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ABSTRACT: We used an individual-based model coupled to a realistic turbulence flow field to assess
the effects of a wide range of turbulence levels on encounter rate (E), pursuit success and ingestion
rate in fish larvae. We parameterized the model for larvae of Atlantic cod Gadus morhua and evaluated how the geometry of their prey search volume (hemisphere, wedge) affected feeding rates. We
then compared model outputs with feeding rates for cod larvae in previous laboratory and field studies. Search volume is smaller and E is lower for wedge searchers than hemisphere searchers. However, as turbulence increases, larvae encounter more prey but pursuit success decreases exponentially (relative to calm water), yielding a dome-shaped relationship between turbulence and ingestion
rate. These results are robust to search volume geometry (wedge or hemisphere). The increase in
ingestion rates at moderate turbulence for wedge searchers (relative to calm water rates) was higher
than for hemisphere searchers. However, model results derived using hemisphere geometry are consistent with previous laboratory and field observations of cod larvae in turbulent environments. Cod
larvae observed in a field study on Georges Bank in 1993–1994 could feed at rates which corresponded with observed growth rates if they behaved as hemispherical searchers and consumed a diet
consisting of relatively large prey (e.g. copepodites and adults of Pseudocalanus); if they used wedgeshaped volumes, their ingestion and growth rates would have been ca. 80% lower, resulting in higher
mortality. Models like those developed here will increase future understanding of factors affecting
larval feeding rates and dietary composition.
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The feeding of larval fish in the sea is influenced by
ocean turbulence via several direct and indirect mechanisms. These effects include changes in (1) the production, concentration and distribution of prey (Kiørboe 1993, Bakun 1996), (2) vertical distributions of
larvae (Heath et al. 1988, Franks 2001) and (3) the
probabilities of encounter, pursuit and capture of prey
by individual larvae (Dower et al. 1997, MacKenzie
2000). All of these processes vary with the intensity of
turbulence in highly nonlinear ways and often in
opposing directions. These responses of biological and
physical processes to ocean turbulence complicate
attempts to predict and understand how variations in
turbulence affect larval fish ecology—in particular, the

feeding success of larvae (Dower et al. 1997, MacKenzie 2000, Porter et al. 2005).
In the present study, we develop and apply new individual-based modelling approaches to investigate
feeding processes of individual fish larvae in turbulent
environments. These models are then combined with a
realistic simulation of ocean turbulence at scales relevant to larval fish feeding. Previous modelling studies
(Table 1) have used analytical modelling approaches
forced by bulk-average turbulent dissipation rates and
have demonstrated that encounter rates (E) increase
with turbulence intensity, but that overall ingestions
rates have a dome-shaped relationship to turbulence
(Matsushita 1992, MacKenzie et al. 1994). These theoretical models have experimental support (Landry et
al. 1995, MacKenzie & Kiørboe 1995, MacKenzie &
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Table 1. Meta-data of the development of modelling approaches for investigating predation by zooplankton and fish larvae in calm and
turbulent environments. ε: dissipation rate; Re λ: Reynolds number
Modelling
approach

Search
volume
geometry

Levels of
turbulence
investigated

Source



Analytical

Spherical

None

Gerritsen & Strickler (1977)



Analytical

Spherical

Many (wide range)

Rothschild & Osborn (1988)

Analytical

Spherical

Many (wide range)

Matsushita (1992)

Analytical and
direct numerical
simulation

Spherical

Low level (Reλ = 38)

Yamazaki et al. (1991)

Predation components modelled
Encounter
Pursuit;
capture











Analytical

Spherical

Many (wide range)

MacKenzie et al. (1994)





Analytical

Spherical

Many (wide range)

Jenkinson (1995)





Analytical

Spherical

Many (wide range)

Caparroy et al. (2000)

Analytical and
numerical
simulations

Spherical

Low level
(estimated ε = 5.53 × 10– 9 m2 s– 3)



Lewis & Pedley (2000)



Analytical and
numerical
simulations

Spherical

Low level
Lewis (2003)
(estimated ε = 5.53 × 10– 9 m2 s– 3)



Analytical

Spherical, hemispherical, wedge

Encounter: ε = 1.8 × 10– 6 m2 s– 3;
no turbulence used for pursuit
success

Galbraith et al. (2004)

