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Aerodynamics and

behaviour of moult and take-
off in birds

J.M.V. Rayner and J.P Swaddle

1. Introduction

Moultis a costly period of the annual cycle for most birds, during which most or all of
the feathers, representing up to 30% of the lean dry mass of a bird, are shed and
replaced (Jenni and Winkler, 1994; Murphy, 1996). Assessment of the costs and
benelits of the processes involved in moult are crucial to exphining the diversity of
moult patrerns (timing, duration, extent, sequence), their adaptive radiation across
avian taxa, and the ways in which moult affects and interaces with other important
stages of the annual eycle such as breeding and migration. In this paper we briefly
review the costs of moult, and stress the importance of biomechanical considerations
associated with flight when making such a cost-benefit amlysis. In particular, we focus
on the impact of moult on the most demanding mode of avian fhighe—that is, take-off
from the ground—and we also indicate the factors that constrain take-off flight
(Figrre 1). The ability to take-off quickly and ata steep angle of ascent js likely 1o have
adirectinfluence on fitness and survival: for example, increased take-off performance
ards predatory avoidance {Cresswell, 1993; Grubb and Greenwald, 1982; lage and
Whitacre, 1973; Witter et al., 1994). For this reason we wish to highlight the necessitv
for behavioural and evolutionary biologists to consider and quantity biomechanical
costs and constraints in order to gain a comprehensive view of the factors influencing
important life-history strategies in birds.

2. Avian moult
2.1 Physiology and energetics of moult

Moultimposes both direct and indirect costs on a bird. Any moult strategy will
evolve after a trade-off between these costs, arange of aspeces of behaviour and ljfe-
history, and wing and bodv morphology. In this section we briefly review the direct
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physiological costs of moult, which have been the subject of extensive research.

m:_:c,_:i:_z we constder the mdirect costs arisinyg from change, probabh
impairment, to the animal’s acrodynamic performance.

rect physiological costs of mo
Direct physiological f
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species, and have been studied and quantified trom several perspectves (Lindstrom o
al., 1993; Murphy, 1996, Murphy and King, 1992, Murphy er al) 1990; Murton and
Westwood, 1977; Payne 1972y, A full moult is surprisingly inexpensive, protein
replacement requiring only a 2% increase in daily energetic expenditure or 67

o Increase
in basal metabolic rate (review by Murphy (1996)). However, enc

gy conversion Into

new tissues and feathers during moult is extremely mefficient: only 40-60% of metab-
olized energy is actually deposited as feathers during moule (Lindstrém et al, 1993y,

and therefore estimates of energy demands of moult based on plumage and ussue
renewal are likely to be gross underestimates. In addition to the increase in protein
synthesis during moult (to produce feathers and skin), the rates of protein de
and turnover also increase 1o up to 8.5 tmes greater than d
(Murphy, 1996; Taruscio and Murphy, 1995).

Energetic expenditure during moult has predominantly been assessed by usiny
three techniques: oxygen consumption (Dicrz e al., 1992: Lindstrom et al, 1993,
metabolized energy (Blackmore, 1969; Dictz or al., 1992), and overnight loss of body
mass (Dol'nik, 1965, 1967). Oxygen consumption can rise by 9-11% of normal non-
moulting fevels (this varies greatly with rate of mouls, body size, and the thermal
environment). Metabolized energy renders simil

gradation
ally protein deposits

arestimates of energy expenditure to
those of oxygen consumption, but the technique has been eriticized as birds can alter
their energy expenditure during the day by engaging in less strenuous activities
(Murphy, 1996). H a constant caloric equivalent of mass loss is assumed (normally
13.8Kk) ¢ 1), thenenergy expenditure can be estimated from overnight body mass loss
Dol'uik (1965, 1967) used this method for 15 passerine species, and estimated e
costs to be approximately double the estimates from other methods. The assum

nery

p-
tions of constant encrgy expenditure overnight and a constant caloric equivalent o

method is notused very commonly {NMurphy:

v

body mass have been criticized, so this
1996). .

Although these estimates of encrgetic costs of moult appear relatively low,
cially when compared with the costs of egy production (daily encrgy expenditure in 2
typical full moult is approximarely 20% of the energetic expenditure involved in
producing one cge), the encrgetic costs are calealated withour consideration of the
energy expended on processing the nutrients ro generate the necessary tissue (feathers
and skin). Hence, there are also additional nutritional costs.

Water requirements are also grealy elevated during moule: Chilgren (1975) esti-

»

espe-

mated that warter requirements of moulung birds can be almost double those o

t non-
moulting birds, probably because of increased metabolism and thermoregulation
problems. Obrtaining access to a reliable water supply may be the most challenging
dietary problem posed by moult, and much of this cost will be manifest in the time and
energy expended in selecting a suitable habitar, This will vary greatly among specics, as
do the nutritional demands on moult, and also vary geographically as some habitars
will have more abundant suitable food and water sources than other habitats.

Other compositional changes during moult can include an alteration of blood
consttuents (DeGraw er al., 1979; Driver, 1981), which can often result from

)

a
dilution effect as a result of higher blood volumes during moult, and rv.ﬁa::%_d‘ of
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the thymus, possibly reflecting increased production of lymphocytes as a result of
expansion of blood volume (Ward and D’Cruz, 1968).

It is important to realize that moult entails not only replacement of plumage but
also significant regrowth and alteration of underlying tissues, including blood vessels
supplying the growing feathers, the integument surrounding the feather base, the
horny covering to legs, feet and bills, and (in some cases) increased turnover of
calcified bone (Murphy, 1996; Murphy et al, 1992; Payne, 1972).

2.2 Phenotypic plasticity

These dramatic physiological changes have implications for the mass and body compo-
sition of birds during moult. There is a large and growing body of evidence thae body
condition and composition in birds are highly dynamic throughout the annual cycle,
with not only replacement and regeneration of worn tissues, but with systematic
adaptive control of body mass seasonally and in response to short-term conditions,
and with organs being reduced at times when they are not required. This suite of
phenomena is increasingly recognized as a major component of the avian life-history,
and collectively is referred to as phenotypic plasticity. Moult should not be viewed
simply as a restricted period of physiological and behavioural stress (alchough it is
undoubtedly a demanding period), but also as a component of this broader pattern of
phenotypic plasticity. It may be that these processes are more pronounced in birds
than in other groups owing to the high energy costs of flight, and the premium of
physiological and behavioural strategies that minimize total flight loads, that is, that
reduce weight as far as possible. It may also be that the importance of moult is rela-
tively emphasized owing to the unique avian adaptation of a feathered integument,
which brings maintenance requirements. In birds two other periods of comparable
physiological and aerodynamic demand are breeding (and raising young), and
migrating. Itis not surprising that in birds cycles of moult, breeding and migration are
closely linked at every level from the endocrine system to behaviour and biome-
chanics, and that there is considerable diversity in these patterns between species in
association with lifestyle, habitats and flight capabilities.

Most birds enter moult after breeding, when their body reserves of lipid and protein
are often depleted (Austin and Fredrickson, 1987; Chilgren, 1975; Dhondt and Smith,
1980). In many cases, any loss of body mass will help to offset the increased costs of
flying with moulting wings (Swaddle and Witter, 1997). Body mass is generally lower
during moult, but often rises towards the end of moult as lipid, protein and water
content of the body increase. Mass increases are especially pronounced if birds need to
store fat for migration (which generally occurs immediately after post-nuptial moult)
(Jehl, 1987; Morton and Morton, 1990). Protein composition of the body varies litdle
during moult, except in cases where birds become flightless (asaresult of the shedding
of many flight feathers at one time) and flight muscles are atrophied (review by
Murphy (1996)). In these latter cases, protein content is commonly shifted to leg
muscles and the digestive organs (Ankney, 1979; Piersma, 1988) so that temporarily
flightless waterfow] maintain their swimming, diving and foraging ability.

To optimize flight performance, birds hypertrophy flight muscle but down-regulate
digestive tissue mass before long migration flights, and in some cases consume protein
tissues during migration (Biebach, 1998; Piersma, 1998). It has been supgested that
birds can down-regulate muscle mass during moult as an adaptation to reduce flight
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costs (Brown and Saunders, 1998). There is recent expenimental evidence for this
hypothests, as Furopean starhings Sexonus viddgaris exposed to endurance flight exercise
training lose pectoralis mass and size, but show no decrease in take-off performance
(J.P Swaddle and A A. Biewener, unpublished data)

Moult is extremely inefficient, and can incur substancial energetic and nutritional

costs. It has long been recognized that consideration of the direct physiological costs
of moult are insufficient o explan fully the commaon separation of moult from
periods of breeding and migraton, and also the vast array of moult parameters,
sequences and tactics employed by different avian taxa (Farnst, 1992; Jenni and
Winkler, 1994; King, 1980). To interpret the _:,c,_:i:_\% implications of moult we must
also consider the indirect consequences of feather replacement and its associated phys-
iological responses. The most dramatic consequence of moultis the short-term partial
or complete replacement of the flight feathers. There is therefore a pressing need to
study and quantify the behavioural, biomechanical and acrodynamic consequences of
moult. In the following sections we consider what is Kknown about each of these topics
in birds, and then we present recent results exploring the mechanisms by which aero-
dynamic performance is constrained during the moult period.

