodiei), the facial ruff is not prominent, and the edge of 
the disc was defined by a change in feather orientation 
and colour of the feathers. The images did not have a 
size scale, so we scaled our measurements relative to 
the distance between the eyes (inside of one eye to the 
inside of the other) (Fig. 2-4) because this distance is 
fixed and we hypothesize it scales isometrically with 
body size.

Many owls are slightly sexually size dimorphic 
(Abouheif & Fairbairn, 1997), but we combined our 
data from males and females for three reasons: (1) in 
a preliminary analysis, only 11 (of 146) species had 
any sex difference in comb morphology; (2) we found 
no differences between male and female owls in facial 
disc measurements; and (3) there were not any species 
for which the sexes scored differently under the stealth 
vs. self-masking reduction hypotheses (e.g. there are 
no owl species known to have sexual differences in 
foraging ecology).

eCologiCal variables

We used information about diet, habitat, active period 
and hunting strategy from species accounts (del Hoyo 
et al., 1999; Holt and Petersen, 2020) to assess which 
ecological traits best correlated with comb morphology; 
and to develop a score for stealth reliance and masking 
reliance, as described next.

Diet was defined as specializing on mammals, 
arthropods, flying insects or fish, or generalist. 
An owl was considered a specialist if a given prey 
type was reported to make up > 80% of that owl’s 
diet (% by count or mass, when available). When a 
species account did not include detailed information 
about the diet (count or mass), we considered that 
owl a specialist if only one prey type was listed. 
Three species were coded as flying insect specialists 
because they consumed > 80% flying insects such as 
moths and beetles, which we assume are caught in 
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flight. If a species account reported an owl ‘mostly’ 
or ‘primarily’ eating insects or other arthropods 
(such as spiders and scorpions), it was coded as 
an arthropod specialist, and not a flying-insect 
specialist. The diet of these owls includes a mix of 
flying insects and non-flying arthropods. An owl 
was considered a generalist if it was described as 
such in a species account or if it was reported to eat 
three or more types of prey (all owls that included 
amphibians, reptiles or birds in their diet fell into 
this category).

The habitats considered were: woodland, forest, 
desert, grassland, tundra and generalist. We considered 
an owl a habitat generalist if the species account 
mentioned multiple types of habitats or described it as 
a habitat generalist.

The active periods considered were nocturnal, 
diurnal and crepuscular. In most cases, if a species 
account mentioned diurnal activity, that owl was 
coded as diurnal. However, owls such as the snowy 
owl (Bubo scandiacus) are diurnal for part of the 
year because they live above the Arctic Circle in the 
summer, but return to nocturnal habits for the rest of 
the year (Martin, 1990). The snowy owl and other owls 

which are nocturnal for part of the year were coded as 
nocturnal.

stealth sCore

Diet data were used to construct a binary score (0 or 
1) for whether a given species potentially made use of 
stealth. Owls specializing in hunting small mammals 
(N = 19) and flying insects (N = 3 species) received 
one point for stealth (Table 1). Owls specializing in 
hunting fish or non-flying arthropods, and generalists, 
received zero points for stealth (Table 1) since these 
prey types do not hear well. The remaining ecological 
categories either do not predict stealth; or both the 
stealth and self-masking hypotheses make identical 
predictions.

