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Optimal diving under the risk of predation
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Abstract

Many air-breathing aquatic foragers may be killed by aerial or subsurface predators while recovering oxygen at the surface; yet

the influence of predation risk on time allocation during dive cycles is little known in spite of numerous studies on optimal diving.

We modeled diving behavior under the risk of predation at the surface. The relationship between time spent at the surface and the

risk of death is predicted to influence the optimal surface interval, regardless of whether foragers accumulate energy at a constant

rate while at the food patch, deplete food resources over the course of the dive, or must search for food during the dive. When

instantaneous predation risk during a single surface interval decreases with time spent at the surface, a diver should increase its

surface interval relative to that which maximizes energy intake, thereby increasing dive durations and reducing the number of

surfacings per foraging bout. When instantaneous risk over a single surface interval does not change or increases with increasing

time at the surface, divers should decrease their surface interval (and consequently their dive duration) relative to that which

maximizes energy intake resulting in more dives per foraging bout. The fitness consequences of selecting a suboptimal surface

interval vary with the risk function and the way divers harvest energy when at depth. Finally, predation risk during surface intervals

should have important consequences for habitat selection and other aspects of the behavioral ecology of air-breathing aquatic

organisms.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Air-breathing animals that forage underwater repre-
sent a diverse array of taxa including insects, fish,
amphibians, reptiles, birds, and mammals. These
animals engage in diving cycles that consist of time
spent at the surface replenishing oxygen stores, time
traveling to and from the underwater foraging site, and
time spent at the foraging site (Houston and Carbone,
1992). Therefore, they face tradeoffs between gathering
energy and replenishing oxygen stores. There have been
many theoretical investigations of how animals should
allocate time over the course of a single dive cycle or
throughout a foraging bout to maximize time spent at
the food patch or energy-intake rate, or to select the
depth at which to forage (e.g., Kramer, 1988; Ydenberg

and Clark, 1989; Houston and Carbone, 1992; Carbone
and Houston, 1996; Boyd, 1997; Mori, 1998a, b, 1999;
Thompson and Fedak, 2001). In general, increasing time
at the surface allows longer dives, and therefore access
to deeper prey or more time to feed within a patch.
There is empirical support for some predictions of

optimal diving models (review in Boyd, 1997). For
example, marbled murrelets (Brachyramphus marmor-

atus) increase surface time as dive time increases (Jodice
and Collopy, 1999) and pochards (Arythya ferina)
increase dive duration and surface time as foraging
depth increases (Carbone and Houston, 1994). How-
ever, not all studies have found a good match between
theory and data. For example, most models fail to
explain why some marine birds (e.g., Chappell et al.,
1992; Croxall et al., 1993; Jodice and Collopy, 1999) and
marine mammals (e.g., Fedak et al., 1988; Thompson
et al., 1991; Thompson and Fedak, 2001) perform many
dives that are much shorter than their aerobic threshold,
and thus could have stayed longer at a foraging patch
after a given surface interval. One possible explanation
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for the failure to predict such behavior is that most
models assume a simple linear increase in energy intake
with time at the foraging depth. Thompson and Fedak
(2001) recognized that maximizing time at a foraging
depth may not be the only factor influencing diving
behavior. Their model suggests that the observed
frequency of dives that are shorter than expected based
on maximum aerobic capacity may be due to optimal
diving and searching behavior when prey are patchily
distributed and patches vary in quality. Shallow-diving
species were predicted to end dives if they did not
encounter prey early in the dive, but the effect was
reduced for deep dives. In general, diving patterns of
seals support this model (Thompson and Fedak, 2001).
Another hypothesis that might improve the realism of

diving models has received little attention; divers may
modify their diving behavior to reduce the probability of
being killed by a predator. Work by Kramer and
colleagues (Kramer and Graham, 1976; Kramer et al.,
1983) suggests that air-breathing fishes surface synchro-
nously and modify their surfacing locations to reduce risk
from aerial predators. Also, some authors speculate that
predation risk from white sharks (Carcharodon carchar-

ias) might influence the diving behavior of elephant seals
(Mirounga angustirostris) departing from and arriving at
haul-out sites (Le Boeuf and Crocker, 1996), and that
shallow dive angles in green turtles (Chelonia mydas) may
improve predator detection (Glen et al., 2001). There
have been no theoretical or empirical attempts, however,
to understand how predation risk influences the alloca-
tion of time over individual dive cycles, or over the series
of dives that comprise a foraging bout.
Risk of predation is likely important in the behavioral

ecology of diving animals for several reasons. First,
almost all species—terrestrial and aquatic alike—em-
ploy a diverse array of anti-predator behaviors to reduce
the probability of encountering or being captured by a
predator. Many species increase their level of vigilance
and reduce their movement and foraging rates in
response to the presence of predators or the probability
of encountering a predator (e.g. Brown et al., 1999;
Hamilton and Heithaus, 2001; see Lima and Dill (1990)
and Lima (1998) for reviews). Furthermore, many
species select safer habitats at the cost of lower rates
of energy intake (Abrahams and Dill, 1989; McNamara
and Houston, 1990; Grand and Dill, 1997; Heithaus and
Dill, 2002), and may forage in a manner that minimizes
the probability of death (m) divided by energetic gains
while foraging (G) (e.g. creek chub, Semotilus atroma-

culatus, Gilliam and Fraser, 1987).
Second, many diving animals face the risk of being

killed by subsurface predators, aerial predators, or both.
For example, seabirds resting on the ocean surface
(Dekker and Bogaert, 1997) and air-breathing fishes
surfacing to breathe (Kramer and Graham, 1976) face
aerial predators. When risk is limited to aerial predators,

