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Preformative molt extent of Cardellina warblers increases with breeding
latitude and migration distance

Rafael Rueda-Hernaindez,1 Santi Guallar,z* and Peter Pyle3

ABSTRACT—The New World warbler genus Cardellina consists of 3 long-distance migrants breeding in boreal and
montane forests (Canada [C. canadensis], Wilson’s [C. pusilla], and Red-faced [C. rubrifions] warblers) and 2 sedentary
species living in montane forests of northern Central America (Red [C. rubra] and Pink-headed [C. versicolor] warblers). We
quantified wing-feather molt extent and frequency of wing-feather replacement of the preformative molt for all 5 species,
then used these data to test whether the preformative molt extent is influenced by breeding latitude and migration distance.
Our dataset consisted of molt cards from a published dataset and 2 online photographic libraries. Due to the small number of
sampled species, we applied a 3-way approach: (1) comparison of molt extent among species using a post hoc pair-wise -
test; (2) comparison of molt extent between migratory and sedentary species using phylogenetic ANOVA; (3) PGLS
regression of molt extent on breeding latitude and on migration distance. Contrary to our prediction, sedentary species had
significantly lower molt extents, and a linear, although not significant, increase with breeding latitude and migration distance.
We propose that loss of migratory behavior allowed Red and Pink-headed warblers to allocate resources to the synthesis of
more energy-costly pigments. Received 26 April 2022. Accepted 8 December 2022.
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La extension de la muda preformativa en el género Cardellina aumenta con la latitud de cria y la distancia de
migracion

RESUMEN (Spanish)—El género Cardellina de chipes del Nuevo Mundo consta de 3 especies migratorias de larga distancia que se
reproducen en bosques montanos y boreales (C. canadensis, C. pusilla 'y C. rubrifrons) y 2 especies sedentarias que viven en los bosques de
montafia del norte de América Central (C. rubra 'y C. versicolor). Cuantificamos la extension y la frecuencia de reemplazo de las plumas del
ala en la muda preformativa de estas 5 especies, luego usamos estos datos para probar si la extension de la muda preformativa disminuye a
medida que aumenta la latitud de cria y la distancia de migracion. Nuestro conjunto de datos constaba de fichas de muda de 1 base de datos
publica y de 2 colecciones fotograficas. Debido al pequefio nimero de especies que componen el género Cardellina, aplicamos un enfoque de
3 vias: i) comparacion de la extension de la muda entre especies usando una t de Student post-hoc comparando pares de especies; ii)
comparacion de la extension de la muda entre especies migratorias y sedentarias utilizando una ANOVA filogenética; iii) Regresion PGLS de
la extension de la muda sobre la latitud de cria y sobre la distancia de migracion. Contrariamente a nuestra prediccion, las especies sedentarias
mostraron extensiones de muda significativamente menores (las 3 especies migratorias reemplazaron de 4-6 plumas mas) y un aumento lineal,
aunque no significativo, con la latitud de cria y la distancia de migracion. Proponemos que la pérdida del comportamiento migratorio permitio
a C. rubra 'y C. versicolor ahorrar recursos y destinarlos a la sintesis pigmentos mas costosos energéticamente.

Palabras clave: biblioteca Macaulay, ciencia ciudadana, Naturalista, partlidos neotropicales, pigmentacion por carotenoides.

Despite being one of the most important stages
in a bird’s annual cycle, our knowledge on many
aspects of molt remains deficient (Bridge 2011,
Guallar 2021). Although this knowledge has been
especially limited outside the Holarctic region, the
Neotropics have seen a growing interest in the
study of molt in the last 3 decades (Wolfe and Pyle
2012, Rueda-Hernandez et al. 2018), including
adaptation of terminology (Johnson et al. 2011,
Wolfe et al. 2014, Howell and Pyle 2015, Pyle
2022a) and documentation of molt extent, timing,
and duration (Thompson and Leu 1995, Marini
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and Durdes 2001, Gomez et al. 2012, Johnson et
al. 2012, Johnson and Wolfe 2017).

