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abstract: Time constraints influence various ecological, life-
history, and demographic properties of individuals and populations
of many species throughout the annual cycle. Feather molt is a
timely undertaking that is considered among the three most energy-
demanding processes in the life cycle of birds. To deal with time
pressure, passerines may shorten their molt duration, using three
non–mutually exclusive mechanisms: (1) replacing only part of the
plumage, (2) increasing the speed of molt, and (3) postponing the re-
newal of some or all the plumage to a later season (i.e., from the sum-
mer to the overwintering period).We used a comparative approach by
measuring 12,349 individuals from 134 passerine species to explore
how feather molt of juvenile and adult passerines is evolutionarily
modulated under time constraints. The results indicate that breeding
at northern latitudes and long-distance migration limit the time avail-
able for molt and that the consequences of time constraints were age
dependent. While the duration of adult summer molt decreased, the
extent, rather than the duration, of juvenile molt declined under time
constraints. This study highlights the importance of considering time
constraints in order to enhance the understanding of selective forces that
shape life-history processes and their consequences throughout the an-
nual routine.

Keywords: annual routine, bird migration, breeding distribution,
passerines, time constraints, wing feathers.

Introduction

In an environment that changes periodically over the year,
the properties of major energy-demanding processes in an
organism’s life such as breeding, long-range movement,
and the replacement of old skin, fur, feathers, or shell
may have large effects on the organism’s survival and re-
production. Specifically, the timing along the yearly cycle
and the duration and scheduling of each process with re-

gard to other major processes are subject to natural selec-
tion, with implications for physiology, behavior, and, ulti-
mately, animal fitness (McNamara et al. 1998; Houston
and McNamara 1999; McNamara and Houston 2008).
These life-history transitions throughout the annual rou-
tine may depend on the outcome of events that took place
in previous seasons (Harrison et al. 2011; van den Heuvel
et al. 2013), and such carryover effects were documented
in various organisms under diverse ecological settings
(O’Connor et al. 2014). Life-history transitions are further
influenced by time constraints due to environmental sea-
sonality, especially in high latitudes, where the seasonal
cycle is strong and hence its consequences for different or-
ganisms could be severe (Gotthard et al. 1999; Wingfield
2008; Varpe 2012). Since many organisms are characterized
by morphological, behavioral, and physiological differences
between juvenile and adult life stages (e.g., Wingfield 2008;
Marshall and Morgan 2011) and because of differences in
carryover effects between different life stages (e.g., Rauset
et al. 2015), selection pressures may vary between age groups
(McNamara and Houston 1996; English et al. 2014), re-
sulting in age-related differences of seasonality-driven life-
history transitions (e.g., Marshall and Morgan 2011).
One of the most important life-history transitions for

birds is feather molt (Barta et al. 2008). Renewal of feath-
ers is essential for their function because they get worn
with time as a result of exposure to ultraviolet radiation
and other environmental factors. Consequently, passerine
birds molt all of their flight feathers at least once per year
(Jenni and Winkler 1994). Molt is considered one of the
three most energy-demanding processes in the life cycle of
birds (Newton 2009), and consequently molt does not usu-
ally overlap with breeding and migration, the two other
most energy-demanding processes. The timing of molt is
generally more variable within the annual cycle than that
of breeding or migration because, unlike the latter two pro-
cesses, molt may take place at different times throughout
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the year (Ginn and Melville 1983; Newton 2009). Long-
distance migration is known to strongly influence the tim-
ing of molt by delaying the molt from the summer to the
overwintering period (Jenni and Winkler 1994; Svensson
and Hedenström 1999; Hall and Tullberg 2004). This de-
lay likely results from the high costs involved in overlap-
ping breeding and molt among long-distance migrants
(Svensson and Nilsen 1997; Echeverry-Galvis and Hau
2013; Saino et al. 2014), especially for large bird species
(Langston and Rohwer 1996). It is noteworthy that there
appears to be an interplay between migration and molt,
since although migration constitutes an important factor
that limits the time available for molt and consequently
affects molt strategy, molt timing may also affect migration
timing (Kiat and Izhaki 2016a).

