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Replacement of rectrices by wintering White Wagtails: an experiment to
examine effects of sex, age, and body condition

Reemplazo de las rectrices en Motacilla alba lugens durante el invierno: un experimento
para examinar los efectos del sexo, la edad y la condición corporal
Masaoki Takagi 1,2 

ABSTRACT. Adventitious replacement is regrowth of accidentally lost feathers outside usual molt periods. To examine the intrinsic
factors affecting adventitious replacement, I conducted feather-plucking experiments on White Wagtail (Motacilla alba lugens) during
the coldest time of the year. I examined sex, age class, and body condition of wagtails as potential factors affecting the ratio of the
lengths of regrown rectrices (T4) to their original lengths. I captured and ringed 288 wagtails in January, plucked and measured the
length of the right T4, and measured tarsus length and mass. I recaptured 121 of the wagtails approximately 6 weeks later, and plucked
and measured their regrown T4s. In a modeling analysis of the ratio of original to fully grown T4, males regrew their T4s to lengths
closer to those of their original T4s than did females. Males are presumed to need longer tail feathers than females. Differences in
regrowth were not explained by age class. Both adults and yearlings must acquire sufficiently long rectrices for them to achieve full
their functionality significance. Individuals in better condition tended to regrow their T4s to lengths closer to those of their original
T4s than did individuals in poorer condition. Adventitious replacement may be influenced by body condition in those individuals that
finished regrowing their rectrices early. In an analysis of the ratio of original to regrowing T4, the ratio for adults was greater than that
for yearlings. Yearlings may be slower than adults to fill the gap left by losing a T4, or juveniles may have begun regrowth of their
plucked T4s later than adults. Sex and body condition did not significantly contribute to the model. Because age-class difference in the
regrowth speed of T4s might not be influenced by body condition, adventitious replacement is worthy of careful examination in the
future in the context of life history strategies.

RESUME_. El reemplazo adventicio es el crecimiento nuevo de las plumas accidentalmente perdidas por fuera del periodo de muda
usual. Para examinar los factores intrínsecos afectando el reemplazo adventicio, realicé un experimento removiendo plumas de
Motacailla alba lugens durante el periodo más frio del año. Examiné el sexo, la clase etaria y la condición corporal de M.a.lugens como
factores potenciales que afectan la razón entre la longitud de las rectrices nuevas (T4) y la longitud de las rectrices originales. Capturé
y anillé 288 individuos de M.a.lugens en enero y removí y medí la longitud de la pluma derecha T4 y medí la longitud del tarso y el
tamaño corporal. Capturé 121 de los individuos medidos aproximadamente 6 semanas después y removí y medí la longitud de la pluma
T4 nueva. En un análisis de modelamiento de la razón de la longitud de la pluma T4 original a la longitud de la pluma nueva
completamente crecida, los machos crecieron las T4 a longitudes similares de las plumas originales comparado con las hembras.
Presuntamente, los machos necesitan plumas más largas que las hembras. Las diferencias en el crecimiento no fueron explicadas por
la clase etaria. Ambos adultos y los juveniles de primer año deben adquirir rectrices suficientemente largas para alcanzar la significancia
funcional completa. Individuos en mejores condiciones tendieron a crecer sus T4 a largos más similares que las originales comparado
con individuos en peores condiciones. El reemplazo adventicio puede estar influenciado por la condición corporal en aquellos individuos
que terminaron el crecimiento de sus rectrices tempranamente. En un análisis de la razón de la longitud de la T4 original y la nueva,
la razón de los adultos fue mayor que la de los juveniles. Los juveniles pueden llenar el vacío dejado por la pérdida de la T4 más despacio
que los adultos, o los juveniles pueden haber iniciado el crecimiento de las T4 removidas más tarde que los adultos. El sexo y la condición
corporal no contribuyeron significativamente en el modelo. Debido a que las diferencias en la velocidad de crecimiento de las T4 por
clase etaria pueden no estar influenciado por la condición corporal, es importante la exploración cuidadosa del remplazo adventicio
en el futuro en el contexto de las estrategias de historia de vida.

