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Summary

1.

 

Recent studies in Scotland suggest that the outermost tail feathers of Barn Swallows
(

 

Hirundo rustica

 

 Linnaeus) may be around 10–12 mm longer than the aerodynamic
optimum, with sexual selection for long tails accounting for this extra length.

 

2.

 

To test this hypothesis, we shortened the outermost tail feathers in male and female
Barn Swallows in southern Spain by cutting 1, 11 or 21 mm from the tips of the feath-
ers, and checked for change in haematocrit 1 month later. Haematocrit levels were high
when birds arrived at the breeding grounds due to an intense effort for flight during
migration, but these levels decreased during the breeding season. We predicted that this
decrease would be more pronounced when tail length was closer to the aerodynamic
optimum (tails shortened by 11 mm), and less pronounced as tail length was displaced
from that optimum (tails shortened by 1 or 21 mm).

 

3.

 

Contrary to expectations, we found that the smaller the experimental reduction in
tail length, the more pronounced the decrease in haematocrit. Barn Swallows with little
parental effort and originally long tail feathers experienced a more pronounced decrease
in haematocrit than individuals with strong parental effort and originally short tail
feathers, respectively, although only in the group of birds with tails shortened by 21 mm.

 

4.

 

These results do not support the hypothesis that outermost tail feathers in Barn
Swallows have been elongated because of sexual selection, at least in the population
studied, but are consistent with tail length being at an aerodynamic optimum, or very
close to it. Differences in tail length among populations might help to understand the
disagreement with previous studies.
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Introduction

 

Natural and sexual selection often have very different
and even opposite effects on trait evolution. However,
both processes might have the same effect on a given
trait, at least for a certain period of time, making it
very difficult to determine which one is responsible for
the evolutionary change (e.g. Simmons & Scheepers
1996). One such case is the evolution of the elongated
outermost tail feathers in Barn Swallows (

 

Hirundo rustica

 

Linnaeus). Elongation of  these feathers might have
resulted from sexual selection, or natural selection, or
both processes simultaneously. As Barn Swallows are
aerially insectivorous, this foraging mode would explain
the extraordinary importance of morphological traits
related to flight in this species.

A long series of studies by Møller 

 

et al

 

. (1998) have
suggested that the outermost tail feathers of male Barn
Swallows are secondary sexual characters longer than
the aerodynamic optimum. For example, female Barn
Swallows preferred to mate with long-tailed males
(Møller 1988). Moreover, experimental manipulation
of tail length affected survival, males with shortened
tails surviving better than males with elongated tails
(Møller & de Lope 1994). This finding suggests that
carrying long tails is costly for male Barn Swallows.
However, other authors (Norberg 1994) have suggested
that the distal part of these feathers (the streamer) might
have an aerodynamic function as a control device
adjusting the leading edge of the feather when the tail
is spread and lowered, producing an increase in lift as
a result. Nevertheless, this mechanism can work only
when the bird is turning with the tail spread, since long
streamers in level flight only produce drag (Thomas
1993; Thomas & Balmford 1995). According to Norberg
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(1994), the aerodynamic advantages of tail streamers
would be greater than the disadvantages, so that
elongated outermost tail feathers could have evolved
exclusively by natural selection.

In most experiments in Barn Swallows by Møller

 

et al.

 

 in which the tail length was manipulated (e.g.
Møller 1988; Saino 

 

et al

 

. 1997a), the base of the outer-
most tail feathers was elongated or shortened by 20 mm,
while the streamer was allowed to remain intact. This
procedure for tail length manipulation has been sub-
ject to criticism, because some authors suggest that
only the streamer has undergone elongation, the base
being similar to other closely related species (Evans &
Thomas 1997; Thomas & Rowe 1997). Consequently,
to test for a function of long streamers in this species, the
streamer should be the portion of the feather manipulated.
Later studies (Evans 1998) showed that the aerodynamic
consequences of manipulating either the base or the tip
were very different, emphasizing the case for streamer
manipulation. Moreover, both the natural and sexual
selection explanations for long streamers predict that
experimental tail elongation entails aerodynamic costs.
Thus, experimental tail shortening is the only inform-
ative manipulation that can elucidate what mechanism
is responsible for streamer evolution: if  tail shortening
improves aerodynamic performance, tail feathers would
be longer than the natural selection optimum, and sexual
selection would have played a role in feather evolution
(Evans & Thomas 1997; Thomas & Rowe 1997).