Feather molt may entail aerodynamic (Haukioja 1971;
Jenni and Winkler 1994; Hedenström and Sunada 1999;
Hedenström 2003) and thermoregulatory (Jenni and Wink-
ler 1994; but see Schieltz and Murphy 1997) costs to birds.
In addition, feather synthesis requires energy as well as
specific nutrients whose acquisition may bear additional
metabolic expenses (Murphy and King 1992; Lindström
et al. 1993; Jenni and Winkler 1994). Yet the importance
of these factors may vary between different species. Nota-
bly, the energetic costs of feather synthesis are high for
small birds but substantially decrease with increasing body
size (Murphy and King 1992; Lindström et al. 1993). To
minimize these costs, the molt process usually occurs over
a long period of time, such that the associated energy de-
mands are not elevated to a degree that may impair the
survival of the bird (Ginn andMelville 1983; Jenni andWink-
ler 1994). Thus, when the time period available for feather
molt is limited, properties of themolt process may be affected
(Barta et al. 2006, 2008; Hedenström 2008). Autumnal bird
migration may limit the time available for molt because of
its highmetabolic demands that typically span over a long pe-
riod of time soon after breeding. Moreover, low temperatures
and the decrease of daylight hours with the progress of the
autumn may lower food availability during this period, es-
pecially at northern latitudes (Jenni and Winkler 1994).
Consequently, because birds will have less time for molting
as the breeding latitude is higher (Haukioja 1971) and the
migration distance increases (Kjellén 1994; de la Hera et al.
2009a), there may be benefits from shortening the post-
breeding molt (Ginn and Melville 1983; Jenni and Winkler
1994).

To shorten molt duration in passerines, natural selection
may lead to three main, non–mutually exclusive, mecha-
nisms: (1) replacing only part of the plumage, (2) increas-
ing the speed of molt, and (3) postponing some or all plum-
age renewal from the summer until the overwintering
period, after the end of the autumn migration (Haukioja
1971; Ginn and Melville 1983; Jenni and Winkler 1994;

Rymkevich and Bojarinova 1996; Bojarinova et al. 1999;
Hedenström 2008; Newton 2009; de la Hera et al. 2012).
Yet adult birds cannot usually avoid replacing part of their
plumage, as their plumage may become too worn if not
renewed at least once per year (Jenni and Winkler 1994;
Newton 2009). Thus, adults under time constraints may
only increase the speed of molt or postpone their molt
such that it will take place during the overwintering period.
In contrast, for juveniles, increasing the speed of molt can-
not usually be accomplished because of their inability to
attain the high food intake that is necessary to meet the
elevated energetic demands of this process so soon after
fledging (Marchetti and Price 1989). In addition, juveniles
fledge with fresh plumage that may enable them to forgo
replacing part or all of their plumage during their first year
of life.
To this end, we hypothesize that in order to overcome

time constraints, adults will increase their speed of molt
or postpone their molt until the overwintering period,
whereas juveniles will replace only part of their plumage
or, similar to adults, will postpone their molt. We conse-
quently predict that (1) breeding latitude and migration
distance will affect molt patterns by imposing higher time
constraints on passerine birds; (2) all adult passerines will
renew all of their plumage at least once per year and, when
under time constraints, will increase the speed of molt or
postpone their molt; and (3) juveniles will postpone their
molt and molt only part of their plumage under time
constraints. Limited molt extent will hence be more com-
mon in juveniles than in adults.

