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deformities and have been the subjects
of ongoing research on the ecology and
pathology of what we have termed avian
keratin disorder (Handel et al., 2010).
Affected birds have elongated, sometimes
crossed, beaks that compromise their
ability to feed and preen (Handel et al.,
2010; Van Hemert and Handel, 2010).
Preliminary research suggested that these
abnormalities primarily affect the rhamphotheca, with no apparent defects in the
underlying bone (Handel et al., 2010). In
field studies of affected chickadee populations, we observed very rapid onset of
beak deformities in some individuals, with
rates of net growth far exceeding those
reported for other passerine species
(Handel et al., 2010). Increased thickness
and brittleness and irregularities in surface
appearance were also suggestive of abnormal epidermal growth (Handel et al.,
2010). Therefore, we suspected that rapid

INTRODUCTION

Abnormalities of the rhamphotheca, the
outer, cornified layer of the beak, have
been documented in a wide range of
species (Pomeroy, 1962; Craves, 1994)
and may be associated with certain disease
conditions, nutritional disorders, and exposure to environmental contaminants,
although specific mechanisms are generally not well understood (Harrison, 1986;
O’Hara and Rice, 1996; Tully et al., 2000;
Keymer and Samour, 2008). An emerging
epizootic of beak deformities among wild
birds in Alaska, other regions of North
America (Handel et al., 2010; Van Hemert
and Handel, 2010), and, more recently,
Europe (Harrison, 2011), presented the
need for detailed investigation of beak
growth in a passerine species. Adult Blackcapped Chickadees (Poecile atricapillus)
in Alaska exhibit high prevalence (6.5%) of
686
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ABSTRACT:
We recently documented an epizootic of beak deformities in more than 2,000 Blackcapped Chickadees (Poecile atricapillus) and other wild bird species in North America. This
emerging avian disease, which has been termed avian keratin disorder, results in gross overgrowth
of the rhamphotheca, the outer, keratinized layer of the beak. To test the hypothesis that the beak
deformities characteristic of this disorder are associated with accelerated keratin production, we
measured rates of beak growth and wear in affected Black-capped Chickadees (n516) and a
control sample of unaffected chickadees (n514) collected from south-central (61u099–61u389N,
149u119–149u489W) and interior Alaska (64u519–64u539N, 147u499–147u599W). Rates of absolute
growth were 50–100% higher in affected birds than they were in control birds and exceeded
records from other passerine species. These results suggest that abnormally rapid epidermal
growth is the primary physical mechanism by which beak deformities develop and are maintained
in affected chickadees. Although beak overgrowth typically worsened over time, differential
patterns of wear influenced the severity and morphology of deformities. In some cases, the effects
of accelerated keratin growth were partially mitigated by frequent breakage of rhamphothecal tips.
However, mortalities occurred in 9 of 16 birds (56%) with beak deformities during the study,
suggesting that avian keratin disorder results in severe health consequences for affected birds.
Additional study of factors that control beak keratin production is needed to understand the
pathogenesis of this debilitating disease in wild birds.
Key words: Avian keratin disorder, Black-capped Chickadee, beak, deformity, disease,
rhamphotheca.
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MATERIALS AND METHODS
Field methods

In autumn 2008, we used funnel traps and
mist nets (Handel et al., 2010) to capture adult
Black-capped Chickadees from south-central
(61u099–61u389N, 149u119–149u489W) and interior Alaska (64u519–64u539N, 147u499–
147u599W). Through a targeted trapping

effort, we captured 16 individuals (8 males, 8
females) with various forms and severity of
beak deformities using the criteria established
by Handel et al. (2010). We selected 14 birds
(7 males, 7 females) with normal beaks as
controls. We determined bird ages by plumage
characteristics (Pyle, 1997) and used molecular techniques to determine sex from blood
samples drawn from the brachial vein (Handel
et al., 2006; Handel et al., 2010).
Captive experiment