Many of these efforts have used data retrieved
from long-term bird-banding studies, and have
produced practical guidelines to age and sex
determination (e.g., Pyle et al. 2004, 2015; Guallar
et al. 2009, Johnson and Wolfe 2017). Further-
more, researchers have resorted to scientific
specimen collections to obtain molt information
for wider distributional, environmental, and time
ranges, as well as for studying species for which
field studies have yielded insufficient information
(Guallar et al. 2016, 2018, 2021a), altogether
allowing a deeper understanding of molt strategies
and their evolution within and among passerine
species (Delhey et al. 2020, Guallar et al. 2021b).
However, modern scientific sources of avian
information have expanded beyond museum
collections, increasingly incorporating digital re-
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Table 1. Bootstrapped estimates (mean and 95% confidence intervals) of preformative wing-feather molt extent for the 5
Cardellina species. Migration distance retrieved from Dufour et al. (2020). Breeding latitude calculated from the centroid of
the species’ range (weighed mean of the centroids when species has discontinuous range).

Species (n) Mean extent [CI]

Migration distance (km) Breeding latitude (°)

Canada Warbler (15)
Wilson’s Warbler (61)
Red-faced Warbler (12)
Red Warbler (13)
Pink-headed Warbler (6)

21.5 [21.1 - 21.9]
21.0 [20.6 — 21.3]
20.3 [19.8 — 20.7]
15.7 [15.0 — 16.3]
16.0 [15.2 — 16.9]

4,356 49.71
3,687 56.96
1,058 29.63
176 20.13
57 15.42

sources, many of them based on citizen science
(Pyle 2022b). Among these are online photo-
graphic archives of biodiversity such as Macaulay
Library (macaulaylibrary.org), which has a world-
wide scope, and Naturalista (naturalista.mx),
which is focused on Mexico. This article applies
information retrieved from these 2 websites to fill a
small gap in our knowledge of molt of Neotropical
passerines, specifically focusing on the preforma-
tive molt of Cardellina warblers.

The genus Cardellina consists of 5 species that
breed in North and Central American forests
(Chesser et al. 2021). Two breed in boreal and
montane forests in the United States and Canada:
Canada Warbler (C. canadensis) and Wilson’s
Warbler (C. pusilla), which are long-distance
migrants formerly placed in the genus Wilsonia
(Ammon and Gilbert 2020, Reitsma et al. 2020).
Red-faced Warbler (C. rubrifrons) is a medium-
distance migrant with populations breeding in
montane forests of the southwestern United States
and northern Mexico and wintering southward
along the Sierra Madre Occidental down to
Guatemala and Honduras. The last 2 Cardellina
species were formerly placed in the genus
Ergaticus: Red Warbler (C. rubra) and Pink-
headed Warbler (C. versicolor), which are seden-
tary endemics to the highlands of Mexico and
Guatemala, overlapping in central Chiapas (Dree-
lin 2020, Martin and Barber 2020, Partida-Lara et
al. 2020).

The preformative molt of the 3 migratory
Cardellina species includes all body feathers and
lesser and median coverts, and a variable number
of greater coverts, alula feathers, and tertials (Pyle
1997a, 1997b; Guallar et al. 2009). However, this
information is entirely lacking for the 2 sedentary
species. The first objective of this study is to
quantify wing-feather molt extent and frequency of

wing-feather replacement of the preformative molt
for all 5 Cardellina species. This knowledge
would not only enhance our ability to age
individuals in monitoring projects, it could be
directly used to test hypotheses on the evolution-
ary drivers of molt extent across and within
passerine genera (Guallar et al. 2021b, Pérez-
Granados et al. 2021). For example, birds
synchronize their circannual cycles, including
molt, with changes in photoperiod (Gwinner
1986, Dawson 2007). Passerines use day-length
reduction as a cue to initiate the preformative molt,
resulting in late-hatched birds having less time to
molt and undergoing smaller molt extents (Bojar-
inova et al. 1999, Elrod et al. 2011). Time
constraints could even be stronger in migratory
species, especially in those that engage in long-
distance migrations and breed at high latitudes
(Kiat and Izhaki 2016). Thus, the second objective
of this study is to test within the genus Cardellina
the hypothesis that preformative molt extent is
influenced by time constraints. According to this
hypothesis, preformative molt extent before mi-
gration is expected to decrease as breeding latitude
and migration distance increase