Key Words: adventitious replacement; age class; body condition; feather-plucking experiments; Motacilla alba lugens; rectrix; sex

INTRODUCTION
Feathers provide insulation, which enables birds to maintain a
high body temperature; they are also essential for physical
protection and flight, and serve visual communication and
camouflage purposes (Ginn and Melville 1983). Birds maintain
good feather condition by preening and by bathing in water or
dust (Mench and Blatchford 2013). Because feathers cannot self-

repair, they are replaced regularly in a comprehensive way, both
seasonally and with age, in the process known as “molt” (Gill
2007, Jenni and Winkler 2020). Molt serves to maintain the
plumage in good condition and adjusts the plumage
characteristics to the bird’s changing needs during its lifetime
(Jenni and Winkler 1994). Molt is one of the three most energy-
demanding processes in the life cycle of birds (Newton 2009).
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Birds regularly face the energetically demanding task of molting
all their flight and body feathers (Jenni and Winkler 2020).
Complete molt typically follows the breeding season in the
warmest months of the year and precedes migration (Gill 2007).
Molt also competes with migration in terms of time and energy,
and the performance of the bird (Jenni and Winkler 2020).  

Replacement of accidentally lost feathers outside the molt periods
is known as adventitious replacement (Jenni and Winkler 2020).
Experiments involving the plucking of rectrices have been
conducted to explore whether original and replaced feathers show
structural and mechanical differences (Grubb 1989, Reudink et
al. 2008, De la Hera et al. 2010, 2015). In Downy Woodpeckers
(Picoides pubescens), replaced rectrices are shorter than original
feathers (Grubb 1989). In Eurasian Blackcaps (Sylvia atricapilla),
replaced rectrices have wider rachides and greater density of barbs
but are lighter, shorter, and less stiff  than original feathers (De la
Hera et al. 2010). Experiments on wintering American Redstart
(Setophaga ruticilla) that compared stable hydrogen isotopes (δD)
and color between original and regrown rectrices showed that
regrown feathers had highly positive δD signatures and low red
chroma (Reudink et al. 2008). Simultaneous loss of primary and
tail feathers in Eurasian Blackcaps and European Robins
(Erithacus rubecula) suggests that rapid repair of the most
essential feather tracts is also evolutionarily advantageous during
the adventitious replacement of plumage (De la Hera et al. 2015).
Adventitious replacement would have been favored by natural
selection because the energetic costs of regrowth are lower than
the long-term costs of maintaining an incomplete plumage until
the following molt (Grubb 2006, Møller et al. 2006). The effects
of age class and body condition in rectrix-plucking experiments
have been examined only in terms of feather color in American
Redstart males, and resulted in both yearlings and adults
regrowing rectrices with reduced carotenoid content (Tonra et al.
2014). In order to elucidate the ecological and evolutionary
significance of adventitious replacement, it is essential to
adequately examine which individual traits, such as sex, age, and
body condition, are associated with adventitious replacement,
although as yet, this has not been sufficiently achieved.  

Experimental studies on adventitious replacement have been
conducted mainly by plucking a single rectrix, for two main
reasons. First, there is evidence that fault bars, which have long
been known as common feather growth abnormalities in birds
(Riddle 1908), occur more frequently on avian rectrices than on
remiges (American Kestrel Falco sparverius [Bortolotti et al.
2002], Barn Swallow Hirundo rustica [Serrano and Jovani 2005]).
This implies that rectrices play a less important functional role
than remiges. I thus hypothesized that only individuals in better
body condition or requiring more tail function would regrow a
lost rectrix. Second, rectrix-plucking experiments mimic natural
situations because tail feathers are highly susceptible to accidental
loss (Møller et al. 2006, Reudink et al. 2008). Tail movements
occur and are obvious in many bird species (Randler 2016). Some
hypotheses have been proposed to explain the functional
significance of morphometric tail traits and/or movements in
intra- and inter-specific signaling contexts. Thus, tail movements
might signal to a predator that the signaler has detected it or is
particularly alert or otherwise difficult to catch; they may warn
conspecifics of predators; or they might advertise quality as a

mate, signal social status, or aid in flock cohesion (reviewed in
Randler 2016).  