the surface generally will be the only dangerous part of a
dive cycle (exceptions might be when aerial predators
plunge to attack a submerged diver; also see Kramer
et al., 1983). Although subsurface predators might
attack divers at any point during the dive cycle, risk
from subsurface predators often appears to be highest
while foragers are at the surface potentially due to the
following mechanisms. First, scanning of the under-
water environment is mutually exclusive with breathing
for the period when divers (except cetaceans and
sireneans) bring their head, and thus eyes, out of the
water. Second, even with the head submerged, a diver at
the surface looking towards deeper parts of the water
column has poorer visual detection due to reduced light
at depth (Strong, 1996), and in some cases predators
may be cryptic against the bottom (e.g., Heithaus et al.,
2002b). Third, there are fewer escape directions because
a diver at the surface can only flee laterally or down-
wards (Strong, 1996; Heithaus et al., 2002b). Subsurface
predators, particularly sharks and killer whales (Orcinus

orca) are important to many marine mammals, birds,
and reptiles (e.g., Ainley et al., 1981; Le Boeuf et al.,
1982; Jefferson et al., 1991; Heithaus, 2001a). For
instance, tiger sharks (Galeocerdo cuvier) in Western
Australia frequently attack sea turtles and bottlenose
dolphins (Tursiops aduncus) (Heithaus, 2001b; Heithaus
et al., 2002a), and also prey on other divers, including
dugongs (Dugong dugon), sea snakes, and sea birds
(Heithaus, 2001b; Simpfendorfer et al., 2001). Teleosts
may be important predators of small-bodied divers in
freshwater and marine habitats.
The goal of this paper is to develop a general

framework for understanding the influence of predation
risk on diving behavior of air-breathing aquatic animals.
We investigate how animals should modify their alloca-
tion of time over the dive cycle (i.e., surface intervals and
resulting time spent at the food patch) when faced with
the risk of predation while at the surface. We consider
situations in which divers forage for either a fixed time
interval or until reaching a critical energy threshold (e.g.,
to fill gut capacity). For both situations, we investigate
the effects of a linear increase in cumulative energy intake
with time at the foraging patch, as well as energy-intake
functions that include search times and patch depletion.
Within these six diving scenarios, we consider three ways
in which the instantaneous risk of predation may interact
with time spent at the surface during a single surfacing
event: unchanging instantaneous risk (UIR), increasing
instantaneous risk (IIR), and decreasing instantaneous
risk (DIR).

2. A graphical model of dive cycles

We begin by asking how a diver under predation risk
should organize its dive cycle such that it increases
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safety at the surface, while continuing to optimize time
at the foraging patch. We address this question using the
marginal value theorem approach of Kramer (1988),
where divers at the surface replenish oxygen stores at a
decelerating rate. The optimal surface time (s�) can be
determined by drawing a line tangential to this function
from the travel time to and from the bottom (t) (Fig. 1).
If a diver faces predation risk while replenishing oxygen
stores, it may reduce risk over the course of an
individual dive cycle by shortening its surface interval
(i.e., shift from s� to s�r : Fig. 1). As a result, during the
next dive, the forager would have to shift to a shorter
travel time (i.e., choose a shallower food patch and shift
from t to tr: Fig. 1) or otherwise dive inefficiently.
However, shorter surface intervals may not necessarily
reduce predation risk over the course of a foraging bout.
In fact, they might increase the overall risk by short-
ening dive durations and therefore increasing the
number of potentially dangerous surfacings. We ex-
pected that optimal surface intervals would differ
between situations in which instantaneous predation
risk increases, decreases, or remains at the same level
with increasing time spent at the surface during a single
surfacing event. The following model explores this
hypothesis.

3. An analytical model of foraging bouts

A diving forager faces risk of predation while at the
surface. It may alter its energy intake and predation risk
by modifying surface interval duration and resulting
time at the food patch. The diver uses a pure tactic; it

selects a single surface time (with resulting time at the
food patch) that it uses throughout the foraging bout.
Thus, the diver selects the optimal surface interval for
minimizing m=G (s�r ) over the course of a foraging bout.
Empirical studies have shown that divers adaptively
modify their diving behavior in response to changes in
prey abundance (e.g., Antarctic fur seals, Arctocephalus

gazella, Boyd et al., 1994) and to the risk of predation
(e.g., air-breathing fishes, Kramer and Graham, 1976;
Kramer et al., 1983), making this a reasonable currency
for diving decisions.
Table 1 summarizes parameter values representing a

range of risk levels and shapes of risk functions. The net
energy gain (G) for a single dive is determined by the
amount of energy gained while at the food patch (E) and
that expended throughout the dive cycle. If t is travel
time (descent plus ascent), b is time at the food patch, s

is the time at the surface, and Ct; Cb; and Cs represent
the metabolic costs per unit time of travel, foraging, and
time at the surface, respectively, then

G ¼ E � tCt � bCb � sCs: ð1Þ

We make the simplifying assumptions that (a) travel
time relates directly to diving depth, (b) travel and
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Fig. 1. Graphical model that incorporates predation risk into Kra-

mer’s (1988) model of optimal time allocation during a dive cycle. The

vertical arrow on the x-axis marks the moment of either arriving at or

departing from the surface. To the right of the arrow, time at the

surface increases and the diver experiences an oxygen gain curve with

diminishing returns. To the left of the arrow, time traveling to and

returning from the foraging patch (ascent and descent) increases, and

so does oxygen consumed while traveling. When there is predation

risk, the diver chooses a shorter surface period, s�r ; which has the cost

of a shorter dive and travel time, tr:

Table 1

Parameters and values used in the model

Parameter Symbol Units Value

Foraging time

available

T s 50,000

Surface time s s 1–450

Travel time t s 10–210

Travel cost Ct Energy/s 0.0001

Foraging cost Cb Energy/s 0.00005

Surface cost Cs Energy/s 0.000001

Energy-intake

rate

I Energy/s 0.01

Search-time

scaling coefficient

y 2

Search-time

scaling coefficient

j 10,000

Depletion scaling

coefficient

l 0.0007

Maximum energy

intake/dive

M Energy 2

Maximum food

patch time

K s 240

Food patch-time

scaling coefficient

a 0.025

Predation risk r Probability/s 10�2, 10�3, 10�5, 10�7

Predation risk

scaling coefficient

b 1.5, 2.0, 3.0, 4.0

Predation risk

scaling coefficient

d 108

Predation risk

scaling coefficient

g 0.05, 0.025, 0.005

Maximum risk/

surfacing

R Probability 10�2, 10�3, 10�5, 10�7

Critical energy

intake

Gcrit Energy 5, 20, 40, 60
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foraging costs per unit time are fixed, and (c) only
one foraging depth is chosen for a particular foraging
bout.
We make three different assumptions about how a

forager gains energy once at the food patch. In the first,
search time is not required (energy gain begins upon
arrival) and patches do not deplete (intake rate is
constant) such that

E ¼ bI ; ð2Þ

where I is the energy intake per unit time.
In the second assumption, there is an accelerating

function of energy intake with time at the food patch
because foragers must search before beginning to
harvest resources. Therefore,

E ¼
by

j
; ð3Þ

where y and j are scaling coefficients.
Third, if food resources deplete during a dive, energy

intake will be a decelerating function that can be
modeled as

E ¼ Mð1� e�lbÞ; ð4Þ

where M is the maximum energy gain while at the food
patch and l is a scaling coefficient. These energy-intake
functions do not incorporate the behavior of the diver’s
prey, nor apply to single-prey loaders, which return to
the surface upon capturing a prey item. Therefore, these
functions apply most realistically to divers that forage
on relatively immobile prey such as benthic inverte-
brates, seagrass, krill, or algae. However, over the
course of a foraging bout, these energy gain functions
can be considered as energy-intake probabilities, and
thus predictions about average surface intervals under
the risk of predation relative to a no-predation risk
scenario are still valid.
Time at the food patch (b) can be mathematically

expressed in terms of surface time (s) as

b ¼ Kð1� e�asÞ � t; ð5Þ

where K is the maximum time at the food patch
achievable with aerobic respiration and a is a scaling
coefficient. Eq. (5) makes the simplifying assumption
that foragers will spend the maximum amount of time at
the food patch for a given surface interval without
shifting to anaerobic metabolism.
We consider three different ways in which instanta-

neous predation risk relates to the time a diver spends at
the surface during a single surfacing event: unchanging
(UIR), increasing (IIR), and decreasing (DIR) func-
tions. The simplest situation is UIR where the prob-
ability of death per unit time (r), or instantaneous
predation risk, does not change with time spent at the
surface. This situation might occur when predation risk
is influenced primarily by encounter rates with predators

and divers cannot reduce risk through vigilance at the
surface or shortly before surfacing. The cumulative
probability of predation over the duration of a single
surfacing event (m1) can thus be represented with the
equation

m1 ¼ 1� ð1� rÞs; ð6Þ

where r is the risk per unit time at the surface. The
cumulative probability of being killed by a predator
over an entire foraging bout (mT ) is

mT ¼ 1� ð1� m1Þ
N ; ð7Þ

where N is the number of dives made over the foraging
bout. N will be determined by the time available to
forage (T), the surface time selected by the diver, and
the travel time to the foraging patch. We make two sets
of assumptions about how a diver will forage. In the first
situation, we assume that a diver forages for a fixed
period of time over which it must optimize its energy
intake balanced with the risk of death from predators.
The forager cannot reduce its time spent under the risk
of predation by foraging for less time, but may modify
its probability of death by changing its diving behavior.
Thus,

N ¼
T

b þ tþ s
: ð8Þ

In the second situation, a forager remains in the
foraging area only until it reaches a net energy-intake
threshold (Gcrit, e.g. a gut-capacity constraint). After
that time, we assume that the forager leaves the area and
is no longer threatened by predators. Therefore, the
number of dives made is represented by

N ¼
t

b þ tþ s
; ð9Þ

where t is the amount of time required to reach Gcrit:
When subsurface predators threaten divers, risk might

be relatively low when they first surface to breathe if
they can be vigilant as they approach the surface.
However, once at the surface, the instantaneous risk of
predation would increase, as a diver cannot be vigilant
for subsurface predators while breathing and its eyes are
out of the water. The increase in risk with increasing
time spent at the surface (Fig. 1a) is represented by

m1 ¼
sb

d
; ð11Þ

where b and d are scaling coefficients. The cumulative
probability of being killed by a predator (mT ) is
calculated using Eq. (7) (Fig. 1b).
In some situations, the instantaneous risk to a diver

may decrease with increasing time at the surface. For
example, a diving seabird at risk from an aerial predator
may have relatively high risk upon surfacing if it cannot
determine if there is a predator present, but may then
face a lower instantaneous risk of death because it can
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be vigilant while breathing. In some situations, the
cumulative risk may reach an asymptote, as a diver may
be able to detect predators at a sufficient distance to take
evasive actions. Therefore,