Methods

Information on preformative molt of Cardellina
species was retrieved from Macaulay Library and
Naturalista and a published dataset (Guallar and
Jovani 2019). Our final dataset consisted of 107
molt cards: 40 new molt cards for Red-faced,
Canada, Red, and Pink-headed warblers obtained
from the online libraries, and 67 molt cards for
Wilson’s and Red-faced warblers from the pub-
lished source (Table 1, Supplemental Table S1).
We selected images from the photographic librar-
ies that provided a complete view of the bird’s alar
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tracts, avoiding low resolution or blurred images,
regardless of the year they were taken. Since
Canada, Wilson’s, and Red-faced warblers do not
molt wing feathers during the boreal winter period
neither during their first annual cycle nor during
subsequent annual cycles (Pyle 1997a, Guallar et
al. 2009), we were able to use all available images
(and published molt cards) regardless of month.
Given that Parulidae undergo a partial preforma-
tive molt during their first annual cycle (Pyle
1997a, Guallar et al. 2009, Wolfe et al. 2010), we
looked for birds with retained juvenile feathers in
the wing and tail, which were considered in
formative plumage. Molt limits and juvenile
feathers were detected using contrasts in color,
shape, and wear among formative and juvenile
wing and tail feathers (Pyle 1997a). To enable
recognition of juvenile feathers, we previously
examined birds in juvenile plumage from both
field captures and images.

Our data on molt extent among wing feathers
were taken only from birds in non-active molt on
each of the 9 visible primaries, 6 secondaries, 3
tertials, 3 alula feathers, 9 primary coverts, carpal
covert, 10 greater coverts, and 8§ median coverts on
the upper wing, to determine whether each was
replaced during the preformative molt, and scored
1 if replaced and O if retained. Replaced lesser
coverts were scored as an approximate fraction of
this tract, from none (0) to all (1). Wing-feather
molt extent was computed as the sum of feather
scores for the wing.

Migration distance was obtained from Dufour et
al. (2020). Breeding latitude was obtained from
each species’ geographic range from BirdLife
International and Handbook of the Birds of the
World (2021). We computed centroid coordinates
for the breeding and wintering ranges using QGIS
(QGIS Development Team 2022). For species with
discontinuous ranges, we calculated average
centroids weighing for the area of each polygon
(Table 1).

Statistical analyses

All analyses were carried out within the R
environment (R Core Team 2022). To estimate
sample mean and 95% confidence intervals for the
wing-feather molt extent, we applied Bayesian
bootstrapping using default settings (4,000 itera-

tions), as implemented in the library bayesboot
(Baath 2016). Bootstrapping is a resampling
technique not limited by the assumptions of
parametric approaches, and therefore is adequate
for small datasets and/or variables that do not
reasonably fit a known distribution.

Cardellina is formed by only 5 extant species, a
low sample size from which to draw robust
statistical inference using phylogenetic regression,
which takes each species as a case. Therefore, we
applied a 3-way approach to test the hypothesis
according to which preformative molt extent is
influenced by time constraints. First, we compared
molt extent among species using a post hoc
pairwise t-test corrected by the Holm method
(Holm 1979). Our last 2 approaches took into
account that species traits are phylogenetically
conserved, so that trait correlation among species
tends to be higher as the phylogenetical distance
among species is reduced, thus violating the non-
independence assumed by most statistical analy-
ses. Thus, we compared mean molt extent between
migratory and nonmigratory species using the
function aov.phylo as implemented in package
geiger (Harmon et al. 2008). Finally, we applied
phylogenetic generalized least squares (PGLS)
regression to the mean molt extent on breeding
latitude and on migration distance using function
phylolm implemented in the phylolm package (Ho
and Ané 2014). For both models, we obtained 2
values of R? using function R2./ik from the
package 772 (Ives and Li 2018). This function
compares the likelihood of the model of interest
with a given null model. Here, we compared each
PGLS with 2 null models: (1) a simple linear
regression with neither the independent variable
nor the phylogeny effect, and (2) a phylogenetic
linear regression without the independent variable.
Thus, the first R value quantifies the effects of the
independent variable and phylogeny (equivalent to
R* conditional), whereas the second R’ value
estimates the contribution of the independent
variable without accounting for the effect of the
phylogeny. To build our phylogeny for the
Cardellina species, we downloaded 1,000 trees
from BirdTree.org (Ericson backbone; Jetz et al.
2012), derived a consensus tree with least-squares
branch lengths using package phytools (Revell
2012), and forced tips to be contemporaneous
(Pagel 1992). Then, we rooted the phylogenetic
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tree using Red-breasted Chat (Granatellus venus-
tus) as outgroup.