After transport to the University of Alaska
Fairbanks (UAF) Biological Research and
Diagnostic Facility, birds were individually
housed in 76346346 cm, stainless steel cages
and maintained at 10 C under full-spectrum
lights set to the photoperiod of Anchorage,
Alaska (61u109N, 149u599W), adjusted weekly
to match natural seasonal changes in daylight
period. Diet consisted of chipped sunflower
seeds, suet, mealworms (Tenebrio molitor),
and ground hard-boiled eggs provided ad
libitum in low-rimmed petri dishes. Avian
Calcium for Birds (Zoo Med Laboratories,
Inc., San Luis Obispo, California, USA) and
Avi-Con avian multivitamin (Vet-A-Mix,
Lloyd, Inc., Shenandoah, Iowa, USA) were
provided according to manufacturer guidelines. All work was completed under guidance
of the UAF and the US Geological Survey
Alaska Science Center Institutional Animal
Care and Use committees (UAF assurance
08-57).
We examined the beak and took a series of
seven measurements (with digital calipers to
0.1 mm) every 14 days between 9 December
2008 and 13 April 2009. On each occasion, we
lightly etched beaks with a scalpel blade (see
Hulscher, 1985) at two locations (proximal,
distal) on the upper beak (approximately 3 and
5 mm distal of the nares) and one location on
the lower beak (approximately 3 mm distal of
the juncture of the rami at the base of the
gonys). We measured the chord distance from
the anterior end of the right nare or the base
of the gonys to the respective markings for
absolute growth and to the tip of the upper
(nares-to-tip) or lower beak (gonys) for net
growth. We also measured the chord of the
upper beak beyond where it meets the lower
beak (overbite) and the chord of the lower
beak beyond the upper (underbite). All
measurements were taken by a single individual (C.V.H.) throughout the study. During or
shortly after the pretrial quarantine period,
three birds with severe beak deformities died,
reducing the initial sample size of affected
birds to 13 (6 males, 7 females).
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production of keratin was contributing to
beak overgrowth, but this hypothesis had
not yet been tested.
In a normal beak, patterns of growth
and wear are typically well balanced,
allowing the rhamphotheca to maintain a
consistent length and shape that closely
matches that of the underlying skeletal
structure (Campàs et al., 2010). The
germinative layer of the beak epidermis
grows continually, producing keratinized
cells that become incorporated into the
rhamphotheca as they mature. This
growth process is mediated by behaviors
such as feeding and pecking that result in
mechanical wear and subsequent sloughing of the external, cornified layers (Stettenheim, 2000). It is not known whether
growth rates are typically constant over
time, with variability in wear and abrasion
leading to seasonal changes in beak
morphology (Clancey, 1948; Davis, 1954;
Morton and Morton, 1987), or if growth
may fluctuate in response to hormonal,
physical, or other potential stimuli. Thus,
the beak overgrowth characteristic of birds
affected by avian keratin disorder could be
due to accelerated growth, reduced wear,
or a combination of these two processes
(Handel et al., 2010).
Our primary objective was to test the
hypothesis that beak deformities in Blackcapped Chickadees are associated with
accelerated keratin production. To do so,
we compared rates of absolute beak
growth between affected birds and a
control sample of unaffected birds. We
also assessed the role that beak wear plays
in the development of these deformities
by calculating rates of net growth and
wear in the two groups.
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Statistical analyses
Absolute growth: We calculated the daily rate of

Net growth and wear: For each bird, we
calculated the mean daily rate of net beak
growth by dividing the cumulative change in
beak length (nares-to-tip and gonys) by total
number of days between the bird’s first and
last measurements. To estimate the mean daily
rates of beak wear, we subtracted total net
growth from total absolute growth (sum of
absolute change at the proximal upper beak or
lower beak location), and divided by total
number of days. We then used a t-test with the
Satterthwaite adjustment for unequal variances to compare rates of net growth and
wear between control and affected birds. Beak
tips occasionally broke off in individuals with
severe deformities, which introduced an intermittent, catastrophic form of wear distinct
from the usual gradual, abrasion-driven wear
process. To address this issue, we used a
general linear model with post hoc TukeyKramer comparisons and tested for differences in net growth and wear among control
birds, affected individuals with breakage, and
affected individuals without breakage.
We were also interested in whether the
amount of abrasion-related beak wear during a
specific period might stimulate absolute beak
growth during the subsequent period. To test
that, we created a model with absolute growth
rates of the upper (proximal measurement)
and lower beaks as response variables and
included terms from the best-fitting model
from the initial repeated-measures analysis.
We then added a lag term for beak wear