self-masking reduCtion sCore

For owls that may benefit from self-masking reduction, 
owls were given a binary score (0 or 1) based on 
prey type, hunting strategy, active period and Facial 
Disc PC1. We scored owls as a 1 (may benefit from 
self-masking reduction) for any of the following: we 
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Figure 2. Principal components of the facial disc of 72 owl species, with photos of the four most extreme species (A) Glaucidium 
brodiei, (B) Ninox rufa, (C) Strix nebulosa, (D) Tyto longimembris. Light blue: diurnal owls; black: nocturnal owls. See Table 2 
for loadings. Yellow and red lines indicate facial disc measurements: (1) the top of eye to the top of disc, (2) bottom of the eye 
to bottom of disc, (3) left of eye to left of disc, (4) interocular distance (used to scale lengths). Strix nebulosa photo courtesy Ben 
Williams. Ninox rufa and Tyto longimembris courtesy Richard Jackson. Glaucidium brodiei courtesy reddit user NorthernJoey.
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considered owls that eat small mammals, non-flying 
arthropods and generalist prey to potentially benefit 
from reducing self-masking, because these prey make 
a considerable amount of noise during locomotion 
(Payne, 1971; Goerlitz et al., 2008) and thus may be 
located and hunted by ear. Species that employed 
hunting through snow or coursing hunting behaviour 
were scored as a 1; and species in the top 25% of facial 
disc size scored as a 1. Finally, the following conditions 
scored a zero (over-riding any of the above criteria 
as necessary): owls hunting fish were assumed to not 
utilize reduced self-masking, and similarly, diurnal 
and crepuscular owls were assumed to not use 
reduced self-masking, because we assume there is 
always light available to hunt visually for diurnal or 
crepuscular owls.

phylogeny

We made an owl phylogeny, based on a backbone 
from Salter et al. (2020) who used ultra-conserved 
elements (UCE) to construct a phylogenetic tree. 
First, we ultrametricized the Salter et al. (2020) 
phylogeny in Mesquite v.3.63 (Maddison & Maddison, 
2019). Then, we added 29 additional species for which 
we had data. Additional species were added using 
the topology of additional owl phylogenies (Wink 
et al., 2009; Dantas et al., 2016; Wood et al., 2017) 
or in some cases, according to hypothesized sister 
relationships, using taxonomy from del Hoyo et al. 
(1999). A full list of the changes made to the Slater 
et al. (2020) phylogeny is described in the Supporting 
Information.

Each species was added assuming they had a branch 
length of half that of the subtending branch to which 
it was added (i.e. for a branch length of 1, the new 
species was added at distance of 0.5 on the pre-existing 
branch, and with a branch length of 0.5 to keep the 
tree ultrametric). We then transformed the branch 
lengths using Pagel’s method, because this was the 
branch length transformation that produced standard 
deviations of branch lengths that were not correlated 
with the independent contrasts of the variables used in 
our statistical analyses (Comb PC1, Disc PC1, stealth 
score, masking score) (Garland et al., 1999).

prinCipal Components analyses

We performed three separate principal components 
analyses (PCA) in the program JMP Pro v.14.0 (2019) 
to distil the variation in our measured body size, 
comb morphology and facial disc morphology. We used 

Table 1. Ecology of owls in our phylogenetic analysis 
(N = 66 species) and stealth and self-masking points 
awarded for each category. See Supporting Information 
(Table S2) for ecological scores for each species

Category N spe-
cies

Stealth score Self-
masking 
score

Diet  0/1 0/1
Mammals 19 1 1
Arthropods 10 0 1
Flying insects 3 1 0
Fish 3 0 0
Generalist 31 0 1
Habitat    
Woodland 15 0 0
Forest 34 0 0
Grassland 6 0 0
Desert 4 1 0
Tundra 1 1 0
Generalist 6 0 0
Hunting strategy    
Sit-and-wait 43 0 0
Through snow 7 0 1
Coursing 6 0 1
Unknown 11 0 0
Active period  
Nocturnal 58 0 0
Diurnal 7 0 0 points 

total*
Crepuscular 1 0 0 points 

total*
Sound localiza-

tion ability
   

Top 25% of Facial 
Disc PC1

17 0 1

*Diurnal and crepuscular owls received zero points for self-masking, 
even if they would have received points in another category because we 
assume these owls always have enough light to hunt visually.