The study carried out by Evans (1998) in Scotland
also showed that both 20-mm shortening and 20-mm
elongation of  the outermost tail feathers produced
flight deficiencies in Barn Swallows, and concluded
that if  outermost tail feathers were longer than the
aerodynamic optimum, extra length should be less than
20 mm. Hence, subsequent experiments (Buchanan &
Evans 2000; Rowe, Evans & Buchanan 2001), also in
Scotland, shortened the tip of the streamer in smaller
portions, and found aerodynamically superior values
for a number of flight components in both males and
females when tails were shortened by approximately
10–12 mm. This result suggests that around 10–12 mm
in the outermost tail feathers would be due to sexual
selection and the rest of the feather length could be
attributed to the effects of natural selection. However,
these studies are not free from criticism either. For
example, in some studies (Evans 1998; Buchanan &
Evans 2000) Barn Swallows were filmed ‘entering and
leaving the building housing the nest site’ (Buchanan
& Evans 2000, p. 230), probably when relevant selec-
tive pressures were not acting (for further criticism, see
Møller & Barbosa 2001).

The aim of this study was to determine whether the
length of the outermost tail feathers in male and female
Barn Swallows is only the result of natural selection
(aerodynamic optimum), or if  sexual selection has
contributed to extending streamer length by around
10–12 mm beyond its aerodynamic optimum, as sug-
gested by previous studies in Scotland (see above). We

have proceeded with presumably the most appropriate
experimental procedure, i.e. shortening the tip of the
streamers by different lengths. If the original tail length
were optimal according to natural selection, any experi-
mental tail shortening would entail flight deficiencies.
On the other hand, if  tail length were around 10–
12 mm longer than the aerodynamic optimum, experi-
mental tail shortening by approximately 10–12 mm
would result in better flight performance than either
more or less tail shortening.

There are different ways to check whether tail length
manipulation in Barn Swallows has a positive or
negative effect on flight performance. Some studies have
focused on specific flight parameters (e.g. velocity,
acceleration, manoeuvrability), when individuals per-
formed certain manoeuvres (Evans 1998; Buchanan &
Evans 2000) or negotiated a flight maze (Rowe 

 

et al

 

.
2001). Although this approach may help understand
the selective forces shaping tail length, it cannot fully
account for all the interactions that have taken place in
tail length evolution. For example, it is possible that
long streamers improve manoeuvrability in turning
(Norberg 1994), but, on the other hand, streamers in
level flight cause only drag, not lift, thus increasing
flight costs (Thomas 1993; Thomas & Balmford 1995).
Therefore, we need to know the combined result of all
the selective forces related to tail length that affect the
Barn Swallow’s flight in the wild. An alternative way to
determine if  tail length is at an aerodynamic optimum
is by assessing a physiological parameter which inte-
grates tail streamer costs and benefits in any individual
depending on the relative importance of every kind of
flight. One such parameter is haematocrit.

Haematocrit is the proportion of blood volume
occupied by packed red blood cells. Haematocrit levels
raised by erythropoiesis can be considered an adaptive
physiological response to increased oxygen demand
(or low oxygen partial pressure) that enhances oxygen
uptake efficiency (Gessaman, Johnson & Hoffman 1986).
One of the most common causes of increased oxygen
demand in birds is intense muscular activity, mainly by
muscles involved in flight. Intense effort during flight
or energetically costly flight performance produces
high haematocrit levels. Barn Swallows arrive at the
breeding grounds in Europe after a long migration
from their African winter quarters. Such a long jour-
ney requires an intense effort for flight, resulting in
high haematocrit levels when birds arrive at the breed-
ing grounds, levels that decrease during the breeding
season (Saino 

 

et al

 