2.3 Bebaviour and moult

Most birds alter behaviour during moult, and many reduce their level of activity (Francis
et al., 1991; Haukioja, 1971a; Newron, 1966; Sullivan, 1965); some species become
flightless (Haukioja, 1971b; Sullivan, 1965). In birds such as waterfowl this is because
their wings are already rather small and they are unable to accommodate the impact on
flight speed (already high) and energy budgets (already higher power output than
average for birds) from a temporary reduction in wing area (Rayner, 1988).
Flightlessness may also be related to the increased physiological and energetic demands
of moult: some birds may simply have insufficient energy available for aerial locomotion
at the same time as replacing tissue Naturally moulting birds reduce or alter their
activity during moult, spending les

tme tlying and preferendially seeking areas of
protective cover with lower predation risk and thermal neutrahy (Haukioja, 1971b;
Newton, 1966; Stresemann and Stresemann, 1966; Sullivan, 1965). As it has been shown
that similar responses can be induced by artificial reduction of feather lengths simulating
the wing geometry observed during moult (Swaddle and Witter, 1997), we know that this
behavioural response is due to flight biomechanics and not to the physiological changes
oceurring during moult. Birds may shift the relative timing of behavioural routines
during wing moult, especially if they become flichtess, to avoid increased exposure to
predation (Kahlert er ul., 1996). Picd tycatchers Ficeduda bypolesca exposed to experi-
mentally simulated moult are more susceptible to predation than are controls (Slagsvold
and Dale, 1996). For all of these reasons the physiological and biomechanical costs of
moult can affect behavioural routines to a large degree, resulting, for example, in birds
spending less time foraging because of an increased perceived predation risk; chis will
have a profound influence on individual survival and fitness (Swaddle and Witter, 1997)

2.4 Vuriation in moult pattern with flight ecology
The importance of flight to moult (and vice versa) is also indicated by a brief survev
of the relations between moult and fliche ecology. For example, relatively slow
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moulting birds, such as the starling Suonus vulgaris, remain capable of flight
throughout moult (Jenni and Winkler, 1994; Swaddle and Witter, 1997). The
moulting pattern of this bird is typical of most passerines in that it sheds one
primary flight feather ata time from the wing in sequential order (proximal 1o distal)
(Bihrmann, 1964; Jenni and Winkler, 199+4). This results in relatively small gaps in
the wing and a maximal oss of wing area of only approximately 10% during the most
intense period of moult (Swaddle and Witter, 1997). By maintaining flight capability
these birds can continue to occupy similar niches as during non-moult periods,
although they appear to reduce the amount of time spent flying (Feare, 1984;
Swaddle and Witter, 1997).

Variation in moult among passerines is mostly the result of differences in the rate of
moult (rather than in its timing, sequence or extent), and this appears to be intimately
linked to their ecology (Jenni and Winkler, 1994). Species that migrate after moult
often moult faster, and periods of breeding and moult generally do not often overlap
(Ginn and Melville, 1983; Hemborg and Lundberg, 1998; Holmgren and Hedenstrom,
1995). In some cases, moult is suspended while migration occurs and then resumed
once migration has finished. Alternatively, moult and migration can co-occur if few
feathers are missing from the wing at any one time (Holmgren and Hedenstrém, 1995;
Holmgrenet al., 1993).

In large birds with extended breeding cycles, such as albatrosses and eagle owls, it is
imperative to maintain flight year round. These birds moult extremely slowly, and
commonly extend their flight feather moult over a number of years (see, e.g., Prince et
al., 1993, 1997). Conversely, some passerines and a number of waterfow! moult very
quickly and have many flight feathers missing from the wing at one time (Haukioja,
1971b; Stresemann and Stresemann, 1966) so that they become flightlessness and may
hide in dense vegetation, spend a greater proportion of time than normal on the water
surface (presumably to aid predator avoidance), or adopt a ‘moult migration’ to deep-
water locations free from terrestrial predators (Salomonsen, 1968). The issue of vari-
ation in timing of moult is an important one, which may hold important clues to the
diversity of moult patterns among birds. As in most such phenomena, we expect it to
be a trade-off, ultimately between the need to divert increasing metabolism to tissue
turnover and to any enhanced survival costs during moul, in a ‘fast’ moulr, and a
longer period during which flight patterns and behaviour are disrupted compared with
normal, with consequences for other seasonal change in behaviour, in a ‘slow” moult.

2.5 Aerodynamics of moult

It is—at least at first sight—evident that the change in wing planform during moult
should have an effect on acrodynamic performance. Substantial proportions of the
flight feathers, which form the lifting surface of the wings or tail, or of the covert
feathers, which form the smooth surface to the body and wings, may be missing
(Figure 1). A wing with a reduced wing area can be expected to have a reduced capacity
to generate aerodynamic lift compared with the intact wing. Flowever, little is known
of the aerodynamic effect of moult in birds in flapping flight, and the change in lift may
not simply be proportional to the change in area.

The acrodynamic performance of a wing is normally described by the acrofoil polar
curve (Figure 2), which shows how lift and drag vary as a function of the angle of inci-
dence of the wing section. Polar curves have a characteristic shape, which is related
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Figure 2. Hypothetical effect of moult on wing aerodynamics, (
intact wing, showing the velationship of lift and drag cocfficients Cand Cp;angle of incidence a
tncreases moving from bottom left to top right of the curve. This curve is based on measurenents
o the body and wings of a swift by Nuyler and Simmons (1921); the wing stalls at incidence
about 30°. (b)~(e) show the possible effects of moult on the polar curve; in ewch case the duashed corve
i5 the supposed polar for the intact wing. (b) Moult veduces lift with no change in drag. (¢) Moul:
moreases drag but does not affect I, (d) Moult reduces lft and increases drag. (&) Moult reduces
maximion lift coefficient but does not affect novmal flight. In each of (b) ~(d), the mumimiem
lift=drag ratio, shown by the gradient of the tangent from the origin'to the polar, is decreased. From
measurements of gliding perform.ance alone it may not be possible to isolate the aerodynamic
mechanism for the influence of moul:. . ’

a) Stylized polar curce for

directly to the glide polar (Tucker, 1991, 1993) and indirectly to the flapping flight
powercurve (Rayner and Ward, 1999). Atany speed V

ct it Land drag D are related 0
the liftand drag coefficients Crand C by

_
L=< pS1°C, (1)

D:L

I
D= pS\C, (2

where pis air density and § is wing area. It moult does not aleer the force coefficients,
lift and drag at a given speed should vary proportionally to the change in area. The
force coefficients are likely ro vary according to the morpholog

. y of the wing and
feathers, the topography of the moulung fe

athers, and the bird's ability to compensate
for their absence. We expect there will be considerable interspecitic variation asso-
ciared with morphology and with moult patterns, and we see potential for significant
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R-:vonu_ vartation in an individual as moult proceeds. If, for instance, just one of the
wingtip primary feathers is missing, the acrodynamic load (the bound vortex ciren-
lation) normally carried by that feather may be redistributed to other wingtip feathers,
.with little effect on the vortex wake, and thercefore litde or no change in lift or induced
drag, as these quantitics are determined primarily by wingspan (Rayner, 1993); this
might correspond to the case in Figure 2(¢). In a bird in which a single feather deter-
mines the wingtip and the maximum wingspan, loss of that feather may have a marked
effect on lift and wake momentum: this would represent aloss of life, with lule change
in drag (Figure 2(c)). Alternatively, when a missing secondary feather causes a gap in
the trailing edge, the lift on that section of the wing is impaired; wake vortices may be
shed proximally to the gap rather than more distally towards the wingtip, and cither or
both induced drag will rise or maximum lifc will reduce (Figire 2(b)-(d)). A bird may
compensate by adjusting the extent of overlap of the feathers, by increasing the
relative speed of the wing (i.e. increasing wingbeat frequency or amplitude) or by
increasing the local angle of incidence of the wing (which is very difficult to measure).

The most obvious aerodynamic effects of moult may be evident only in conditions of
maximal aerodynamic performance. In cruising forward flight birds generally fly well
below maximum lift coefficient, with comfortable reserves of aerodynamic perfor-
mance. In slow flight and take-off a bird approaches the limits of acrodynamic force
generation (Rayner, 1995; Swaddle et al, 1999; this paper); 1t may be generating
maximum lift, and therefore may be unable to maintain flight performance with even a
small reduction in lifting capability. Our hypothesis is that aerodynamic lift generation
is a severe constraint on take-off and slow flight, and is a prime mediator of the inter-
action between flight aerodynamics and behavioural strategies. We therefore expect that
this constraint will be most acute at times of high energetic load such as during moult.