Mariani et al. (2005, in press)





Individual-based,
object-oriented

Spherical

Many (wide range)





Analytical and
numerical
simulations

Hemi-spherical,
wedge

Low level
Lewis & Bala (2006)
(estimated ε = 5.53 × 10– 9 m2 s– 3)





Individual-based,
object-oriented

Hemi-spherical,
wedge

Many (wide range)

Kiørboe 2000, Utne-Palm & Stiansen 2002). However,
this type of modelling framework becomes impractical
when analyses involve more complex aspects of organisms’ feeding behaviour (Mariani et al. 2005), e.g. typical swimming and search behaviour (swim durations
and frequencies, turn angles) of fish larvae, the swimming and escape behaviour of their prey, the intermittent nature of realistic turbulence.
We use our new models initially to investigate
whether they yield comparable results to those seen in
previous theoretical and experimental studies. We
then explore the sensitivity of larval feeding to
assumptions regarding the shape of the search volume
of larval fishes. Early larval feeding behaviour studies
(Rosenthal & Hempel 1970, Blaxter 1986) and clearance rate experiments in moderately turbulent water
(Kiørboe & Munk 1986, MacKenzie & Kiørboe 1995)
have suggested that larvae search a hemispherical volume of water in pursuit of prey. However, detailed
video recordings of larval search behaviour in calm
water suggest that the search volume is wedge shaped
(Browman & OBrien 1992, von Herbing & Gallager
2000, Galbraith et al. 2004). Moreover, the difference
in volume of the visual fields (e.g. 11.5-fold for 10 mm
cod larvae, Galbraith et al. 2004) affects foraging strat-

This study

egy and costs; for larvae with wedge-shaped search
volumes, successful predation strategies would require
a combination of foraging in higher concentrations of
prey, switching to larger prey, longer search periods
and higher growth efficiency than if search volumes
are 11.5-fold larger. The differences in search-volume
geometry and size may also influence estimates of how
turbulence affects larval feeding rates (Lewis & Bala
2006), although the functional relationship between
turbulence intensity, E and pursuit success has not
yet been investigated for wedge searching predators
(Table 1). We therefore use our models to demonstrate
their general applicability to larval fish ecology and in
particular to explore how assumptions of larval searchvolume geometry affect estimates of the role of
turbulence on larval fish feeding.

METHODS
Our model framework consists of 2 integrated modules: (1) the flow field and its turbulence characteristics; and (2) the individual-based larval fish feeding
component (which consists of feeding and swimming
behaviours of a virtual larva based on experimentally
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derived traits) and a prey field (which, for simplicity, is
a field of uniform-sized non-swimming prey particles).
Both the larva and prey positions are influenced by the
turbulence in the flow field and their locations change
over time relative to each other.
Flow field. In the hypothesis that the flow at individual scales is isotropic (Gargett 1989), a simplified
but realistic representation of the turbulent flow field
can be obtained by using a sum of unsteady random
Fourier modes: a so-called kinematic simulation of the
flow. This technique was proposed by Kraichnan
(1970) and modified versions have been widely used
to study physical phenomena. More recently, it has
also been applied to analyze plankton interactions
(Lewis & Pedley 2000, 2001, Lewis 2003, Visser &
Jackson 2004, Yamazaki et al. 2004, Mariani et al.
2005, in press).
The turbulent velocity field at a point x at time t,
u(x,t), is represented as a truncated Fourier series:
N

u(x,t ) = ∑ ( cn × kˆ n ) exp [ i ( kn ⋅ x + ω nt )]

(1)

n =1

where N modes are selected independently, with randomly directed wave vectors kn = k̂ n kn and angular
frequency ω n. The Fourier coefficients in the form (cn ×
k̂
| n ) ensure that the velocity field is incompressible.
The amplitude vectors cn are chosen with amplitude
given by:
|cn |2 = 2Π(kn)δkn