. 1997b). We assume that tail length
displaced from the aerodynamic optimum impairs
flight performance and makes flight more costly, thus
resulting in a less pronounced decrease in haematocrit.
If  experimental shortening of outermost tail feathers
by approximately 10–12 mm brings this feather length
closer to the aerodynamic optimum, then a more
pronounced reduction in haematocrit in individuals
with this tail treatment than in other individuals with
different tail treatment would be predictable.
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There is no evidence that haematocrit is a good esti-
mator of condition in adult Barn Swallows, and there-
fore we do not know whether haematocrit levels are
related to fitness in this species. However, in this study
we do not deal with haematocrit levels, but with vari-
ations in haematocrit as a result of experimental tail
length manipulation. Differences in haematocrit vari-
ation among experimental groups would suggest that
different tail lengths provoke differences in oxygen
demand, implying that birds with some tail length
manipulation consume more oxygen and, thus, expend
more energy, than with other treatments. We assume
that, other things being equal, high energy expenditure
due to impaired flight performance will be somehow
detrimental, either because of a trade-off  between
resources allocated to different activities or between
present and future allocation of those resources. It
would therefore be reasonable for differences in tail
length to have some consequences to fitness, providing
the basis for selection.

In one study (Saino 

 

et al

 

. 1997a), the length of the
outermost tail feathers in male Barn Swallows was
experimentally manipulated by shortening or elongat-
ing the base of  these feathers by 20 mm, and the
change in haematocrit over time was recorded. In that
study, haematocrit in males with experimentally elon-
gated tails was maintained during the breeding season,
while haematocrit in males with shortened and unma-
nipulated tails decreased to a similar extent (Saino

 

et al

 

. 1997a). The similar decrease in haematocrit for
males with shortened and unmanipulated tails does
not distinguish whether original tail length was at an
aerodynamic optimum or had been elongated beyond
that optimum (Evans & Thomas 1997; Thomas & Rowe
1997). There has been no study reducing the length
of the distal part of the outermost tail feathers (the
streamer) to investigate the consequential change in
haematocrit in both male and female Barn Swallows
over time.

 

Materials and methods

 

 

 

The study was carried out during spring–summer 2002
in Almería, in south-eastern Spain (36

 

°

 

45

 

′

 

–37

 

°

 

05

 

′ 

 

N,
2

 

°

 

09

 

′

 

–2

 

°

 

31

 

′ 

 

W). Barn Swallows breed in farmhouses,
solitarily or in small colonies of 2–10 breeding pairs.
Birds were caught using mist nets placed at dawn
across windows and doors in the rooms where they
spent the night. At first capture, every individual was
weighed (with a Pesola spring balance to the nearest
0·25 g), measured and provided with a numbered
metal ring and a coloured plastic ring. The length of
right and left outermost tail feathers, central tail feath-
ers, and right and left flattened wings was measured
with a ruler to the nearest 0·5 mm. Length of keel and
right and left tarsus was measured with a digital calliper
to the nearest 0·01 mm. Tail, wing and tarsus length

was determined as the mean value of the left and right
trait. All birds were measured by the same researcher
(J.J.C.) to eliminate any noise in the data due to inter-
observer variability. Birds were sexed according to tail
length (tail is usually longer in males) and presence of
a brood patch (only females incubate).

As many birds as possible were recaptured 30–
36 days after first capture (hereafter second capture).
In most colonies the first capture took place relatively
early in the breeding season (April–May), and the sec-
ond capture around 1 month later (May–June). But in
this second capture, other birds were captured for the
first time, and then recaptured (second capture for
these birds) around 1 month later (June–July). Thus,
some birds were captured for the first time early in the
breeding season while other birds were captured for
the first time late in the breeding season. Different
birds were captured for the first time in different stages
of the reproductive cycle. All tail feathers were care-
fully examined in every capture to detect broken or
moulting feathers. All nests were surveyed every second
day to identify the parents attending the nest and to
determine the number of eggs and nestlings, and dates
of laying, hatching and fledging. All nestlings were
provided with a numbered metal ring when they were
11–13 days old.

 

  

 

Previous studies in Scotland have suggested that
the outermost tail feathers in male and female Barn
Swallows are around 10 mm (Buchanan & Evans 2000)
or 12 mm (Rowe 

 

et al

 

. 2001) longer than the aerody-
namic optimum. We therefore chose to experimentally
shorten tail length by 11 mm, in an attempt to make
the tail length as close as possible to that supposed
optimum. A second experimental treatment consisted
in shortening tail length by only 1 mm, thus keeping
tail length very close to the original length while still
affecting the integrity of the feather, as in the previous
treatment. The third experimental treatment consisted
in shortening tail length by 21 mm, so that the differ-
ence in tail length reduction between birds with tail
shortened by 11 mm and the other two experimental
groups was the same. We did not include a control group
of birds with unmanipulated tails, but we assume that
variation in haematocrit in unmanipulated birds would
be more like birds with tails shortened by 1 mm than
the other two experimental groups.