Table 2. Principal component loadings for body size, facial 
disc and leading-edge comb

PCA Response variable PC1 
loading

PC2 
loading

Body Size  91.40% 7.52%
 Tarsus length 0.93 0.36
 Folded wing length 0.99 -0.05
 Tail length 0.95 -0.30
Facial Disc 59.40% 26.90%
 Eye width 0.18 0.96
 Side of disc 0.84 0.22
 Top of disc 0.88 -0.03
 Bottom of disc 0.94 -0.08
Leading-edge comb 50.60% 35.20%
 Comb length 25% 0.94 0.15
 Comb length 75% 0.91 0.27
 Distance between 

barbs
0.57 -0.69

 Barb density 0.01 0.91

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article/135/1/84/6446340 by U

niversity of C
alifornia, R

iverside user on 07 February 2022

http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blab138#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blab138#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blab138#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blab138#supplementary-data


OWL COMB AND FACIAL DISC EVOLUTION 89

© 2021 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, 135, 84–97

species averages of the respective variables in each 
PCA. As most museum specimens lacked body mass, 
preventing the inclusion of mass, our index of body size 
was PC1 from folded wing chord length, tarsus length 
and length of R1 (N = 147 species), which were log-10 
transformed prior to inclusion.

leading-edge Comb

To describe the variation in the leading-edge comb, we 
computed a PCA on log-10 transformed species averages 
for our comb variables (Comb length at 25%, Comb length 
at 75%, width between barbs and barb density), after 
dropping comb length at 50% because it was collinear 
with comb length at 25% (R2 = 0.93). Component 1 from 
this analysis was a metric of how long the serrations of 
the comb were, so we used Comb PC1 in our phylogenetic 
analysis of comb morphology (below).

faCial disC

To describe the variation in facial disc, we ran a PCA of 
the facial ruff features (N = 66 species). Measurements 
from the left side of the face were highly correlated 
with the respective measurement from the right side 
of the face (R2 > 0.8), so only the right side of the face 
was included in the analysis. Also, right eye height was 
collinear with right eye width; R2 = 0.9 and was removed 
from the analysis. We did not log transform facial ruff 
variables because there were several values of zero.

body size and diet

To test the hypothesis that body size was correlated to 
diet, we ran a regression on the subset of owls for which 
detailed information about percentage mammals in the 
diet (N = 44) was available. Fishing owls (Ketupa spp. 
and Scotopelia spp.) were an outlier in this analysis, so 
it was re-run with fishing owls excluded.

Collinearity

We checked for collinearity between predictors in 
models using the function ‘vif ’ in the R package car 
(Fox & Weisberg, 2019) to ensure all variance inflation 
factors (VIFs) were < 3.0. As masking and stealth 
scores were collinear, we regressed masking against 
stealth and extracted the residuals (Dormann et al., 
2013), which represented the independent contribution 
of stealth after accounting for the effect of masking in 
the statistical model.

phylogenetiC analyses

To test our stealth and masking hypotheses, we used 
the ape (Paradis & Schliep, 2018), geiger (Pennell 

et al., 2014), nlme (Pinheiro et al., 2020) and stats 
(Chambers & Hastie, 1992) packages in R v.3.6.3 
(R Core Team, 2020) to calculate a phylogenetic 
generalized least squares (pgls) regression with Comb 
PC1 as our dependent variable, masking score and 
residual stealth score as dependent variables and with 
body size as a covariate. We included a stealth × self-
masking interaction term to test the hypothesis that 
silencing features evolved to both aid in prey detection 
and to help owls approach prey stealthily. Then, we 
ran an ANOVA on the pgls model using the stats R 
package. We ran each model twice, once using a pgls fit 
assuming a variance-covariance structure of Brownian 
motion (Pagel’s λ = 1), and then a second time using 
ape’s corPagel function which estimates a value of λ 
based on the data.

RESULTS

eCology

The number of owl species with each of the prey 
types, habitats, active periods and hunting strategies 
we considered are summarized in Table 1, and the 
full data set is in Supporting Information (Table 
S2). Of measured species (N = 66), there were 19 
mammal specialists, ten arthropod specialists, three 
flying insect specialists, three fish specialists and 31 
generalists.