Methods

Study Species and Sites

We measured wing and tail feather molt in a total of 134
passerine species. Both postjuvenile molt, which is the first
molt occurring immediately after fledgling at the breeding
grounds, and postbreeding molt of adult birds were re-
corded. From 2011 to 2015, we sampled live birds from
100 species at different sites across Israel, mostly in the
Beit-Shean Valley (327290N, 357310E), in the Judean Desert
(317320N, 357230E), on Mount Hermon (337190N, 357460E),
in the Soreq Valley (317460N, 347550E), and in Jerusalem (317
460N, 357120E). Additional data were obtained from bird
specimens stored at the Steinhardt National Collections of
Natural History at the Zoological Museum of Tel-Aviv Uni-
versity, Israel, and the Natural History Museum at Tring,
United Kingdom. We also used data from published litera-
ture (see details in tables S1–S3 in the Dryad Digital Repos-
itory: http://dx.doi.org/10.5061/dryad.q31s0; Kiat and Sapir
2017).
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Molt Extent and Duration

Molt extent was determined by documenting the molt of
the wing and tail feathers with a score of 0 (nonmolted
feather) or 1 (molted feather). A total of 47 feathers for
each individual were documented with this method, as
follows: greater coverts (GC1-10), carpal covert (CC), alulae
(Al1-3), primary coverts (PC1-9), primaries (P1-9), secondar-
ies (S1-6), tertials (T7-9), and rectrices (R1-6). We averaged
the scores of individual feathers across all measured feath-
ers for each individual in order to obtain an average value
for each individual and then averaged this value across all
the individuals of a specific species in order to calculate an
average species-specific molt-extent value.

Active molt of primary feathers was recorded for birds
in the field with a primary-score method that describes the
state of each primary feather on a scale of 0–5 (Ginn and
Melville 1983), as follows: 0 p a remaining old feather;
1 p a missing old feather or a new feather that is found
completely within its pin; 2 p a new feather just emerging
from its sheath up to one-third the length of a fully grown
feather; 3 p a new feather with a length between one-
third and two-thirds that of a fully grown feather; 4 p a
new feather that is more than two-thirds the length of a
fully grown feather and with remains of waxy sheath at
its base; and 5 p a new, fully developed feather with no
traces of remaining waxy sheath at its base. Molt duration
in species where the primary-score method could not be
applied was estimated with a model (Underhill and Zuc-
chini 1988) implemented in the R package “moult” (Erni
et al. 2012). This model was used to estimate postbreeding
molt duration in 13 species and postjuvenile molt duration
in 11 species. We additionally used data from published
literature that contained information on the postbreeding
molt duration of 67 species and the postjuvenile molt du-
ration of 17 species (see details in table S2 in the Dryad
Digital Repository: http://dx.doi.org/10.5061/dryad.q31s0;
Kiat and Sapir 2017). To describe molt strategies, we used
the terminology of Jenni and Winkler (Jenni and Winkler
1994). Since body mass is known to strongly affect molt
duration (Carrascal and Polo 2006; de la Hera et al. 2009a;
Rohwer et al. 2009), we added body mass as a predictor in
all of the models. Information about body masses was ob-
tained from Dunning (1992) as well as from our database
(see table S1 in the Dryad Digital Repository: http://dx
.doi.org/10.5061/dryad.q31s0; Kiat and Sapir 2017).

Migration Distance and Breeding Latitude

We considered breeding latitude and migration distance
as factors that may limit the time available for molt after
the breeding period. The mid–breeding latitude and the
mid–overwintering latitude data for each species (in de-

grees) were calculated with BirdLife distribution maps
(BirdLife International and NatureServe 2014). The mean
migration distance (in kilometers) was calculated with
Google Earth as the distance between these two latitudes.
The breeding and the overwintering grounds of many spe-
cies have a very wide range and also vary between years,
making our estimates crude. To deal with this uncertainty
and to account for within-species variation in breeding and
overwintering localities (by including most of the breeding
and overwintering localities of different populations of each
species), we classified migration distance and breeding lati-
tude into specific, wide-range, categories such that each spe-
cies was assigned to one of three breeding-latitude catego-
ries—257–407N, 407–557N, and 1557N—as well as to one
of three migration distance categories: 0–2,500, 2,500–
5,000, and 15,000 km.

