
ARTICLE IN PRESS
0022-5193/$ - se

doi:10.1016/j.jtb

�Correspond
Andrews, Bute

+44-1334-4634

E-mail addr
Journal of Theoretical Biology 231 (2004) 223–227

www.elsevier.com/locate/yjtbi
What determines probability of surviving predator attacks in bird
migration?: the relative importance of vigilance and fuel load

Johan Lind�

Department of Zoology, Stockholm University, S-106 91 Stockholm, Sweden

Received 5 February 2004; received in revised form 18 May 2004; accepted 22 June 2004

Available online 3 August 2004
Abstract

Migrating birds must accumulate fuel during their journeys and this fuel load should incur an increased risk of predation.

Migratory fuelling should increase individual mass-dependent predation risk for two reasons. First, acquisition costs are connected

to the increased time a bird must spend foraging to accumulate the fuel loads and the reduced predator detection that accompanies

foraging. Second, birds with large fuel loads have been shown to suffer from impaired predator evasion which makes them more

vulnerable when actually attacked. Here, I investigate the relative importance of these two aspects of mass-dependent predation risk

and I have used published data and a hypothetical situation for a foraging bird to investigate how much migratory fuelling in terms

of escape performance and natural variation in predator detection contribute to individual risk during foraging. Results suggest that

for birds foraging close to protective cover the negative impact of fuel load on flight performance is very small, whereas variation in

time to predator detection is of great importance for a bird’s survival. However, the importance of flight performance for predation

risk increases as the distance to cover increases. Hence, variation in predator detection (and vigilance) probably influences individual

survival much more than migratory fuel load and consequently, to understand risk management during migration studies that focus

on vigilance and predator detection during fuelling are much needed.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Predation is clearly one of the most important
evolutionary factors determining behaviour and mor-
phology of animals (Baker and Parker, 1979; Lima and
Dill, 1990). This is also of importance for migrating
birds, because the acquisition of fuel load (fuelling)
should increase individual predation risk due to the fact
that birds must forage to accumulate the fuel and this
does also result in increased time spent exposed to
predators (Houston et al., 1997). Birds can also face an
increased predation risk because escape performance
suffers from an increased body mass resulting in
e front matter r 2004 Elsevier Ltd. All rights reserved.
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impaired predator evasion (e.g. Alerstam and Lind-
ström, 1990; Witter and Cuthill, 1993). But the relative
importance of these two aspects of mass-dependent
predation risk has been very difficult to elucidate, and
studies of how vigilance patterns and predator detection
affect predation risk during bird migration are scarce
(but see Metcalfe and Furness, 1984). Consequently, in
an attempt to tease these two aspects of mass-dependent
predation risk apart, I have used published data and a
hypothetical situation for a foraging bird to investigate
how much migratory fuelling in terms of escape
performance and natural variation in predator detection
contribute to individual risk during foraging (cf.
Bednekoff, 1996).
Migratory passerines (Passeriformes) are generally

found in various forms of cover (bushes, trees, forests)
and may leave cover when foraging. When such a
foraging bird is disturbed, it usually returns to cover
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Fig. 1. The hypothetical predator–prey interaction used in this study.

t1 is the time it takes the prey bird to reach cover which is a function of

the time it takes to detect the attacking predator and the time it takes

the prey bird to fly to the protective cover. t2 is the time it takes the

predator to reach the protective cover.
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swiftly and consequently it relies on cover for survival.
Therefore, one important component of individual risk
is the time it takes a bird to reach protective cover. This
time to reach safety is a function of (1) the time it takes
the bird to detect a predator and (2) the time it takes the
bird to fly to cover. The second part of the function is in
turn a function of the bird’s fuel load, i.e. a really fat
bird is slower to fly to cover than a lean bird (Kullberg
et al., 1996, 2000; Burns and Ydenberg, 2002).
As described by Bednekoff (1996) a bird must not

only escape from a predator attack, it must also detect
the predator (see also Houston et al., 1993; Welton and
Houston, 2001). Bednekoff’s analysis, based on scan-
ning behaviour of house sparrows, Passer domesticus