I conducted plucking experiments on the rectrices of wintering
White Wagtail (Motacilla alba lugens), in light of the ecological
importance of rectrices for the species. The normal molt periods
of this taxon are as follows: complete definitive prebasic molt
during July–August; partial preformative molt (almost all
feathers, excluding primary, secondary, and rectrices) by late
summer; and first and definitive prealternate molt of all head and
body feathers starting from February to April (Yamashina 1934,
Bird Migration Research Center 1983). It may be difficult for
White Wagtails to maintain their body condition during the
coldest period of the year because the body masses of wintering
wagtails are toward the light end of their range at that time of
year (Hirano 2009, this study).  

I examined sex, age class, and body condition of wagtails as
potential factors that affect the ratio of the lengths of regrown
and original rectrices. Furthermore, wagtails are clearly
representative of birds that frequently wag their tails (Alström
and Mild 2003), and it has been suggested that such tail wagging
may be an honest signal of vigilance during both feeding and
preening when the wagtail is aware of an ambushing predator
(Randler 2006). Male wagtails approach females while lowering
their body and spreading and slightly drooping their wings and
tail, and court females by widely spreading their tail feathers
(Alström and Mild 2003, Kawabe 2006). Thus, it is inferred that
tail traits are important for both natural and sexual selection in
wagtails. After showing how sex, age, and body condition are
related to rectrix regrowth, I discuss the behavioral ecological
aspects of adventitious replacement in wagtails.

METHODS

Materials and study site
White Wagtails breed throughout the Japanese archipelago
(Ornithological Society of Japan 2012). Northern breeding
populations, especially those of Hokkaido, winter in southwest
central Honshu from October to April (Yamashina 1934,
Yamashina Institute for Ornithology 1996) and join communal
roosts (Broom et al. 1976, Watanabe and Maruyama 1977). A
communal roost was located and studied at Yamato River Bridge
on Route 26, on the Yamato River that divides Sakai and Osaka
cities in Honshu, Japan (34°35'53" N, 135°28'51" E). The average
minimum temperature at the roosting site was 1.1–1.3ºC during
January and February (the coldest period of the winter) from
1981 to 2010 (Japan Meteorological Agency 2010).

Field procedure
I captured wagtails at the communal roost during two periods:
13, 15, and 17 January 2002; and 26 February and 1 and 5 March
2002. To capture several wagtails simultaneously, I opened two
mist-nets (one LTX 20 m long 36-mm mesh net, and one ATX 12
m long 36-mm mesh net) below the bridge at 0500, approximately
1 or 2 hours before dawn, when wagtails leave the communal roost
for the day.

Data collection
All the captured wagtails were safely transported by car to Osaka
City University, 2.7 km away from the communal roost where
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they had been captured, and all the following procedures were
carried out in the laboratory. In the first period, wagtails were
ringed individually with numbered metal leg rings, were aged as
either yearling (first winter) or adult (older), and were sexed using
plumage characteristics as described by Bird Migration Research
Center (1983). I measured tarsus length to the nearest 0.01 mm
using digital calipers (Mitutoyo ABS digimatic calipers CD-15CP),
according to Svensson (1992). Tarsus length is most suitable as the
covariate because it is one of the best predictors of body size (Senar
and Pascual 1997). Body mass was measured to the nearest 0.1 g
using a digital balance (Tanita pocketable scale KP-104). I plucked
right rectrix T4 and measured its length (from the inferior
umbilicus to the tip of the rachis) to the nearest 0.01 mm using the
digital caliper. This was recorded as the original T4 length (OLT4).
I did not detect any difference in feather wear between age and sex
classes among the originally plucked feather samples.  

During the second period, I recaptured banded wagtails to reweigh
and inspect them. The rectrices were examined to confirm if  a new
T4 was regrowing from the position of the plucked T4. All T4s
were plucked again regardless of whether they were regrowing or
had already been fully regrown during adventitious replacement.
Those exhibiting a T4 root sheath were classified as regrowing,
while those with T4 present but without sheaths were classified as
fully regrown and were remeasured. I plucked new, replacement
right T4s and remeasured them (RLT4) as before. Individuals that
had not regrown a new T4 were included in the following analyses,
using 0 cm as the length of the T4 length. All wagtails were released
on the riverbed, 2.57 km away in a straight line from the roost, as
soon as possible after the treatment was completed.  