Over 85% of owls in this study were nocturnal 
(N = 58), seven were diurnal and the burrowing 
owl (Athene cunicularia) was the only owl scored 
as crepuscular. Over 50% of owls live in the forest 
(N = 34) and 23% live in woodlands (N = 15), with 
only a small number habitat specialists for grasslands 
(N = 6), deserts (N = 4), tundra (N = 1), and six species 
were habitat generalists. Sit-and-wait predation was 
the most common hunting strategy (N = 43). Seven owl 
species hunt through snow and six hunt by quartering. 
The hunting strategy of the remaining 11 owl species 
in this study was unknown.

body size

Principal component loadings for components 1 
and 2 of the body size PCA are presented in Table 
2. PC scores for individual species are presented in 
Supporting Information (Table S2), while the raw 
data for the measurements used in this PCA are in 
Supporting Information (Table S3). Component 1 
of this analysis accounted for 91.4% of the variation 
in our body size variables. Regressing body size PC1 
against percentage mammals in the diet indicated 
that larger owls tend to have more mammals in their 
diet (Fig. 3).
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leading-edge Comb

We measured leading-edge comb from 860 specimens 
from 147 species, representing 28 of 30 owl genera 
(Supporting Information, Table S3). Species with 
the most extreme comb morphologies are listed in 
Table 3. Although we were unable to measure all 
currently described owl species (~66 of 213 total owl 
species are missing), this analysis covers much of 
the morphological diversity of this trait found within 
extant owl species.

Regarding the comb, PC1 plotted against PC2 scores 
for each species are presented in Figure 4 (see also Table 
2). Comb PC1 was an overall measure of comb size. 
It loaded strongly and positively on distance between 
barbs and comb length at 25% and 75%. Comb PC1 had 
the lowest score in species with a negligible comb, such 

as the Andean pygmy-owl (Glaucidium jardinii; Fig. 
4A) to well-developed in the pharaoh eagle-owl (Bubo 
ascalaphus; Fig. 4C). Comb PC2 described how ‘fine-
toothed’ the comb was, loading heavily on barb density 
(Fig. 1H) and loading negatively on distance between 
barbs (Fig. 1F; Table 2). Comb PC2 ranged from the 
densely packed, thin barbs in the greater sooty owl 
(Tyto tenebricosa; Fig. 4B) to the stubby, widely spaced 
barbs in the brown hawk-owl (Ninox scutulata; Fig. 4D).

faCial disC and eye size

PC1 of facial disc is plotted against PC2 in Figure 2, 
with diurnal species shown in blue. Loadings for the 
measurements are presented in Table 2. Facial Disc 
PC1 was a metric of overall facial disc size, relative 
to the size scale (interocular distance) that we used. 
Species with a negligible disc included the collared 
owlet (Glaucidium brodiei; Fig. 2A), and other 
members of the genus Glaucidium, to the species with 
the largest disc, the great grey owl (Strix nebulosa; 
Fig. 2C). Disc PC2 was a metric of eye size relative to 
interocular distance, and varied from the large-eyed 
rufous owl (Ninox rufa; Fig. 2B) to the small-eyed 
eastern grass owl (Tyto longimembris; Fig. 2D). Most 
owls are nocturnal (N = 58); the diurnal species (N = 7) 
tended to have small eyes and small facial discs, and 
cluster together (blue points in Fig. 2). Owls with large 
eyes (Facial Disc PC2 > 0) tended to have small facial 
discs (Facial Disc PC1 < 1; Fig. 2). No species had both 
large eyes and a large facial disc, perhaps as a result 
of a trade-off between use of sound and use of vision in 
hunting (Fig. 2).

phylogenetiC statistiCs

The full results of our phylogenetic models are provided 
in Table 4, and the salient points are summarized here. 
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Figure 3. Owl body size is positively correlated with 
percent mammals in the diet (by count or mass) of 44 owl 
species. Body size is a significantly correlated with the 
percent mammals in the diet (gls; d.f. = 43; f-ratio = 8.76; 
P-value = 0.005). Note that fish-eating owls (N = 3) are 
excluded.