When captured the first time, all Barn Swallows with
tail feathers intact were randomly assigned to one of
the three experimental treatments. Manipulation in all
treatments consisted in cutting the tip of the outermost
tail feathers (at 1, 11 or 21 mm) and trimming the
streamer with scissors to imitate its natural rounded
end. A number of studies (see Introduction) have pointed
out that this kind of tail length manipulation is the
most appropriate for understanding the function and
evolution of long tails in this species. Very often both
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birds in a pair were manipulated, either with the same
or different experimental treatment. All birds were
freed immediately after manipulation in the same
place where they had been caught.

 

 

 

Both after first and second captures, a blood sample
was taken from the brachial vein for every bird in a
75-

 

µ

 

l capillary tube. Capillaries were then sealed with
wax, stored in ice in a cooler and taken to the labor-
atory, where they were centrifuged at 7700 r.p.m. for
10 min. The haematocrit was measured as the propor-
tion of capillary length occupied by packed red blood
cells in relation to capillary length occupied by all
blood components. Capillaries were measured with a
digital calliper to the nearest 0·01 mm. Following Saino

 

et al

 

. (1997a), haematocrit variation between first and
second captures (haematocrit in second capture minus
haematocrit in first capture) was divided by the number
of days elapsed between the two captures (30–36 days)
in order to obtain change in haematocrit per day for
every individual.

 

 

 

A total of 56 Barn Swallows were included in this study:
21 with tail shortened by 1 mm (8 males, 13 females),
19 with tail shortened by 11 mm (10 males, 9 females),
and 16 with tail shortened by 21 mm (9 males, 7 females).
No birds with broken, missing or moulting tail feath-
ers in either the first or second captures were included
in the study. All birds for which information about
reproductive performance was incomplete or identi-
fication was in doubt were also excluded.

Individuals assigned to the three experimental groups
did not differ significantly in haematocrit values at
first capture, in morphological traits such as weight or
the length of original outermost tail feathers, central
tail feathers, wings, tarsus or keel, or in reproductive
parameters such as laying date of the first egg or total
number of nestlings during the breeding season (one-
way 

 



 

s, 

 

F

 

-values always associated with 

 

P

 

-values
greater than 0·10). Experimental tail shortening resulted
in three groups of birds with significantly different tail
length after manipulation (

 

F

 

2,53

 

 = 11·60, 

 

P

 

 < 0·001).
To investigate the possible effect of experimental

treatment on variation in haematocrit, we chose change
in haematocrit per day as the dependent variable and
experimental treatment and five other variables (two
continuous and three categorical) that might influence
haematocrit as independent variables. The continuous
variables were original length of the outermost tail
feathers and parental effort. The parental effort index
was calculated as the number of  nestlings multiplied
by the proportion of days with nestlings in the period
between the two blood samplings. Provisioning of
young is generally considered to be the most energy-
demanding activity of parental care (Winkler & Wilkinson

1988; Clutton-Brock 1990), and this index was intended
to control for variation in work load among individuals.
It has previously been shown that the total number of
nestling feedings by both male and female Barn
Swallows is positively related to the mass of the brood,
i.e. to the number of nestlings (Cuervo 

 

et al

 

. 1996b).
The categorical variables were the sex, the experimental
treatment of the mate (tail unmanipulated or shortened
by 1, 11 or 21 mm) and date of capture (if  birds were
captured for the first time early or late in the breeding
season; see Field Methods for details). With all these
variables and the two-way interactions we performed a
backward stepwise general linear model, eliminating
all variables and interactions that did not explain a
significant amount of the variance from the model.
However, the sex was not removed from the model
even if  it did not explain a significant amount of the
variance (see Results). It was not possible to control
for colony effect because Barn Swallows included in
this study bred in 18 different localities, and mean (SE)
number of studied birds per locality was only 3·1 (0·6)
(range 1–10). However, it is not probable that differ-
ences among colonies affected our results, since the
number of birds assigned to experimental groups (

 

G

 

-
test; 

 

G

 

adj

 

 = 5·75, 

 

P

 

 = 0·67) and variation of haematocrit
(

 



 

; 

 

F

 

4,27

 

 = 1·48, 

 

P

 

 = 0·24) did not differ signific-
antly among colonies (only colonies with more than
four studied birds were included in these analyses).