Statistical Analysis

We used one-way ANOVAs to explore the effects of mi-
gration distance and mid–breeding latitude on molt extent
and duration and selected models based on the lowest cal-
culated Akaike information criterion, modified for small
sample sizes (AICc; Burnham and Anderson 2002). In ju-
veniles, in which high variation in the extent of post-
juvenile molt exists between different species, the number
of molted feathers may affect the duration of molt, as more
time may be required to replace more feathers. To examine
whether the extent of molt, migration distance, and breed-
ing latitude affect molt duration, we used regression, one-
way ANOVA, two-way ANOVA, and ANCOVA models
and selected the best model on the basis of AICc.We selected
a specific model only if it exhibited a DAICc 1 2 compared
to other models (Burnham and Anderson 2002). Because
adults molted all of their feathers in nearly all species (see
“Results”), no models explaining molt extent in adults were
used.
Since species-specific traits are known to be phylogenet-

ically conserved, closely related species cannot be consid-
ered statistically independent from each other. To account
for relatedness, we repeated the analysis, following the
independent-comparisons method, which identifies evo-
lutionarily independent comparisons (Felsenstein 1985).
To account for phylogenetic nonindependence, for all anal-
yses we used phylogenetic generalized least squares regres-
sion (Freckleton et al. 2002). We examined the strength of
phylogenetic nonindependence by using themaximum like-
lihood value of the scaling parameter l (Pagel 1997), im-
plemented in the R package “caper” (Orme 2013). Pagel’s
l is a multiplier of the off-diagonal elements of the variance-
covariance matrix; it provides the best fit of the Brownian
motion model to the tip data and ranges between 0 (no phy-
logenetic signal) and 1 (phylogenetic signal that depends
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on branch lengths, as in the analysis of phylogenetically in-
dependent contrasts). We then corrected for the effects of
shared ancestry, using the maximum value of l. For a com-
prehensive review of relevant comparative methods and
their use in ecological studies, see Mason (2010). We fol-
lowed the phylogeny outlined by Jetz et al. (2012), using
BirdTree.org (Rubolini et al. 2015); see figure A1. Analyses
(two-tailed, critical a p 0:05) were performed with R
(ver. 3.2.2).

Results

We obtained molt data from 12,349 individuals of 134
passerine species belonging to 57 genera (tables S2, S3 in
the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.q31s0; Kiat and Sapir 2017). All adults of all but
one species we examined underwent a complete post-
breeding molt that took place either before or after the au-
tumn migration in the breeding or overwintering grounds,
respectively, or split their molt such that it took place in
both the breeding and the overwintering areas (fig. 1).
In the latter scenario, birds arrested their molt during mi-
gration. The only species in which some individuals per-
formed an extensive partial postbreeding molt rather than
a complete molt was Phylloscopus trochilus. In contrast,
among juveniles, only 35.3% of the species (n p 36 out
of 102 species) went through a complete molt of their wing
and tail feathers during their first year of life, while 64.7%
(n p 66 out of 102 species) performed only a partial molt.

About half of the species whose juveniles performed a
complete wing and tail molt delayed this molt to the over-
wintering period (47.2%, n p 17 out of 36 species).
We found that the two selected models (DAICc ! 8:60)

explaining the variation in adult postbreeding molt dura-
tion included the independent variables migration distance
and breeding latitude, with (F4, 75 p 17:02, R2 p 0:45, P !

:001) and without (F3, 76 p 20:89, R2 p 0:43, P ! :001)
their interaction (table 1). Species characterized by north-
ern breeding latitudes and long migration distances were
found to molt relatively quickly (fig. 2). The two selected
models (DAICc ! 2:77) explaining the variation in the ex-
tent of postjuvenile molt included a model with the inde-
pendent variable migration distance (F2, 94 p 23:95, R2 p
0:32, P ! :001) and a model that included the indepen-
dent variables migration distance and breeding latitude, to-
gether with their interaction (F4, 92 p 13:33, R2 p 0:34,
P ! :001). This indicates a significant negative effect of
these factors on the extent of postjuvenile feather molt (ta-
ble 1). Short-distance migrants and southern species were
found to molt a greater proportion of their wing and tail
feathers than long-distance migrants and northern species,
likely as a result of the less constrained period over which
their molt process can be carried out (fig. 3). The selected
model (DAICc p 2:06) explaining the variation in post-
juvenile molt duration is a model that included the extent
of molt, indicating a significant positive effect of molt ex-
tent on molt duration (table 1). Species characterized by
an extensive molt replaced their feathers over a relatively
long period of time (F2, 25 p 10:62, R2 p 0:42, P ! :001;
fig. 4).
The results of the analysis suggest a high phylogenetic