Table 3. Average, maximum and minimum values for traits used in Body Size PCA and Comb PCA

Trait Average Maximum Species Minimum Species

Tarsus length (cm) 35.2 ± 14.8 76.3 Tyto longimembris 10.9 Glaucidium gnoma
Folded wing length 

(cm)
239.8 ± 96.7 520.6 Bubo blakistoni 90.3 Glaucidium minutissimum

Tail length (cm) 126.1 ± 54.3 286.5 Strix nebulosa 49.1 Micrathene whitneyi
Comb length 25% 

(mm)
1.45 ± 1.3 5.9 Strix nebulosa 0.09 Glaucidium parkeri

Comb length 75% 
(mm)

0.70 ± 0.62 2.47 Asio otus 0.06 Glaucidium costricanum

Distance between 
barbs (mm)

0.28 ± 0.13 0.46 Bubo nipalensis 0.13 Glaucidium jardinii

Barb density (barbs/
cm)

14 ± 3 25 Phodilus badius 10 Ninox ochracea
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In all cases, different assumptions about the correlation 
structure (λ = 1; and λ fit to the data) yielded similar 
P-values and did not differ in their interpretation. 
Leading-edge comb size was significantly positively 
correlated with facial disc size (P < 0.001, Fig. 5; Table 4). 
Comb PC1 was plotted on the phylogeny (Fig. 6A) along 
with body size, masking-reduction and stealth scores 

against comb size (Fig. 6B-6D). Although pgls regression 
of comb PC1 against body size yielded a marginal 
correlation between these two variables (P = 0.07, Fig. 
6B), the full statistical models that included stealth 
and self-masking scores did not return a significant 
correlation between body size on comb morphology 
in either model (P > 0.12; Table 4). Regarding the 
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Figure 4. Principal components of leading-edge comb variables for 72 species of owls. Comb PC1 (x-axis) represented 50.6% 
of the variation and Comb PC2 (y-axis) represented 35.2% of the variation (see Table 2 for loadings). PC1 represents overall 
comb size, while PC2 reflects comb ‘fineness’ (density of serrations). Blue dots: Glaucidium spp; yellow dots: fishing owls 
(Ketupa and Scotopelia spp.).

Table 4. Phylogenetic correlations of comb morphology

 Dependent variables d.f. Value t-value P-value Correlation  
structure

Log like-
lihood

Facial disc Model 
1

Intercept 66 -0.43 -0.52 0.6 Brownian (λ = 1.0) -96.18

   0.28 2.66 0.01   
Model 

2
Intercept 66 -0.39 -0.63 0.53 Pagel’s λ = 0.87 -94.59

   0.39 3.78 0.0004   
Body size, stealth, 

and, masking
Model 

1
Intercept 66 -0.89 -1.10 0.28 Brownian (λ = 1.0) -93.59

 Body size  0.17 1.13 0.26   
 Masking  0.30 2.37 0.02   
 Stealth  0.88 2.66 0.01   
 Masking*stealth  -0.54 -3.16 0.003   
Model 

2
Intercept 66 -0.96 -1.54 0.13 Pagel’s λ = 0.87 -92.13

 Body size  0.21 1.59 0.12   
 Masking  0.37 2.85 0.006   
 Stealth  0.95 2.72 0.008   
 Masking*stealth  -0.55 -3.02 0.004   

aSignificant P-values are bold. See Figure 6.
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masking vs. stealth hypothesis, both masking-reduction 
and stealth as well as their interaction effect were 
statistically significant (Table 4), indicating support for 
both masking-reduction and stealth.