Length of original outermost tail feathers and weight
were log

 

10

 

-transformed, wing length was 

 

x

 

7

 

-transformed
and the index of  parental effort was squared-root
transformed in order to obtain normal distributions,
but all other variables followed a normal distribution
without transformation. All statistical tests were two-
tailed and the significance level was 0·05.

 

Results

 

Mean (SE) length of original outermost tail feathers of
the Barn Swallows included in this study was 99·68
(1·27) mm for males (

 

n

 

 = 27) and 84·53 (0·88) mm for
females (

 

n

 

 = 29). As expected, haematocrit levels in
first captures were higher than in second ones (paired

 

t

 

-test; 

 

t

 

55

 

 = 4·40, 

 

P

 

 < 0·001). The only variable signific-
antly related to change in haematocrit per day was
experimental treatment (Table 1). The interactions
between experimental treatment and original tail length
and between experimental treatment and parental
effort also explained a significant amount of the vari-
ance in the model (Table 1). A significant amount of
the variance could not be explained by date of capture,
sex, parental effort, experimental treatment of the mate
or any of the rest of the two-way interactions.

The results show that the more severe the experi-
mental reduction in tail length, the less pronounced
the decrease in haematocrit during the breeding season
(Fig. 1). Decrease in haematocrit per day in birds with
tail shortened by 1 mm was more pronounced than
in birds with tail shortened by 21 mm, but decrease in
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haematocrit per day in birds with tail shortened by
11 mm did not differ significantly from the other two
experimental groups (Fig. 1). Change in haematocrit
per day was related to original tail length only in the
group of birds with tail shortened by 21 mm, with
long-tailed individuals showing a more pronounced
decrease in haematocrit (Table 2). This explains the
significant two-way interaction between experimental
treatment and original tail length (Table 1). Likewise,
change in haematocrit per day was related to parental
effort in the group of birds with tail shortened by
21 mm (Table 2), individuals with little parental effort
showing a more pronounced decrease in haematocrit
than those with a stronger parental effort. However,
this relationship was not statistically significant in
the other two experimental groups, resulting in a
significant two-way interaction between experimental
treatment and parental effort (Table 1).

 

Discussion

 

Previous studies in Scotland (Buchanan & Evans 2000;
Rowe 

 

et al

 

. 2001) have suggested that the outermost
tail feathers in both male and female Barn Swallows
are around 10–12 mm longer than the aerodynamic
optimum. Then, approximately 10–12 mm of  these
feathers would have evolved or been maintained due
to sexual selection, and the rest of the feather length

would have evolved or been maintained due to natural
selection. According to this hypothesis, individuals with
a tail shortened by 11 mm would have a tail length
closer to the aerodynamic optimum, and we predicted
that they would show the most pronounced decrease in
haematocrit. Individuals with aerodynamically sub-
optimal tail length (according to the hypothesis, with tails
shortened by 1 and 21 mm) would show suboptimal
flight performance and increased flight costs, resulting
in a less pronounced decrease in haematocrit. The results
of our study do not support this hypothesis. Contrary
to expectations, the most pronounced decrease in
haematocrit was found in the Barn Swallows with tails
shortened by 1 mm, suggesting that this tail length is
the closest to the aerodynamic optimum. On the other

Table 1. Variables with a significant effect on change in
haematocrit per day after backward stepwise general linear
model. Date of capture, experimental treatment of the mate
and the rest of two-way interactions were removed from the
model because they did not explain a significant amount of
the variance. The sex was included in the model even if  it did
not explain a significant amount of the variance
 

Source of variation
Mean 
square df F P

Experimental treatment 0·027 2,46 4·09 0·023
Sex 0·006 1,46 0·86 0·358
Original tail length 0·005 1,46 0·79 0·378
Parental effort 0·018 1,46 2·69 0·108
Exp. treatment × Original 
tail length

0·028 2,46 4·25 0·020

Exp. treatment × Parental effort 0·021 2,46 3·24 0·048

Table 2. General linear models showing the effect of sex, original tail length and parental effort on change in haematocrit per
day for the three experimental treatments (tail length reduction by 1, 11 or 21 mm). Estimate of effect is shown only for variables
explaining a significant amount of the variance
 