There is limited information about how moult affects the aeradynamic performance
of a fixed, gliding, wing. Tucker (1991) recorded the change in gliding performance
through moult in a Harris hawk Purabuteo unicinctus (Figure 3). This species has sepa-
rated primary feathers, which act to reduce induced power compared with an equiv-
alent flat wing by spreading the vortex wake shed by the wingtip both horizontally and
vertically (Tucker, 1993). In this species the loss of a distal primary forming part of the
wingtip has a marked effect on gliding performance, presumably from the rise in
induced drag, which the bird cannot avoid if it is to maintain Lift; this corresponds to
Figure 2(c) or (d). There is no information on the effect of moult of a primary feather
in species with closed wingtips.

Hedenstrom and Sunada (1999) showed in a theoretical study of flat wings with rectan-
gular gaps in the trailing edge simulating moult that wing gaps reduced aerodynamic
performance in proportion to their size, and that gaps near the tip of the wing had a
smaller effect than those created by removing proximal primary feathers. (The effect of a
primary feather oriented laterally towards the wingtip was not considered.) Their analysis
also indicated that an additional gap in the secondary feathers has little further influence
on flight performance added to a gap in the primary feathers alone, and that the effects of
wing gaps are dependent on initial aspect ratio of the wing: the effects of gaps are greater
in wings of higher aspect ratio, and this may be an explanation for why birds with long,
narrow wings (i.e. those with high aspect ratio) often exhibit a slow moult in which only
one primary is missing from the wing at a time (Hedenstrom and Sunada, 1999).

Gaps or irregularity in the trailing edge of the wing during very early stages of wing
moult, that is, when the most proximal primaries are being shed, could have an anal-
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Figure 3. Effect of moult on gliding performance in a Hamvis hawk Parabuteo unicinetus
mesured in a wind tunnel. Left: a fully spread wing, showing the gap left by the missing primary
6; the dotted line shows the outline of the normal feather. Rught: lift-dvag ratios of a gliding hawk
during moulting; moult began on day 0.and was complote before duay 172, Lifr-drag ratio is the
best (e shallowest) gliding pesformance the bird can achiece. Immediately after moudt the ratio
drops sharply, and then progressively vecovers. This moulting period representing almost half the
year is velatively long, as may be expected for a Lorge bird in which the absence of more than one
primany at any one time may be detvimental. Adapted from Tucker (1991),

ogous function to the notches in the trailing edges of the wings of galliforms; in a
fixed wing in species with short, rounded wings this secondary notching increases the
lift—drag ratio of the wing (Droverski, 1996). It is not known how these wing gaps
influence aerodynamics during flapping flight.

So far there has been less consideration of the effect of moult on the aerodynamics
of bird wings during flapping flight. As we have argued above, moult may represent a
particularly acute constraint in slow flight and take-off. This topic needs to be
addressed before it is possible 1o assess the acrodynamic and biomechanical costs of
moult for most birds. It is difficult to describe aerofoil action in flapping flight by
polar curves, as local wing and air velocities vary in time and space, there can be consid-
erable spanwise flow transverse to the acrofoil sections, and the flow is dominated by
free vortices on, above and behind the wake; it is preferable to describe wing aerody-
namics in terms of bound and trailing vorticity (Rayner 1979, 1993). We hypothesize
that moult will have two effects. First, it will reduce the maximal Lift that the wing can
generate. This would be manifest in a lower maximum lift coefficient, and a lower
maximum strength of vortex circulation bound on the wings or trailing in the wake.
Second, moult may result in increased induced drag, because wake vortices are not
shed as efficiently as in a normal winy; drag may not be directly influenced by reduced
wing area because of the possible effects of slotting of the wingtips or of non-planarity
in wake of the wingtips, neither of which are well understood in flapping Highe, and
may not have as marked an effect as Tucker found in a gliding bird. In normal forward
flight abird typically operates well below the maximum lift coefficient or bound circu-
lation (Rayner, 1986, 1993), and we predict that the effect of moult may be confined to
a slight increase in wing speed (i.e. wingbeat frequency and/or amplitude), and/or a
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small increase in local wing pitch. These changes may be so small as to be difficult 1o

_— s
measure, or to visualize the effect on the vortex wake strength and geomerry. /./r
expect that the effects of moult will be most marked, and therefore most readily
measured, during take-off and ascending flight.

2.6 Empirical studies on moult and flight

From the arguments above, it is to be expected .7..,:[?: um::_v\:;._:wn. and possibly
physiological, reasons—moult will have an appreciable &.?2 on :_.mr.ﬁ _Jnm::._:;:mc_
depending in extent on the species concerned and on their moult habits. 1 rﬁ.c‘r‘.,:d,
however, been relatively few studies exploring this, and most of these have ;‘_.:rnj:v\
modified feathers to simulate moult. Nogues and Richet (1910) made L_.,::.:_n._::: 1-
tions to pigeon wings—far exceeding those occurring during moult—rto determine how
all flight capacity was lost at a critical wing area. Clement and Chapeaux (1927) .m_::<2_
that removal of the tips of all primary feathers of a pigeon ne:ﬁ_a._: to 3% of wingspan
made all flight impossible, but that 40% of the arca of secondaries n::.E be removed
with no aerodynamic effect. Wingbeat frequency was m:n?,,;ﬁ_..u:; the birds were even-
tually forced 10 stop flight through fatigue. Bocl (1929) trimmed the emarginated
feathers of a vulture slightly, and found that although the bird could not take-off from
the ground, it could still fly level; similar modifications had no effect on take-off in a
pigeon. As described above, Tucker (1991) showed Lw.i the ?::...:_ _ov,w. of one of the
separated distal primaries in 2 Harris hawk depressed lifi-drag ratio. Chai (1997) m.:::;
that hovering flight capacity was reduced during both natural and simulated moult in the
ruby-throated hummingbird Archilochus colubris; the effect was most :Slwﬁ_. when
primary, rather than secondary, feathers were absent, and L:m 1s oo:m_ﬁG:.?:r L.,.n
mechanism outlined above by which shortening of the wingtip h_a_:‘am.ﬁ.m maximum fift
production. Swaddle and Witter (1997) demonstrated thata range of :mm_: _dmw.?_._:;:cc
measures were affected by natural and experimentally simulated moult in 2,.:_._:5. Level
flapping flight speed, ability to negotiate an acerial obstacle course m:.g ?m__.ﬂ speed
during take-off were all reduced in response to moult, but there was little indication that
this reduction in performance varied through the course of moult: :E?H was no
measurable effect of moult stage and response did not depend on the size of wing gaps.
A number of workers have removed or shortened wing feathers in birds in the ficld,
not specifically to study moulr, but to explore the response of a bird to m:n_‘mm:n
stress. The argument has been that, as wings are optimized for flight, reduced wing
area will impair flight performance: birds would either require more energy to fly, or
would be less effective in finding food for themselves or their young. In the first such
study, Harris (1971) found no change in breeding success in gulls; subsequently cﬁ.ra:
have found a range of reactions, including longer foraging trips, reduced .o_:?,r sizes,
lower chick growth rate, lower rates of delivery of food 1o young, g_muEE..:;_F,.a
(possibly as a result of predation), shorter duration of display, reduced mate acqui-
sition success, and a tendency to seek protected areas (Mather and Robertson, 1993;
. Mauck and Grubb, 1995; Slagsvold and Dale, 1996; Slagsvold and Lijfeld, 1988, 1990;

Verbeek and Morgan, 1980). These studies gave no indication of the biomechanical

mechanisms involved in the compensation for modified wing profile, ..5.; reported
little of changes in flight pattern of the experimental animals. In H.__m lightof the results
outlined below, that starlings make an abnormal response to simulated moulr, it is
unlikely that these studies have much biological relevance. They do, however, confirm
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that wing shape is closely tuned to aspects of behaviour and ccology,

moult flight and foraging efheicacy will be impaired
avian life-hiscory. This confirms our argument that the scheduling of moult alongside
other aspects of life-history iy influenced by
quences of dhe luss of flight feathers.

cand that during
cand will have conseqguences for

e energete and aerodyiamic conse-

2.7 Wing shape changes and moult

Wing shape is often used as a cue to interpret relations between fhghtand ccology (see,
e.g. Norberg, 1990; Rayner, 1988). The patterns are complex,
of trophic strategies in birds, and are overlaid by adapr
the legs, and by the phylogenetic Istory of individu
aspeets of flight behaviour can be invoked to inter
design: flight speed is proportonal to wing loading (and therefore is related inversely
to wing area); cost of transport, or encrgy consumption for long d
ncreases with aspect ratio; agilivy and manoeuvrability (the abilities to control the
flight path) are increased by more pointed, and broader, wings (Rayner, 1988); take-off
is facilitated by more rounded wings (Lockwood et al., 1998).