signal in the data (average of maximum likelihood value
of l p 0:83; see details in table 1). All of the analyses were
corrected for the effects of phylogenetic relatedness by use
of the maximum value of l. The Pearson correlation coef-
ficient (r) between migration distance and breeding lati-
tude was 0.41 (t p 3:93, df p 78, P ! :001, n p 134 spe-
cies).

Discussion

The seasonal environments where many organisms live im-
pose time and energy constraints on different life-history
properties, including litter and clutch size, development
rate, and body size (for example Rowe et al. 1994; Abrams
et al. 1996; Gotthard et al. 1999; Wingfield 2008; Varpe
2012). The response of organisms to these constraints is
often age dependent, because these limiting factors may
operate differently on adult and young organisms (Mc-
Namara and Houston 1996; English et al. 2014). Our re-
sults suggest that the summer molt of both adult and ju-
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Figure 1: Timing of adult postbreeding molt (% of species, n p 134
species).
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venile passerines may be severely constrained by other
major energy-demanding processes in the annual cycle,
namely, breeding and migration. The limited time avail-
able for molt is an important consequence of the birds’
breeding and overwintering distribution ranges, such that
northerly breeding species and long-distance migrants are
considerably more stressed for time after breeding (Kiat
and Izhaki 2016b; Kiat et al. 2016). To overcome the lim-
ited time available for molt, different mechanisms have
evolved in juveniles and adults, depending on the life-
history time constraints of each age group. In the case of
adults, molt may start only after the end of the highly de-
manding food-provisioning period in which the birds in-
tensively forage to provide large quantities of food for
their young (Jenni and Winkler 1994; Siikamäki et al.
1994; Hemborg and Lundberg 1998). The duration of adult
molt is negatively affected by breeding latitude and migra-
tion distance, which apparently limit the time available for
molt, thereby strongly affecting molt patterns. Similarly,
the extent, rather than the duration, of juvenile molt is af-
fected by these two factors, suggesting that juveniles are
affected by these factors in a different way than adults are.
Yet despite the similar timing of molt onset and the appar-
ently similar effects of the aforementioned time stressors,
adult and juvenile birds developed very different strategies
of molt under time constraints.

In general, the molt of adults takes place either before or
after the autumn migration or is split between these two
periods (Jenni and Winkler 1994). Adults of almost all
of the passerine species examined in our study exhibited
a complete wing and tail molt. In the single exceptional
species (Phylloscopus trochilus), about 30% of the individ-
uals we sampled did not complete their postbreeding molt.
This rather odd pattern likely evolved as a consequence of
the unique second annual molt (prebreeding molt) in this
species that takes place in the overwintering areas, al-
lowing some individuals to forgo molting several feathers
in the postbreeding molt (Underhill et al. 1992). Adults
must molt their entire plumage at least once a year to en-
sure its functionality; thus, adults under time constraints
may only increase the speed of molt or postpone their
molt to a more convenient period during winter (figs. 1,
2; table 1). Each of these two responses may bear certain
associated consequences. For example, postponing molt
until the overwintering period may result in the undertak-
ing of the autumn migration with old, abraded flight feath-
ers (Holmgren and Hedenström 1995), while high molt
speed may cause the growth of poor-quality feathers (Hall
and Fransson 2000; de La Hera et al. 2009b), which may
lead to decreased survival and low future reproductive
success (Dawson et al. 2000). Furthermore, molting before
the autumn migration may overlap with breeding to some

Table 1: AICc and phylogenetic signal (l) of models explaining the duration and extent of summer feather molt in passerines

