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Abstract. Recent climate change has affected spatial and temporal patterns of temperature and
precipitation, but also wind speed. Wind affects the abundance and the distribution of flying insects and
can therefore influence the abundance of food for insectivores including insectivorous birds. I tested for
temporal trends in wind speed, assessed the effect of wind speed on the abundance of flying insects, and
tested for effects of wind speed on reproduction and adult survival rate, using long-term data on the barn
swallow Hirundo rustica from 1971–2011. Wind speed varied largely independently among the months
April–August, with a decreasing trend during 1971–2011 for July only. The abundance of flying insects
decreased strongly with increasing wind speed during summer. Decreasing wind speed during July
coincided with the pre-laying period of the second brood of the barn swallow, and years with stronger
wind in July had lower abundance of food before laying during 1997–2011 and lower breeding success.
Adult barn swallows had lower body mass in years with windy summers, and adult annual survival rate to
the next year decreased both when wind speed increased and when body mass was reduced. These
findings suggest that wind plays an important role in the ecology of insectivorous birds as shown by
relationships with reproductive success and survival.
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INTRODUCTION

have investigated changes in the phenology and
peaks in food abundance and their effects on
consumers (Both 2010, Dunn et al. 2011), and
responses at higher trophic levels are generally
weaker than at lower levels (e.g., Thackeray et al.
2010). Most studies to date have investigated
effects of change in temperature on biological
phenomena for the obvious reason that temperature-dependent effects are deemed important
for most biological processes. Several studies
have indicated that such climate change effects
on individuals also have higher level consequences by influencing population sizes and
population trends negatively (Both et al. 2006,

Recent climate change has many facets that
have influenced the phenology, distribution and
abundance of numerous organisms (IPCC 2007).
Since initial studies in the 1980s (Berthold 1991),
studies of climate change effects on living beings
have increased rapidly in recent years (e.g.,
Parmesan and Yohe 2003, Root et al. 2003, Møller
et al. 2010). The effects of climate change may act
directly through effects on plants and animals
(e.g., Schwartz et al. 2006), or indirectly through
effects on timing, abundance and distribution of
food (e.g., Thackeray et al. 2010). Many studies
v www.esajournals.org
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2010, Møller et al. 2008, Saino et al. 2011).
Few studies have investigated other components of climate change than changes in mean
temperature (Møller et al. 2010). These studies
include studies of the effects of precipitation (e.g.,
Møller 2011), wind (e.g., Weimerskirch et al.
2012) and storms (e.g., Michener et al. 1997,
Laurance and Curran 2008). A few studies has
also started to investigate the effects of extreme
weather conditions rather than mean conditions
on animals (e.g., Jiguet et al. 2003, Møller 2011,
Moreno and Møller 2011, Dolenec et al. 2011).
Wind speed and direction and the frequency of
storms have changed in recent years (e.g.,
Trenberth 2007, Hurrell and Trenberth 2010,
Weimerskirch et al. 2012). Wind is an important
meteorological parameter through its effects on
the chill factor and hence homeothermy, locomotion and ease of locating and capturing prey.
Wind can strongly affect the availability of food
as shown for foraging sandwich terns Sterna
sandvicensis that have difficulty to locate fish
when the sea surface is perturbed (Dunn 1975).
Likewise, insectivorous birds have difficulty to
catch insects during windy conditions when sites
with available food are reduced to leeward areas
close to trees and bushes (Turner 1980). Strong
winds can also increase the cost of flight, and
depending on prevailing wind directions wind
speed can affect the net energy gain for foraging
adults, with consequences for reproductive success (Weimerskirch et al. 2012).
The objectives of this study were to test for (1)
temporal trends in wind speed. Subsequently I
(2) assessed the effect of wind on the abundance
of flying insects. Finally, I (3) tested for effects of
wind speed on reproduction and adult survival
rate of an insectivorous bird species, the barn
swallow Hirundo rustica. I relied on a long-term
study of insectivorous barn swallows during
1971–2011, with extensive information on reproduction for the entire study period, adult
survival during 1984–2011 and food availability
during 1997–2011.
Barn swallows live on flying insects whose
abundance is determined by agricultural land use
and weather (Turner 1980, 2006, Møller 2001).
Climate effects on barn swallows appear as a
consequence of responses of individuals to local
weather condition. Even at the scale of hundreds
of meters or a few kilometers individuals can differ
v www.esajournals.org

