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ABSTRACT. Molt is an energetically costly process, and songbirds (Order Passeriformes) exhibit a
diversity of strategies to maximize their survival and reproductive success while meeting the energetic demands
of the annual prebasic molt. Nearctic-Neotropic migrants in western North America commonly exhibit one of
three strategies: (1) remain in breeding areas to molt, (2) migrate long distances to molt before continuing to
wintering areas, or (3) migrate to wintering areas and then molt. Among species that molt in or near breeding
areas, the nature of small-scale movements to undergo molt remains largely unknown. We used banding data
collected over a period of 27 yr and across an elevational gradient to examine the propensity of Wilson’s
Warblers (Cardellina pusilla) to molt and breed at the same or different locations in northern California and
southern Oregon. We found that individual adult Wilson’s Warblers were more likely to breed at lower
elevations and molt at higher elevations, suggesting that some individuals move altitudinally after breeding to
complete the definitive prebasic molt. Such alticudinal movements may be more common among Nearctic-
Neotropic migrants in western North America than previously thought.

RESUMEN. Dynamica poblacional post reproductiva indica migracion altitudinal para la
muda en Cardellina pusilla

La muda es un proceso que es energéticamente costoso y las aves paseriformes muestran una diversidad de
estrategias que maximizan la supervivencia y el éxito reproductivo mientras que satisfacen las demandas
energéticas requeridas por la muda pre-basica anual. Aves migratorias boreales (Neartico - Neotropico) en el
oeste de Norte América, cominmente tienen tres estrategias: (1) mantenerse en las dreas de reproduccién para
mudar, (2) migrar largas distancias para mudar antes de continuar hacia dreas donde pasan el invierno, o (3)
migrar a dreas de invierno y luego mudar. Entre las especies que mudan en o cerca de areas de reproduccion,
la naturaleza de los movimientos a pequena escala para someterse a la muda sigue siendo en gran medida
desconocida. Utilizamos datos de anillamiento colectados a lo largo de un periodo de 27 anos y a lo largo de
un gradiente de elevacion, con el fin de examinar la propensidad de Cardellina pusilla de mudar y reproducirse
en la misma o en diferentes localidades en el norte de California y sur de Oregon. Encontramos que
individuos adultos de Cuardellina pusilla son mas propensos a reproducirse a elevaciones bajas y mudar a
elevaciones altas, sugiriendo que algunos individuos se mueven altitudinalmente después de la reproduccion
para completar su muda pre-bdsica definitiva. Estos movimientos altitudinales pueden ser mds comunes en
migrantes boreales (Neartico - Neotropico) en el oeste de Norte América que lo que anteriormente se pensaba.
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Molt is an underappreciated aspect of avian
life history that may interact with survival
and reproduction (Hemborg and Lundberg
1998, Dawson et al. 2000). A diversity of
molt strategies, including variation in extent,
phenology, and timing relative to other life
history events such as breeding and migration,
have likely evolved in response to seasonal
and geographic variation in food availability,
climate, and predation risk (Rohwer et al.
2005, Barta et al. 2007). For example, many
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temperate species apparently have truncated
breeding scasons and then molt in their
breeding areas while food resources are still
plentiful (Gaston 1981); other species migrate
longer distances and apparently exploit exten-
sive food resources in monsoonal regions to
complete molt (Pyle et al. 2009). Alterna-
tively, some species (e.g., flycatchers in the
genus Contopus) migrate to wintering areas
and then undergo prebasic molt (Pyle et al.
1997). Long-distance molt-migration has
been documented in both Nearctic and
Palearctic passerines, where birds attempt to
maximize food resources during molt by
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leaving increasingly dry environments and
moving to seasonally wet ones (Bensch et al.
1991, Pyle et al. 2009). Available water in
temperate environments partly drives primary
productivity which, in turn, may increase
availability of arthropods for molting birds
(Robinson et al. 2013).