Explanatory variables in the model F (df ) R2 P l AICc DAICc

Adult postbreeding molt duration:
Body mass 1 migration distance # breeding latitude 17.02 (4, 75) .45 !.001 1.00 685.42 . . .
Body mass 1 migration distance 1 breeding latitude 20.89 (3, 76) .43 !.001 1.00 687.00 1.58
Body mass 1 breeding latitude 23.20 (2, 77) .36 !.001 .98 694.02 8.60
Body mass 1 migration distance 8.82 (2, 77) .17 !.001 1.00 715.35 29.93

Postjuvenile molt extent:
Body mass 1 migration distance 23.95 (2, 94) .32 !.001 .82 12.50 . . .
Body mass 1 migration distance # breeding latitude 13.33 (4, 92) .34 !.001 .78 13.19 .69
Body mass 1 migration distance 1 breeding latitude 15.97 (3, 93) .32 !.001 .80 15.27 2.77
Body mass 1 breeding latitude 4.94 (2, 94) .08 .009 .73 42.97 30.47

Postjuvenile molt duration:
Body mass 1 molt extent 10.62 (2, 25) .42 !.001 1.00 271.70 . . .
Body mass 1 molt extent 1 breeding latitude 7.40 (3, 24) .42 .001 .99 273.76 2.06
Body mass 1 migration distance 8.98 (2, 25) .37 .001 1.00 273.76 2.06
Body mass 1 breeding latitude 12.15 (2, 25) .45 !.001 .00 274.69 2.99
Body mass 1 migration distance 1 breeding latitude 6.78 (3, 24) .39 .002 .96 274.77 3.07
Body mass 1 molt extent 1 migration distance 6.81 (3, 24) .39 .002 1.00 274.93 3.23
Body mass 1 migration distance # breeding latitude 7.54 (4, 23) .49 !.001 .00 275.51 3.81
Body mass 1 molt extent # breeding latitude 5.29 (4, 23) .39 .004 .98 275.72 4.02
Body mass 1 molt extent # migration distance 5.16 (4, 23) .38 .004 1.00 276.25 4.55
Body mass 1 molt extent 1 migration distance 1 breeding latitude 5.34 (4, 23) .39 .003 .98 277.41 5.71

Note: AICc p Akaike information criterion, modified for small sample sizes. Selected models (DAICc ! 2) are shown in boldface.
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degree, which could also reduce fitness (Svensson and
Nilsen 1997; Hemborg and Lundberg 1998; Hemborg et al.
1998).

We note that, in contrast to adult birds, juveniles prob-
ably cannot obtain the high food quantities required to
boost their molt speed, likely because of their overall lim-
ited foraging capabilities (Marchetti and Price 1989). Ju-
veniles start their life with fresh plumage, such that they
may forgo replacing part of their plumage during their
first year of life. Indeed, our results suggest that under
time constraints, juveniles molt fewer feathers, replacing
only part of their plumage in order to shorten their molt
duration (fig. 3; table 1). Our findings further suggest that
for juveniles, complete (postjuvenile) molt is probably an
optimal molt strategy in habitats with favorable environ-
mental conditions, where birds would have a long time
to complete their molt after the end of the breeding season
and in which food is readily available. Indeed, this has
been described in some tropical and subtropical areas

(Fogden 1972; Kiat and Izhaki 2016b). We propose that
partial postjuvenile molt has evolved in long-distance mi-
grant species under conditions of limited time for molt.
This partial molt has probably been made possible only
because nest-grown juvenile feathers may last for a rela-
tively long period by being structurally durable, allowing
the birds to replace only part of their plumage. We conse-
quently predict more-durable nest-grown juvenile feathers
in species characterized by time-limited postjuvenile molt,
as more-durable juvenile plumage at fledging may enable a
less extensive and overall shorter postjuvenile molt. How-
ever, among many species, for example, those that renew
their entire plumage soon after fledging, juvenile plumage
is not structurally durable (Kiat and Izhaki 2016b). In
addition, the quality of the juvenile plumage is affected
by the overall duration that the young spend in the nest
(e.g., Rohwer et al. 2005). Therefore, we propose that fu-
ture exploration of the relationship between the extent
of postjuvenile molt and juvenile feather durability may
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Figure 2: Effects of migration distance (A) and breeding latitude (B) on the duration of adult postbreeding molt. The box plots display the
fifth, twenty-fifth, fiftieth (median), seventy-fifth, and ninety-fifth percentiles of the data of each category.
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enhance the understanding of structural, functional, and
life-history trade-offs in birds.