The experiment was approved by the Japanese Ministry of
Environment under the Wildlife Protection, Management and
Hunting Act, with considerations including animal welfare
(permission number was #7-17 issued on 20 December 2001).

Statistical analyses
The normality of the distribution of OLT4 was tested using the
Shapiro-Wilk normality test in the R package. I used a two-way
analysis of variance (ANOVA) to assess whether sex and age class
(both as two-level factors) influence OLT4, using the R package
psych (Revelle 2021). To compare OLT4 and fully grown RLT4, I
made comparisons in each combination of sex and age class (i.e.,
yearling female, adult female, yearling male, and adult male), using
the Wilcoxon signed rank test in the R package exact Rank Tests
(Hothorn and Hornik 2021). In the comparison, no Bonferroni
correction was applied due to the sharp drop in statistical power
and the possibility of Type II error (Nakagawa 2004).  

For both fully grown and growing T4 feathers, I assessed separately
whether the ratio of RLT4 to OLT4 was influenced by each
individual trait. I constructed a generalized linear model with a
Gaussian distribution and identity link function. The shortest
interval between first capture and recapture was 40 days and the
longest was 51 days, a difference of 11 days. In the analyses that
follow, the effect of the difference in the length of time between
capture and recapture was considered as the capturing days interval
(CDI). I adopted a body condition index (BCI), wherein body mass
(g) *100 was divided by tarsus length3 (cm3). In a completely
different context from this study, Takagi (2022) conducted

statistical tests that compared sex and age class differences in BCI
based on the same data set. Thus, to avoid duplication of analyses
in both papers, only descriptive statistics are presented here, and
no comparative statistical analysis is described. When
comparative information was necessary for this paper, I referred
to Takagi (2022). I also adopted a change index in body condition
index (BCCI), which was BCI in the first period minus BCI in the
second period, for each individual.  

I designated RLT4 as the response variable with two categorical
variables, sex and age class (both as two-level factors), and CDI,
BCI, and BCCI (as three continuous values) as the five predictor
variables, along with the offset term OLT4 for each wagtail. The
“offset” method is a suitable means of creating a model without
distorting the distribution by division when the ratio is the
response variable (Kubo 2012). The model was simplified by
eliminating independent variables with P > 0.05. Likelihood ratio
tests were used to select the parsimonious final model (Burnham
and Anderson 2002). Because I constructed the generalized linear
model using the offset term, the resulting figure was based on
RLT4 divided by OLT4.  

All data are expressed as mean ± SD (n) unless stated otherwise.
All statistical analyses were conducted in R software version 3.4.4
(R Core Team 2018).

RESULTS
Out of four combinations of sex and age classes (Fig. 1), three
followed a normal distribution (Shapiro-Wilk normality test:
adult male, W = 0.991, P = 0.821; yearling male, W = 0.976, P =
0.288; adult female, W = 0.990, P = 0.843), whereas the frequency
distribution of yearling females deviated slightly from the normal
distribution (W = 0.970, P = 0.0452). OLT4s (mm) were 102.50
± 2.58 (n = 88) for adult males, 101.66 ± 2.60 (n = 46) for yearling
males, 97.54 ± 2.82 (n = 70) for adult females, and 98.08 ± 3.43
(n = 84) for yearling females. The OLT4 of males was significantly
longer than that of females (two-way ANOVA, F1, 284 = 161.67,
P < 0.0001), and there was no significant difference between the
two age classes (F1, 284 = 0.039, P = 0.084). The significance level
of the interaction between sex and age class was marginal due to
including a few yearling females with longer OLT4 (F1, 284 = 3.836,
P = 0.051) (Fig. 1). BCIs in the first period were 0.183 ± 0.015 (n 
= 88) for adult males, 0.177 ± 0.016 (n = 46) for yearling males,
0.180 ± 0.014 (n = 70) for adult females, and 0.184 ± 0.018 (n =
84) for yearling females.  