These patterns are generally well understood, and have been
both cross-order and interspecific studies (e.g. Rayner, 1988). However, wing shape is
not stable in any bird, and varies both with growth and seasonally, and also with moult.
These changes may represent a further component of phenotypic plasticity, enabling a
bird to control wing shape adaptively. Changes as a result of moult may, however, be
detrimental. If the most distal primary fe

retlecting the diversity
ation of flight muscles and of
ab tineages. Tn short, four nain

pret mterspecific patterns of wing

istance flight,

extensively tested in

athers are shed the wing can become shorter;
sect ratio may also be reduced and as a result a
have anincreased cost of transport during flighy,
and be less able to hover or fly slowly (Lockwood et al., 1998; Norberg, 1990; Rayner,
1988). Even when the feathers that form the wing
caused by moult of other feathers can alter the etfective aspect ratio and, hence, the
performance of the wing (Fledensirom and Sunada, 1999).

With these considerations in mind, we feel that it would be
means of quantifying moult within a biomechanically oriented framework. Two
studies have approached this issue, by convertng moult scores (a subjective ranking of
individual feather regrowth summed across the entire wing (Ginnand Melville, 1983))
to indices of wing raggedness and 1o estimates of the loss of wing area during moult
(Bensch and Grahn, 1993; 1 ledenstrom, 1998). However, as indicated above, the acro-
dynamic influence of moult is more com

depending on the change in wing area asy
bird may lose turning performance,

tip are not moulted, gaps in the wing

useful to have some

plex than can be assessed simply by loss of
wing area. We feel that it may be more {ruitful 1o employ an index of wingtip shape
when assessing the mechanical impacts of moult (Lockwood et al., 1998). This is
possible with the present methods of moult scoring (Ginn and Melville, 1983) only if
species exhibit little heterogencity in moult parame

ters. It is more useful to compare
the consequences of different moult parameters. Our proposed method takes into
account the relative size and position of

Fgaps in the wing, and also the shape of the
wingtip in the non-moulting condition; all of which can affect the acrodynamic func-
tioning of the wing, We propose that by plotting changes in the two wingtip shape
indices developed by Lockwood et al. (1998) (wingtip roundedness and Convexiny,
we can generate a biomechanical moult indicator that coul

d be used to compare the
flight consequences of moult among

species that vary dramatically in their moult
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pattern, sequence and duration to explain the evolution of different moult tactics and
behaviours.

To illustrate the possible application of wingtip shape as a moult indicator, we have
calculated wingtip shape index scores for starlings during their complete annual moult
(Figure 4). The two shape indices are derived from the lengths of the cight most distal
primary feathers by the following equations:

ONH_OmnAw.uuw O_L.Goowl_ m;Ou\o.u.:C%o.oeomo.xu,‘oa_.G_Ow_ K.;_Cx.. v AwV
and

Ou”—OWnAOOwNO O_la uu_on._.a.muOu;.Ouuo“,wm_Owu.cmeo_ :.VONL._&AM“,?S@V Av:

where Q, - Q, are the lengths (mm) of primary feathers 1-8, respectively, numbered in
ascending order from distal (i.e. nearest wingtip) to proximal on the wing. Vestigial
most distal primary feathers are ignored. This unconventional numbering of primary
feathers allows comparison of wingtip shapes among species with differing numbers of
primary feathers (Lockwood ez al., 1998). In a comparative analysis of feather sizes in
birds, C, and C, were shown to be effective measures of the roundedness and
convexity of the wingtip, respectively, which correlated well with aspects of flight
behaviour and aerodynamics (Lockwood et al., 1998). When applied to moult, these
two wingtip shape indices allow a quantifiable comparison of the position and size of
wing gaps among species. By concentrating on the handwing (i.e. the lengths of
primary feathers), this method focuses on the part of the wing that should have the
largest aerodynamic effect during moult.

Although, at this stage, we do not know the aerodynamic consequences of the exag-
gerated values of roundedness and convexity during moult rendered by this analysis,
they are useful in comparing wing geometry among species. Future experimental
analyses will include simulation of these moult wing forms and study of their acrody-
namic effect, both theoretically and quantitatively, on models and live birds. Exploration
of the mechanical consequences of these wing forms will contribute greatly to our
understanding of the flight costs of moult and so help to illuminate the selection pres-
sures acting on both wing design and moult parameters in volant avian species.

The second way in which moult and wing shape can interact is through changes in
wing shape brought about by a complete moult. Wing shape alters systematically from
juvenile to adult plumage in some passerine species (Alatalo ez al., 1984), and as explained
above these changes are clearly adaptive. Moult has the capacity to alter wing shape in a
long-term manner (i.e. for the duration between successive moults). Tor species that
show two complete moults per year, this could mean an alteration of wing shape between
reproductive and migratory periods of the calendar, with the possibility of effective

. adapration for differing wintering and breeding habitats. We are not aware of any studies
that have explicitly explored this possibility, but it seems likely, as subtle changes in
- wingtip shape are associated with predictable changes in flight performance. Within-
individual changes in wingtip shape in starlings are related to changes in take-off perfor-
mance (Swaddle and Lockwood, unpublished): birds whose wings become more
F\noczm& because of a complete moult (i.e. comparing post-moult and pre-moult wingtip
+ shape) take-off from the ground at a steeper angle of ascent. It is also relevant that this
same measure of wingtip roundedness is related to relative predation risk, in that su
passerine species with rounded wings appear to suffer less predation by sparrowhawks
Accipiter nisus than those with relatively pointed wings (Swaddle and Lockwood, 1998).
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Figure 4. (a) Wingtip voundedness and convexity through a complete primary feather moult in a
adult Exropean starling Sturnus vulgaris, Q, E,C< refer to the oceasions when these prinm.oy .
feathers are shed from the wing (see text for firther deseription). This dese: ption :\.:::5. .
commences A:._:\., the shedding of Qi the apper left-hand pare of the graph and follows an anei-
clockwise trajectory around an eight-pointed star, finishing after Q, has been replaced. Each pone
on the star yepresents the shedding of 1 particuler primary, which results i large gap in the wing
(0) Wingtip roundedness (@) wnd convexity () versus moundt score (Gonn and Melville 1953) .
\3” the same individial over a single moult (vele, as above. A monlt score of 45 N,::\:,.:E.‘l\ it .
primary feather moide has finished, ’ .

3. Take-off in birds

Take-off is widely described as the most costly or demanding form of flight. I is
generally aceepted that take-off performance constrains |
maximum size they can reach and the loads thev can carn
become more acute in |, cer birds ( . .

virds, partcularly in the
L and that these constraints
‘ see, e, Rayner, 1995); direct experimental
G;;n:ﬁm expl ining the mechanisms invalved however, sparse (see Marden, 1987).
Take-off involves high short-term encr v orates assochited with dynamic height gain

:
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and acceleration, and the acrodynamic lift on the wing is expected to approach
maximum values. Other possible constramnts on take-off performance include the
contraction strain rate of the flight muscles, which may limic how much a bird can
increase wing speed, the force the muscles can generate, and the power the museles can
deliver. An integrated hypothesis would explore the idea that the limits to perfor-
mance set by independent aerodynamic, musculo-mechanical and physiological
constraints coincide through symmorphosis (Weibel, 1984). In this paper we concen-
trate on aerodynamics, and review evidence that aerodynamic factors limit dynamic
energy gain in take-off.

In a typical take-off or other extreme behaviour it may therefore not be ?:V.,mr_c to
identify any one dominating constraint. Evidence of high levels of muscle activity in
take-off is convincing: in pigeons, pectoralis (purs thoracobrachialis) ETMG intensity
(Dial, 1992}, tail muscle activity (Gatesy and Dial, 1993) and stress developed in the
pectoralis muscle (Dial and Biewener, 1993) are much higher than in :o::,.ﬂ_ forward
flight. There are, to our knowledge, no measurements of metabolic energy
consumption in take-off, but this may not be a material constraint as metabolism
during brief take-off exertion is likely to be glycolyrtic.

The ability to take-off is vital to most birds in a trivial sense as a means of initiating
flight, but it is also a major contributor to survival: many bird species escape from
predators by employing short, fast flights to areas of cover (Grubl and Greenwald,
1982; Lazarus and Symonds, 1992). In particular, improved ability to take-off from the
ground will reduce the risk from rerrestrial-based predators (Lima, 1993), and there s
considerable evidence to indicate that the speed and trajectory of escape take-off are
important determinants of predation (Cresswell, 1993; Kullberg et A\; 1998; Page and
Whitacre, 1975; Witter et al., 1994). In this way maximized take-off performance will
directly influence the probability of survival and, hence, will increase individual fitness.

Size has a marked influence on take-off performance, and it has been argued (e.g.
Rayner, 1995) that take-off sets the upper limit to viable size for flying birds (but sec
Marden (1994)). As size increases, the margins between the power required to fly and
the power available from the flight muscles, and between lift on the wing and
maximum force from the flight muscles, both become narrower, and birds tend to have
less scope for rapid or steep take-offs. A range of highly specialized adaprations have
evolved to maintain take-off performance in relatively large species, including clap-
and-fling wingbeats (in pigeons, Nachtigall and Rothe (1982)), enlarged supracora-
coideus muscles associated with short, rounded and highly cambered wings (in
galliforms, Rayner (1988)), or the use of extended accelerating flights often over a
water surface (in gaviiforms, Norberg and Norberg (1971); in swans, Prior (1984)).
Many species can take off only by running into the wind, or by dropping from a high
point to convert potential into kinetic energy until speed is sufficient for acrodynamic
thrust generation to be effective. Take-off has been identified as one of the major
selective constraints to be overcome in the course of the evolution of flying birds from
cursorial theropod dinosaurs (Rayner, 1991).