Results

Preformative molt extent and frequency of
feather replacement

We reviewed ~5,000 images published in
Naturalist and Macaulay Library: all 2,158 photo-
graphs from the Red and Pink-headed warblers,
about 30% of the 4,037 photographs from the Red-
faced Warbler, and about 10% of the 21,691
published photographs from the Canada Warbler.
From these images, we filled in 40 wing-feather
molt cards that were added to the 67 molt cards
gathered from a published dataset. Retained
juvenile coverts in first-cycle Red and Pink-headed
warblers are dull orangish, strongly contrasting
with the fresh red formative feathers (Fig. 1).
Retained juvenile feathers in first-cycle of the
other 3 Cardellina species are dull grayish,
contrasting with the bluish or greenish formative
coverts (Pyle 1997a; Fig. 1).

Replacement of tertials was only found in 10
individuals belonging to all species except Pink-
headed Warbler. The lesser alula feather was
replaced in 74 individuals, although it was always
retained in Red and Pink-headed warblers. Only 4
Canada and 7 Wilson’s warblers replaced the
central alula feather, whereas the greater alula was
always retained. Greater coverts were fully
replaced by 87 birds, although Red and Pink-
headed warblers always retained some outer ones.
Median and lesser coverts and all body feathers
were replaced in 100% of birds. Primaries,
secondaries, and primary coverts were always
retained.

Effect of time constraints on preformative molt
extent

Canada, Wilson’s, and Red-faced warblers
(group of northern species) replaced 4—6 more
feathers during their preformative molt than the
group of southern species, Red and Pink-headed
warblers (pairwise z-test: P << 0.001 for all species-
pair comparisons between these 2 groups, whereas
all comparisons within these groups were nonsig-
nificant; Table 1). The same differences were also
detected when grouping species by migratory
behavior (Table 1): resident species had signifi-
cantly lower molt extents (phylogenetic ANOVA:

F, = 11524, P = 0.005). Indeed, molt extent
showed a linear increase with breeding latitude and
migration distance although the trend was not
significant due to the large confidence intervals for
the PGLS (molt extent on breeding latitude: ¢ =
1.98, P = 0.14, R’adj = 0.42; molt extent on
migration distance: ¢ = 2.09, P = 0.13, R’adj =
0.46; Fig. 2). However, ordinary least square
regression showed significant increases suggesting
that the lack of significance of PGLS was caused
by small sample size (molt extent on breeding
latitude: ¢ = 3.27, P = 0.047, R*adj = 0.71; molt
extent on migration distance: 1= 16.35, P=0.053,
R?adj = 0.68; Fig. 2). Bivariate models accounted
for nearly 60% of the variation in molt extent
(conditional R ., = 0.60 and conditional
anigrdist = 0.58), but most of this was due to
shared phylogenetic history, since the explanatory
variables only explained 1.2-1.3% variation of
each model.