Source of 
variation

Tail shortened by 1 mm Tail shortened by 11 mm Tail shortened by 21 mm

Mean 
square df F P

Mean 
square df F P

Mean 
square df F P

Estimate 
of effect

Sex 0·002 1,17 0·20 0·66 0·006 1,15 0·82 0·38 0·001 1,12 0·11 0·75 –
Original tail length 0·004 1,17 0·55 0·47 0·000 1,15 0·01 0·91 0·027 1,12 5·04 0·044 −1·725
Parental effort 0·007 1,17 0·84 0·37 0·006 1,15 0·81 0·38 0·035 1,12 6·58 0·025 0·010

Fig. 1. Change in haematocrit per day in Barn Swallows with
outermost tail feathers shortened by 1, 11 and 21 mm,
respectively, expressed as adjusted (least squares) means
(–SE) from a general linear model including experimental
treatment, sex, original tail length, parental effort and the
interaction between experimental treatment and original tail
length and between experimental treatment and parental
effort (see Statistical analyses and Table 1). Decrease in
haematocrit per day when tail feathers were shortened by
1 mm was more pronounced than when tail feathers were
shortened by 21 mm (F1,30 = 8·11, P = 0·008). Change in
haematocrit per day did not differ significantly between birds
with tail shortened by 1 and 11 mm (F1,33 = 1·50, P = 0·23) or
between birds with tail shortened by 11 and 21 mm
(F1,28 = 3·03, P = 0·093).
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hand, birds with tails shortened by 21 mm showed the
least pronounced decrease in haematocrit, suggesting
that tail length had been displaced considerably from
the aerodynamic optimum. Individuals with tails short-
ened by 11 mm showed an intermediate displacement
from the aerodynamic optimum compared with the
other two experimental groups.

The results of the current study are consistent with
the hypothesis that the tail length of Barn Swallows in
Almería, in south-eastern Spain, is at an aerodynamic
optimum in both sexes. Consequently, this study sup-
ports the importance of long streamers in turning, as
proposed by Norberg (1994). However, despite the
support for natural selection being the selective force
shaping tail length, the possibility that sexual selection
had a minor role in lengthening tail feathers in this
species cannot be ruled out. Individuals with the tail
shortened by 1 mm seemed to possess the tail length
closest to the aerodynamic optimum (Fig. 1), but we
cannot be sure that the aerodynamic optimum was the
original tail length. The results of this study are also
compatible with sexual selection having lengthened
tail streamers a few millimetres (i.e. 1–5 mm) beyond
the aerodynamic optimum. Whatever the case may be,
sexual selection would only have had very little, if  any,
influence on tail length, and most (or all) would be
explained by natural selection.

Theoretical studies suggest that long streamers in Barn
Swallows might be detrimental in level flight, increasing
flight costs (Thomas 1993; Thomas & Balmford 1995),
but beneficial in tight turnings, improving mano-
euvrability (Norberg 1994). Consequently, even if sexual
selection has not played a role in the evolution of long
streamers in the studied population, experimental tail
shortening might have opposite effects on different
types of flight. Unfortunately, variation in haematocrit
cannot provide information on the effect of experi-
mental tail shortening on every type of flight. Instead,
variation in haematocrit could be considered a meas-
ure of long-term flight costs as a whole, taking into
account the relative importance of every type of flight.
We assume there is an aerodynamic optimum for tail
length (probably a compromise between different optima
for different types of flight), and tail length displaced
from the aerodynamic optimum will impair flight per-
formance and will make flight more costly.

One possible clue to understanding the disagree-
ment with previous studies might be the fact that the
length of the outermost tail feathers in Barn Swallows
differs considerably among populations. In Europe,
most morphological traits of Barn Swallows increase
with increasing latitude, i.e. Barn Swallows are larger
in the north than in the south (Møller 1995). More
interestingly, sexual dimorphism in the length of  the
outermost tail feathers also increases with latitude,
while sexual size dimorphism in other morphological
traits does not (Møller 1995). Sexual selection would
have elongated the outermost tail feathers of male
Barn Swallows to a greater degree in the north than in

the south of  Europe, possibly because of  the higher
foraging cost of  having long tails at low latitudes
(Møller 1995). Mean (SE) length of  outermost tail
feathers in Barn Swallows in Scotland, where these
feathers were found to be around 10–12 mm longer
than the aerodynamic optimum, is 111·4 (0·8) mm for
males (

 

n

 