Theoretical modelling of take-off so far has been limited, possibly owing to the
relative scarcity of adequate experimental information, and the practical difficulty of
controlling a bird’s behaviour when it is close to biomechanical or physiological limits.
Norberg and Norberg (1971) modelled the generation of thrust by flapping wings
during running take-offs in divers (Gaviidae), and Rayner’s (1979) vortex _Ez_c_m are
applicable to take-off provided flight path dynamics are known (see below). The major
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hmitation o formalizing such an approach has been that neither the dominant
constraints on tahe-off performance nor the appropriace selective currency are well
T::/’.:.

A wing s limited i the maximum acrody namie i can produce. Liftis propor-
tional to the product of the square of the local speed of the wing and the lift coefficient
(Equation (1)), which depends on the geometry of the wing cross-section and on the
local angle of incidence (or pitch) of the wing section. Fquivalenty, liftis proportional
to the strength (or circulation) of the vortices bound on the wing and trailing in the
wake. Beyond a maximum pitch, the airflow over the upper surface of the wing breaks
away from the wing, the wing is said o stall, and lift drops away. Sall (occurring in
Frgrre 2(a) av angle of incidence of around 25%) 1s a major problem for fixed-wing
atreraft, but is less serious for birds, for two reasons. First, stall 1s a dynamie
pheonomenon: in flapping flight the local pitch and the magnitude of the lify foree vary
continuously, and instantancous values of lift well above steady-state stall can be
attained. Second, even if the wing were held still in gliding thight, a bird can readily flap
to recover from a stall. In forward cruising flapping flight, the lift cocfficient is well
below irs maximum, and a bird has considerable scope to control lift and thrust by
adjusting local wing pitch and wingbeat kinematics. However, in slow flight and take-
off, Hift coeflicient and vortex circulation are relatively high compared with forward
thght, and approach the maximal levels that the wings can generate, even in flapping
flight. Pigeons flying ar 2-3 m st (Spedding et al., 1984) ace unable to generate sufticient
wake vortex momentum to support their weight (Rayner, 1993). Mean lift coefficients
as high as around five—and sometimes higher—are typical in slow flight and hovering
i small birds (e.g. Norberg, 1975; Scholey, 1983), whereas lift coefficient rarely exceeds
15 i forward flight. In tke-off flight the bird must provide additional force to gain
height and to accelerate, and lift coefficient is likely to be even closer to maximal values.
We hypothesize that chis is the dominant constraint on take-off flight dynamics.

Physiological constraints have independently been considered to limit flight
performance. Pennycuick (1969) proposed that upper limits to oxygen delivery by the
respiratory and circulatory systems and to the rate of conversion of oxygen and fuel
to mechanical work in the flight muscles would act as a constant upper lumt to
power output in any bird, independent of flight speed or behaviour, and that
this power outpur would impose upper and lower himits o flight speed in steady flight.
Power delivery is undoubtedly limiting, but there is livde information on the
magnitude of such constaints. Recent aerodynamic and mechanical evidence
(Rayner, 1999; Rayner and Ward, 1999) suggests that power output at higher speeds
does not rise 1o Inmttng levels, and therefore other, possibly mechanical, factors
determine maximum flight speeds. Tt appears o us that physiological constraines
setting an upper level to power output from the flight muscles are unlikely to be acute,
as take-off and shore slow flights are associated with glycolvtic metabolism, with high
bursts of power for limited duration. Indirectdy, acrodynamic and physiological
factors may interact to constrain take-off: 1o generate sufficient lift, a bird in slow
flight and rake-off will normally increase wingbeat kinematics and wing amplitude to
maximize wing section speed during the downstroke. Force and power output from
the muscles will vary with contraction rate and strain, and therefore wich wingbeat
Kinematics, in a manner not well understood. A bird’s scope for achieving high
levels of performance in take-off might therefore be associated with the diversity
of contactile properties of flight muscles. So far there have been o studies
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demonstrating substrate use or depletion in an anaerobic take-off or short-term flight
in birds, and there is insufficient information to develop realistic estimates of the
maximum performance.

4. Moult and take-off

In the previous sections we have described mechanisms by which moult may have an
influence on flight, and have shown why take-off, climbing and accelerating flighc are
likely to be constrained by aerodynamic force generation. We have argued that the
influence of moult will be most obvious when these two effects are combined. Indeed,
it is probable that the rigorous aerodynamic constraints imposed on take-off in
moulting birds are responsible for some of the changes observed in behaviour or
habitat use that are commonly reported. In the following sections we report two
experimental studies that have started investigation of the interaction of moulr and
take-off flight in starlings.

4.1 Take-off during simulated mounlt

Swaddle and Witter (1997) developed an experimental method by which the divect
physiological effects of moult can be separated from the indirect effects by trimming
feathers of non-moulting birds to simulate moult. A more recent experiment has
expanded on these experiments (Swaddle et «/., 1999). In this study, manipulated star-
lings had their primary feathers trimmed with scissors to simulate feather lengths of a
bird in mid-moult (Figure 5). Manipulated moult birds and control groups were filmed
during take-off with a high-speed video camera (at 100 Hz) to study the changes in
wingbeat kinematics during simulated moult. To quanuify aerodynamic performance
of the birds, Swaddle et al., (1999) computed aerodynamic performance (mean wing
lift coefficient by blade element theory; vortex momentum and induced power by
vortex ring models (Rayner, 1979)) from measured wingbeat kinematics, and they
combined measures of potential and kinematic energy gain during take-off to assess
instantaneous dynamic energy per unit mass (calculated as V2(V 24V 2 + gz, where V,
and V, are the horizontal and vertical components of flight speed, respectively, g is the
acceleration due to gravity, and z is height). This quantity has the advantage of
combining a bird’s take-off performance into a single parameter that should be inde-
pendent of the bird’s behavioural decisions to trade-off a gain in height (i.e. ascent
angle) against a gain in speed; both are important aspects of predator avoidance, buta
bird is unlikely to be able to maximize both speed and height gain.

As in the previous simulated moult study (Swaddle and Witter, 1997), birds reduced
take-off speed immediately after the feather manipulations, but feather trimming had
no influence on the climb angle of the take-off trajectory. Six days after the manipula-
tions birds had regained their previous flight speed, as was also reported by Swaddle
and Witter (1997). Most other measures of flight performance and kinematics (Zuble
1), including dynamic energy gain and acceleration, were significantly impaired by the
manipulations, and had not recovered at least 6 days after the manipulations were
performed.

Swaddle et al. (1999) explored possible mechanisms by which this adjustment
arose. Wingbeat frequency did not change through the experiments, but wingbeat
amplitude increased significantly after manipulations, although it reduced subsequently.
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Before
primary feather manipulations:
natural conditi

Immediately after
primary feather manipulations

()
Six days after \
primary feather manipulations

Figure 5. Wingbeat kinematics in European starlings Sturnus vulgaris during simuldated mosde
(from Swaddle cval. (1999). The inset shows bow feathers were modified to simulate an
mtermediate stage of u natural mowlt with one priviary shghtly shortened and the adjacent primary
almost yemoved. Al bivds from this treatment group showed this consistent pattern of wingtip
reversals during phase 2. Kinematics for two contvol groups, which experienced the same \;,.::S:m
etther with no nuonipulation or with trimming of the s.one feathers to remove less than 1% of wing
arca, renained similar (o phase 1 throughout.

The consequence of these changes was that the wingtip speed was increased, but
because acceleration is lower the birds operated at a lower mean lift coefficient. It is
expected that this was the maximum lift coefficient they were able to achieve, and this
value was insufficient to maintain acceleration and rates of energy gain (= dynamic
power). Immediately after manipulations there were dramatic changes in movement
of the wingtip during the wingbeat (Figure 5). Before the manipulations the kine-
matics and posture are characteristic of passerines in take-off flight: the body is
steeply inclined, and the wingtip follows a shallow arc anterior to the head during the
upstroke, as the leading edge of the wing is held at an acute angle to the body axis.
During the downstroke the wrist is moderately flexed and the wingtip follows an
approximately linear path (Figure 5(1)). Immediately after the feather manipulation
birds exhibited an abnormal wing movement not known from any bird in natural
flight. The wingtip path followed a looping movement at the top of the trace,
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indicating the presence of a wingtip reversal during the latter phase of the upstroke, A
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Figure 6. The vortex ring wake
of starling Sturnus vulgaris /n
take-off flight from a perch, seen in
side (above: photo E.V. Williaoms)
and front views (below, photo J.
Martin), by belivm-bubble flow
visualization (methods described
by Spedding ecal. (1984)). The
wake consists of a sequence of
vortex rings. The rings are
approximately horizontd when
shed, but as they evolve they rotate
to become more tilted, as seen to
the bottonr right of the upper

Jigure.