(Elcavage and Caraco, 1983), emphasized the impor-
tance of the time it takes for a foraging bird to reach
safety when attacked. In addition, he also suggests an
accelerating relationship between the amounts of fuel a
bird carries and the risk its fuel load incur. My study
differs from Bednekoff’s study (1996) on two important
aspects: (1) I used published data on mass-dependent
escape performance (Kullberg et al., 2000) to get a better
estimate of how much impaired predator evasion
contributes to predation risk and; (2) instead of using
vigilance patterns, I used published data on how much
foraging constrains predator detection (Kaby and Lind,
2003). This analysis also provides testable predictions
regarding fuelling behaviour in migratory birds.
2. Methods

A bird is foraging to accumulate energy reserves and
relies on cover for protection against predators. When a
threat is detected the bird escapes into cover, and the
time it takes for the bird to reach cover is a function of
(1) how long it takes for the bird to detect the predator
and (2) how long it takes for the bird to fly into cover.
The time it takes for the bird to reach cover is in turn a
function of its fuel load, hence this time is mass
dependent.
A bird is foraging x1 m from cover, and it takes the

bird t1 s to reach the cover. tdetect is how long time it
takes the bird to detect an attacking predator (Fig. 1).
To estimate the effect of detection on predation risk, I
used observed variation in predator detection in blue tits
foraging for live insect prey (Kaby and Lind, 2003). This
distribution did not differ from normality (Lilliefors test
for normality, p ¼ 0:2). Mean detection time was 0:91�
0:38 SD ðn ¼ 45Þ. Hence, birds within 1 standard
deviation (i.e. 68% of the birds) from the mean detected
the predator between 0.53 (1 SD below the mean) and
1.29 s (1 SD above the mean) and birds within 2 SDs (i.e.
95% of all the birds) detected the predator approxi-
mately between 0.15 and 1.67 s. Values of predator
detection (1, 2 and 3, SD, respectively) were used to
relate the effect of detection to the effect of fuel load on
predation risk.
Let tescape be the time it takes for the bird to fly into

cover and this is a function of the bird’s mass-dependent
escape speed, where h depicts fuel load of a bird. I used
the linear relationship from a take-off study of migrat-
ing sedge warblers Acrocephalus schoenobaenus (Kull-
berg et al., 2000). Using this study tescape ¼

x1=ð�0:01� h þ 2:59Þ. This relationship comes from
sedge warblers’ escape speed after a distance of 60 cm
has been covered. Then, t1 ¼ tdetect þ tescape. To estimate
how risk is influenced by fuel load I used different fuel
loads, from lean birds carrying no extra weight to
extremely fat birds carrying 80% fuel of lean body mass.
Both the variation in predator detection and the
variation in fuel load used in this simple model are
biologically relevant and are not exaggerations.
To relate this hypothetical bird’s performance to a

predator attack, let t2 depict the time it would take a
hypothetical hawk Accipiter sp. to reach the protective
cover from an attack launched at the speed v from a
nearby forest edge (Fig. 1). It was then assumed that if
the hawk reaches cover before the prey bird, the prey
bird is killed. In this example the distance from the
forest edge to the foraging bird was set to 5m, and x1

was set to 1.5m which makes the distance x2 6.5m in
total. The hawk’s time to protective cover is then,
t2 ¼ x2=v. Hawks from the genus Accipiter are impor-
tant predators on nearly all small passerine birds and
have been observed attacking prey at 5–28m/s (Goslow,
1971; Hilton et al., 1999).
3. Results and discussion

This simple model of a predator–prey interaction
highlights some important conclusions regarding
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Fig. 2. The impact of predator detection and fuel load on the time it