m1 ¼ Rð1� e�gsÞ; ð12Þ

where R is the maximum cumulative risk that a forager
may face during a foraging bout and g is a scaling
coefficient (Fig. 1a). The cumulative probability of being
killed by a predator (mT ) is calculated using Eq. (7)
(Fig. 1b).
We use the parameters listed in Table 1 and the above

equations to determine the surface time (s�r ) that
optimizes time at the foraging patch and safety over a
variety of travel times and for all combinations of the
three energy-intake functions, two foraging scenarios,
and three predation risk regimes outlined above. As a
surrogate of fitness, we assume divers minimize the value
of m=G over the course of a foraging bout. Thus, the
optimal surface time is represented by

s�r ¼ min
s

mTs

NsGs

� �
: ð13Þ

We then compare values of s�r to the predicted surface
intervals that would maximize the net energy gain, were
the predation risk ignored (s�).

4. Results

4.1. Fixed foraging time

How risk of predation affects surface interval depends
upon the relationship between predation risk and
surface time (Figs. 2–4). In general, in situations with
UIR or IIR, the surface interval that optimizes safety
and energy intake, s�r ; is shorter than the surface interval
that would maximize energy intake or time at the prey
patch, s�: With UIR, divers choosing surface intervals
longer than s�r achieve diminishing energetic returns,
while the risk of death increases in an almost linear
fashion (Figs. 2a, 3a and 4a). Under conditions of IIR,
s�r should be much shorter than s�: Although a forager
must make more numerous and less-efficient dives, the
forager is exposed to very little risk (Figs. 2b, 3b and
4b). With DIR, s�r is longer than s� because the longer
surface interval increases dive duration and decreases
the number of high-risk periods that occur upon each
surfacing (Figs. 2c, 3c and 4c).
The shape of the energy-intake function does not

qualitatively change the above results. However, the
magnitude of the difference between s�r and s� depends
on how energy is harvested, especially when foragers
must search for prey (Fig. 5). In general, the addition of
a search time increases the difference between s�r and s�;

while depletion decreases the difference relative to a
linear energy-intake function.
Travel time (t) strongly affects s�r ; but the shape of the

relationship depends partially on the energy-intake
function. As with previous models (e.g., Kramer,
1988), our model predicts an increase in surface interval
with increasing travel time in almost all situations, but
there is no influence of travel time on the direction of a
diver’s surface time modification when faced with the
risk of predation (Fig. 5). With a linear increase in
energy intake, there is no change with t in the magnitude
that foragers should reduce or increase their surface
interval relative to that which maximizes energy intake.
With depletion, the magnitude of change in the surface
interval increases as travel time increases most notably
in the case of decreasing risk. In fact, there is very little
difference between s�r and s� when travel times are
relatively short. When foragers must search for prey,
there is slightly less shift in optimal surface times as
travel time increases.
Assuming that m=G is an indirect measure of fitness

(i.e., fitness is influenced by both longevity and energy
gain per bout of diving), both the relationship between
predation risk and surface time and that between energy
intake and time at the food patch influence the fitness
consequences of suboptimal decisions regarding surface
time (Fig. 6). In general, there is a steep fitness function
associated with IIR, regardless of the energy-intake
function, and there would be relatively large costs to
selecting surface intervals that deviate from s�r : Under
UIR conditions, there would be a large cost to shifting
to a surface interval shorter than s�r ; primarily due to
reduced energy intake rather than increased suscept-
ibility to predators. Shifting to a surface interval longer
than s�r is less costly, with the fitness cost dictated by the
energy-harvesting function. There is a greater cost to
surfacing for intervals greater than s�r when energy
intake is linear than if there is patch depletion or
foragers must search for food. A DIR function has large
fitness consequences of shifting to a very short surface
interval, but there is a large range of longer than optimal
surface intervals for which there is very little change in
m=G (Fig. 6).
The costs to energy intake incurred by a diver that

chooses s�r rather than s� can be influenced by travel
time, the energy-intake function, and the predation risk
function (Fig. 7). In general, when divers face UIR,
relatively little energy is lost by choosing s�r rather than
s�: However, a diver may realize a substantially reduced
energy intake with IIR, particularly when travel times
are small and foragers must search for prey.

4.2. Fixed energy requirement

The results for divers foraging to meet a fixed
energy requirement are similar to those obtained
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for a fixed foraging time (compare Figs. 5 and 8).
In fact, with UIR, s�r is the same for both foraging
scenarios regardless of the energy-intake function.
There is also very little difference in s�r with IIR. The
most noticeable difference occurs for DIR. When
energy intake is linear, there is a smaller difference

between s�r and s� compared to the fixed foraging time
situation, especially when travel time is short (Fig. 5a
and 8a). When there is resource depletion and DIR,
results are similar for both foraging scenarios at low
travel times. However, as travel time increases, divers
foraging to reach an energetic intake goal rapidly
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switch to the longest possible surface interval that
still allows the energy requirement to be met within
the foraging period. When there is a search time, a
diver immediately begins foraging at the maximum
possible surface interval because long surface intervals
and resulting long food patch times are beneficial for
both reducing overall risk and increasing energetic
intake.
When the foraging requirement is relatively high, s�r

does not always result in animals achieving their energy
requirement within the specified time period. In this
situation, divers should select the shortest (UIR, IIR) or

longest (DIR) possible surface interval that allows them
to achieve the energy requirement.
The fitness consequences of suboptimal decisions

regarding surface time are somewhat similar to those
for the fixed foraging time model (Fig. 9). However,
there is a smaller fitness consequence to shifting the
surface interval above s�r for IIR functions when there is
resource depletion over the course of a dive or a search
time to find resources during each dive. Conversely, with
UIR, there is a greater fitness consequence to having a
surface interval longer than s�r for all energy-intake
functions.
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4.3. Scaling coefficients