 = 105) and 93·6 (0·2) mm for females (

 

n

 

 = 84)
when birds are 2 or more years old, while when birds
are 1 year old, it is only 101·5 (1·4) mm for males (

 

n

 

 = 23)
and 90·6 (1·3) mm for females (

 

n

 

 = 16) (Thompson
1992). In our study in southern Spain, we did not know
how old the birds were, but assuming a similar age
proportion to the figures shown for the Scottish Barn
Swallows, and calculating weighted means for tail length
in the Scottish population, we estimate the mean tail
length of  Barn Swallows in Scotland to be around
10 mm longer for males and 9 mm longer for females
than in the population we have studied in southern
Spain. Interestingly, the difference in tail length between
Barn Swallows in Scotland and southern Spain (9–
10 mm) is not very different from the portion of the tail
length attributed to sexual selection in the Scottish
population (10–12 mm). Therefore, we hypothesize that
tail length in Barn Swallows in Almería would be at an
aerodynamic optimum or very close to that optimum,
while the extra length of Scottish Barn Swallow tail
feathers might have evolved due to sexual selection.
This explanation could reconcile our study and previous
findings.

Other non-exclusive explanations for the different
results found in previous studies and this one are also
possible. For example, different studies have used very
different methods to infer aerodynamic optimum tail
length. In previous experiments (Buchanan & Evans
2000; Rowe 

 

et al

 

. 2001), a number of flight parameters
had been estimated when birds performed certain
manoeuvres. The optimal tail length for such specific
manoeuvres may be around 10–12 mm shorter than
actual tail length. However, this optimum may also be
very different for different types of manoeuvres (tight
turning, level flight, etc.) (Norberg 1994; Thomas &
Balmford 1995; Evans & Thomas 1997). The resulting
real tail length would be a consequence of the relative
importance of all selective forces acting on this trait.
Variation in haematocrit could be considered an inte-
gral measure of long-term flight costs, and could give
us a more accurate approach to forces shaping tail
length than any estimate for specific manoeuvres. Long
streamers might in fact be important for tight turnings
(Norberg 1994), such as those used when pursuing
large fast insects, the preferred prey of Barn Swallows
(Turner 1982). We can speculate that previous experi-
ments underestimated this importance if  turnings
performed by birds in these experiments were less tight
than those performed when capturing insects (assuming
that birds with longer streamers can perform tighter
turnings). If this is the case, the 10–12 mm of tail length
previously considered aerodynamically suboptimum
(Buchanan & Evans 2000; Rowe 

 

et al

 

. 2001) might
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have evolved or been maintained to perform very tight
turnings, and tail length in Barn Swallows in Scotland
would also be at an aerodynamic optimum, or very
close to that optimum, as found in our Spanish popu-
lation. Although this explanation cannot be ruled out,
we do not think it is probable, since one of the experi-
ments carried out in Scotland (Rowe 

 

et al

 

. 2001) forced
birds to negotiate a flight maze with the strings at
the end of the maze spaced only at 8·5 cm (approxi-
mately a quarter of a wingspan of a Barn Swallow), a
manoeuvre that requires considerably tight turnings.
Moreover, there is so far no evidence that Barn
Swallows with longer streamers can perform tighter
turnings.

We interpret the difference in haematocrit decrease
among the experimental groups as indicative of differ-
ence in flight performance, with more severe tail
shortening impairing flight to a greater degree than less
severe shortening. However, alternative explanations
should be examined. It has been shown that the paren-
tal effort of  female Barn Swallows depends on the
attractiveness of their mates: females lay more clutches
and feed nestlings more often when they are mated to
long-tailed (more attractive) males (de Lope & Møller
1993). Consequently, it might be argued that indi-
viduals with the most severe tail length reduction in our
study would become less attractive, and their mates
less willing to invest in provisioning of young. So these
short-tailed (less attractive) individuals would com-
pensate for their mates’ reduction in feeding young,
and would increase flight effort, resulting in a less
pronounced decrease in haematocrit, the result found
in the current study (Fig. 1). However, a number of
reasons suggest that this explanation is not probable.
Firstly, tail length manipulation in male Barn Swallows
is not always related to male or female feeding rates
(Møller 1989). Secondly, experimental tail length
manipulation in female Barn Swallows does not affect
their attractiveness or the feeding rates by males or
females (Cuervo, de Lope & Møller 1996a; Cuervo

 

et al

 

. 1996b). Thirdly, neither the experimental treat-
ment of the mate nor the two-way interaction between
the sex and the experimental treatment of the mate
showed a significant relationship with the variation in
haematocrit (Table 1).