takes a bird to reach protective cover. The effect of variation in

detection is depicted by white lines. The different lines illustrate how

much later a bird reaches cover if detection is prolonged by one, two or

three SD from a bird detecting the predator 1 SD earlier than the

mean. The effect of fuel load is depicted by black lines. The different

lines illustrate how much later a bird reaches cover when the fuel load

is 20%, 40% or 80% of lean body mass. Note that the x-axis is broken.
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predation risk during foraging. First, it suggests that the
variation in predator detection is more important than
fuel load for a foraging bird in determining the
probability of survival when it is attacked (Fig. 2),
especially when a bird is foraging close to cover. A
conservative example supports this conclusion. A bird
detecting the predator 1 SD later than the mean (1.1 s to
reach cover with mean detection time being 0.9 s) it
needs 1.48 s to reach cover 0.5m away (i.e. 34% longer
time to cover). Whereas if this bird is carrying a huge
fuel load of 80% fuel of lean body mass it will need 1.2 s
to reach the same protective cover (i.e. 8% longer time
to cover than 1.1 s, the time it takes a lean bird to reach
cover at mean detection). Hence, variation in predator
detection should influence individual survival of pre-
dator attacks more than migratory fuel load and
consequently, to understand individual risk manage-
ment during migratory fuelling studies that focus on
vigilance and predator detection during fuelling are
much needed. In addition, this also suggests that the
most important aspect of mass-dependent predation risk
during fuelling is how long time a bird spends exposed
to predators, rather than how much slower a fat bird
flies away. Important to note is that the conclusions
from this study are rather different from that of
Bednekoff (1996). This is mostly explained by the
estimates of bird flight performance that were used,
and the relationship between fuel and escape flight from
the study on sedge warblers gives a more accurate
estimate than the study on routine flights by zebra
finches (Metcalfe and Ure, 1995; see Veasey et al., 1998
for a detailed discussion on routine vs. escape flights).
However, this study corroborates his suggestion that
small changes in time to reach cover is likely to have a
large effect on predation risk, even though these
differences may largely be due to variation in predator
detection instead of how large fuel load a bird carries.
It is important to note that the information I needed

for this theoretical treatment could not be found for one
and the same species. Hence, I chose the sedge warbler
study to estimate mass-dependent escape speed because
this study has reported the strongest negative relation-
ship between fuel and flight, which makes my conclu-
sions in this paper conservative. Then I chose the blue tit
data for predator detection for two reasons: (1) the
situation of a bird foraging on insect prey is biologically
relevant for many species of migratory passerines, and
(2) I had access to the data enabling me to use the
important estimates of variation in predator detection.
That the variation in time to detection used in this
investigation is biologically relevant becomes evident
when examining different taxa in the literature. Instead
of detection time, one can examine interscan intervals as
in Bednekoff (1996), that is the time between two
consecutive scans when an animal is supposed to be
poor at detecting a predator (but see Lima and
Bednekoff, 1999; Kaby and Lind, 2003). Lendrem
(1983) reports that more than 50% of all interscan
intervals in blue tits are longer than 2 s. Downy
woodpeckers Picoides pubescens foraging on their own
take 1–5 s between scans (Sullivan, 1985) and it can be
worth mentioning that northern bobwhites Colinus

virginianus, even when in groups of four, took approxi-
mately 2 s to respond to an incoming predator model
(Williams et al., 2003).
The effect of increased time exposed to predators has

not yet been addressed by empirical bird migration
research, although it has been suggested that fat birds
are more eager to leave a risky patch when exposed to
an increased predation risk than are lean birds
(Fransson and Weber, 1997). The negative effect of
migratory fuel load on escape performance has been
shown for both passerines (Passeriformes, Kullberg et
al., 1996; Lind et al., 1999; Kullberg et al., 2000) and
waders (Charadriiformes, Burns and Ydenberg, 2002).
Even though these studies show that fat birds escape
slower or in shallower angles, no quantitative conclu-
sions regarding the relative importance of migratory fuel
load on predation risk has emerged from these studies.
Instead, Dierschke (2003) found that birds falling victim
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to predators at a small island in the North Sea were
mainly birds with small fuel loads indicating that birds
in poor condition forced to forage suffer from exposure
to predators whereas heavy birds could stay put and
hide in safety to await the night when they continue their
migratory journey. Importantly, many of the investi-
gated species do not probably accumulate any signifi-
cant amount of fuel at this site, hence these data cannot
be used to draw general conclusions regarding mass-
dependent predation risk during migratory refuelling
(see Lank and Ydenberg, 2003 for a more detailed
discussion).
When introducing a hypothetical predator it becomes

even more evident that the risk a bird foraging close to
cover faces is strongly related to when the predator is
detected. At a normal attack speed (above 10m s�1)
birds detecting the predator 1 or more SD later than the
mean will always be killed, regardless of the predator’s
distance to the prey (2–10m), whereas the impact of fuel
load does not contribute to such a qualitative effect
(Fig. 3). Because the time it takes for the predator to
reach the prey increases steeply when attack speed is
reduced this suggests that the negative effect of fuel load
Fig. 3. This graph depicts hypothetical predation risk for a bird when