Time constraints, which may be caused by various bi-
otic and abiotic factors, represent an important ecological
burden for many organisms (Dunbar et al. 2009). They
may affect life-history traits, annual-routine timing, and
animal behaviors such as foraging patterns (Lewis et al.
2004), sexual selection (Backwell and Passmore 1996), pa-
rental care (Rauter and Moore 2004), and body growth
rate (De Block and Stoks 2004) as well as body size, mat-
uration age, and willingness to take risks (Johansson and
Rowe 1999). Here, we suggest that passerines developed
specific adaptations to deal with time constraints on a ma-
jor life-history process, namely, the summer feather molt.
These adaptations include the shortening of molt dura-
tion, the postponement of the molt, and the execution of
only a partial, rather than a complete, molt. The implica-
tions of these adaptations could be substantial. For example,
rapid molt by adults may promote risk-taking behavior dur-
ing foraging to meet the elevated metabolic demands of the

molt process.Moreover, the energy cost of flightmay be addi-
tionally increased because of the larger feather gaps that are
created during a fast molt (Haukioja 1971; Hedenström and
Sunada 1999; Bridge 2003; Hedenström 2003; but see Chai
1997).
A different consequence of time constraints on the

feather molt process is related to the allocation of resources
in the synthesis of newly grown feathers. It has been found
that molt under time stress, in which feathers grow more
rapidly, results in low-quality feathers, compared to those
grown over a relatively longer time period (Dawson et al.
2000; Hall and Fransson 2000; Serra 2001; Dawson 2004;
Serra et al. 2007). This may affect feather functionality and,
in extreme cases, may even necessitate undertaking another
molt cycle, as in P. trochilus (de la Hera et al. 2010). It
appears that there is a limit on the rate at which birds
can grow individual feathers, and there is surprisingly little
variation across species of different size with regard to
feather growth rate, which implies that most birds generate
feather tissue as fast as they possibly can (Rohwer et al.
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Figure 3: Effects of migration distance (A) and breeding latitude (B) on the extent of postjuvenile molt. The box plots display the fifth,
twenty-fifth, fiftieth (median), seventy-fifth, and ninety-fifth percentiles of the data of each category.

190 The American Naturalist



2009; Rohwer and Rohwer 2013). Birds can increase their
overall rate of feather replacement by growing more feath-
ers simultaneously, but it may be this fundamental limit on
individual feather growth, along with the need to maintain
enough wing surface for flight (Kiat et al. 2016), that de-
termines the minimum molt period for many species. This
idea is an alternative to the notion that molt is limited by
constraints on resource acquisition.

Age-related differences in behavior, physiology, and
life-history transitions may be the outcome of various se-
lection pressures affecting movement patterns, responses
to environmental variability, mortality, and reproduction
(e.g., Holberton and Able 2000; Berkeley et al. 2004;
Bowen et al. 2006; Descamps et al. 2006; Weladji et al.
2006; van den Hout et al. 2008). Time stressors, which af-
fect juvenile and adult animals differently, may conse-
quently modulate the properties of major annual routine
processes in various organisms. Our findings highlight age-
related differences in molt properties in songbirds, specifi-
cally suggesting that, as opposed to adults, time-constrained
juveniles do not molt their entire plumage, likely because
they cannot obtain sufficiently high food intake rates re-
quired to increase their speed of molt. Indeed, in species

that undertake a complete postjuvenile molt, juveniles
molt relatively slowly, compared with adults that undergo
a complete molt at an approximately similar time of year
(Kiat and Izhaki 2016b). Energy budgets of animals are
potentially limited by several factors, including the avail-
able feeding time and the metabolic capacity of the animal
(Hammond and Diamond 1997). In our case, limits on
energy budgets, probably resulting from poor foraging ca-
pabilities of juvenile birds, had a decisive role in shaping
bird evolutionary response to time constraints in relation
to feather molt. Our findings suggest that two different
adaptations to mitigate time constraints have evolved in
passerines and that they are employed according to bird
age.
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APPENDIX

