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Abstract   Grey plovers wintering at different latitudes differ in duration of molt. We investigated the role of simultaneous primary
shedding and different growth rates of individual primaries on regulation of molt speed. We also explored relationships between
length and mass of primaries and primary growth rates. Grey plovers adjusted molt speed by varying the number of primaries
growing simultaneously and the growth rates of individual primaries. As a result, total production of primary mass was not
constant during molting but regulated in relation to proximate factors, such as day-length and temperature. The outermost long
primary (P10) had growth rates different from innermost primaries, possibly because of a different mass/length ratio.
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1   Introduction
Primary molt is a major event in the annual cycle of

birds and affects their life histories crucially. Timing and
duration of molt are therefore under strong selective pres-
sures and have relevant fitness costs (Helm and Gwinner,
Symposium 40). Molt patterns and associated mechanisms
of molt regulation have been poorly investigated in free-
living populations, due partly to the lack of an efficient
statistical method for analyzing them. As a result, a con-
stant rate of feather molt has generally been assumed
(Underhill and Zucchini, 1988). This assumption was based
on the belief that whole-body protein synthesis was con-
stant during main molt phases, and on empirical observa-
tions which showed that (1) growth rates of individual feath-
ers were rather constant (Newton, 1967), and (2) birds com-
promised the quality of feathers produced rather than feather
growth under food restriction (Payne, 1972).

This study reassesses that assumption by compar-
ing regulation of duration and speed of primary molt in dif-
ferent populations of grey plover, Pluvialis squatarola.
Populations wintering in areas with cold winters are known
to have fast molts, with an average duration of c. 90 days,
while those localized at milder sites have slower molts of c.
120–130 days (Serra, 1998). Data from individuals represent-
ing these two molt groups are used to investigate the role
of simultaneous shedding and growth rates of primaries in
the regulation of molt speed, and to explore the relationship
between length and mass of primaries and their growth rates.

2   Methods
Primary molt data obtained from birds ringed at six

wintering sites (Britain, Kenya, South Africa, India, north-
west Australia, southeast Australia) were analyzed. Molt
parameters (timing and duration) for these populations were
calculated using the model of Underhill and Zucchini (1988)
and subsequent extensions (Underhill et al., 1990; Underhill,
in prep.). Details of molt parameters are found in Serra et al.
(1999), Balachandran et al. (2000), Minton and Serra (2001),
Pearson and Serra (2002), and Serra et al. (submitted). Birds
wintering in Kenya, South Africa, India, and northwest and
southeast Australia were treated here as a single group of
“slow-molting populations” because durations of primary
molt among the various populations did not differ signifi-
cantly at the 5% level (overall duration 136 days, SD 3 days;
standard deviation of the model 26 days, SD 1 day). The
slow molting populations differed, however, in the timing
of molt. To unify them, dates of capture of individuals were
translated to a common time origin (day 0) using the mean
starting date of molt in their respective populations. The
pooled group of slow-molting birds was then compared with
a sample of British birds which had molted at a faster rate
(90 days, SD 1 day; standard deviation of the model 22, SD
3 days).

The Underhill and Zucchini model (1988) was also
applied to calculate molt parameters for individual primaries
in slow- and fast-molting populations (Serra, 2000; Underhill,
2001). Here the first assumption of the model was that growth
rate is constant for each primary. A trend close to linearity
in the growth rate of individual primaries had already been
reported in passerines (Newton, 1967) and waders (Sach,
1968). Therefore, transformations of 0 to 5 primary scores
for individual feathers (Ginn and Melville, 1983) into per-
centage feather-mass grown or percentage feather-length
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grown were considered unnecessary, and primary scores
were simply re-coded on a 0 to 1 scale.