attacked by a predator launching its attack from different distances to

cover and at different speeds. It is assumed that if the predator reaches

cover before the prey the attack will be successful. Hence, at any y-

value, if the x-value of the predator’s line (white lines) is below a

horizontal prey line (black lines) the prey with those particular

characteristics (with respect to predator detection and fuel load) is

dead because the predator reached the cover before the prey. The

distance from the predator to the prey bird is given above each white

line. Dashed lines show the time it takes to reach cover for lean birds,

and solid lines show how long time it takes a bird carrying a fuel load

of 80% of lean body mass to reach cover. Note that the lines depicting

prey time to reach cover is simply the calculated estimates for a prey

bird foraging 1.5m from protective cover.
is reduced even more when attack speed is reduced. In
addition to escape speed, a bird’s manoeuvrability is
also important when escaping from predators and this
should also be affected by increasing fuel load (Heden-
ström, 1992). For example, to dodge in the last moment
is an important anti-predator strategy for birds (Lima,
1993; Lind et al., 2002), but even though manoeuvr-
ability was excluded from this investigation, judging
from Fig. 3 it appears likely that many birds killed by
raptors never detect the incoming threat.
Even though the model did not examine mortality per

distance en route (see Alerstam and Lindström, 1990 for
how to minimize mortality per distance covered) but
instead probability of surviving attacks during foraging,
this study suggests that predation risk results from an
interaction between fuel load and distance to cover (cf.
Bednekoff, 1996). This interaction, which also lacks
empirical treatment, has both intra- and interspecific
implications. Individuals within a species can thus be
expected to show flexibility in microhabitat choice
during fuelling, and fat birds should be more reluctant
to forage far away from cover than lean birds, since the
effect of fuel load increases with increasing distance to
cover. Because the impact of fuel load on predation risk
will increase with increasing distance to cover another
testable prediction emerges which suggests that species
living out in the open (e.g. wagtails and pipits,
Motacillidae), which are more dependent on their flight
to evade predators, should migrate with smaller fuel
loads than birds spending their time inside or close to
protective cover. Of course, this last prediction should
not hold where and when birds are forced to fuel up
extensively, for example prior to crossing a barrier
(Fransson et al., 2001; Rubolini et al., 2002). We can
therefore expect that the evolution of fuelling behaviour
should be affected by this interaction.
It is well known that birds regulate their body mass

according to the prevailing predation risk, and this
study suggests that, at least for species which relies on
protective cover, it is not due to the effect on escape
performance, but more likely serving the end of
minimizing acquisition costs of fuel, for example the
time spent exposed to predators.
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Alerstam, T., Lindström, Å., 1990. Optimal bird migration: the relative

importance of time, energy, and safety. In: Gwinner, E. (Ed.), Bird

Migration: The Physiology and Ecophysiology. Springer, Berlin.

Baker, R.R., Parker, G.A., 1979. The evolution of bird colouration.

Philos. Trans. R. Soc. London B 287, 63–130.

Bednekoff, P.A., 1996. Translating mass dependent flight performance

into predation risk: an extension of Metcalfe & Ure. Proc. R. Soc.

London B 263, 887–889.

Burns, J.G., Ydenberg, R.C., 2002. The effects of wing loading and

gender on the escape flights of least sandpipers (Calidris minutilla)

and western sandpipers (Calidris mauri). Behav. Ecol. Sociobiol.

52, 128–136.

Dierschke, V., 2003. Predation hazard during migratory stopover: are

light or heavy birds under risk?. J. Avian Biol. 34, 24–29.

Elcavage, P., Caraco, T., 1983. Vigilance behaviour in house sparrow

flocks. Anim. Behav. 31, 303–312.

Fransson, T., Weber, T.P., 1997. Migratory fuelling in blackcaps

(Sylvia atricapilla) under perceived risk of predation. Behav. Ecol.

Sociobiol. 41, 75–80.

Fransson, T., Jakobsson, S., Johansson, P., Kullberg, C., Lind, J.,

Vallin, A., 2001. Magnetic cues trigger extensive refuelling. Nature

414, 35–36.