dramatically in timing of breeding, but also in
response to changes in climatic conditions (Møller
2008). Because individuals in superior condition
breed at sites where breeding date has advanced
the most, such sites produce a disproportionate
contribution to the next generation (Møller 2008).
Møller (2002) showed that the North Atlantic
Oscillation (NAO) through its effects on local
climate affected the relative importance of second
over first clutches of barn swallows. The size of
first clutches increased with increasing NAO, and
offspring produced in years with high NAO were
of better quality in first than in second clutches.
This resulted in greater immigration thereby
increasing the size of the barn swallow population.
Advancing spring is associated with a higher
number of degree-days with consequences for
emergence and abundance of organisms including
flying insects (Ambrosini et al. 2012). The number
of degree-days increased over time suggesting that
barn swallows become increasingly decoupled in
their breeding phenology relative to spring events.
Indeed the size of second clutches decreased with
number of degree days, indicating that barn
swallows are now experiencing a delay in reproduction relative to spring phenology with negative
consequences for annual reproductive output
(Ambrosini et al. 2012).
However, conditions in Africa outside the
breeding season may have equally large or even
larger effects on migratory birds. European barn
swallows winter in Sub-Saharan Africa with a
tendency to winter further north in recent years
(Ambrosini et al. 2011). Conditions during winter
affect timing of spring migration, laying date,
reproduction, morphology and many other characteristics of barn swallows (Saino et al. 2004a, b,
Møller and Szép 2005). Møller et al. (2011)
showed for barn swallows wintering in South
Africa that although arrival in the African winter
quarters advanced in recent years as a consequence of earlier breeding, this did not translate
into earlier spring migration because the annual
molt was delayed. Thus migration and molt may
act as a constraint on response to climate change.

MATERIAL

AND

METHODS

Study area

This study was conducted at Kraghede (57812 0
N, 10800 0 E), Denmark, during 1971–2011, as part
2
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of a long-term study of barn swallows (Møller
1994). This study site originally consisted of 12
km2, but was subsequently expanded to 45 km2
in 1987 to account for decreasing populations of
barn swallows. Barn swallows breed inside barns
and other buildings in an open agricultural
landscape with scattered plantations, hedgerows
and trees. Most crops are grain followed by
maize and grass.

In addition, I used an insect sweep net to
sample insects at a height of 1.5 m within a
distance of 100 m from breeding colonies during
the nestling period 15–30 June 1985–2011 (see
Møller 1987 for further details). Mean insect
abundance per sweep for each of the years 1997–
2011 was strongly positively correlated with
insect abundance recorded with car transects
during 15–30 June 1997–2011 (F ¼ 71.01, df ¼ 1,
14, r 2 ¼ 0.84, P , 0.0001, slope (SE) ¼ 0.221
(0.026)).
Finally, I made a cross validation of the
reliability of insect samples as an index of food
abundance for barn swallows by recording
feeding rates during one hour observation
periods at least twice for 126 nests during May–
August 1997–1998 after controlling for the
potentially confounding effects of brood size,
age of nestlings, time of day, time of day squared,
air temperature, wind speed and cloud cover.
Feeding rates were recorded on the same dates as
insect samples were collected using car transects.
I used in a GLM log10 -transformed feeding rates
as the response variable and nest identity, the
abundance of insects, brood size, age of nestlings,
time of day, time of day squared, air temperature,
wind speed and cloud cover as predictor
variables. The partial effect of food abundance
as sampled by car transects on feeding rate after
accounting for the potentially confounding variables listed above was positive and statistically
significant (F ¼ 11.56, df ¼ 1, 119, r 2 ¼ 0.09, P ,
0.0001).

Meteorological information
I obtained monthly estimates of temperature
(8C), precipitation (mm) and wind speed (m/sec)
for April–August for Aalborg, Denmark, provided by the Danish Meteorological Institute, which
recorded daily wind speed and averaged these to
monthly mean estimates that were reported in
public weather bulletins. This meteorological
station is situated 25 km south of the study area.
Wind speed was measured at a height of 2.0 m,
which is well within the altitude range of
foraging by barn swallows (Turner 1980, 2006).
When sampling insects I recorded wind speed on
the Beaufort scale because no wind speed
monitor was available.