In addition to long-distance molt-migration
and molt in wintering areas, Rohwer et al.
(2008) found that Cassin’s Vireos (Vireo cassi-
ni7) followed a strategy, where individuals
leave breeding areas at lower elevations (500
to 800 m) to presumably track food resources
at higher elevations (800 to 1200 m) where
they undergo molt. Other investigators have
also reported small-scale altitudinal move-
ments. In the Sierra Nevada Mountains,
Steele and McCormick (1995) captured
breeding Orange-crowned Warblers (Oreoth-
bypis celata) only at their low-elevation band-
ing station from late March to mid-June.
However, after the breeding season, some
adults initially captured breeding at the low-
elevation site were captured while molting
flight feathers at a mid-elevation station from
mid-June until September. Butler et al.
(2002) found that juvenile Western Tanagers
(Piranga  ludoviciana) moved to nearby
montane regions to molt body feathers during
the preformative molt before departing on
migration.

Several factors might explain post-breeding
altitudinal movements by  Neotropical-
migrant songbirds. These include (1) gener-
ally wetter conditions at higher elevations and
subsequently more food resources during the
molting period (August—October), (2) mon-
tane meadows at higher elevations produce an
abundance of insects during the molting per-
iod, and/or (3) asymmetrical timing in insect
phenology between low and high elevations
results in more insect food resources at higher
elevations during the molting period. Given
the evidence that some individuals of at least
a few western passerines move upslope to
molt, possibly for the aforementioned reasons
(Steele and McCormick 1995, Butler et al.
2002, Rohwer et al. 2008), we predicted that
other species of western Neotropical migrants
would exhibit similar upslope movements.

Thus, our objective was to test the hypoth-
esis that Wilson’s Warblers move altitudinally
after breeding to molt. If Wilson’s Warblers

move to higher elevations to molt after
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breeding, we predicted that a greater propor-
tion of moltng birds would be captured at
higher elevations relative to lower ones. We
also predicted that, compared to high-eleva-
tion sites, a greater proportion of Wilson’s
Warblers captured at lower elevations would
be in breeding condition (Ammon and Gil-
bert 1999). To test these predictions, Wil-
son’s Warblers were captured at a number of
sites throughout the Klamath-Siskiyou biore-
gion of northern California and southern
Oregon to examine possible elevational differ-
ences in the number of birds either in breed-
ing condition or undergoing molt.

METHODS

Our study was conducted in the Klamath-
Siskiyou bioregion of northern California and
southern Oregon. Data were collected from
1982 to 2011 at 17 banding stations. Stations
were operated for two to 27 yr (mean =
12.2 yr; Table 1). Each station had eight to
15 12-m mist-net sites spaced at least 20 m
apart. One banding station (HOME) was
operated year round and others were operated
from April until October; we operated each
banding station at least once every 10 d dur-
ing months of operation. Only rarely were
some stations not operated during a 10-d per-
iod and, across all years, effort was similar
from May to October. We opened nets
15 min before sunrise and operated nets for
5 h during each day of sampling, weather
permitting. For each captured Wilson’s War-
bler, we determined age by examining the
degree of skull ossification, feather wear of
the outermost four primaries, feather shape of
the tail and primary coverts, and the presence
of a molt limit (Pyle et al. 1997). We consid-
ered birds older than their first calendar year
to be adults.

We assessed breeding and molt condition
of captured adult Wilson’s Warblers for indi-
viduals that were captured and then recap-
tured (for a minimum of two captures) at
each banding station. By limiting our analysis
to recaptured birds, we minimized Dbiases
caused by the presence and absence of non-
territorial individuals or erroneous data col-
lected during a single capture. We only
included birds from stations where more than
five Wilson’s Warblers were captured. We
considered birds to be breeding by the
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Table 1. Latitude and longitude (WGS84) and elevations of 17 banding stations in southern Oregon and
northern California, with the total number of adult Wilson’s Warblers (/V = 360) recaptured at the same

banding station more than 7 d after initial capture.