DISCUSSION

Owls as a clade are exclusively carnivorous aerial 
raptors, and most of them are nocturnal. Within this 
niche they have diversity in ecology, body size, ability 
to localize sound, and wing and facial disc morphology. 
For example, great grey owls (Strix nebulosa) are large, 
primarily nocturnal owls with among the largest combs 
(Table 3) and the largest facial disc of any owl (Fig. 
2). This species regularly hunts prey (such as voles, 
Microtus spp.) by ear alone through a layer of obscuring 
snow, indicating excellent sound localization ability 
(del Hoyo et al., 1999). Fishing owls such as Ketupa 
zeylonensis are large owls which primarily eat fish and 
have a short comb Figure 4. They also have small facial 
discs and poor hearing above 6 kHz (Table 3; Nieboer 
& Paardt, 1977; del Hoyo et al., 1999; Gutiérrez-Ibáñez 
et al., 2011). Pygmy owls (Glaucidium spp.) are small, 
primarily diurnal owls which eat arthropods, birds 
and small mammals (Supporting Information, Table 
S2; del Hoyo et al., 1999). They have small eyes, small 
facial discs, functionally lack a comb (Fig. 4) and hunt 
visually (del Hoyo et al., 1999). Among these varied 
lifestyles, our results suggest support for both stealth 

and masking reduction as the explanation for the 
evolution of quiet flight (Table 4).

stealth vs. masking reduCtion

We distilled this ecological diversity into crude binary 
indices of ‘stealth-reliance’ and ‘masking reduction 
reliance’ to ask the question: Did quiet flight evolve 
to aid in stealthy hunting as part of a co-evolutionary 
arms race against prey with good hearing? Or did 
quiet flight evolve to reduce self-masking, as a 
complement to the ability to localize sound that many 
species have? These two hypotheses are not mutually 
exclusive, and the stealth × self-masking interaction 
term of the model was significant (P-value = 0.003; 
Table 4), suggesting that both processes have driven 
the evolution of quiet flight.

It is likely that stealth is more important for some 
owls and self-masking is more important for others. 
Owls such as the marsh owl (Asio capensis), which 
had a relatively large leading-edge comb score (Comb 
PC1 = 1.15) was scored as needing to reduce self-
masking because it has a large, well-developed facial 
disc (Disc PC1 = 3.50) implying it is hearing-reliant 
while hunting. Its hunting strategy is to search 
for small mammals by quartering (coursing) over 
dense vegetation, but scored 0 for stealth-reliance 
(Supporting Information, Table S2). Conversely, owls 
such as the boobook owl (Ninox boobook) support the 
stealth hypothesis. This species had a medium-sized 
leading-edge comb (Comb PC1 = 0.41), relatively poor 
hearing (Facial Disc PC1 = -0.36) and specialized in 
hunting flying insects, which make very little sound in 
flight (Clark & Mistick, 2020), implying the owl cannot 
listen for them. By contrast, flying insects hear well 
and may use hearing to avoid predators (Fournier et al., 
2013). Thus, under these ecological conditions, stealth 
is instead likely the driver of evolution of the comb in 
species like this (Supporting Information, Table S2). 
However, the ecology of most owls was not as clear-
cut in predicting these differences as were these two 
species; the stealth and masking-reduction scores were 
positively correlated because both hypotheses predict 
quiet flight in species that specialize on mammals, 
for instance. Ultimately, the scoring system we used 
is crude, in part because the ecology of many owl 
species is poorly known, or is complex (are snowy owls, 
which are diurnal for part of the year but nocturnal 
for the rest, better scored as nocturnal or diurnal?) 
and further work on the foraging ecology of owls as a 
clade could shed additional insight on whether stealth 
or masking-reduction played a greater role in the 
evolution of quiet flight. Likewise, the comb is only one 
wing feature of several that appear to promote quiet 
flight (Weger & Wagner, 2016; Clark et al., 2020b), 
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thus examining the correlation between the comb 
and these other quieting features is of interest. As 
we measured museum skins that had folded wings, 
we did not comprehensively assay the distribution of 
these other wing features that reduce flight sounds, to 
see how their morphological variation correlates with 
comb morphology.