Of 288 wagtails that were captured in the first period, 121 were
recaptured in the second period. All the adult males had unfurled
the mature part of the replaced T4 by the second period (Table
1). One adult female and one yearling male did not regrow a new
T4, and 61% of yearling males and 56% of yearling females had
fully regrown their T4s (Table 1). Although 13% of yearling
females did not grow a new T4, 56% had fully regrown their T4s
(Table 1). A higher proportion of yearlings (58%) than adults
(45%) had fully regrown their T4s, but a higher proportion of
yearlings (11%) also showed no new growth compared with adults
(2%). There was a bimodal response to plucking among the
yearlings, and there was a significant difference in the
distributions of feather states between adults and juveniles
(Fisher’s exact test, P = 0.014).
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Fig. 1. Frequency distributions of the original T4 length
(OLT4) and the normal probability density distributions of
OLT4 in (A) adult males, (B) yearling males, (C) adult females,
and (D) yearling females. Vertical lines on the x-axis show
OLT4 for all individuals. The solid vertical downward arrows
indicate the mean values category.

There was no significant difference in BCI among the three groups
with fully grown and growing T4s and those lacking a T4 after
plucking (one-way ANOVA: in the first period, F1, 119 = 0.039, P
= 0.845; in the second period, F1, 119 = 0.98, P = 0.32).  

Some individuals with regrowing T4s had reached T4 lengths
equivalent to those of individuals that had already finished
regrowing their T4s (Fig. 2). While many individuals had fully
grown T4s, there was a small number of individuals with various
lengths of growing T4s (Fig. 2).

Table 1. Number (percentages) of three statuses of T4 growth in
relation to combination of age class and sex.
 

Rectrix state (% individuals)

Age
class

Sex Fully regrown Growing Ungrown Total

Adult Male 18 (44) 23 (56) 0 41
Female 11 (48) 11 (48) 1 (4) 23
Total 29 (45) 34 (53) 1 (2) 64

Yearling Male 11 (61) 6 (33) 1 (6) 18
Female 22 (56) 12 (31) 5 (13) 39
Total 33 (58) 18 (32) 6 (11) 57

Fig. 2. Frequency distributions of the replacement T4 length
(RLT4) in (A) adult males, (B) yearling males, (C) adult
females, and (D) yearling females. Vertical lines on the x-axis
show RLT4 for all individuals. The solid vertical downward
arrows indicate the mean value of fully grown RLT4. The solid
and dashed horizontal arrows indicate the ranges of the fully
grown RLT4s and the growing RLT4, respectively.
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RLT4s (mm) that had already finished regrowing were 99.27
± 3.59 (n = 18) for adult males, 98.81 ± 3.59 (n = 11) for yearling
males, 93.69 ± 2.98 (n = 11) for adult females, and 95.39 ± 2.98
(n = 22) for yearling females. In each of the four sex–age classes,
fully grown RLT4 was significantly shorter than OLT4 (Wilcoxon
signed rank test: adult male, V = 163, P < 0.001; yearling male,
V = 65, P = 0.0019; adult female, V = 66, P < 0.001; yearling
female, V = 65; P = 0.002).  

BCIs in the second period were 0.182 ± 0.015 (n = 41) for adult
males, 0.173 ± 0.012 (n = 18) for yearling males, 0.174 ± 0.016 (n 
= 23) for adult females, and 0.176 ± 0.013 (n = 39) for yearling
females. BCCIs were 0.000519 ± 0.00959 (n = 41) for adult males,
0.00289 ± 0.00988 (n = 18) for yearling males, 0.000796 ± 0.00931
(n = 23) for adult females, and 0.00569 ± 0.00869 (n = 39) for
yearling females. There was a significant difference in BCCI only
between age classes (two-way ANOVA; sex: F1, 117 = 0.637, P =
0.43; age: F1, 117 = 4.33, P = 0.040; interaction: F1, 117 = 0.495, P 
= 0.48). Thus, the body condition of yearlings decreased
significantly more between the first and second captures
compared with that of adults.  

The most parsimonious models in the generalized linear model
analysis of the ratio of fully grown RLT4 with BCI in the first
period or BCCI included only sex (log likelihood in sex: c2 = 22.63,
df = 1, P < 0.0001) (Table 2), and the model with BCI in the
second period included both sex and BCI (likelihood ratio test in
sex: c2 = 4.259, df = 1, P = 0.040; in BCI: c2 = 22.77, df = 1, P <
0.0001) (Table 2, Fig. 3AB). A difference in the ratios of RLT4 to
OLT4 was detected between males and females (Fig. 3A), and the
ratio increased with BCI (Fig. 3B).