Recent observations of seven adult starlings experiencing natural moult have unveiled
mteresting patterns suggesting that the biomechanical consequences of moult are
more complex than the simulated moult experiments indicate (Williams et al., unpub-
lished material). Take-oft was filmed with a high-speed cine-camera (at 185 Tz) on
three occasions: 2 weeks before moult, at mid-moult and 2 weeks after moult was
completed. Wingbear Kinematics. take-oft speed, angle, acceleration u:,_@v;:::c
energy were determined from the films, and, as deseribed above, aerodynamic ﬁﬁ..mcq.
:Z:,r.m was estimazed by vortex ving theory (Zible 7). Morphological measures indicate
that body mass was low at the bevinning ot moult, remained depressed during mouly,
and rose when mosic was o mpleted. Swaddle and Witter (1997) have previously m:.»:-
cated significant nass reduction in starlings during moult. Wing area decreased during
, fengeh after moult was completed (16.7em) was longer than

moult. Interestngha win
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before moult began (15.9¢m1), mdicating the benefic of regrowing worn or abraded
primary tlight feathers.

During moult birds decreased their angle of ascent compared with before moult, but
did notalter their speed of tke-of . This is consistent with previous analyses of tke-
off behaviour in moulting captive starlings (Swaddle and Witeer, 1997), and with aero-
dynamic theory, which indicates that the faster a bird takes oft, the lower the toral
aerodynamic work done to accelerate it Take-off speed is less likely to be affected by a
decrease in wing area, because weight support and thrust production are determined
primarily by the span of the wing (Rayner, 1986, 1993). The wingspan of the birds in
mid-moultin the present study remained unchanged compared with the wingspan pre-
moult. Any decrease in mechanical power or acrodynamic force output muay
compromise ascent ang

and/or acceleradion, in preference to a reduction in speed,
because ascent angle and acceleration are probably linearly related to energy input
(Hedenstrom and Alerstam, 1992; Rayner, 1986), unlike take-off speed or speed in
forward flight (review by Rayner and Ward (1999)). Therefore, a decrease in angle or
acceleration would lead to a direct power saving, whereas a decrease in take-off speed,
assuming no change in ascent angle or acceleration, would incur an Increase in power
requirement during take-off. We would therelore expecta bird to maintain flight speed
as much as possible in an impaired take-off.

Kinematic analysis revealed that all birds exhibited uniform wingtip movements,
similar to those commonly observed in (his species (compare Frgre 5 pre-moult
pattern), and there was no indication of the wingtip reversals observed in the simulated
moult experiments (above). As in the experiments with simulated mouly, wingbeat
frequency remained constant, but wingbeat amplitude increased sharply in mid-moult
and remaining elevated after moult had been completed, so that the wingtip was
moving markedly faster. The birds were able to muaintain speed, chimbing angle,
dynamic energy and acceleration (all fell slightly but non-significantly) with a lower
hift cocfficient on the wing. From this evidence we can determine that birds altered
wingbeat kinematics in response to moult to maintain lift; they were not physiologi-
cally or structurally constrained in their wingbeat amplitude before moult began, but

b
during moult the maximum lift coefficient they could obtain was sharply depressed.
Experiments (above) simulating moult reached the same conclusion. As birds in
nature commonly enter moult in a ‘physiologically challenged’ state, it is possible that
there are limits w0 the functioning of muscles involved in flight and to the ability of
worn feathers to generate acrodynamic force. After moult is under way and has
finished it is possible that these constraines are less severe. In vivo measurement of
muscle and tendon performance of birds in varying physiological and photoperiodic
states may shed light on these hypotheses. Birds attempting 1o improve take-off
performance through manipulating their wingbeat kinematics may not have been able
to increase downstroke wingtip speed any further owing to physiological and energetic
constraints imposed by muscles and tendons, which become exacerbated by the
increased demands of moult.

Because of the low hift coefficients during moult, the wake vortex circulation and the
induced power were also low: [t is tempting to suggest that this is an adaptive response,
in reducing the costs of flight during moult, and cherefore permutting energy resources
to be diverted to tissue and feather synthesis. However, three points should be set
against this hypothesis. First, the enerpy reduction is a consequence largely of the
reduced acceleration rates during take-off, and any reduction in power in steady



146 CH. 8. MOULT AND TAKE-OFF IN BIRDS

forward flight is likely to be small orabsent. Second, the _.Q_.:nc; tahe-off performance
increases exposure of the bird to predation risk, and this is likely to A:‘:;d_m_, any small
energetic benefits. Third, if small wings with _:c::,ﬁ,;z are adaptive during moult,
they should be even more beneficial at other stages of ~._~r.. life cycle.

The most marked evidence of accommodation of flight performance to moult
comes, perhaps surprisingly, from the period afrer :5:7. w.:.c?_, ..F,cc_n_..:.?? dynamic
energy gain and vortex wake parameters all increase m_m:._:w.::_v‘, and rise to _gn_.?:.‘-
mance significantly better than that before moult. This is in contrast to the experi-
mentally simulated moult experiment described above, in which these values did not
recover. The reduction in take-off angle in response to new t_:_:..‘.x.a no_.g,?.:::r the
relationship between wingtip speed and take-off speed, but this is oftset by the
dramatic increase in acceleration. We interpret these results to mean that before and
during moult birds are constrained in lift generation by the condition of ﬁ._:.:, wings
(worn or abraded feathers) and by the wingbeat kinematics ﬁrnv\.m;: ..?r.._c.?.. After
moulr, they can achieve better rates of energy gain with a lower lift nom:_n._c:.ﬁ.z::
before. This may mean that the generation of aerodynamic force is a significant
constraint before and during mouls, but is not a constraint subsequently. .

The comparison of pre-manipulation performance with that | week post-manipu-
lation is probably more relevant to the effects of the mid-moult stage in the present
natural moult study; that is, birds had time to adapt take-off va_‘mo::p:mm to their
moult plumage. Therefore, the evidence from both the natural u:a méﬁ.._:@,a.S:v‘
simulated moult experiments indicates that starlings do not experience signiticant
decreased take-off performance as a result of prolonged exposure to a :5_.% c._:_:.%a
(as happens in nature). This is a surprising finding, and has important ::v__n.,::.,:m for
the survival and behaviour of starlings during moult. It may also help to explain why
starlings (and similar passerines) have a relatively vwo_c:mn.p_ moult m::* m_..i_ .?,:rn_.,,.
sequentially rather than simultaneously. Further axﬁc:_:n:.ﬂa_ investigations  to
examine the flight costs of different moult patterns and strategies in :,m, mz_.___ﬁ w::*
other species may further help to explain why avian species vary so ::_.or in the timing,
duration and patterns of moult. However, as our kinematic data indicated that birds
increased wingbeat amplitude (and to some extent frequency) during moul, ?c_.n may
be a physiological and energetic cost to maintaining flight vc_‘m.o:.:u:nc during moult
at pre-moult levels. Therefore alteration of kinematics to minimize H.:o.zE,..:..E: (1o
the observer) influence of moult on overall flight performance may, in itself, impose
costs that could impinge on the birds’ energy budget and behaviour. Hence, we
advocate a life-history approach to studying moult.

There was a significant increase in dynamic energy gained per wingbeat associated
with new plumage. These data further indicate the benefits 3. moulting .:::4 new
plumage, which are important to consider when explaining the factors that give rise to
the evolutionary radiation of moult parameters. Although Williams et al. (unpublished
material) selected individuals with apparently undamaged plumage tor their study, the
data appear to indicate that the renewed plumage after moult wa ?:n:o:;_._.,. more
efficient than the year-old plumage thar each bird possessed before moule. Anincrease
in the functional efficiency of new feathers may also have important implications for
other possible indirect costs and benefits of moult, such as water repellence, :F;.::_.
insulation and visual appearance of display plumage. Future studies of the costs of
moult could also incorporate studies of these additional indirect consequences of
renewed plumage.
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4.3 Compartson of simulated and natural moudt

The mechanical realization of changes in wingform as a result of simulited and natural
moult are ditferent. The disruption of the ability of the wing to generate lift foree
appears comparable when feathers are physically aleered to match the pattern observed
i moult, or when feathers are natorally ac these lengihs during moult (Swaddle and
Witter, 1997; Swaddle e al, 1999; Williams et al., unpublished). Tt is not possible to
identify the acrodynamic mechanism, but the observed response is consistent wich a
sharp reduction in maximum lift cocfficient C,, and a probable reduction in lifti-dray
ratio (cf. Frgure 2(c) and (d)). Different aerodynamic mechanisms might apply in
forward cruising flight, as outlined above. The difference between natural and simu-
lated flight feather moult is accentuated by the longer-term changes in flight perfor-
mance in the simulated moult experiments (Swaddle and Witeer, 1997; Swaddle et /.
1999). In both cases, wingtip kinematics altered immediately after moult or plumage
manipulations, but in the simulated moult there were dramatic changes in the
geometry of the wingtip path, which represent an extreme attempt by the bird to
adjust to unexpected changes. Within 1-2 weeks after the feathers had been trimmed
the birds had partially regained some of their flight ability. This clearly demonstrates
that birds are capable of compensating or adjusting the behavioural response of flight
to a new wing geometry. As birds can do this in response to a wholly artificial manipu-
tation of feacher lengths, itis more than likely that they can do the same during natural
moult (as the data above indicate). Possible adaptive mechanisms could include alter-
ation of wingbeat amplitude, wingbeat frequency, angle of atrack of the wings, altering
the shape of the wing and feather overlap, increasing maximal extension of the wing
during the downstroke and tighter furling of the wings to the body during the
upstroke. These all deserve further investigation to help explain how birds maintain
flight performance during moult.