RESULTS
Beak morphology and observations

Affected birds demonstrated a variety of
beak deformity morphologies that affected
the upper beak, the lower beak, or both
(Fig. 1). At the time of capture, affected
birds (n516) had a mean (6SE) nares-totip length of 11.661.2 mm (range, 6.8–
25.2 mm) and a gonys length of
9.261.2 mm (range, 6.7–24.1 mm), with
an overbite of 4.261.4 mm (range, 0–
16.7 mm) and an underbite of 1.461.0 mm
(range, 0–15.0 mm). Three affected birds
had crossed upper and lower beaks at the
time of capture, and an additional nine
affected birds later developed varying
degrees of lateral deviation and crossing.
In all cases, the severity of the deformity
remained the same or worsened over time,
with net increase in the upper and lower
beak of up to 3.5 and 2.7 mm per month,
respectively. Breakage of the beak tips was
relatively common in extremely elongated
beaks, which reduced the deformity
length and sometimes resulted in a more
normal appearance of the beak. However,
the beak typically returned to a similarly
deformed state within 2–6 wk.
Control birds (n514) had a mean (6
SE) nares-to-tip length of 7.360.1 mm
(range, 6.8–7.6 mm) and a gonys length of
6.760.1 mm (range, 5.8–7.0 mm) at the
time of capture. We observed only minor
overbite (0.160.02 mm) and no underbite.
Slight changes in beak morphology
(,1.0 mm) occurred among several indi-

Downloaded from http://meridian.allenpress.com/jwd/article-pdf/48/3/686/2333597/0090-3558-48_3_686.pdf by guest on 02 December 2022

absolute beak growth during each time period
by dividing the difference between previous
and current measurements by number of days
elapsed. We conducted a repeated-measures,
mixed-model analysis of growth rates at each of
the three locations, with individual identity as a
random effect (PROC MIXED, SAS 9.1, SAS
Institute, Inc., Cary, North Carolina, USA). We
included a categorical fixed effect for disorder
status (affected versus control) and linear and
quadratic fixed effects for time of season
(measured at 14-day intervals), along with
attendant interaction terms. We reduced the
initial saturated model by dropping nonsignificant terms (P.0.05) in a backward-stepwise
procedure and then tested the reduced model
for differences in marginal means between
affected and control groups. We used a paired
t-test to determine whether absolute growth
rates differed between the proximal and distal
regions of the upper beak for individuals in
either the control or affected groups.

(upper or lower) during the previous time
period, excluding those in which breakage
occurred, to determine whether previous beak
wear explained any significant amount of
variation in absolute beak growth.
Finally, we used mean beak length of each
bird to assess the relative effect of the severity
of deformity on beak wear. We regressed
mean rate of wear (excluding periods with
breakage) against mean beak length over the
course of the study, with one data point per
individual. We conducted analyses in SAS
Version 9.1; all probabilities are two-tailed,
and data are presented as mean6SE.
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viduals in the control group, but these
changes were typically transient, and
beaks regained their original shape and
size within several weeks.
Nine of 16 (56.3612.4%) affected birds
died during the study. Mortalities occurred
between 5 and 105 days after introduction to captivity and happened most frequently among individuals with severe beak

deformities. In contrast, none of the control
birds died (x2511.2, df51, P50.001).
Affected birds also displayed other signs
of poor health, including skin lesions,
which will be described in detail elsewhere.
Beak growth
Absolute growth: The upper beak grew
nearly twice as rapidly in affected birds
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FIGURE 1. Black-capped Chickadees (Poecile atricapillus) affected by ‘‘avian keratin disorder’’ displayed
various beak-deformity morphologies: (a, c) overbite, (b) underbite, (d) elongation of both upper and lower
beak, and (e, f) crossing and lateral deviation, with (e) showing a ventral view.
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Net growth and wear: For control birds, mean
(6SE) net growth rates were equivalent to
zero for both the upper beak (0.0026
0.001 mm/day) and lower beak (0.0026
0.002 mm/day). For affected birds overall,
net growth rates for the upper beak
(0.02460.012 mm/day) and lower beak
(0.01860.009 mm/day) were higher, but
statistically indistinguishable, from control
birds (upper beak: t1350.28, P50.783; lower
beak: t12521.94, P50.076). However, net
growth rates differed significantly between
affected individuals with breakage and those
without breakage (Fig. 3). The resulting
groups (control, affected with breakage,
affected without breakage) differed significantly for both the upper (F2,26513.48,
P,0.001) and lower (F2,26541.28, P,
0.001) beaks. Net growth rate in affected
birds with breakage was approximately zero