Discussion

We have further shown the utility of online-
image libraries based on citizen science as
valuable resources to cover gaps of knowledge
on passerine molt (see also Pyle 2022b). Advan-
tages of using these resources include fast and
cheap data collection within and across many
years, especially of species that rarely get mist-
netted or with little information from winter
grounds; further, photographs can be easily
checked for later examination and multiple
researchers. However, image libraries also have
limitations. The vast majority of photographs show
birds in odd angles that only allow for partial molt
examination (if at all), the quality of a high
fraction of the images is deficient, and molt data
retrieved from images cannot be cross-checked
against biometric data or other in-hand information
such as skull condition or extent of pin feathers
indicating body molt. Photographs showing lateral
and dorsal views of birds in all plumages
throughout the whole annual cycle are highly
valuable to molt studies, and as digital collections
grow in size, we anticipate their value to increase
for studies of molt.

Specifically, we have used the genus Cardellina
as a study case for this novel approach. We first
described the preformative molt extent and
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frequency of wing-feather replacement of all 5
species in the genus, and then tested whether
breeding latitude and migratory distance may have
shaped the evolution of their preformative molt
extent.

Preformative molt extent and frequency of
feather replacement

Following the most common pattern among
New World warblers, the 3 northern Cardellina
species generally replace all wing coverts but few
or no tertials as previously reported (Pyle 1997a,
1997b; Guallar et al. 2009). Most of the variation
was found within the carpal alular area, affecting
the number of replaced alula feathers, carpal
covert, and outer greater coverts, which are a
mere 3% of the wing-feather mass (Guallar and
Jovani 2020). Although small, these differences
are consistent among the sedentary Red and Pink-
headed warblers and the migratory Cardellina
species.

Effect of time constraints on preformative molt
extent

Contrary to our prediction, we found that
preformative molt extent increased with breeding
latitude and migration distance, thus matching the
effect that was found for the preformative molt
extent in the Cardinalidae family (Guallar et al.
2021b) and for the completeness of the preforma-
tive molt across the order Passeriformes (Delhey et
al. 2020). The increase of preformative molt extent
with migration distance in Cardellina species
could be an adaptation to increased solar abrasion
during migration, especially if they would stop
over to refuel in open areas with high sun exposure
(Bergman 1982, Newton 2007). Lack of selective
pressure of migration on Red and Pink-headed
warblers would have reduced investment in
preformative molt extent, therefore allowing them
to reallocate these freed physiological resources to
a more expensive plumage coloration (Terrill et al.
2020).

Contrastingly, the preformative molt extent in
the genus Oenanthe prior to southbound migration
was found to decrease with breeding latitude and
migration distance (Pérez-Granados et al. 2021).
This contradiction could be explained by a
decrease in solar irradiance with latitude or even
by the slower metabolism of tropical bird species

(Wiersma et al. 2007): at equal time constraints,
species with slower metabolism would replace
fewer wing feathers; however, as at least some
Oenanthe species appear to suspend preformative
molt for migration (Cramp 1988), more study is
needed on the effect of migration distance and
molt after accounting for molt suspension (cf. Pyle
2022a). The little variation explained by our 2
proxies of time constraint suggest that factors other
than time are likely influencing preformative molt
extent in Cardellina. One factor that could explain
constancy of molt extent within the 3 northern
species is the unusual preformative molt under-
gone by most northern-breeding wood-warbler
species, which may begin in the nest, complete
shortly after fledging, and affect all secondary
coverts synchronously (Pyle et al. 2015). Howev-
er, we do not know whether the southern
Cardellina species have a later and more pro-
longed preformative molt strategy.

Otherwise, our results highlight the large
influence of shared evolutionary history shaping
the preformative molt extent in the genus Cardel-
lina. Concretely, differences in preformative molt
extent between the sedentary Red and Pink-headed
warblers and their migratory congenerics associate
with the recent branching of the former 2 species
(Winger et al. 2012). Cardellina species have
similar sizes and diet, and occupy a similar habitat
(save Canada Warbler, which winters in South
America; the other 4 species can be found in the
same forests during winter and even forage in the
same mixed flocks; pers. obs.), suggesting that the
evolutionary shift toward a reduction in molt
extent in Red and Pink-faced warblers does not
seem to correlate to an ecological adaptation
(Guallar et al. 2016, 2021b).