The 10 long primaries were numbered from the inner-
most (P1) to the outermost (P10), the latter forming the
wingtip. Total primary length (tip of rachis to base of calamus)
was measured to an accuracy 0.1 mm on flattened and
stretched feathers. These were extracted from an adult plo-
ver in fresh plumage collected in Italy on 20 October 1998.
Percentage primary masses were taken from literature
(Underhill and Joubert, 1995). Daily percentage production
of feather mass is the relative feather mass produced by
each primary during each day of molt, assuming a constant
rate of growth between days. The size of feather follicles
was estimated as the maximum measured diameter of the
calamus (accuracy: 0.1 mm).

3   Results
Grey plovers molting at the fast rate had on average a

larger number of primaries growing simultaneously than
those molting at the slow rate, especially among P4–P7 (Fig.
1). The duration of molt for each primary did not signifi-
cantly differ between P1 and P10 in slow molting birds, or
between P1 and P8 in fast molting birds. Molt durations of
P9 and P10 in fast molting birds were significantly shorter

than those for their innermost primaries and also those of
P9 and P10 in slow molting birds (Table 1).

Primary mass and total length can be assumed to be
proportional to follicle size (Rohwer, 1999), because feath-
ers are generated by single rings or short cylinders of cells
nested within each follicle. Taking the diameter of the feather
calamus as an index of follicle size, both mass and total
length of primaries can be related to calamus diameter by
linear regressions. For both regressions, P10 lies outside
the 95% confidence limits (Fig. 2). Moreover, inclusion of
P10 worsens the fit of the regression models. The variance
in all primaries explained by the models (mass: r2 = 0.94,
F

1,8
 = 129, P < 0.001; primary length: r2 = 0.83, F

1,8
 = 38, P <

0.001) increases by 4% and 15% respectively if P10 is ex-
cluded (mass: r2 = 0.98, F

1,7
 = 434, P < 0.001; primary length:

r2 = 0.98, F
1,7

 = 307, P <0.001).

The relationship between primary mass and total pri-
mary length was assumed to be a power curve. Power equa-
tions are most often used to describe size-correlated changes
in shape (Redfern, 1989; Worcester, 1996). Again, P10 falls
outside the 95% confidence limits (Fig. 3). In this case, too,
the variance explained by the model (r2 = 0.993, F

8
 = 1 141, P

< 0.001, b
0
 = 4.0×10-5, b

1
 = 2.541) increases if P10 is excluded

but only by 0.6% (r2 = 0.999, F
7
 = 13 723, P < 0.001, b

0
 =

5.8×10-5, b
1
 = 2.461).

Provided that environmental and physical body con-
ditions do not change, the relationship between primary
growth expressed in terms of mass (daily percentage feather-
mass grown) and length (total primary length) is expected
to be linear or very close to linearity because both variables
are proportional to follicle size. In slow-molting birds, this
relationship can be assumed to be linear between P1 and P9
(r2 = 0.972, F

1,7
 = 239, P < 0.001), with P10 as outlier (Fig. 4a).

In fast-molting birds, on the contrary, the best fit of the
point is given by a quadratic curve between P1 and P8 (r2 =
0.998, F

5
 = 1 133, P < 0.001), with P9 and P10 as outliers (Fig.

4b).

The average total daily percentage mass grown in pri-
maries increased linearly during the growth phase from P1 to
P5 both in both fast- and slow- molting populations (Fig. 5),
although at different rates (F

1
 = 35.6, P < 0.001). During the

growth phase from P6 to P10, however, daily feather mass
gain remained constant in slow-molting birds, but increased
after the growth period of P6 and P7 in fast-molters.

  P1      P2   P3       P4   P5 P6 P7   P8          P9   P10

Slow 31 (4)     29 (3) 25 (3)     26 (3) 25 (2) 27 (2)        24 (2) 30 (3)        27 (2) 33 (3)
23–39     23–35 19–31     20–32 21–29 23–31        20–28 24–35        23–31 27–39

Fast 28 (1)     29 (1) 31 (1)     31 (1) 30 (1) 27 (1)        26 (1) 23 (1)        18 (1) 17 (1)
26–30     27–31 29–33     28–32 25–29 24–28        24–28 21–25        16–20 15–19

  NS      NS   NS      NS   NS   NS          NS   NS           **    **

Duration
 (SD)