As natural moult entails significant physiological changes, itis also possible that the
physiological alterations during moult could account for the differences between the
naturatand simulated moultexperiments. 1e seems at first glance counter-intuitive that
despite the additional physiological and energetic demands of moult, birds in natural
moult appear to retain a greater flight performance than those that have had their
feathers trimmed to simulate moule. This may simply be due to the disruption by the
manipulations. We hypothesize that birds are able to reap some biomechanical benefics
from the physiological changes that occur during moult. Perhaps wing weight and,
hence, inertia are significantly reduced during moult: this could sharply reduce the
maximum force required to move the wings (Rayner, 1986, 1993). Additionally, a loss
of feathers (primaries, secondaries and coverts) from the wing may help with furling
the wings tighter to the body during the upstroke, hence giving a slight reduction in
profile drag (and also inertia). The expanded blood volumes during moult could
increase acrobic supply to the flight muscles. The most important physiological effect
on biomechanical performance may be the reduction in body mass commonly
observed during moult. This will help the bird to achieve more with the reduced lift
force from the wing. This loss of mass can even comprise loss of flight muscle mass
without a detrimental effect on flighe (J. Swaddle and A.A. Biewener, unpublished
data). In simulated moult, birds are immediately exposed to a sub-optimal wing
geometry and lower wing area without any alteration of body muass or other aspects of
body composition. In natural mouly, birds have often lost mass before wing moult
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commences, and therefore their wing loading is preserved atalower, less costly, level.
The experimental data we have presented in this chapter suggest that this muass loss is
the primary mechanism by which starlings can reduce flight costs or compensate for
reduced aerodynamic performance during natural moule. However, this does not
preclude the action of alternative and additional mechanisms, nor can it exphain flight
performance in species that do not lose mass. In further investigations it will be
necessary to take account of the physiological state of birds before moult begins, as the
data presented in this chapter indicate that these initial conditions are vital in deter-
mining the influence of the wing geometry of moult on biomechanical performance.

5. Discussion

Moult frequently occurs between periods of breeding and migration (or overwintering
for non-migratory species) and there tends to be little overlap among these periads for
most avian species (Ginn and Melville, 1983; Hemborg and Lundberg, 1998;
Holmgren and Hedenstrém, 1995; Langston and Rohwer, 1996; Slagsvold and Lifjeld,
1989). Hence, moult (especially in those species that moult once per year) often
delimits the end of breeding and also the beginning of migration, and we must adopt a
broad, life-history view of the factors that influence and drive the evolutionary radi-
ation of moult parameters. These factors (i.e. the relative costs and benefits of moult as
well as evolutionary and developmental constraints) are not only important in shaping
‘moult’ as a life-history trait, but they will also have indirect influences on breeding,
migration and overwintering strategies. Therefore, quantification of cost-benefit
trade-offs and identification of developmental and evolutionary constraints acting on
moult parameters are essential in assessing many life-history elements of bird species.
The review and presentation of novel data in this chapter further indicate the impor-
tance of biomechanical considerations to such analyses. We cannot obtain a full under-
standing of the factors that shape the evolution of moult without empirical and
theoretical studies of biomechanical costs, benefits and constraints.

A life-history approach to the study of moult has often indicated the interplay
between moult parameters and features of the ecology and behaviour of particular
species (e.g. Ashmole, 1963, 1965; Furness, 1988; Langston and Rohwer, 1996;
Slagsvold and Lifjeld, 1989). An intriguing example is that of Laysan and black-footed
albatrosses (Diomedea immutabilis and D. nigripes, respectively), which appear to
display trade-offs between the time available for moult versus breeding (Langston and
Rohwer, 1996). Because of their extended breeding period and the lack of overlap
between moult and breeding, there is often insufficient time available to complete a
full moult every year; hence Laysan and black-footed albatrosses exhibit various
patterns of incomplete moult. In years when breeding starts earlier or when the
breeding period is shorter or abandoned, individuals are able to moult more feathers
after their breeding attempt. In addition, when feathers become too abraded (as they
may not be replaced every year), breeding may be sacrificed so that birds have time
available to complete a full moult and renew their worn feathers (see discussion by
Langston and Rohwer (1996)). Hence, moult not only influences breeding during the
same year, but can also influence future breeding attempts, as albatrosses may be able
to trade-off long-term investment in moult versus breeding. Uldimarely, these birds are
constrained in their rate of moult by the cost of regrowing many primary feathers at
one time (as feather growth rates are very conservative in these species (Langston and
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Rohwer, 1996)). This may cntal energetic and 155:_:5?: costs of teather
replacement (as indicated carlier in this chapeery, bur will also incur significant biome-
chanical cost, as having more feathers missing from the wing will increase the size and
number of wing gaps (these birds show sphtsequences of primary moult in which the
outer primaries are shed provimal to distal, but the nner primaries are shed distal o
proximal). Therefore, the biomechanical consequences of moult can have protound
influences on the breeding tactics of individuals.

These forms of life-history trade-offs are not particular to slow moulting seabirds
with prolonged breeding periods, such as albatrosses. Other large birds have extended
moult cycles, sometimes taking more than 1 year to complete a full wing moult.
Stmilar observations have also been reported in many passcrine species. For example,
breeding pairs that invest more during the breeding season (i.e. raise a larger brood, or
raise more broods) tend 1o start their post-nuptial moult later (e.g. Dhondt, 1973;
Newton, 1966; Slagsvold and Lifjeld, 1989). Additonally, in cases where the male
tends to expend less parental effort than the female, the male will often moult earlier
than the female (e.g. Hemborg and Merild, 1998; Orell and Ojanen, 1980; Slagsvold
and Lifjeld, 1989). Hence, breeding, migration and moult strategies can be intimately
linked in many avian species.

Biomechanical considerations are intrinsic in determining the relative costs of these
different strategies, and so are important in mediating life-history trade-offs. For
example, moult could overlap with breeding (or migration) in species that have short
rounded wings, as the acrodynamic cost of wing gaps may be relatively small for
species with low aspect ratio (Hedenstrom and Sunada, 1999). Also, wing gaps may be
smaller in species with short, rounded wings, as there is more overlap among neigh-
bouring feathers than in species with longer, more pointed wings. Slow moulting
species with short rounded wings may be able to minimize the costs of moult and,
therefore, have more flexibility 1o overlap moult with periods of breeding or
migration. These observations could explain why species such as the dunlin Calidyis
alporae moult during their migration (Holmgren et al., 1993)

Many large soaring or gliding birds have wingtips with separated primary feathers.
The geometry of these wingtips is critical in determining the structure of the wing’s
vortex wake, and therefore che drag. Tt is to be expected that loss of primaries in
species with separated wingtips could be acrodynamically more costly than for birds
with closed wingtips. Not only will the gaps in the wing be larger for birds with sepa-
rated primaries, but these species will also lose (to some degree) the benefit of
possessing wingtip slots, which will result in a relative increase in induced drag
(Tucker, 1993). In addition, mechanical aerodynamic loads must be redistributed over
the remaining feathers, increasing the incidence of abrasion and wear. FHence, biome-
chanical factors may constrain such species o slow moult in which only one feather is
missing from the wingtip ar any one time: Harris hawks display this form of slow
moult sequence (Tucker, 1991), which is typical of raptors. Vultures are commonly
observed flying with primaries missing (Figure 1(.0)), indicating a very slow moult
(Tischer, 1962),

Biomechanically derived hypotheses may also help explain natural vartadon in moult

patterns. For example, Laysan albatrosses show an incomplete primary feather moulr,

but the most commonly replaced feathers are the outer primaries (Langston and
y re| | gston

Rohwer, 1995). These are the longest primaries and. hence, are the most enerpetically

i gest | geticall;

costly feathers to regrow (there is more feather to replace). So why moult the longest
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feathers in preference to shorter inner primaries? There are three mechanical explana-
tions. First, distal feathers may be more likely to become abraded or damaged than
proximal feathers, as the distal feathers form the wingtip. Hence, these .?.,:_:.: may
need to be replaced more often. Second, loss of acrodynamic function :.ﬁ outer
primaries during non-moult periods may be more costly than _cmm.c_ function ininner
primaries. So even if abrasion rates were the same across the wing, it may be more
important to replace distal feathers than proximal ?p.:_.w_a, for :_ﬁ_:. ::.n._:.:_r.m
reasons. Third, a gap created during moult at the wingtip (i.e. by m__nw_;_:m :».;;E_.
feathers) may be aerodynamically less costly than a gap ata more _.:,c./.::p_ section .3
the wing (Hedenstrém and Sunada, 1999). —uc.ﬁ this reason replacing outer primaries
may be mechanically less costly than replacing inner primaries.