Predator-prey interactions are often described 
as an arms race, an asymmetrical, ever-escalating 
interaction between species that is played out on an 
evolutionary timescale in which each adaptation 
by a predator is matched over evolutionary time by 
a counter-adaptation in the prey species (Brodie & 
Brodie, 1999b). However, this type of coevolutionary 
arms race typically occurs between two tightly 
connected players. In the famous example of Taricha 
newts and garter snakes (Thamnophis sirtalis), the 

main predator of the newts are the snakes, and the 
main diet of the snakes are newts (Brodie & Brodie, 
1999a). There do not appear to be any owls with 
this same level of diet specificity. Even owls that are 
specialists (e.g. on rodents) tend to forage on many 
species of rodents. The correlation between facial 
disc morphology and comb morphology (Fig. 5) is in 
support of the ‘top down’ hypothesis in which owls 
have evolved two separate structures (hearing and 
quieting features) that mutually make them more 
effective hunters.

morphologiCal variation in the Comb

Among 147 owl species, the leading-edge comb ranges 
from the well-developed (long, curved dorsally) comb 
observed in species like B. ascaphalaus (Fig. 4C) 
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to the short, negligible comb observed in species 
like N. sctulata and G. jardinii (Fig. 4A, D). Comb 
morphology varied more or less continuously along 
the first two principal components of shape among the 
species and morphological parameters we considered 
(Fig. 4).

One assumption implicit in our analyses is that 
longer or larger combs suppress more sound. Does 
the longest serration length of ~6 mm (from barb tip 
to feather vane; Fig. 4C) suppress more sound than 
the mean value for owls, a 2.5 mm serration? There 
are at least three hypotheses by which the comb has 
been proposed to suppress sounds in flight. First, if 
the owl flies through turbulent air, as that turbulence 
impinges on the leading edge of the wing, vorticity 
within that turbulence get stretched (distorted) by the 
presence of the leading edge of the wing, resulting in 
sound (Jaworski & Peake, 2020). The morphology of 
the comb might affect how this ingested turbulence 
gets stretched. Second, the comb potentially trips 
turbulence in the dorsal boundary layer of the wing, 
thus changing the spatial distribution of turbulence 
formation (and aerodynamic separation) on the dorsal 
surface of the wing, and with it, the accompanying 
sound (Jaworski & Peake, 2020). Third, the comb might 
modify or delay stall when the wing is at high angles 
of attack, as occurs late in an attack on prey (Payne, 
1971; Neuhaus et al., 1973). This third mechanism is 
the one experiments manipulating the comb have best 
supported (Neuhaus et al., 1973; Geyer et al., 2017). 
However, prior work on how the comb affects sound 
has largely focused on the comb of one species, the 
barn owl. It remains unknown how variation in comb 
morphology affects a wing’s ability to suppress sound 
production.

PC2 of comb morphology loaded on how coarse/
fine the comb was among the owls sampled (Fig. 4). 
The velocity of the wing as it is flapped and the size 
and shape of the comb will determine how air flows 
through it. Although the width of individual tips of the 
comb varied between 0.05 and 0.19 mm (Supporting 
Information, Table S3), corresponding to Reynolds 
numbers of ~40 (assuming a flow speed of 5.8 m/s; 
Wolf & Konrath, 2015), the gap between individual 
serrations varied from 0.12 to 0.68 mm. This fivefold 
difference gap size among different owls may have 
functional significance in terms of how the comb 
introduces or modifies vorticity into the flow over 
the wing.