95%
Confidence
limits

** = difference significant at the 5% level.

Table 1   Duration ( in days) of molt of individual primaries (P1–P10) in slow- and fast- molting populations of grey plovers

Fig. 1   Molt progression in grey plovers
Plot shows the number of primaries growing simultaneously during
molt against the number of shed primaries from the innermost
primary outwards.  Solid symbols = fast-, and open symbols =
slow- molting populations.  Bars are 95% confidence limits.
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4   Discussion
Speed of primary molt can be regulated by varying

the number of feathers growing at the same time and/or by
varying rates of feather growth. Grey plovers do both. Regu-
lation by shedding rate is probably widely used at indi-
vidual level. Among Charadriiformes, different shedding
rates have been recorded in dunlins, Calidris alpina
(Hölmgren et al., 1993; Serra et al., 1998) and black terns,
Chlidonias niger (Zenatello et al., 2003).

It is generally accepted that rates of feather growth
are little affected by feather length or mass because both
the latter depend on follicle size (Rohwer, 1999). Data here,
however, strongly suggest that, in grey plovers, this rela-
tionship holds true only for feather tracts P1–P9, P10 differ-
ing possibly because of greater specific mass. This is con-
firmed by the relationship between feather mass and total
length. An intuitive explanation for the heavier and hence
possibly more resistant structure of P10 is that it forms the
leading edge of the wing and must therefore accomplish

different aerodynamic functions. It has been observed that
the vanes of outer primaries are more resistant to out-of-
plane forces than those of the inner primaries, an observa-
tion explained by the need to sustain larger aerodynamic
forces in flight (Ennos et al., 1995). The similar flexural stiff-
ness observed among primaries in different relative posi-
tions on the wing, whether leading, central or trailing
(Worcester, 1996), corroborates this idea. Redfern (1989)
found that primary mass was proportional to length in a
plot of nine primaries of five species. However, it seems
unlikely that primaries of different species can be described
effectively by a single curve. We would rather suggest the
existence of species-specific relationships, linked to wing
shape and flight characteristics. Comparative studies should
shed light here.

With the expected exception of P10, primary growth
in slow-molting birds correlates linearly with primary length,
suggesting that such birds do not change primary growth
rate during molt. This could reflect environmental stability
at their wintering sites. In fast molting birds, the quadratic
relationship indicates an acceleration of growth rates
through the whole molt period, possibly linked to decreas-
ing day-length (Dawson ,1994, 1998), and that the function
of increase changes at P9 and P10, possibly in response to
decreases in temperature at the time of molting these prima-
ries (Payne, 1972). This final acceleration of feather mass
production can be interpreted as a response to environ-
mental signals of the arrival of winter. That molt can re-
spond adaptively is supported by the fact that 35% of Brit-
ish grey plovers suspend primary molt just before winter
when molt limit is at P9 or P10 (Branson and Minton, 1976;
Serra et al., submitted).

This analysis shows that production of primary feather
mass is not constant through the molt period because pri-
maries differ in growth rate. In contrast to previous hypoth-
eses (Underhill and Zucchini, 1988), growth rate can be regu-

Fig. 2   Relative mass (A) and total length (B) of primaries in
relation to the diameter of the calamus (mm) in grey plovers
The solid line is the least-square regression fitted to the points
(primaries from P1 to P9); dashed lines are 95% confidence limits.
P10 is an outlier.

Fig. 3   The best fit of the relative mass of primaries P1 to P9
on their total length (mm) in grey plovers is a power curve
(solid line)
Dashed lines are 95% confidence limits. P10 is an outlier.
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lated in relation to proximate factors. In slow-molting birds,
nevertheless, production of primary mass can be assumed
to be constant between P6 and P10, i.e. when 72% of total
primary mass is produced. It might explain why percentage
feather-mass grown is rather effective in removing the cur-
vature of molt score distributions (Summers et al., 1983).
The assumption of linearity does appear to break down,
however, near the end of molt — but this is a topic that
needs further investigation by Underhill-Zucchini molt
models.
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