Sampling insects
I sampled insects on the same 1.2 km transect
with a car on a road that passes through the
study area between mid May and mid August
1997–2011. The number of samples per day
ranged from none to three. A car was driven at
constant speed of 60 km/h, and the number of
insects killed on the front window was counted
at the end of each transect. The window was
perfectly cleaned at the start. Following recording of insects, I noted exact time of day,
temperature, cloud cover (estimated as the
proportion of the sky that is covered by clouds,
to the nearest unit of one eighth) and wind speed
(on the Beaufort scale). The surface of the front
window was 1.5 m2 with little variation among
models (1.4–1.6 m2).
I tested whether the number of insects sampled
on the 1.2 km transects was repeatable among
sampling events made multiple times on the same
day by calculating the intra-class correlation
(Falconer and Mackay 1996). The abundance of
flying insects was significantly repeatable among
transects on the same day (F ¼ 6.58, df ¼ 76, 676, r 2
¼ 0.43, P , 0.0001, R ¼ 0.36 (SE ¼ 0.02)).
v www.esajournals.org

Recording reproductive biology
of the barn swallow
All nests were checked at least weekly. Laying
date was estimated as the date when the first egg
was laid. This was based on clutches in the
process of being laid where laying date was the
number of days after May 1 (where May 1 was
set equal to 1) minus the number of eggs minus 1
because an egg in a clutch in the process of being
laid was laid on the focal date. For eggs in the
process of hatching laying date was estimated as
the number of days after May 1 minus clutch size
(to account for the fact than one egg is laid per
day) minus 1 (because the last egg is assumed to
be laid on the focal date). For clutches that had
hatched I subtracted 14 days for the mean
duration of incubation, the number of eggs
3
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(because one egg is generally laid per day) and
the age of the nestlings in days. Laying date was
estimated as the number of days after May 1
minus clutch size (because one egg is generally
laid per day) minus 14 days for the mean
duration of incubation minus the age of the
nestlings in days. These calculations were based
on the assumption that one egg is laid daily,
incubation lasts 14 days, and nestlings spend 21
days in the nest before fledging (Møller 1994).
Clutch size was recorded as the maximum
number of eggs recorded before incubation
started, while brood size at hatching and
fledgling was recorded as the number of live
nestlings after hatching and on the last visit
before fledging. Hatching success was brood size
at hatching divided by clutch size averaged
across individual nests, fledging success brood
size at fledging divided by brood size at hatching
averaged across individual nests, and breeding
success brood size at fledging divided by clutch
size averaged across individual nests. All adults
that reached the stage of egg laying for the
second clutch were assumed to have a second
clutch. All reproductive parameters were averaged to obtain an estimate for each year.

and the significance level was set to 5%. I tested if
there were trends across years in mean wind
speed for the different months April-August. In
addition, I tested if all months tended to be
windy the same year by investigating if average
wind speed in different years was positively
correlated for pairs of months. Strong correlations above 0.50 for mean wind speed between
pairs of months across years would make it
difficult to isolate any effects of wind in a
particular month on insect abundance or barn
swallow reproduction and survival. General
linear models of the relationship between abundance of insects as a response variable and date,
time of day and weather variables as predictors
were conducted in JMP version 10 (SAS 2012). I
constructed 14 a priori models, seven related to
abundance of insects and seven related to adult
survival rate. I used date as a predictor on the
assumption that insects increase in abundance
over time in temperate climate zones (e.g., Turner
1980, Møller 1994). Subsequent candidate models
included Date þ Wind, Date þ Cloud cover, Date
þ Temperature, Date þ Time of day, and Date þ
Time of day þ Time of day squared (the latter to
account for non-linear effects of time). A final
model included Date þ Wind þ Cloud cover þ
Temperature þ Time of day þ Time of day
squared.
I investigated seven candidate models of adult
survival rate in Table 3. The first model included
Sex only because sex effects on barn swallow
survival rate are repeated in several studies
(Møller 1994, Møller and Szép 2002, Turner
2006). The second candidate model included
Wind þ Sex to test for an additional negative
effect of wind on the basic model. The third
model included Wind þ Body mass to test for any
effect of Wind in addition to mass that has been
shown to correlate positively with adult survival
prospects (Møller 1994). The fourth model
included Wind þ Sex þ Body mass to test for
independent main effects. The fifth model included Wind þ Sex þ Body mass þ Wind 3 Sex on
the assumption that wind would have a differential negative effect of the sex that invests the
most in reproduction (Turner 1980, Møller 1994),
i.e., females. The sixth model included Wind þ
Sex þ Body mass þ Wind x Body mass on the
assumption that wind had a differential negative
effect on the flight cost of heavy individuals. The

Adult survival rate
Barn swallows were captured with mist nets
once a week at the breeding sites during April–
August, measured and weighed, parasites recorded, feather and blood samples taken, and all
individuals were provided with an individually
numbered aluminum band and a combination of
color bands for individual identification. Annual
survival estimates were calculated as the proportion of adults present at the end of the previous
breeding season that were present at the beginning of the next breeding season. Capture-markrecapture studies have revealed that more than
98% of all adults are captured annually (Møller
and Szép 2002). Therefore, simple recapture
combined with re-sightings of banded birds
suffices for obtaining reliable estimates of adult
survival rate. All adults were assigned to nests by
using binoculars to identify adults at nests.