FIGURE 2. Mean (6SE) rates of absolute beak
growth (mm/day) measured at three locations on the
rhamphotheca between late winter and early spring
in captive Black-capped Chickadees (Poecile atricapillus) affected (black circles) and unaffected (white
circles) by ‘‘avian keratin disorder’’. Lines show bestfit regressions for each group.

for both the upper and lower beak (nares to
tip, 20.00260.009 mm/day, n57; gonys,
0.00160.003 mm/day, n5 9) and did not
differ from that in control birds (nares to tip,
P50.091; gonys, P50.970). In contrast, net
growth rate in affected birds without breakage was significantly higher than it was in
control birds for both the upper beak
(0.05460.017 mm/day; P,0.001, n56) and
the lower beak (0.05860.012 mm/day;
P,0.001, n54; Fig. 3).
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(n513) as it did in control birds (n514),
with marginal mean (6SE) absolute
growth rates of 0.11560.006 mm/day
versus 0.07060.002 mm/day for the proximal region (t18.7527.26, P,0.001) and
0.12060.007 mm/day versus 0.0696
0.002 mm/day for the distal region
(t15.8527.26, P,0.001; Fig. 2). The rate
of absolute growth of the lower beak was
about 50% greater in affected birds
(0.09460.004 mm/day) than it was in control birds (0.06560.001 mm/day; t16.35
27.36, P, 0.001; Fig. 2). Time of season
had a slight but significant effect on
absolute growth rates, with different
patterns for control and affected birds
(Table 1 and Fig. 2).
The variable lag (wear) was not a
significant predictor of absolute growth
for either the upper beak (F1,13551.77,
P50.186) or lower beak (F1,15150.02,
P50.886), suggesting no relationship between the amount of beak wear and
subsequent growth rate. Mean rates of
absolute growth were the same for the
proximal and distal regions of the upper
beak for control birds (t1350.28, P50.783)
and differed only marginally for affected
birds (t12521.94, P50.076).
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TABLE 1. Results of repeated-measures, mixedmodel analysis on the effect of ‘‘avian keratin
disorder’’ status (affected versus control) and time
of season (linear or quadratic) on keratin growth at
three locations on the beak for Black-capped
Chickadees (Poecile atricapillus) in captivity
between December 2008 and April 2009.
Variablea

df

F

P

91.7
3.7
5.8
6.0
4.5

,0.001
0.058
0.017
0.016
0.036

Upper beak

2,132
1,116
1,113
1,116
1,113

Distal
Avian keratin
disorder status
Time of season
(Time of season)2
Status 3 time
Status 3 (time)2

2,129 116.5
1,102
1.45
1,99.7
3.33
1,102
4.7
1,99.7
4.07

,0.001
0.231
0.071
0.032
0.046

2,129
1,118
1,118

,0.001
.699
0.043

Lower beak
Avian keratin
disorder status
Time of season
Status 3 time
a

100.8
0.15
4.17

Variables squared represent quadratic results.

Rates of beak wear showed the same
pattern, with no significant differences
between controls and all affected birds
combined (upper beak, t13.151.79, P5
0.097; lower beak, t12.951.5, P50.157).
However, when affected birds were split
according to the presence or absence of
breakage, rates of wear differed significantly among the three groups for both
the upper beak (F2,26519.50, P,0.001)
and lower beak (F2,26533.47, P,0.001).
Rates of wear in affected individuals with
breakage (upper beak, 0.12560.014 mm/
day; lower beak, 0.09560.004 mm/day)
were higher than they were in those
of control birds (upper beak, 0.0686
0.003 mm/day; lower beak, 0.0636
0.002 mm/day) or affected birds without
breakage (upper beak, 0.05460.011 mm/
day; lower beak, 0.03560.001 mm/day; all
P,0.001). Mean rates of wear were lower
for affected birds without breakage than

FIGURE 3. Mean (6SE) rate of net growth (mm/
day) in length of the upper beak (left panel) and
lower beak (right panel) in captive Black-capped
Chickadees (Poecile atricapillus) affected (black
symbols) and unaffected (white circles) by ‘‘avian
keratin disorder.’’ Affected birds with no breakage of
beak tips (black triangles) had significantly higher
rates of net growth than did affected birds with
intermittent breakage (black squares) and control
birds. Rates of net growth did not differ significantly
between all affected birds combined (black circles)
and control birds. Net growth was calculated using
straight chord from nares to the tip of the upper beak
and along gonys of the lower beak.