Goslow, J.G.E., 1971. The attack and strike of some North American

raptors. Auk 88, 815–827.

Hedenström, A., 1992. Flight performance in relation to fuel loads in

birds. J. Theor. Biol. 158, 535–537.

Hilton, G.M., Cresswell, W., Ruxton, G.D., 1999. Intraflock variation

in the speed of escape-flight response on attack by an avian

predator. Behav. Ecol. 10, 391–395.

Houston, A.I., McNamara, J.M., Hutchinson, J.M.C., 1993. General

results concerning the trade-off between gaining energy and

avoiding predation. Philos. Trans. R. Soc. London B 341, 375–397.

Houston, A.I., Welton, N.J., McNamara, J.M., 1997. Acquisition and

maintenance costs in the long-term regulation of avian fat reserves.

Oikos 78, 331–340.

Kaby, U., Lind, J., 2003. What limits predator detection in blue tits

(Parus caeruleus): posture, task or orientation?. Behav. Ecol.

Sociobiol. 54, 534–538.

Kullberg, C., Fransson, T., Jakobsson, S., 1996. Impaired predator

evasion in fat blackcaps (Sylvia atricapilla). Proc. R. Soc. London

B 263, 1671–1675.
Kullberg, C., Jakobsson, S., Fransson, T., 2000. High migratory fuel

loads impair predator evasion in sedge warblers. Auk 117,

1034–1038.

Lank, D.B., Ydenberg, R.C., 2003. Death and danger at migratory

stopovers: problems with ‘‘predation risk’’. J. Avian Biol. 34,

225–228.

Lendrem, D.W., 1983. Predation risk and vigilance in the blue tit

(Parus caeruleus). Behav. Ecol. Sociobiol. 14, 9–13.

Lima, S.L., 1993. Ecological and evolutionary perspectives on escape

from predatory attack: a survey of North American birds. Wilson

Bull. 105, 1–47.

Lima, S.L., Bednekoff, P.A., 1999. Back to the basics of antipredatory

vigilance: can nonvigilant animals detect attack? Anim. Behav. 58,

537–543.

Lima, S.L., Dill, L.M., 1990. Behavioral decisions made under the risk

of predation: a review and prospectus. Can. J. Zool. 68, 619–640.

Lind, J., Fransson, T., Jakobsson, S., Kullberg, C., 1999. Reduced

take-off ability in robins (Erithacus rubecula) due to migratory fuel

load. Behav. Ecol. Sociobiol. 46, 65–70.

Lind, J., Kaby, U., Jakobsson, S., 2002. Split-second escape decisions

in blue tits (Parus caeruleus). Naturwissenschaften 89, 420–423.

Metcalfe, N.B., Furness, R.W., 1984. Changing priorities: the effect of

pre-migratory fattening on the trade-off between foraging and

vigilance. Behav. Ecol. Sociobiol. 15, 203–206.

Metcalfe, N.B., Ure, S.E., 1995. Diurnal variation in flight perfor-

mance and hence potential predation risk in small birds. Proc. R.

Soc. London B 261, 395–400.

Rubolini, D., Pastor, A.G., Pilastro, A., Spina, F., 2002. Ecological

barriers shaping fuel stores in barn swallows Hirundo rustica

following the central and western Mediterranean flyways. J. Avian

Biol. 33, 15–22.

Sullivan, K.A., 1985. Vigilance patterns in downy woodpeckers. Anim.

Behav. 33, 328–330.

Veasey, J.S., Metcalfe, N.B., Houston, D.C., 1998. A reassessment of

the effect of body mass upon flight speed and predation risk in

birds. Anim. Behav. 56, 883–889.

Welton, N.J., Houston, A.I., 2001. A theoretical investigation into the

direct and indirect effects of state on the risk of predation. J. Theor.

Biol. 213, 275–297.

Williams, C.K., Lutz, R.S., Applegate, R.D., 2003. Optimal group size

and northern bobwhite coveys. Anim. Behav. 66, 377–387.

Witter, M.S., Cuthill, I.C., 1993. The ecological costs of avian fat

storage. Philos. Trans. R. Soc. London B 340, 73–92.


	What determines probability of surviving predator attacks in bird migration?: the relative importance of vigilance and fuel load
	Introduction
	Methods
	Results and discussion
	Acknowledgements
	References