Statistical analyses
The abundance of insects recorded during car
transects was square-root transformed to normalize the data. Values reported are means (SE)
v www.esajournals.org
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Table 1. Information on candidate models explaining variation in insect abundance, their AICc, DAIC relative to
the best model (in bold) including date, wind, cloud cover, temperature, time of day and time of day squared,
the number of parameters, model weight (w), adjusted r 2 and the associated P value.
Model

AICc

DAIC

No.
parameters

Model
weight (w)

Adjusted r 2

P

Date
Date þ Wind
Date þ Cloud cover
Date þ Temperature
Date þ Time of day
Date þ Time of day þ Time of day squared
Date þ Wind þ Cloud cover þ Temperature
þ Time of day þ Time of day squared

2037.33
1933.77
1887.56
664.49
1931.39
1930.25
599.84

1437.49
1333.93
1287.72
64.65
1331.55
1330.41
0.00

2
3
3
3
3
4
6

0.000
0.000
0.000
0.000
0.000
0.000
0.999

0.09
0.18
0.22
0.31
0.15
0.15
0.41

,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001

for 1971–2011 (F ¼ 1.32, df ¼ 1, 39, r 2 ¼ 0.03, P ¼
0.26, slope (SE) ¼ 0.005 (0.004)).

final model included the three main effects of
Wind þ Sex þ Body mass with the two interaction
terms Wind 3 Body mass and Wind 3 Sex, with
the justifications being presented above.

Abundance of flying insects and wind
The abundance of flying insects during transects decreased with increasing mean wind speed
(Fig. 2; F ¼ 157.48, df ¼ 1, 1002, r 2 ¼ 0.14, P ,
0.0001, slope (SE) ¼ 0.192 (0.015)). Indeed, the
estimated abundance of flying insects decreased
from 1.3 to 0.3, or by a factor 4.3 across the sixfold increase in wind speed. A list of the seven
candidate models, the associated AICc, DAIC,
number of parameters, model weight (w), adjusted r 2 and P values is provided in Table 1. The
model including date, weather variables, time of
day and time of day squared had the highest
model weight, and none of the other models had
any support. This best candidate model is
reported in Table 2. Because different components of weather covary, the abundance of flying
insects was related to wind speed, date, cloud
cover, temperature, time of day and time of day
squared (the latter to account for the humpshaped abundance of flying insects during the

RESULTS
Temporal patterns of wind
When mean wind speed was high in a
particular month of a year this tended only
partially to be the case in other months as well
with the strongest correlations being between
mean wind speed in July and August (Pearson
correlation r ¼ 0.46, t ¼ 3.24, df ¼ 41, P ¼ 0.0025)
and between mean wind speed in April and May
(r ¼ 0.38, t ¼ 2.58, df ¼ 41, P ¼ 0.014). All other
correlations were less than 0.20. Mean wind
speed for the months April-August varied
significantly among years, although only wind
speed in July showed a significant decrease
during 1971–2011 (Fig. 1; F ¼ 5.02, df ¼ 1, 39, r 2
¼ 0.11, P ¼ 0.031, slope (SE) ¼ 0.020 (0.009)).
There was no overall significant temporal trend
in mean wind speed for the period April-August

Table 2. Insect abundance during transects with a car in relation to wind speed, date, cloud cover, temperature,
time of day and time of day squared. The model had the statistics F ¼ 108.61, df ¼ 6, 982, adjusted r 2 ¼ 0.41, P ,
0.0001.
Variable

Sum of squares

df

F

P

Estimate (SE)

Wind
Date
Cloud cover
Temperature
Time of day
Time of day squared
Error

42.53
22.08
32.69
29.17
33.75
12.52
306.10

1
1
1
1
1
1
982

136.59
70.92
104.98
93.67
108.37
40.22

,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001

0.173 (0.015)
0.006 (0.001)
0.061 (0.006)
0.062 (0.006)
0.071 (0.007)
0.008 (0.001)
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Table 3. Information on candidate models explaining variation in adult survival rate, their AICc, DAIC relative to
the best model (in bold) including wind, sex, body mass, wind 3 body mass and wind 3 sex, the number of
parameters, model weight (w), adjusted r 2 and the associated P value.
Model

AICc

DAIC

No.
parameters

Model
weight (w)

Adjusted r 2

P

Sex
Wind þ Sex
Wind þ Body mass
Wind þ Sex þ Body mass
Wind þ Sex þ Body mass þ Wind 3 Sex
Wind þ Sex þ Body mass þ Wind 3 Body mass
Wind þ Sex þ Body mass þ Wind 3 Body mass
þ Wind 3 Sex