The data that we have presented and reviewed in this chapter further support the
life-history perspective that we advocate. In natural _.:o:_r birds appear to M_-n_r‘._wmﬁv
several adaprations that reduce the flight costs of missing feathers from the wing. I he
most notable of these is a loss of body mass. Regulating a lower body mass during
moult will impose its own suite of costs and benefits (see Witter and O:m::_- 1993).
Two of the most obvious costs of reduced mass may be an increased probability of star-
vation (which has obvious fitness consequences) and also increased :.:.:.:5:;_ stress
during moult, which is known to increase the occurrence of deformities and &So?
malities in regrowing feathers (e.g. Swaddle and Witter, 1994; see below), ,<_:m_~‘ are
also likely to have fitness consequences. Hence, although birds appear to reap flight
benefits from a reduced mass during moult, there will also be costs and, ulimately,
constraints to this mass loss, all of which can only be fully interpreted by adopting a
life-history approach. Experiments in which moult is simulated may appear to isolate
specific biomechanical or behavioural aspects of the ?me:: our comparison of acro-
dynamic responses to simulated and natural :5::. in starlings G;_m.:& that the
response to simulation of moult for which the bird is ::?.m?qmm* induces u_:::._w:»_
behaviour, approaching the limits of aerodynamic wml.o::.g:nm” We advocate caution
in experiments employing artificial manipulation of wing or tail feathers to simulate
natural inter- or intra-individual morphological variation.

A possible integrated approach to study many of the costs and v.n.:a:.S zmmcp,m,:&.,c:__
moult is in terms of energetics (as described earlier). The increase in .2:&79: :._:1::%
and wingbeat frequency observed during natural moult are 7.9::_ to impose u:._:n:..zﬁ_
physiological and energetic burden on the birds. Not only is the wingtip moving faster,
but it is also moving further. In terms of flight, these responses help to maintain S._ﬁ.n-o:
performance at pre-moult levels, but the costs of these kinematic changes may T.c difficule
to ascertain without measuring energetics. This form of study also needs to be ::nm_uﬁ.mg
with knowledge of physiological and anatomical constraints of muscle, tendon and joint
operation during moult. It is possible that these are altered by Boc_.r or that birds do not
perform maximally when outside moult periods. Once we have gained a more co::g_m?.
understanding of the energetic costs and constraints imposed by both the direct physio-
logical implications and also the indirect biomechanical and behavioural consequences of
moult, these elements can be combined with existing models of moult energetics.
Without incorporating such elements we will not be able to fully explain the E*.ﬂ.s:,.n radi-
ation of moult parameters or the interaction of moult with other important periods of the
avian annual cycle, such as breeding and migration. ‘

Studying the energetic cost of various elements of moult could create a number of

methodological difficulties. Implicit throughour our discussion we have assumed that

J.M.V. RAYNER AND J.P SwaDOLE 151

birds trade-off costs with benefits, and there is no reason to think that birds would not
do this in experimental conditions, and would cven alier the dyinamies of these trade-
offs among experimental protocols. Studies using ~.?,...;,7_:x birds could be limited as
birds could compensate, energetically, by shifung beluvioural pacterns and red

ucing
energy expended in particular behaviours (as was indicated

explicitly by Swaddle and
Witter (1997)). Hence, we would need to know the energenic nmplications of all behav-
iurs exhibited by birds during the cxperiment and also the amount of time spent
performing cach of these behaviours. In most cases this would be an onerous {and
probably unfeasible) task. Conversely, bringing birds into captive conditions in which
their behaviour can be monitored more closely or their environment controlled 10
reduce confounding environmental factors, also poses problems. The studies reported
here are limited in that we do not know, ulumately, it birds can trade-off any loss of
take-otf performance with any other part of their behavioural repertoire. We also d

o
not know whether birds” motivation to escape from an experimenter in an e

nclosed
aviary is the same as the performance birds would show in a real predatory event. What

we suggest is the explicit integration of field observations and controlled laboratory
experimentation. This is something that many behavioural ecologists are used to but
appears less prevalent in the biomechanical literature, as birds often have to be in
controlled conditions to give accurate data. Hence, not only can biomechanics make
substantial contributions to the study of behaviour, but also behavioural ecological
approaches can be incorporated into biomechanical studies to increase the ecological
and evolutionary relevance of any data that are collected

In this chapter we hope to have provided some initial ideas and empirical evidence
for the importance of biomechanics to the moult tactics and behaviour of birds.
Crucial to our arguments are identification of biomechanical conscraints acting
during moult, and also quandification of the mechanical costs and benefits of moult.
We have discussed the aerodynamic consequences of moult at length, but there m
be additional costs that should also be incorporated. These include assessme
thermoregulatory costs of feather loss. This should be studied not onl
feather loss, but also in terms of the physiological alterations and dema

ay
ntof the
y in terms of
1ds of natural
moult. As water requirements are greatly elevated during moult, there may be signif-
icant thermoregulatory consequences independent of the mnsulatory effects of
plumage loss. Other factors 1o be considered are water repellence (which will affect
not only thermoregulation but also buoyancy) and also alteration of the appearance
of the plumage in terms of visual communication. The appearance of plumage
colours that are derived from dictary sources (c.g. coloration produced by
carotenoids (Gray, 1996)) is mediated by moult, and the coloration of such plumage
areas can have profound influences on natural and se
Hill, £990). This latter issue does not solely apply to g
changes observed in birds that switch between nupt

s

xual selection processes (e.g
ross colour or morphological
al and overwintering plumage,
but also to more subtle changes in structural colours, which could be influenced by
feather wear and ultrastructural properties of feathers. There are also numerous
studies that could be performed to assess biomechanical constraines acting during
moult. It is possible that muscle, tendon and joint functional limits are different
during moult because of the gross physiological changes that birds experience
during this period.

A life-history approach also demands that we consider the long-term effects of

moult. These could include annual alteration of wing form, such as changes in wing
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dimensions (e.g. aspect ratio and wingtip shape). These are factors that are known to
influence flight costs (Lockwood et al., 1998; Norberg, 1990; Pennycuick, 1975;
Rayner, 1988), and so will impinge on numerous behavioural, energetic and ._J_Ji:-
logical traits. Conditions during moult have also been demonstrated to affect the
left-right symmetry of growing feathers (i.e. fluctuating asymmetry (Swaddle and
Witter, 1994, 1998)). Changes in asymmetry of feathers have been demonstrated to
influence a range of important behaviours, such as angle of escape take-off (Swaddle,
1997), speed of take-off (Swaddle et al.,, 1996), acrial manoeuvrability and agility
(Evans et al,, 1994; Swaddle and Witter, 1998; Thomas, 1993), level-flight speed
(Swaddle, 1997; Thomas, 1993) and mate preferences (Swaddle and Cuthill, 1994). All
of these behaviours are likely to have a direct influence on fitness and survival,
Environmental conditions during moult may also influence the overall condition and
performance of feathers, hence influencing flight, abrasion and breakage resistance,
thermoregulation and water repellence.

It is important also to take account of the condition of birds before moult. For
example, Laysan albatrosses with a higher parasitic load of oesophageal nematodes
replaced fewer feathers in their moult than those with a relatively lower number of
parasites (Langston and Hillgarth, 1995). Hence, pre-moult condition may place
constraints on moult, which may in turn influence behaviour and survival. Condition
of feathers before moult is also an important consideration. Williams et /., (unpub-
lished) explicitly demonstrated that the flight costs of bearing year-old feathers can be
as significant as the flight costs of moult itself. Future studies could include assessment
of pre-moult feather condition in terms of a range of physical and mechanical prop-
erties (e.g. abrasion, hardness, stiffness, thermoregulation, water repellence, visual
appearance). These properties may vary among species and within individuals, and may
help explain the timing of feather replacement. For example, species occupying harsh
environments and that experience high levels of feather abrasion may have to moult
more than once a year.

The preceding discussion has indicated the importance of moult to most birds
and, in particular, that moult can have profound life-history influences, including
indirect influences on other life-history traits (such as breeding, migration and over-
wintering). Biomechanical costs and constraints are important clements of the
factors that shape moult and so will have life-history implications. Therefore, we
urge evolutionary biologists to consider and quantify the mechanical effects of
moult so we can achieve a better understanding of the vast array of moult paramerers
observed in nature,
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