Because of the assumption that foragers attempt to
minimize m=G; changes in parameters that only influence
the absolute level of risk (i.e., R; d;) have no effect on the
optimal surface time under any circumstances. How-

ever, the optimal surface time is influenced by scaling
coefficients that change the shape or slope of the
predation risk—surface interval function. When the
value of r is very high (i.e., very dangerous; e.g., 0.001),
the optimal surface interval to minimize m=G becomes
the same as that for maximizing energy-intake rate

0

20

40

60

80

100

120

0

0.01

0.02

0.03

0.04

0.05

0.06G
µ

0

20

40

60

80

100

120

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014
G
µ

0

20

40

60

80

100

120

9 59 109 159 209

9 59 109 159 209

9 59 109 159 209

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04G
µ

C
um

ul
at

iv
e 

E
ne

rg
y 

G
ai

n 

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y 

of
 P

re
da

ti
on

 

Surface Interval (sec)

sr
*s*

sr
* 

s*

sr
* s*

(a)

(b)

(c)

Fig. 4. Influence of surface interval on net energy intake and the cumulative probability of being killed by a predator with depletion when foraging

time is fixed. (a) UIR, (b) IIR, (c) DIR; t ¼ 40: (a) r ¼ 10�5; (b) b ¼ 3:0; (c) g ¼ 0:025:

M.R. Heithaus, A. Frid / Journal of Theoretical Biology 223 (2003) 79–9286



because there is strong selection to minimize the total
time spent at the surface regardless of the rate of energy
intake. However, as the value of r drops to a more
realistic level, a diver should reduce its surface interval
relative to the optimum for energy intake. Changes in b
follow an opposite pattern. As b increases, there is a

faster acceleration of the risk function and foragers
should shift to even shorter surface intervals in order to
take advantage of the low-risk portion of the surface
interval and avoid the period of high instantaneous
predation risk. Surface intervals are also influenced by
changes in g; with lower values resulting in shorter
surface intervals as the DIR cumulative predation risk
curve becomes more linear.

5. Discussion

Our model predicts that divers at risk of predation,
while at the surface, should modify their surface interval
to reduce their probability of death during a foraging
bout. If instantaneous predation risk does not change,
or increases, with time spent at the surface during a
single surface interval (UIR and IIR respectively), the
optimal surface interval is shorter than the interval that
would maximize energy intake, particularly in an IIR
situation. An IIR function may apply to divers
threatened by submerged predators. For example, sea
turtles threatened by sharks cannot be vigilant when
breathing, but could assess subsurface risks during
ascent. UIR may be less common, but could occur
when a small-bodied diver faces risk from the subsurface
and aerial predators concurrently and vigilance must be
divided above and below the surface.
Our model predicts that foragers facing DIR at the

surface should surface and dive for longer periods than
those that would maximize energy intake in the absence
of predation risk. This situation most likely occurs for
divers at risk only from aerial predators. Because
visibility through the air is good and most divers can
escape aerial predators by diving or flying away, risk is
probably low once a diver at the surface can begin to
monitor its surroundings.
The above predictions hold regardless of travel time,

energy-intake function, or foraging scenario. However,
the magnitude of a diver’s response to predation risk is
influenced by all of these factors and the fitness
consequences of a suboptimal surface interval may be
greatly influenced by the energy-intake function. There-
fore, divers in different habitats or that forage on
different types of prey (e.g., benthic grazers vs. pelagic
foragers feeding on schooling fish) may show different
magnitudes of response to the same predator or type of
predation risk.
Divers that change their behavior in response to

predators realize lower energy-intake rates, but the
magnitude of this cost depends on the energy-intake and
risk functions, as well as the foraging depth (i.e., travel
time). This reduced energy intake is likely to have
important ecological consequences. For example, it may
make some habitats unusable if energy intake falls
below a critical threshold.
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We are unaware of empirical studies that provide
adequate data to test all the predictions of this model.
Most studies of diving animals look for a positive
relationship between travel time (or water depth) and
surface time, or between dive time and surface time,
and our model predicts that these qualitative relation-
ships will remain intact in most foraging and risk
situations. Quantitative field and experimental studies in
the future should be able to test our model predictions.
In the laboratory, perceived risk (e.g., predator models

or odor cues) could easily be manipulated and differ-
ences in diving behavior measured between risk and no-
risk treatments. In the field, studies could use spatial or
temporal variation in predation risk as treatments.
For example, current studies of diving behavior by
loggerhead turtles (Caretta caretta) during periods of
high and low abundance of tiger sharks suggest a
qualitative fit to some of our model predications
(Frid, Heithaus, Dill, unpublished data). During periods
of high tiger shark abundance, loggerhead turtles
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surfaced briefly relative to periods of low tiger shark
abundance when turtles had longer surface and dive
times.

5.1. Implications for aquatic habitat selection

So far we have addressed how a diver should modify
its surface interval based on a tradeoff between energy
intake and predation risk. This tradeoff likely has
important consequences for habitat use. Our graphical
model (Fig. 1) suggests that a diver under the risk of
predation during a single dive should shorten its surface
interval and select a shallower foraging patch for the
subsequent dive. In the analytical model (Figs. 2–9), if
all depths (represented by differences in travel time, t)
are available to a diver and are identical in predation
risk and food availability, the diver should always shift

to the shallowest habitat in order to minimize travel time
and thus maximize time at the foraging patch while
minimizing time at the surface. However, all depth
possibilities may not be available to a diver, and habitats
(or depths) often differ in food availability, which can
alter this predicted habitat choice. For example,
pochards will shift into deeper habitats to forage
if food availability is higher than in shallow ones
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(Carbone and Houston, 1994). Predation risk often
varies between habitats, and divers should respond to
this factor as well.