Table 2. Regression coefficients of the ratio of the regrown T4 to
the original T4 in the most parsimonious final models, in the
results of generalized linear model with a Gaussian distribution
and identity link function. Results for models that incorporated
(A) body condition indexes (BCI) in the first period, (B) in the
second period, and (C) the change index of body condition
(BCCI) in the first and second periods. Numbers of adult males
= 41, yearling males = 18, adult females = 23, and yearling females
= 39.
 

Variables Estimate SE t value  P

(A) Intercept 85.72 8.38 10.23 < 0.0001
Sex (male) 4.33 0.86 5.04 < 0.0001

(B) Intercept 82.43 8.73 9.44 < 0.0001
Sex (male) 4.33 0.85 5.09 < 0.0001

BCI 6036.92 2842.27 2.12 0.038
(C) Intercept 94.09 7.01 13.43 < 0.0001

Sex (male) 4.35 0.88 4.93 < 0.0001

All of the most parsimonious models included only age class in
the analysis of the ratio of growing RLT4 with BCIs in the first
period (age class [male], estimate = 28.45, SE = 8.12, t = 3.51, P 
= 0001) or second period (estimate = 33.35, SE = 7.69, t = 4.34,
P < 0.0001) or BCCI (estimate = 28.07, SE = 8.22, t = 3.41, P =
0.0012; likelihood ratio test: c2 = 16.841, df = 1, P < 0.0001) (Fig.
3C). The ratio of RLT4 to OLT4 in adults was clearly greater than
in yearlings. A bimodal pattern among yearlings is also shown in
Fig. 3C, with seven of them exhibiting ratios near 1.0 (similar to
many adults), very few exhibiting ratios between 0.5 and 0.9

(unlike adults), and another large proportion exhibiting ratios
between 0.2 and 0.4.

Fig. 3. (A) Comparison of the ratio of fully grown replaced
length of T4 (RLT4) to original length of T4 (OLT4) in males
and females. The lower and upper edges of the boxes represent
the first and third quartiles, respectively, while the solid lines
dividing each box are the medians, and the black dots represent
means. The vertical whisker lines include the ranges of values.
Parentheses on the x-axis show sample sizes. (B) Relationship
between body condition index (BCI) and the ratio of fully
grown RLT4 to OLT4. Dark grey dots indicate males; open
dots indicate females. Linear regressions are for males (solid
line y = 0.360x+0.904) and females (dotted line y =
0.379x+0.899), where y is the ratio of fully grown RLT4 to
OLT4, and x is BIC. (C) Comparison of the ratio of growing
RLT4 to OLT4 in relation to age class. Open dots represent
individuals; the other symbols used are the same as in (A).

DISCUSSION
Altogether, the categorical analysis (Table 1), the frequency
distribution of RLT4 (Fig. 2), and the comparison of the ratio of
growing RLT4 to OLT4 in relation to age class (Fig. 3C) suggest
that there are two groups of yearlings: one that is a quick-replacer
and one that is a slow- or non-replacer. The difference could be
derived from the timing of their hatching because White Wagtails
(subspecies alba) have been reported to show faster molt in late
broods than in early broods (Yakovleva et al. 1987). This could
be tied to carry-over effects from the fall migration and/or fall
molt of young birds. Carry-over effects occur when processes in
one season influence the success of an individual in the following
season (Inger et al. 2010, Harrison et al. 2011). Thus, if  there are
carry-over effects of molt timing from the summer to the winter,
this could create a bimodal distribution of adventitious
replacement in the winter. This also raises the possibility of carry-
over effects among young birds, with one group being much more
prepared for spring migration/breeding than the other group.  