Following, we propose an additional explana-
tion linking plumage coloration and the loss of
selective pressure of migration in the genus
Cardellina. Lack of migratory selective pressure
on Red and Pink-faced warblers would reduce
investment on preformative molt, allowing them to
reallocate physiological resources that later could
have driven evolutionary shifts in plumage
coloration (Terrill et al. 2020). Birds obtain yellow
and some red pigments from carotenoids in the
diet. These pigments act as honest signals of
individual quality because they indicate diet
quality, which correlates with territory quality or
ability to compete for food resources with
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100 80 60 40 20 0

Figure 1. Preformative molt in Cardellina species. Left, formative plumage. (A) Canada Warbler: formative body feathers,
carpal, lesser, median, and greater coverts, as well as the lesser alula (14 Aug 2018 Maison de la Mer, La Haute-Cdte-Nord).
(B) Wilson’s Warbler: formative body feathers, carpal, lesser, median, and greater coverts, and lesser alula (19 Sep 2009
Cromwell Valley, Hampton). (C) Red-faced Warbler: formative body feathers, lesser, median, and 7 innermost greater coverts
(14 Jul 2021 Santa Catalina Mts). (D) Red Warbler: formative body feathers, lesser, median, and 7 innermost greater coverts
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Figure 2. Phylogenetic regression models of molt extent on breeding latitude (y=0.115x = 0.058) and on migration distance
(y=0.001x = 0.0006). Shaded areas show 95% confidence intervals. Dashed lines depict simple liner regression lines: y =
0.136x = 0.041 (breeding latitude), y = 0.001x = 0.0004 (migration distance).

conspecifics (Hill 1991), and because they are also
necessary for other important physiological pro-
cesses, including immune response (Chew and
Park 2004). However, not all passerines deposit
carotenoids in their molting feathers directly from
their diets—some species transform them meta-
bolically, thus adding an extra physiological cost
to the synthesis of carotenoid-based plumage
coloration (Weaver et al. 2018). One example is
the transformation of some [-carotenes to red
pigments through ketolation found in most bird
species with red plumages (Goodwin 1986, Stradi

et al. 1998). If the yellow plumage of Wilson’s and
Canada warblers were based on untransformed
carotenoids like in other Parulidae species
(McGraw et al. 2003, Parker et al. 2003), and the
red plumages of Red and Pink-headed warblers
were based on transformed carotenoids, the cost of
synthesizing the same feathers would be higher for
the latter 2 species. Red and Pink-headed warblers
could have allocated physiological resources that
migratory Cardellina species invest in preforma-
tive molt to synthesize their costly red plumage.

—

(21 Jan 2018 Cd. Universitaria, Mexico City). (E) Pink-headed Warbler: formative body feathers, lesser, median, and 7
innermost greater coverts (4 Dec 2019 San Cristobal de las Casas, Chiapas). Right, frequency of preformative wing-feather
replacement. Gray shades on wing diagrams depict observed replacement frequencies (white = 0, black = 100). Photos used
by license agreement from Naturalista and the Macaulay Library at the Cornell Lab of Ornithology: © Elliott GG (A,
ML365067001), Frode Jacobsen (B, 184922772), Ad Konings (C, 143784946), Jestis Alonso Lopez Villanueva (D,

13162382), and Lev Frid (E, ML192320211).
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Initial studies on the evolution of passerine molt
focused on the influence of ecological factors
(Svensson and Hedenstrom 1999, Figuerola and
Jovani 2001, Guallar et al. 2016). Recently, the
role of life-history factors on the preformative molt
extent has gained increasing attention, including
sexual dichromatism, delayed plumage maturation,
and male plumage coloration (Delhey et al. 2020,
Terrill et al. 2020, Kiat and Sapir 2022). In this
work, we have proposed a link between plumage
coloration and the evolution of the preformative
molt extent through the energetic cost of plumage
coloration mediated by a change in migratory
behavior, presenting a third broad category that
should be considered when evaluating evolution-
ary drivers of molt extent.
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