125.70
147.55
142.51
145.78
144.76
146.10
151.44

25.74
3.89
8.93
5.66
6.68
5.04
0.00

2
3
3
4
5
5
6

0.000
0.108
0.009
0.044
0.027
0.061
0.752

0.15
0.45
0.39
0.44
0.45
0.46
0.53

0.0021
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001

barn swallows decreased with increasing wind
speed during July among years (Fig. 3; F ¼ 10.01,
df ¼ 1, 39, r 2 ¼ 0.20, P ¼ 0.003, slope (SE) ¼2.491
(0.787)), and there was also a decrease for
breeding success of second clutches (F ¼ 5.93,
df ¼ 1, 39, r 2 ¼ 0.13, P ¼ 0.020, slope (SE) ¼3.099
(1.273)). In contrast, there was no significant
relationship between wing speed in May during
the pre-laying period of the first clutch and
fledging success or breeding success of first
clutches (fledging success: F ¼ 1.44, df ¼ 1, 39,
r 2 ¼ 0.04, P ¼ 0.24; breeding success: F ¼ 0.07, df ¼
1, 39, r 2 ¼ 0.00, P ¼ 0.80).

day with minima in the morning and the evening
(Table 2)). The partial correlation between insect
abundance and wind speed was still negative
and significant after controlling statistically for
these potentially confounding factors (Table 2).
There were additional significant correlations
between insect abundance and the other variables (Table 2). The abundance of insects during
the pre-laying period of the second clutch in July
decreased with increasing wind speed during
July (F ¼ 12.70, df ¼ 1, 13, r 2 ¼ 0.48, P ¼ 0.0043,
slope (SE) ¼ 1.860 (0.538)). This analysis was
based on data from the period 1997–2011.

Body mass, adult survival rate and wind speed

Breeding biology of barn swallows and wind
Laying date of second clutches was on average
17 July (SD ¼ 10 days), N ¼ 2303. Thus breeding
was relatively synchronous with most pairs
laying eggs in the second clutch during a period
of three weeks. Fledging of second clutches of

Annual mean estimates of body mass were
18.23 g (SE ¼ 0.09) for males and 19.09 g (0.01) for
females, being highly significantly different
(paired t-test, t ¼ 12.41, df ¼ 1, 26, P , 0.0001).
Mean annual body mass of males and females
decreased with increasing wind speed during

Fig. 1. Mean wind speed (m/sec) for July 1971–2011
at Aalborg, Denmark. The line is the linear regression
line.

Fig. 2. Abundance of flying insects in relation to
wind speed on the Beaufort scale based on transects at
the study site May–August 1997–2011.

v www.esajournals.org
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Fig. 3. Fledging success of second clutch of barn
swallows during 1971–2011 in relation to mean wind
speed (m/sec) during July 1971–2011. The line is the
linear regression line.

Fig. 5. Annual adult survival rate for male (squares)
and female barn swallows (circles) in relation to mean
wind speed for April–August 1971–2011. The lines are
the linear regression lines.

April-August (Fig. 4). There were a significant
negative correlation between body mass and
wind speed (F ¼ 21.62, df ¼ 1, 52, r 2 ¼ 0.29, P ,
0.0001, slope (SE) ¼ 1.080 (0.0233), with an
additional effect of sex (F ¼ 49.28, df ¼ 1, 52, r 2 ¼
0.49, P , 0.0001).
Adult survival rate was on average 0.338 (SE ¼
014), N ¼ 27 years, for male barn swallows and
on average 0.274 (SE ¼ 0.014) for females, being
highly significantly different (paired t-test, t ¼
6.42, df ¼ 1, 26, P , 0.0001). Annual adult
survival rate decreased with increasing wind
speed for both adult males and females (Fig. 5).
For males survival rate decreased by a factor 1.6
across the range of annual mean wind speeds (4.3

to 5.1 m/sec), while in females there was almost a
two-fold difference in survival, with survival in
both sexes increasing in recent years when low
wind speeds during July prevailed. The best-fit
model explained 53 of the variance in adult
survival rate among years with adult survival
rate and sex, wind speed, body mass and their
interactions as predictors (Table 3). The DAIC
relative to the basic model were all .2.0. Model
weight was the largest for the seventh model,
with the other models except the one that
included sex having some support (Table 3).
The single-most important predictor of adult
survival rate was wind speed during April–
August accounting for 53% of the variance (Table
4). Survival rate also differed significantly between the sexes, while there was no significant
main effect of body mass. Body mass interacted
significantly with wind speed, implying that for
a given wind speed, survival rate increased with
increasing body mass (Table 2). Finally, wind
speed interacted significantly with sex, implying
that survival decreased more with increasing
wind speed in females than in males (Table 2).