Station Latitude Longitude Elevation (m) N Years operated
MAST N 39.74° W —122.84° 1847 14 7
PLME N 39.73° W —122.85° 1846 11 6
ANT1 N 41.49° W —121.94° 1656 74 18
JOHN N 42.25° W —122.23° 1559 20 15
7MIL N 42.71° W —122.07° 1279 7 16
GROV N 40.96° W —123.48° 1258 10 16
INVA N 40.52° W —123.35° 1187 16 16
SKSW N 42.46° W —122.40° 1096 19 7
YACR N 40.56° W —124.06° 49 18 10
LOST N 41.33° W —124.02° 42 23 3
MARI N 40.85° W —123.99° 33 31 13
LELA N 40.54° W —124.14° 16 13 10
WREF N 40.78° W —124.12° 16 57 16
RECR N 41.30° W —124.04° 11 18 8
NAVR N 39.20° W —123.75° 6 10 2
HOME N 40.89° W —124.14° 6 12 27
PARK N 40.89° W —124.14° 6 7 17

presence of either a vascularized or wrinkled
brood patch or a medium or large cloacal
protuberance (Ralph et al. 1993), and catego-
rized molting birds by the presence of sym-
metrical flight feather molt, indicative of the
adult post-breeding molt or definitive prebasic
molt (sensu Wolfe et al. 2014). We also
noted if any breeding Wilson’s Warblers were
recaptured at multiple sites. For each Wil-
son’s Warbler, we determined if the individ-
ual was ever captured showing evidence of
breeding or molting, thus not biasing our
results by including multiple samples from
any one bird.

We used two separate mixed-effect logistic
regression models to test whether the proba-
bility of molting and breeding were predicted
by changes in elevation. The binomial
response was molting (1) and not molting (0)
for the first model, and breeding (1) and not
breeding (0) for the second model, with a
random-intercept effect of station and eleva-
tion (km) of the banding station as the fixed
explanatory variable. We used program R (R
Development Core Team 2014) to conduct
logistic regression. We calculated an odds
ratio and its confidence interval by raising e
to the power of the beta estimates from each
logistic regression. We tested the sensitivity of
the model’s predictions to the two most

data-rich stations by removing them and
rerunning the models. The stations removed
were at the extremes of the elevational gradi-
ent of our study area, including ANTI, a
high-elevation station (1656 m; N = 74 indi-
viduals), and WREF, a low-elevation station
(16 m; N = 56 individuals).

RESULTS

From 1982 to 2011, we captured 9701
Wilson’s Warblers, including 1019 captures
of 360 adults captured more than once at 17
stations at different elevations. No individuals
moved between banding stations. Elevation
(km) predicted both the probability of cap-
tured Wilson’s Warblers displaying molt
(mixed-effect logistic regression, B = 0.907,
SE = 0.352, P=0.01) and the probability of
captured birds displaying breeding characteris-
tics (mixed-effect logistic regression, P =
—1.369, SE = 0.598, P = 0.022). We calcu-
lated odds ratios to estimate the magnitude of
the effect of elevation on the probability of
Wilson’s Warblers molting and breeding. For
every 1000-m increase in elevation, recap-
tured Wilson’s Warblers were 2.47 (95%
CI = 1.24-4.94) times more likely to display
molt (Fig. 1). The opposite was true for
breeding, Wilson’s Warblers were 3.93 (95%



- 1.2+ @ o R0 o @0 ©
Y XL VL ¥
o o
E 11 s> oo 7 0B
8’ °8 ° oo ° 8320
E 0.8 @@ R ° o 4 ° 008 8o o
3
o 0.6
(o]
—
O 0.4 A
>
=
% O0 oo o?’ o o
R k3 &
o
= s %o 059 oso()o(%
o o @° o o® o
o §0ooco"
T T T T
0.5 1.0 1.5 2.0

Elevation (km)

Fig. 1. Logistic regression line showing the effect
of elevation on the probability of molting for Wil-
son’s Warblers (/V = 360) captured at constant-
effort mist-netting stations in northern California
and southern Oregon. Data points were spread
with a jitter function horizontally and vertically to
case visualization.

CI = 1.22-12.70) times more likely to be in
breeding condition with every 1000-m
decrease in elevation (Fig. 2).

To examine the sensitivity of our results to
the most data-rich stations, we removed the
Wilson’s Warblers captured at the ANT1 and
WREF banding stations and used the pruned
dataset in the same mixed-effect logistic
regression models. Models showed the same
qualitative results for molting (logistic regres-
sion, B = 0.930, SE = 0.396, P = 0.019) and
breeding (logistic regression, B = —1.1006,
SE = 0.562, P = 0.049), indicating that pre-
dictions from the original models were not
sensitive to the two most data-rich bandin
stations. The three stations (7MIL, GROV,
and INVA; Table 1) with the largest propor-
tions of molting, but not breeding, birds were
high-elevation  banding  stations (1187—
1279 m; Fig. 3).