Another important result of  this study was that
original tail length, i.e. tail length prior to experimental
manipulation, was negatively and significantly related
to variation in haematocrit in the group of birds with
their tails shortened by 21 mm (Table 2). We found
that decrease in haematocrit was more pronounced in
originally long-tailed individuals than in short-tailed
ones. Possible explanations for the negative relation-
ship between original tail length and variation in
haematocrit could be that initial haematocrit was higher
in long-tailed individuals than in short-tailed ones
(Saino 

 

et al

 

. 1997b) or that long-tailed individuals were
in better condition than short-tailed ones, as found in
previous studies on male (Møller 

 

et al

 

. 2003) and even

on female (Møller 1994, p. 293) Barn Swallows. How-
ever, none of these explanations is probable, because
they predict that the relationship between original tail
length and variation in haematocrit would also hold in
birds with tail shortened by 1 or 11 mm, and this was
not the case.

Tail length must have been displaced considerably
from the aerodynamic optimum for birds with their
tail shortened by 21 mm. Since all birds in the same
experimental group had their tails shortened by the
same amount (21 mm in this case), the percentage of
displacement from the aerodynamic optimum in each
individual heavily depended on original tail length.
That is to say, within this experimental group, ori-
ginally long-tailed individuals would have their tails
displaced from the aerodynamic optimum relatively
less than originally short-tailed individuals. It is rea-
sonable to assume that a high percentage reduction in
tail length would affect flight performance to a greater
degree than small percentages. Thus, a negative rela-
tionship between original tail length and haematocrit
variation is to be expected in this experimental group.
When tails were shortened by 1 or 11 mm, the differ-
ence in percentage of tail reduction between long and
short-tailed individuals was much smaller, and a rela-
tionship between original tail length and haematocrit
variation would be more difficult to find. It might be
argued that optimal tail length is not the same for all
individuals, for example if  there is a positive relation-
ship between the length of the outermost and central
tail feathers. However, although this possibility cannot
be ruled out, in the sample studied, the length of the
outermost tail feathers was not significantly related to
the length of central tail feathers (Pearson correlations;
males, 

 

n

 

 

 

=

 

 27, 

 

r

 

 

 

=

 

 

 

−

 

0·024, 

 

P

 

 

 

=

 

 0·91; females, 

 

n

 

 

 

=

 

 29,

 

r

 

 

 

=

 

 0·245, 

 

P

 

 

 

=

 

 0·20).
In the group of birds with their tail shortened by

21 mm, there was a positive and significant relationship
between change in haematocrit per day and the par-
ental effort estimate (Table 2). As expected, decrease in
haematocrit was more pronounced in individuals with
little parental effort during the breeding season than in
individuals with stronger parental effort. However, we
would expect this relationship to hold also when tail
length had been shortened by 1 or 11 mm, and this
was not the case. The relationship between change in
haematocrit per day and parental effort was not statis-
tically significant in the two groups of birds with the
smallest tail length reduction (Table 2). We can specu-
late that Barn Swallows would adjust their parental
effort according to their own quality and/or condition.
If  high-quality individuals (or individuals in good con-
dition) could increase their contribution to parental
care without increasing their muscular activity, a rela-
tionship between intensity of parental effort and vari-
ation in haematocrit (mainly determined by variation
in muscular effort) would not be expected. However,
this adjustment of parental effort to individual quality or
condition might be cancelled out if  a severe handicap
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were imposed. According to this reasoning, if  varia-
tion in haematocrit were related to parental effort only
in the group of  birds with their tail shortened by
21 mm, it would mean that this experimental treatment
imposed the severest handicap, displacing tail length
from the aerodynamic optimum to a greater degree than
the other two treatments with less severe tail length
reduction.

To summarize, this study suggests that tail length of
Barn Swallows in Almería (south-eastern Spain) is at
an aerodynamic optimum, or very close to it. We hypo-
thesize that different selective pressures in different
populations of Barn Swallows might explain differ-
ences in tail length among populations and the variety
of conclusions reached in different studies with regard
to the aerodynamic optimum for tail length in this
species.
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