DISCUSSION
The main findings of this study were that wind
speed during summer varied considerably
among years, with a clearly decreasing trend
for July only during 1971–2011. Abundance of
flying insects decreased with increasing wind
speed. The abundance of insects during the pre-

Fig. 4. Mean body mass (g) of male (squares) and
female adult barn swallows (circles) in relation to
mean wind speed for April–August 1971–2011. The
lines are the linear regression lines.
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Table 4. Annual adult survival rate in relation to wind speed, sex, body mass, body mass by wind speed
interaction and sex by wind speed interaction. The model had the statistics F ¼ 12.73, df ¼ 5, 48, adjusted r 2 ¼
0.53, P , 0.0001.
Variable

Sum of squares

df

F

P

Estimate (SE)

Wind
Sex
Body mass
Body mass 3 Wind
Wind 3 Sex
Error

0.097
0.019
0.001
0.027
0.023
0.141

1
1
1
1
1
48

33.05
6.42
0.46
9.05
7.65

,0.0001
0.015
0.50
0.0042
0.0080

0.191 (0.033)
0.026 (0.010)
0.011 (0.017)
0.140 (0.046)
0.093 (0.034)

laying period of the second clutch in July
increased during 1997–2011, and fledging and
breeding success decreased with increasing wind
speed. Adult body mass increased considerably
and adult survival rate increased by 50% as wind
speed was reduced, showing that wind speed
through its effects on food availability has fitness
consequences for adult barn swallows.
Wind speed is known to affect the abundance
of flying insects with insect abundance decreasing drastically with increasing wind (Turner
1980, 2006). Here I used the abundance of insects
sampled with a car as a relative estimate of the
abundance of insects. These estimates were
repeatable among sampling events, albeit only
weakly as demonstrated by a repeatability of
0.36. Such a low repeatability is partly caused by
confounding effects of differences in time of day
and changes in weather conditions among
transects. Furthermore, mean annual estimates
of insect abundance during the nestling period of
barn swallows based on sweep netting were
strongly positively correlated with mean annual
abundance of insects assessed from the car
transects, providing important cross-validation
for the insect sampling method. The estimated
abundance of flying insects was biologically
meaningful because the feeding rate of nestlings
increased as the estimated abundance of insects
increased during transects. Thus there were
reasons to believe that these relative estimates
of the abundance of flying insects reflected the
true abundance. Mean predicted abundance of
flying insects decreased by 77% across the range
of wind speeds recorded (Fig. 2). Therefore, the
abundance of insects shows dramatic changes in
response to environmental conditions, and wind
speed is a factor accounting for this effect. In fact,
the negative effect of wind speed on the
abundance of flying insects remained indepenv www.esajournals.org

dent of statistical control for potentially confounding variables such as date, time of day, time
of day squared and other weather variables such
as ambient temperature and precipitation. The
model including date, weather, time of day and
time of day squared had most support, while the
other models had little support as reflected by
model weights being close to zero.
There was no evidence of temporal change in
mean wind speed for April–August 1971–2011,
when barn swallows are present in the study
area. Mean wind speed for different months
varied mainly independently, with the largest
correlation coefficient between months being
0.46. There was only a significant decline in
wind speed during July, when second clutches
are laid, incubated and reared, but not during the
other months of spring and summer. Thus, the
effects of wind speed on the first clutch, when
there is no temporal trend may serve as a control
for the effects on the second clutch, when there is
a temporal trend. Indeed, there were significant
effects of mean wind speed on abundance of
flying insects during the pre-laying period of
second clutches with negative consequences for
fledging and breeding success, while there was
no similar trend for wind speed, insect abundance or fledging and breeding success of first
clutches.
Mean wind speed appeared to have an indirect
effect on reproductive success of the second
clutch through effects on the abundance of food.
Indeed, the abundance of flying insects decreases
with the increasing wind speed, as shown here
and in previous studies of other barn swallow
populations (Turner 1980, 2006). This effect was
mediated by a trend in wind speed and
abundance of food during the pre-laying period
of the second clutch in July. There were negative
relationships between fledging and breeding
8
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success of second clutches only, respectively, and
mean wind speed during July and these effect
sizes were intermediate to large, with the overall
trend depending on years with strong wind and
poor reproductive success. Effects of wind speed
on reproductive success are mainly related to
starvation of nestlings, with nest predation being
close to zero in the study population (Møller
1994), as in other populations of barn swallows
(Turner 1980, 2006).
The body mass of adult males and females was
negatively correlated with wind speed in July,
with around 30% of the variance in mean annual
body mass being accounted for by wind speed
(Fig. 4; where r 2 was derived from F-statistics
and denominator degrees of freedom). Furthermore, adult survival rate decreased with increasing wind speed at a similar rate in males and
females, accounting for 37% of the variance in
annual survival estimates (Fig. 5). I explicitly
tested whether adult survival rate was explained
by sex, mean wind speed, body mass and their
interaction. There were several candidate models
with weak support, although the model that
included wind, sex, body mass and the two-way
interactions between wind and body mass and
between wind and sex had the highest support
(Table 3). The support for the best model on adult
survival was less than the support for the best
model on insect abundance, which is not
surprising given that weather directly affects
insect abundance, whereas adult survival if
directly and indirectly affected by many different
variables. Because the effect of body mass was
not significant (although body mass was retained
in the model because the two-way interaction
between wind and body mass was significant),
elimination of body mass from the model only
resulted in a slightly different adjusted r 2 ¼ 0.48,
with the effects of sex, wing and sex by wind
interaction being qualitatively similar as in the
model reported in Table 4. Although there were
no main effects of body mass, survival rate
increased with increasing body mass for a given
wind speed. Thus, there was evidence of an
indirect effect of wind speed on survival rate
through the effect of wind speed on body mass.
Finally, survival rate differed between the sexes,
decreasing more with increasing wind speed in
females than in males.
Because the abundance of insects is so strongly
v www.esajournals.org