DISCUSSION

Our results suggest that Wilson’s Warblers
in the Klamath-Siskiyou bioregion were more
likely to be in breeding condition at lower
elevations, and more likely to be molting at
high-elevation stations later in the year.
Although no individuals were detected mov-
ing from lower- to high-elevation stations,
our results support the hypothesis that some
Wilson’s  Warblers undergo an altitudinal
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Fig. 2. Logistic regression line showing the effect
of elevation on the probability of breeding for
Wilson’s Warblers (/V = 360) captured at con-
stant-effort mist-netting stations in northern Cali-
fornia and southern Oregon. Data points were
spread with a jitter function horizontally and verti-
cally to ease visualization.

molt-migration. Another possible explanation
for our results is that birds captured molting
at our high-elevation sites did not breed that
year and remained there to molt, but this
seems unlikely for a relatively short-lived
Neotropical migrant songbird. Alternatively,
birds that breed further north at similar high
elevations may have molted following move-
ment to high-elevation areas in the Klamath-
Siskiyou Bioregion, which would represent
latitudinal, rather than altitudinal, molt-
migration.

Apparent altitudinal movements between
breeding and molting areas suggest that Wil-
son’s Warblers may structure energetically
taxing phases of their life cycle around shift-
ing food resources along an altitudinal gradi-
ent (Rohwer et al. 2008). In support of this
hypothesis, R. Burnett (pers. comm.) cap-
tured several species of insectivorous warblers,
such as Yellow-rumped Warblers (Serophaga
coronata) and Orange-crowned Woarblers, in
large numbers (over 35% of total annual cap-
tures) during the post-breeding period at
high-elevation meadows in the Sierra Nevada
Mountains where they do not breed. In addi-
tion, capture rates were 225% higher in dry
years and the young-to-adult ratio was 82%
higher. Such results, in combination with
those reported in previous studies (Steele and
McCormick 1995, Butler et al. 2002, Rohwer
et al. 2008), suggest that some western song-
birds are more likely to move upslope to
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Fig. 3. Stacked bar plot showing percentage of Wilson’s Warblers where we obtained evidence of breed-
ing and molting, breeding, but not molting, and molting, but not breeding at each banding station with
10 or more birds also recaptured at the station. Numbers above bars indicate sample sizes and, along the
x-axis, elevations of each station are provided in parentheses.

presumably more productive habitats during
dry years in western forests. Montane mead-
ows at higher elevations may serve as mois-
ture refugia later in the season, providing
more food resources for post-breeding Wil-
son’s Warblers and other species of songbirds
that are undergoing molt (Holmgren and
Hedenstrom 1995, Rohwer et al. 2008).

Patton and Judd (1970) estimated that wet
meadows were more than nine times more
productive than forested habitats in New
Mexico and Arizona. Because most wet moun-
tain meadows are maintained by streams or
sub-irrigated by springs, they often have more
foliage and remain more productive when sur-
rounding habitats have dried out (Beck and
Peck 2004). When there are fewer wet areas at
lower elevations, some insectivorous species
may congregate in habitats that produce
insects late in the season, such as montane
meadows. These processes may explain the
upslope movements of some Wilson’s War-
blers to undergo molt before migrating.

These upslope movements may have gone
largely undetected due to the dynamic and

complex structure of food resources and
topography throughout northern California
and southern Oregon. Our results also suggest
variation in strategies among Wilson’s War-
blers in this region, with some individuals
molting and breeding at the same site across
the entire range of elevations we examined.
However, we still found that more captured
Wilson’s Warblers were molting at high eleva-
tions and breeding at lower elevations. The
mechanisms that determine the proximate
expression of such variation in a population
may be informative about the evolution of
this particular strategy. Examining alticudinal
migration and use of montane meadows dur-
ing molt by other western bird species is an
important step toward recognizing the ecolog-
ical and conservation value of high-elevation
habitats during the post-breeding season.
Although we suggest that elevational variation
in seasonal productivity of food resources
causes upslope movements to molt, other
explanations such as predation risk, climate,
and availability of water may also be con-
tributing factors.
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