5.2. Assumptions and future directions

An important assumption of this model is that a diver
faces risk only while at the surface. In some cases,
however, the diver may be at risk while submerged. For
example, some marine mammals are at risk from several
species of large sharks (e.g., sixgill shark, Hexanchus

griseus) only while at depth (Ebert, 1994; Heithaus,
2001a). While the presence of such predators likely
influences a diver’s allocation of time over the dive cycle,
such situations are beyond the scope of our model.
Nonetheless, the surface will be the most, or only,
dangerous location for many divers, particularly those
under risk only from aerial predators. In systems where
subsurface predators of air-breathing species select prey
in the upper portion of the water column, as appears to
be the case for tiger and white sharks, divers may also be
under greatest risk while at the surface (Le Boeuf and
Crocker, 1996; Strong, 1996; Heithaus, 2001b; Simpfen-
dorfer et al., 2001; Heithaus et al., 2002b).
Throughout this model, we consider only how an

individual diver should allocate time over the dive cycle
or select a foraging habitat in the absence of other
individuals. Individuals of some sea bird species dive
alone when catching prey to provision offspring, but
form groups when diving to self-feed (e.g., rhinoceros
auklet, Cerorhinca monocerata, Davoren and Burger,
1999). Forming groups likely influence both the risk
faced by an individual forager (perhaps through
dilution: Kramer and Graham, 1976; see Schenkeveld
and Ydenberg (1985) for a pirating risk analogy) and
their energy-intake rate (in either a positive or negative
fashion), and thus may create further tradeoffs.
Our model assumes that a diver does not use

anaerobic respiration. While empirical studies suggest
that most dives are within the aerobic dive limit,
anaerobic respiration may be adaptive in some foraging
situations (e.g., Western Grebes, Aechmophorus occi-

dentalis, Ydenberg and Clark, 1989; hooded seals,
Cystophora cristata, Thompson and Fedak, 2001).
While not included in this model, understanding how
predation risk influences a diver’s use of anaerobic
respiration may be a fruitful avenue of study. Anaerobic
respiration eventually results in extended surface periods
for recovery (Boyd, 1997), and might increase risk to a
diver in situations with UIR and IIR. However, the
energetic advantages of using such respiration may at
times outweigh this cost, particularly when divers forage
on ephemeral patches of pelagic prey (Ydenberg and
Clark, 1989). Divers facing DIR may be more willing to
use anaerobic respiration, as the added energetic benefits
would not result in increased risk.
Divers can modify ascent and descent rates (e.g.,

Gentoo penguins, Pygoscelis papua, Wilson et al., 1996),
and might also change foraging depths during a foraging
bout. Also, depth-specific upthrust forces caused by
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buoyancy affect foraging costs, and make descents more
costly than ascents (Wilson et al., 1992). We assumed
that (a) travel time is directly related to diving depth, (b)
travel and foraging costs per unit time are fixed, and (c)
only one foraging depth is chosen for a particular
foraging bout. Empirical studies suggest that the ascent
and descent rate assumption may be valid in some cases;
pochards showed a constant ascent and descent rate
when foraging depth increased (Carbone and Houston,
1994). The assumption of no buoyancy costs may affect
the magnitude of difference between s� and s�r ; but is
unlikely to qualitatively affect our predictions. Buoy-
ancy considerations will likely be most important if
divers responding to risk shift to shallower food patches
(see Fig. 1).
We assume that foragers use a pure tactic, whereby

they do not vary their surface time throughout a
foraging bout and spend an amount of time at the
foraging depth that is a function of the preceding surface
period. This assumption allows us to make general
predictions about how divers might forage while under
the risk of predation. Diving, however, is a dynamic
process, in which the decision to end a dive may be
evaluated at very short-term intervals (e.g., second by
second) and be affected by the probability of prey
capture, and the diver’s energetic state and remaining
oxygen reserves at that particular point in the dive
(Ydenberg and Clarke, 1989; Beauchamp et al., 1992).
For example, divers that are single-prey loaders (e.g.,
common eiders, Somateria mollissima) will return to the
surface as soon as a prey item is captured, and optimal
prey-searching behavior for patchy prey may cause
animals to terminate dives well before the maximum
attainable bottom time is reached (Beauchamp et al.,
1992). Furthermore, divers may not forage to maximize
time underwater for a given surface interval in order to
maintain oxygen reserves for predator avoidance in
situations where they may be forced to dive if
encountering a predator upon surfacing. Dynamic state
variable modeling (Clark and Mangel, 2000) would be
the appropriate technique for considering how time-
structured diving decisions might affect the predicted
responses to predation risk.
Finally, this model addresses how foraging divers

should respond to predation risk. While some species
generally dive only while foraging (e.g. seabirds, some
pinnipeds), others spend most of their lives submerged
and engage in diving behavior that does not involve
foraging (e.g. sea turtles, cetaceans, some pinnipeds)
(Boyd, 1997). Although our model is most applicable to
foraging divers, the principles apply to divers that are
not foraging. Thus, our model can be modified to
predict decisions by resting or traveling divers based on
the assumption that this might minimize energetic
expenditure (rather than energetic intake) divided by
predation risk.