affected by wind speed, it seems likely that
natural and sexual selection on morphology will
be modified by wind. Although the temporal
trends in wind speed were not consistent, with
July being the single exception, we can expect
that patterns of selection will be divergent except
for selection on morphology related to the
rearing of a second clutch. It is already known
that climate warming has resulted in the interval
between first and second clutches of barn
swallows now being almost ten days longer on
average than in 1971 (Møller 2007). This has had
consequences for reproductive decisions for the
second clutch, the quality of offspring and the
effects of rearing a second clutch on survival
prospects of adult males and females (Møller
2007).
In conclusion, mean wind speed varied considerably among months and years with the
temporal pattern of wind speed only showing a
decreasing trend for July. The abundance of
flying insects decreased with increasing wind
speed, and this in turn affected reproductive
success of second clutches that were initiated
during July. Annual mean body mass of adult
barn swallows decreased with increasing wind
speed in both sexes. Likewise, annual adult
survival rate declined with increasing wind
speed, and this correlation was linked to a direct
effect of wind speed, but also an indirect effect of
wind speed on body mass. If wind speed changes
as a consequence of climate change, we can
expect that such change will affect animals
susceptible to the effects of wind such as
insectivores, marine seabirds and others relying
heavily on flight.

ACKNOWLEDGMENTS
The Danish Meteorological Institute (DMI) kindly
provided information from the weather station at
Aalborg. N. Cadée helped with fieldwork in 1997.
Anonymous reviewers and an associate editor provided constructive suggestions.

LITERATURE CITED
Ambrosini, R., D. Rubolini, A. P. Møller, L. Bani, J.
Clarke, Z. Karcza, D. Vangeluwe, C. du Feu, F.
Spina, and N. Saino. 2011. Climate change and the
long-term northward shift in the African wintering
range of barn swallows Hirundo rustica. Climate