Here we have documented variation in morphology 
of the facial disc on 67 owls that span the diversity 
of disc size and shape (Fig. 2). Facial disc size was 
correlated with comb serration length, which suggests 
that owls with better sound localization ability also 
have larger combs, and possibly, quieter flight (Fig. 5; 
Table 4).

Body size was not a significant predictor of comb 
morphology in our statistical models (Table 4; Fig. 
6B). This is surprising, as virtually all morphological 
features scale positively with body size, and the owls in 
this study varied by two orders of magnitude (roughly 
30 g to 3 kg). We interpret this result to be the product of 
the positive correlation between body size and percent 
mammals in the diet (Fig. 3). Since both the stealth 
and self-masking hypotheses predicted that species 
with a large comb eat mammals, adding body size as a 
covariate did not explain additional variation in comb 
morphology. Moreover, whether and how the comb 
should have scaling allometry with body size was not 
clear a priori. Since turbulence impinging on the leading 
edge of the wing might produce sound in a way that does 
not scale with body size at all (impinging turbulence is a 
property of the air the owl flies through, not the owl), it 
is conceivable that the comb length actually does have 
no expected scaling relationship with body size. Better 
understanding how comb morphology might be expected 
to scale with body size requires better understanding of 
how the comb functions.

We were also surprised to find a small leading-edge 
comb in fishing owls (Ketupa spp., Scotopelia spp.; 
yellow dots in Fig. 4), since Graham (1934) stated 
that fishing owls do not have a comb or other quieting 
features, a claim that has been uncritically repeated in 
the literature many times since. Fishing owls cluster 
in the middle of PC1 for comb size (yellow dots in Fig. 
4; Supporting Information, Table S2). Graham (1934) 
also said fishing owls did not have the velvet, but this 
is also false (Clark et al., 2020b). Fishing owls are not 
predicted to have silencing features under either the 
stealth or self-masking hypothesis because sound 
does not travel well between air and water. Perhaps 
something about this assumption is false: perhaps 
fishing owls listen for fish as they splash at the 
surface of water. Or, perhaps another prey type (such 
as mammals) might select for quiet flight even if it 
is only a small fraction of the total diet. Alternately, 
the comb in fishing owls could be an evolutionary 
holdover, a spandrel that lacks current function (Gould 
& Lewontin, 1979).

Instead, the owls that completely lacked a comb 
were instead pygmy owls in the genus Glaucidium 
(blue dots in Fig. 4). Pygmy owls are diurnal, so they 
are also predicted to not have quieting features under 
either the stealth or self-masking hypotheses (Holt and 
Petersen, 2020). The difference between fishing owls 
and pygmy owls is fishing owls are nocturnal whereas 
pygmy owls are diurnal; nocturnality may play a role 
in the persistence of quieting features in fishing owls.

There were aspects of comb morphology that we 
noticed but did not quantify. For example, we only 
measured comb morphology in P10, but it was present 
in P9, and sometimes even in the tips of P8 and P7, 
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in some horned (Bubo spp.) and wood owls (Strix 
spp.). The leading-edge comb was also present on the 
alula (thumb feather) of 56 species. The leading-edge 
comb curved upward (i.e. potentially affecting airflow 
predominantly on the dorsal surface of the wing) in 
most species, but the comb stuck straight out from 
the front of the wing in owls with short, stubby combs 
like boobook owls (Ninox spp.). In some species, there 
was variation in curvature, such as the barred owl 
(Strix varia), in which the leading-edge comb curves 
upward on P10 but curves downward on the alula. It 
seems likely that these additional types of variation in 
comb morphology may also affect how a wing produces 
sound.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Photograph sources for facial disc analysis.
Table S2. Disc PC1, Comb PC1, stealth and masking scores, and ecology for species used in pgls.
Table S3. Species averages of raw comb measurements used in principal components analysis. Values presented 
as mean ± SD.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article/135/1/84/6446340 by U

niversity of C
alifornia, R

iverside user on 07 February 2022