Although much progress has been made in the decade
and a half following Kramer’s (1988) pioneering model
of optimal diving, the influence of predation risk on
diving decisions remains largely unknown. Our model
suggests that predation risk may cause divers to change
their optimal allocation of time over the dive cycles that
comprise a foraging bout. These deviations may affect
habitat use and likely have important fitness conse-
quences. Furthermore, human disturbance (e.g. motor-
boats) may cause divers to modify their surface intervals
and dive cycles (e.g., Janik and Thompson, 1996), and
animals often respond similarly to disturbance and
predation risk (Frid and Dill, 2002). If divers respond to
human disturbance in a manner similar to predators,
our model could contribute to understanding and
mitigating the impact of human disturbance on some
species of aquatic air-breathers. Future testing and
refining of these ideas should provide stimulating
avenues for ecological and conservation research.

Acknowledgements

We thank L. Dill, R. Heithaus, and I. Hamilton for
helpful discussions and comments on previous drafts of
this paper, and R. Ydenberg, R. Dukas, B. Crespi, and
the Dill lab for other input. AF was supported by a
PGS-B scholarship from NSERC Canada. MRH was
supported by an NSF graduate research fellowship
and the Mote Marine Laboratory Center for Shark
Research. This is contribution 12 of the Shark Bay
Ecosystem Research Project.

References

Abrahams, M.V., Dill, L.M., 1989. A determination of the energetic

equivalence of the risk of predation. Ecology 70, 999–1007.

Ainley, D.G., Strong, C.S., Huber, H.R., Lewis, T.J., Morrell, S.H.,

1981. Predation by sharks on pinnipeds at the Farallon Islands.

Fish. Bull. US 78, 941–945.

Beauchamp, G., Guillemette, M., Ydenberg, R.C., 1992. Prey selection

while diving by common eiders, Somateria Mollissima. Anim.

Behav. 44, 417–426.

Boyd, I.L., 1997. The behavioural and physiological ecology of diving.

Trends Ecol. Evol. 12, 213–217.

Boyd, I.L., Arnould, J.P.Y., Barton, T., Croxall, J.P., 1994. Foraging

behaviour of Antarctic fur seals during periods of contrasting prey

abundance. J. Anim. Ecol. 63, 703–713.

Brown, J.S., Laundr!e, J.W., Gurung, M., 1999. The ecology of fear:

optimal foraging, game theory, and trophic interactions. J. Mamm.

80, 385–399.

Carbone, C., Houston, A.I., 1994. Patterns in the diving behaviour of

the pochard, Aythya ferina: a test of an optimality model. Anim.

Behav. 48, 457–465.

Carbone, C., Houston, A.I., 1996. The optimal allocation of time over

the dive cycle: an approach based on aerobic and anaerobic

respiration. Anim. Behav. 51, 1247–1255.

Chappell, M.A., Shoemaker, V.H., Janes, N.N., Bucher, T.L.,

Maloney, S.K., 1992. Diving behavior during foraging in breeding

ad!elie penguins. Ecology 74, 1204–1215.

M.R. Heithaus, A. Frid / Journal of Theoretical Biology 223 (2003) 79–92 91



Clark, C.W., Mangel, C., 2000. Dynamic State Variable Models in

Ecology. Oxford University Press, New York.

Croxall, J.P., Briggs, D.R., Kato, A., Naito, Y., Watanuki, Y.,

Williams, T.D., 1993. Diving pattern and performance in the

macaroni penguin Eudyptes chrysolophus. J. Zool. (London) 230,

31–48.

Davoren, G.K., Burger, A.E., 1999. Differences in prey selection and

behaviour during self-feeding and chick provisioning in rhinoceros

auklets. Anim. Behav. 58, 853–863.

Dekker, D., Bogaert, L., 1997. Over-ocean hunting by peregrine

falcons in British Columbia. J. Raptor. Res. 41, 381–383.

Ebert, D.A., 1994. Diet of the sixgill shark Hexanchus griseus off

Southern Africa. S. Afr. J. Mar. Sci. 14, 213–218.

Fedak, M.A., Pullen, M.P., Kanwisher, J., 1988. Circulatory responses

of seals to periodic breathing: heart rate and breathing during

exercise and diving in the laboratory and open sea. Can. J. Zool.

66, 53–60.

Frid, A., Dill, L.M., 2002. Human-caused disturbance stimuli as a

form of predation risk. Cons. Ecol. 6, http://www.consecol.org/

Journal/vol6/iss1/art11/print.pdf.

Gilliam, J.F., Fraser, D.F., 1987. Habitat selection under predation

hazard: test of a model with foraging minnows. Ecology 68,

1856–1862.

Glen, F., Broderick, A.C., Godley, B.J., Metcalfe, J.D., Hays, G.C.,

2001. Dive angles for a green turtle (Chelonia mydas). J. Mar. Biol.

Assoc. UK 81, 683–686.

Grand, T.C., Dill, L.M., 1997. The energetic equivalence of cover to

juvenile coho salmon (Oncorhynchus kisutch): ideal free distribution

theory applied. Behav. Ecol. 8, 437–447.

Hamilton, I.M., Heithaus, M.R., 2001. The effects of temporal

variation in predation risk on anti-predator behaviour: an

empirical test using marine snails. Proc. R. Soc. London B 268,

2585–2588.

Heithaus, M.R., 2001a. Predator–prey and competitive interactions

between sharks (order Selachii) and dolphins (suborder Odonto-

ceti): a review. J. Zool. (London) 253, 53–68.