9

January 2013 v Volume 4(1) v Article 6

MØLLER
Research 49:131–141.
Ambrosini, R., N. Saino, D. Rubolini, and A. P. Møller.
2012. Degree-days at timing of reproduction affect
size of second broods in the barn swallow. Climate
Research, in press.
Berthold, P. 1991. Patterns of avian migration in light of
current global ‘greenhouse’ effects: A central
European perspective. Acta Congressus Internationalis Ornithologici 20:780–786.
Both, C. 2010. Food availability, mistiming, and
climatic change. Pages 129–1482 in A. P. Møller,
W. Fiedler, and P. Berthold, editors. Effects of
climate change on birds. Oxford University Press,
Oxford, UK.
Both, C., S. Bouwhuis, C. M. Lessells, and M. E. Visser.
2006. Climate change and population declines in a
long distance migratory bird. Nature 441:81–83.
Both, C., C. A. M. van Turnhout, R. G. Bijlsma, H.
Siepel, A. J. van Strien, and R. P. B. Foppen. 2010.
Avian population consequences of climate change
are most severe for long-distance migrants in
seasonal habitats. Proceedings of the Royal Society
B 277:1259–1266.
Dolenec, Z., P. Dolenec, and A. P. Møller. 2011. Warmer
springs, laying date and clutch size of tree
sparrows Passer montanus in Croatia. Current
Zoology 57:414–418.
Dunn, E. K. 1975. The role of environmental factors in
the growth of tern chicks. Journal of Animal
Ecology 44:743–754.
Dunn, P. O., D. W. Winkler, L. A. Whittingham, S. J.
Hannon, and R. J. Robertson. 2011. A test of the
mismatch hypothesis: how is timing of breeding
related to food abundance in an aerial insectivore?
Ecology 92:450–461.
Falconer, D. S., and T. F. C. Mackay. 1996. Introduction
to quantitative genetics. Fourth edition. Longman,
New York, New York, USA.
Gregory, R. D., S. G. Willis, F. Jiguet, P. Vorisek, A.
Klvanova, A. van Strien, B. Huntley, Y. C. Collingham, D. Couvet, and R. E. Green. 2009. An
indicator of the impact of climatic change on
European bird populations. Public Library of
Science One 4(3):e4678.
Hurrell, J. W., and K. E. Trenberth. 2010. Climate
change. Pages 9–20 in A. P. M.øller, W. Fiedler, and
P. Berthold, editors. Effects of climate change on
birds. Oxford University Press, Oxford, UK.
IPCC. 2007. Climate Change 2007: The Physical
Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, UK.
Jiguet, F., R. Julliard, C. D. Thomas, O. Dehorter, S. E.
Newson, and D. Couvet. 2006. Thermal range
predicts bird population resilience to extreme high
temperatures. Ecology Letters 9:1321–1330.

v www.esajournals.org

Laurance, W. F., and T. J. Curran. 2008. Impacts of
wind disturbance on fragmented tropical forests: A
review and synthesis. Austral Ecology 33:399–408.
Michener, W. K., E. R. Blood, K. L. Bildstein, M. M.
Brinson, and L. R. Gardner. 1997. Climate change,
hurricanes and tropical storms, and rising sea level
in coastal wetlands. Ecological Applications 7:770–
801.
Møller, A. P. 1987. Advantages and disadvantages of
coloniality in the swallow Hirundo rustica. Animal
Behavior 35:819–832.
Møller, A. P. 1994. Sexual selection and the barn
swallow. Oxford University Press, Oxford, UK.
Møller, A. P. 2001. The effect of dairy farming on barn
swallow Hirundo rustica abundance, distribution
and reproduction. Journal of Applied Ecology
38:378–389.
Møller, A. P. 2002. North Atlantic Oscillation (NAO)
effects of climate on the relative importance of first
and second clutches in a migratory passerine bird.
Journal of Animal Ecology 71:201–210.
Møller, A. P. 2007. Interval between clutches, fitness
and climate change. Behavioral Ecology 18:62–70.
Møller, A. P. 2008. Climate change and micro-geographic variation in laying date. Oecologia
155:845–857.
Møller, A. P. 2011. Behavioral and life history
responses to extreme climatic conditions. Current
Zoology 57:351–362.
M.øller, A. P., W. Fiedler, and P. Berthold, editors. 2010.
Effects of climate change on birds. Oxford University Press, Oxford, UK.
Møller, A. P., R. Nuttall, S. E. Piper, T. Szép, and E. J.
Vickers. 2011. Migration, moult and climate change
in barn swallows Hirundo rustica in South Africa.
Climate Research 47:201–205.
Møller, A. P., D. Rubolini, and E. Lehikoinen. 2008.
Populations of migratory bird species that did not
show a phenological response to climate change
are declining. Proceedings of the National Academy of Sciences USA 105:16195–16200.
Møller, A. P., and T. Szép. 2002. Survival rate of adult
barn swallows Hirundo rustica in relation to sexual
selection and reproduction. Ecology 83:2220–2228.
Møller, A. P., and T. Szép. 2005. Rapid evolutionary
change in a secondary sexual character linked to
climatic change. Journal of Evolutionary Biology
18:481–495.
Moreno, J., and A. P. Møller. 2011. Extreme climatic
events and life histories. Current Zoology 57:375–
389.
Parmesan, C., and G. Yohe. 2003. A globally coherent
fingerprint of climate change impacts across
natural systems. Nature 421:37–42.
Root, T. R., J. T. Price, K. R. Hall, S. H. Schneider, C.
Rosenzweig, and J. A. Pounds. 2003. Fingerprints
of global warming on wild animals and plants.

10

January 2013 v Volume 4(1) v Article 6

MØLLER
Nature 421:57–60.
Saino, N., R. Ambrosini, D. Rubolini, J. von Hardenberg, A. Provenzale, K. Hüppop, O. Hüppop, A.
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