Pyrrhocorax pyrrhocorax
Corvus frugilegus
Corvus corax
Corvus corone
Corvus monedula
Pica pica
Lanius minor
Lanius isabellinus
Lanius collurio
Lanius nubicus
Lanius excubitor
Remiz pendulinus
Parus major
Parus palustris
Parus ater
Parus montanus
Parus caeruleus
Panurus biarmicus
Ammomanes deserti
Alauda arvensis
Galerida cristata
Lullula arborea
Melanocorypha calandra
Riparia riparia
Hirundo fuligula
Hirundo rustica
Hirundo daurica
Prinia gracilis
Cisticola juncidis
Sylvia nana
Sylvia curruca
Sylvia hortensis
Sylvia melanothorax
Sylvia rueppelli
Sylvia melanocephala
Sylvia communis
Sylvia atricapilla
Sylvia borin
Phylloscopus orientalis
Phylloscopus trochilus
Phylloscopus collybita
Cettia cetti
Aegithalos caudatus
Pycnonotus xanthopygos
Hippolais icterina
Hippolais olivetorum
Hippolais pallida
Acrocephalus arundinaceus
Acrocephalus stentoreus
Acrocephalus scirpaceus
Acrocephalus schoenobaenus
Acrocephalus melanopogon
Locustella fluviatilis
Locustella luscinioides
Acrocephalus palustris
Troglodytes troglodytes
Certhia familiaris
Sitta neumayer
Sitta europaea
Sturnus vulgaris
Onychognathus tristramii
Turdus philomelos
Turdus viscivorus
Turdus merula
Turdus torquatus
Turdus pilaris
Turdus iliacus
Phoenicurus ochruros
Phoenicurus phoenicurus
Saxicola torquatus
Saxicola rubetra
Oenanthe leucopyga
Oenanthe lugens
Oenanthe finschii
Cercomela melanura
Oenanthe hispanica
Oenanthe monacha
Oenanthe deserti
Oenanthe isabellina
Oenanthe oenanthe
Monticola solitarius
Luscinia calliope
Ficedula hypoleuca
Luscinia svecica
Luscinia megarhynchos
Luscinia luscinia
Erithacus rubecula
Muscicapa striata
Tarsiger cyanurus
Regulus regulus
Anthus spinoletta
Anthus pratensis
Anthus cervinus
Anthus trivialis
Motacilla citreola
Motacilla flava
Motacilla alba
Motacilla cinerea
Coccothraustes coccothraustes
Pyrrhula pyrrhula
Carpodacus synoicus
Bucanetes githagineus
Carduelis spinus
Carduelis flavirostris
Carduelis cannabina
Serinus pusillus
Serinus serinus
Serinus syriacus
Carduelis flammea
Carduelis carduelis
Rhodopechys obsoletus
Rhodopechys sanguineus
Carduelis chloris
Fringilla coelebs
Fringilla montifringilla
Miliaria calandra
Emberiza hortulana
Emberiza citrinella
Emberiza cia
Emberiza melanocephala
Emberiza schoeniclus
Emberiza striolata
Calcarius lapponicus
Plectrophenax nivalis
Passer domesticus
Passer hispaniolensis
Passer montanus
Passer moabiticus
Petronia petronia
Prunella modularis
Nectarinia osea

20

Figure A1: Phylogenetic tree for the 134 species included in the analysis.
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Eurasian crimson-winged finch (Rhodopechys sanguineus): young male after partial postjuvenile molt. Photo credit: Yosef Kiat.
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