Heithaus, M.R., 2001b. Shark attacks on bottlenose dolphins

(tursiops aduncus) in Shark Bay, Western Australia: attack rate,

bite scar frequencies, and attack seasonality. Mar. Mamm. Sci. 17,

526–539.

Heithaus, M.R., Dill, L.M., 2002. Food availability and predation

risk influence bottlenose dolphin habitat use. Ecology 83,

480–491.

Heithaus, M.R., Frid, A., Dill, L.M., 2002a. Shark-inflicted injury

frequencies, escape ability, and habitat use of green and loggerhead

turtles. Mar. Biol. 140, 229–236.

Heithaus, M.R., Dill, L.M., Marshall, G.J., Buhleier, B.M., 2002b.

Habitat use and foraging behavior of tiger sharks (Galeocerdo

cuvier) in a seagrass ecosystem. Mar. Biol. 140, 237–248.

Houston, A.I., Carbone, C., 1992. The optimal allocation of time

during the diving cycle. Behav. Ecol. 3, 255–265.

Janik, V.M., Thompson, P.M., 1996. Changes in surfacing patterns of

bottlenose dolphins in response to boat traffic. Mar. Mamm. Sci.

12, 597–602.

Jefferson, T.A., Stacey, P.J., Baird, R.W., 1991. A review of killer

whale interactions with other marine mammals: predation to co-

existence. Mamm. Rev. 21, 151–180.

Jodice, P.G.R., Collopy, M.W., 1999. Diving and foraging patterns of

marbled murrelets (Brachyramphus marmoratus): testing predic-

tions from optimal breathing models. Can. J. Zool. 77, 1409–1418.

Kramer, D.L., 1988. The behavioral ecology of air breathing by

aquatic animals. Can. J. Zool. 66, 89–94.

Kramer, D.L., Graham, J.B., 1976. Synchronous air breathing, a social

component of respiration in fishes. Copeia 1976, 689–697.

Kramer, D.L., Manley, D., Bourgeois, R., 1983. The effect of

respiratory mode and oxygen concentration on the risk of aerial

predation in fishes. Can. J. Zool. 61, 653–665.

Le Boeuf, B.J., Crocker, D.E., 1996. Diving behavior of elephant seals:

implications for predator avoidance. In: Klimley, A.P., Ainley,

A.D. (Eds.), Great White Sharks: The Biology of Carcharodon

carcharias. Academic Press, New York, pp. 193–205.

Le Boeuf, B.J., Reidman, M., Keyes, R.S., 1982. White shark

predation on pinnipeds in California coastal waters. Fish. Bull.

US 80, 891–895.

Lima, S.L., 1998. Stress and decision making under risk of predation:

recent developments from behavioral, reproductive, and ecological

perspectives. Adv. Stud. Behav. 37, 215–290.

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.

McNamara, J.M., Houston, A.I., 1990. State-dependent ideal free

distributions. Evol. Ecol. 4, 298–311.

Mori, Y., 1998a. Optimal choice of foraging depth in divers. J. Zool.

(London) 245, 279–283.

Mori, Y., 1998b. The optimal patch use in divers: optimal time budget

and the number of dive cycles during a bout. J. theor. Biol. 190,

187–199.

Mori, Y., 1999. The optimal allocation of time and respiratory

metabolism over the dive cycle. Behav. Ecol. 10, 155–160.

Schenkeveld, L.E., Ydenberg, R.C., 1985. Synchronous diving by surf

scoter flocks. Can. J. Zool. 63, 2516–2519.

Simpfendorfer, C.A., Goodreid, A.B., McAuley, R.B., 2001. Size, sex,

and geographic variation in the diet of the tiger shark (Galeocerdo

cuvier) in Western Australian waters. Environ. Biol. Fish. 61,

37–46.

Strong, W.R., 1996. Shape discrimination and visual predatory tactics

in white sharks. In: Klimley, A.P., Ainley, A.D. (Eds.), Great

White Sharks: The Biology of Carcharodon carcharias. Academic

Press, New York, pp. 229–240.

Thompson, D., Fedak, M.A., 2001. How long should a dive last? A

simple model of foraging decisions by breath-hold divers in a

patchy environment. Anim. Behav. 61, 287–296.

Thompson, D., Hammond, P.S., Nocholas, K.S., Fedak, M.A., 1991.

Movements, diving, and foraging behaviour of grey seals

(Halichoerus grypus). J. Zool. (London) 224, 223–232.

Wilson, R.P., Hustler, K., Ryan, P.G., Burger, A.E., N .oldeke, E.C.,

1992. Diving birds in cold water: do Archimedes and Boyle

determine energetic costs? Am. Nat. 140, 179–200.

Wilson, R.P., Culik, B.M., Peters, G., Bannasch, R., 1996. Diving

behaviour of gentoo penguins, Pygoscelis papua: factors keeping

dive profiles in shape. Mar. Biol. 126, 153–162.

Ydenberg, R.C., Clark, C.W., 1989. Aerobiosis and anaerobiosis

during diving by western grebes: an optimal foraging approach.

J. theor. Biol. 139, 437–449.

M.R. Heithaus, A. Frid / Journal of Theoretical Biology 223 (2003) 79–9292

http://www.consecol.org/Journal/vol6/iss1/art11/print.pdf
http://www.consecol.org/Journal/vol6/iss1/art11/print.pdf

	Optimal diving under the risk of predation
	Introduction
	A graphical model of dive cycles
	An analytical model of foraging bouts
	Results
	Fixed foraging time
	Fixed energy requirement
	Scaling coefficients

	Discussion
	Implications for aquatic habitat selection
	Assumptions and future directions

	Acknowledgements
	References