In this plucking experiment, males had a significantly greater
proportion of individuals with fully grown T4 feathers than did
females (Table 1). In the analysis of wagtails with fully grown T4
feathers, males regrew T4s to lengths closer to those of the
originals than did females (Table 2, Fig. 2). Males are presumed
to need longer tail feathers than females because males of the
Japanese population court females by fanning their rectrices wide
open (Kawabe 2006). Unequal-length rectrices may convey a
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poorer impression of the quality of males to females (reviewed
in Romano et al. 2017).  

Even though preformative molt does not change rectrices, there
was no difference in OLT4 between age classes for both sexes.
Remiges and rectrices of juveniles are generally shorter than those
of adults, including M. alba alba (Demongin 2016). Because wing
length of M. alba lugens was significantly longer in adults than
in juveniles, in a study conducted on the same data set as this
research (Takagi, in preparation), the absence of the difference in
OLT4 between juveniles and adults in this study deviates from the
general tendency.  

The difference in length (as an estimate of investment) between
OLT4 and RLT4 was not explained by age class in the model. This
result seems in agreement with Randler’s (2006) suggestion that
adult and juvenile wagtails do not differ in their frequency of tail
wagging. Both adults and juveniles must acquire sufficiently long
rectrices for them to achieve their functional significance if, as
Randler (2006) suggests, tail wagging is an honest signal of
vigilance during both feeding and preening. It is inferred that
juveniles benefit from having T4s as long as those of adults for
survival.  

Body condition in the first period, when T4 was first plucked, was
not related to the ratio of RLT4 to OLT4, but individuals in better
condition in the second period tended to regrow their T4s to
lengths closer to those of their original T4s (Table 2, Fig. 3B). It
appears that adventitious replacement is influenced by body
condition in individuals that finish regrowing their T4s early.  

In the analysis of wagtails with regrowing T4 feathers, partial
regrowth was achieved by the second period, indicating that there
are differences in regrowth speed or in the timing of regrowth
after losing a T4. Yearlings were slower to fill the gap left by losing
a T4, and/or started later than adults (Fig. 3C). Since yearlings
had significantly lower body condition compared with adults, it
can be inferred that the physiological cost of T4 regrowth in
yearlings is greater than in adults. No contribution of sex or BCI
to the models was detected in this analysis. It is reasonable to infer
that preparation for migration from the wintering grounds to the
breeding grounds may have affected the results because among
many avian species, juveniles typically arrive at their breeding sites
later than adults (Stewart et al. 2002, Payevsky 2016). Because the
number of White Wagtails using communal roosts begins to
decline in mid to late March (Kumagai et al. 1983), the second
period of this study was just before the start of the northward
migration. Being in good body condition by the end of the
wintering period and reaching the breeding grounds early are
critical requirements for birds to acquire territories and achieve
high breeding performance (Crick et al. 1993, Verhulst and
Nilsson 2008, Harriman et al. 2017).  

The fact that regrowth speed of T4 was not dependent on body
condition, even though it was dependent on age class, is an
interesting result in wagtails that did not finish regrowing their
T4s. Although all adult males (n = 41) were found to have begun
regrowing their T4s, among yearling females (n = 5), which did
not differ significantly in BCI from adult males (Takagi 2022),
none had regrown their T4s (Table 1, Fig. 2D). BCIs of those
wagtails that lacked a new T4 in the position of the plucked T4
(n = 7) did not differ from wagtails with fully grown and growing

T4s (n = 114). That is, T4-plucking experiments revealed that
adventitious replacement is not simply dependent on body
condition in each individual. In terms of life history theory, the
slow regrowth rate of T4s, or the slow start of regrowth should
be due to evolutionary restraints rather than mere physiological
constraints (Stearns 1992). It is important to note that
adventitious replacement was influenced by age-dependent traits
that are embedded in the life history of each individual, and which
also involve the carry-over effect.

CONCLUSION
Individual differences in the duration of complete adventitious
replacement were found to be substantial. In individuals that
completed adventitious replacement early, males regrew their lost
T4s to nearer original length than did females, independent of
body condition. In individuals that underwent slow adventitious
replacement, yearlings were slower to regrow their T4s than were
adults, independent of body condition. These results can be
understood in terms of sexual selection and natural selection,
respectively. Since age class difference in regrowth speed of T4s
was not related to body condition, adventitious replacement is
worthy of careful examination in the future in the context of life
history strategies.
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