they were for control birds, but that difference was only significant for the lower
beak (P50.003). The rate of abrasiondriven wear decreased as mean beak
length increased for both the upper beak
(R2adj50.873, F2,1355.94, P50.033) and
the lower beak (R2adj50.885, F2,13512.35,
P50.005).
DISCUSSION

Our findings support the hypothesis
that abnormally rapid epidermal growth,
and not lack of wear, is the primary means
by which beak deformities develop and are
maintained in Black-capped Chickadees.
Rates of absolute beak growth were 50–
100% faster in affected birds, relative to
control birds, and exceeded records for all
other passerines (Lüdicke, 1933; Wydoski,
1964; Menzel and Lüdicke, 1974; Matthysen, 1989) and some nonpasserines (Lüdicke, 1933; Menzel and Lüdicke, 1974;
Hulscher, 1985). Affected chickadees also
showed much greater variability in rates
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Proximal
Avian keratin
disorder status
Time of season
(Time of season)2
Status 3 time
Status 3 (time)2
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than double in length during a period of
10–12 weeks. Because deformed beaks
often become curved as they increase in
length, our estimate of net growth using a
straight chord measurement was conservative and thus reflected only a minimum
net increase. The potential for high rates
of net growth corresponds with the rapid
development of deformities that we have
documented in some wild birds (Handel
et al., 2010). Rates of abrasion-driven wear
also declined with increased beak length,
which presumably resulted from altered
use and lack of normal apposition of the
beak tips (Lumeij, 1994).
Results from control birds in this study
provide insights about normal beak
growth, a process that has not been well
documented in the literature. Our failure
to detect a relationship between amount
of beak wear and absolute growth rates
suggests that vascular stimulation via
mechanical use does not affect beak
keratin production, which is consistent
with previous research (Hulscher, 1985).
We also documented a slight, but significant, seasonal decrease in growth rates in
control birds for both the upper and lower
beak between early winter and late spring.
This pattern has been observed inconsistently in other studies of absolute growth
(Wydoski, 1964; Hulscher, 1985; Matthysen, 1989).
Although the population-level effects of
these widespread deformities are still
under investigation, the high mortality
rate in captive chickadees suggests that
avian keratin disorder severely compromises the health of affected birds. Blackcapped Chickadees typically tolerate captive conditions well (Foote et al., 2010),
and mortalities are rarely reported in
other laboratory studies of this species.
Mortalities occurred throughout the duration of our study, indicating that affected
birds were in poor health, not only upon
entering captivity from the wild but also
upon the introduction of an easily accessible, ad libitum diet and removal of
natural environmental stressors.
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and patterns of beak growth than did
control birds. Our results from unaffected
birds indicated that the beak epidermis
normally grows at a consistent rate and at
a similar speed in the upper and lower
beaks, which concurs with measurements
from other species (Lüdicke, 1933; Menzel and Lüdicke, 1974; Hulscher, 1985). In
contrast, growth rates of affected birds
varied and typically corresponded with the
severity and the morphology of the
deformity. We also detected a statistically
marginal, but potentially biologically significant, difference between rates of
growth at the proximal and distal regions
of the upper beak for affected individuals,
a trend that may reflect irregular rates or
pulses of accelerated growth. The seasonal
pattern of growth rates in affected birds
differed from that for control birds, which
is likely related to variability in growth
rates within individuals as well as changes
in the sample population during the study
period because of mortalities.
We found that the effects of accelerated
keratin growth may be partially mitigated
by beak wear in some individuals. Fracturing of beak tips, a catastrophic and
intermittent form of wear, occurred at
least once in most affected birds and often
resulted in significant changes in beak
length. Reduction in natural beak wear via
abrasion also affected the severity of
deformities, but the magnitude of that
effect was relatively small given the
frequency of breakage. Although captive
conditions do not exactly match chickadees’ natural environment and rates of
breakage may differ between the two
settings, we have observed a similar
phenomenon among free-ranging birds
with beak deformities, which might help
to explain the surprising persistence of
some severely affected individuals in the
wild (Handel et al., 2010).
In the absence of extreme, compensatory wear caused by breakage, beak length
increased quickly in affected birds. Given
the maximum rate of net growth observed
in this study, an average beak could more
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