(2)

and follow an inertial Kolmogorov energy spectrum:
Π(k) = Π0 k – 5/3

(3)

although other spectral shapes can also be used
(Fung & Vassilicos 1998, Malik & Vassilicos 1999,
Lewis & Pedley 2001). Here δkn = (kn +1 – kn –1)/2 for n
= 2,…, N –1, while on the boundaries, δk1 = (k2 –
k1)/2 and δkN = (kN – kN–1)/2. N discrete wave numbers are chosen to lie between the inverse of the
integral scale, k1 = I –1, and the inverse Kolmogorov
scale, kN = η–1. Hence, in physical space, this is
equivalent to setting the inertial sub-range to lie
between 2πI and 2π η. Outside this range inertial
kinetic energy is set to zero. This does not mean that
turbulence-induced relative motion is zero at scales
less than 2πη; turbulent straining of the fluid continues all the way down to molecular scales. To avoid
harmonic effects (Visser & Jackson 2004), discrete
wave numbers are distributed in a geometric series
within the inertial range:

()

n −1

1 I N −1
kn =
I η
The angular frequency ωn is:

2222
k n3 Π(k
ωn = 0.41223
n)

(4)

(5)

where the unsteadiness parameter is 0.4 (Malik & Vassilicos 1999, Visser & Jackson 2004). Finally, by choosing Π0 = 1.5ε2/3[1 – (η/I )4/3]–1 in Eq. (3), the appropriate relation between ε (dissipation rate) and Π(k)
is ensured (Tennekes & Lumley 1972).
By construction, the Eulerian 2-point spatial correlation function of velocities has the Kolmogorov form.
However, the simulations do not represent the dynamical processes in turbulence, which affects higher order
statistics such as intermittency. Consequently, the simulated turbulence will differ from hydrodynamic turbulence, since higher order Eulerian statistics will be
Gaussian distributed (Fung et al. 1992, Reynolds 1995,
Yamazaki et al. 2004). However the results of Fung
et al. (1992) suggested that the detailed aspects of
the flow are not so important when modelling many
aspects of dispersion; these discrepancies are not likely
to substantially influence the results presented here
because we are mainly concerned with the small-scale
2-point velocity correlations.
Individual-based model. Neutrally buoyant point
particles are used to simulate predators and prey. Each
individual moves according to simple species-specific
internal rules. The instantaneous swimming velocity of
predator particles is the sum of the larval swimming
and the local flow velocity, while the prey is assumed
to passively drift in the turbulent flow field.
The predator’s stochastic swimming motion is obtained by computing the cumulative distribution functions of observed larval behaviour (see below) and
then randomly picking numerical values to determine
the pause or move behavioural event with its duration,
the horizontal turn angle and the swimming velocity.
Feeding processes in the model have been divided
into 3 behavioural events: encounter, pursuit and capture (Fig. 1). The biological components for the model
are based on laboratory studies conducted at 6 to 8°C
(MacKenzie & Kiørboe 2000, Galbraith et al. 2004).
Encounter: We model cod larvae as a pause-travel
searcher. This behaviour assumes that cod larvae only

a

b

c

Fig. 1. Processes included in the individual-based model.
(a) Each predator moves according to its individual behavior;
(b) at each time step during the pause period, it evaluates the
number of contacts; (c) if it finds a prey (d), the predator
moves towards it until the prey is captured or the contact
is lost
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search for prey while pausing between swim events.
Although this is likely an oversimplification of larval
cod search behaviour (von Herbing & Gallager 2000,
Lewis & Bala 2006), there is some experimental evidence which demonstrates that cod and other species
of fish larvae do search for prey while pausing
(MacKenzie & Kiørboe 1995, von Herbing & Gallager
2000, Galbraith et al. 2004). The duration and frequency of pause and move events were drawn from
literature (Galbraith et al. 2004, and see details below).
The distance moved during individual swim events is a
combination of the swim speed and duration. If the
distance moved is sufficiently large (and assuming no
turbulence to advect prey into the search volume), the
larva will search a volume of water which has not been
searched in the previous pause. However, if the move
distance is short, search volumes will partly overlap.
The volume of the overlap between successive pauses
will depend on search-volume geometry (Galbraith et
al. 2004, Lewis & Bala 2006); we use our models to
investigate how different levels of turbulence affect
the volume of overlap, and subsequently E, for 2
search geometries.
An encounter is recorded by the model if prey are
located in the predator’s search volume during a pause
event. Encounters can occur when larvae move to a
location which has a prey in the new search volume, or
when a prey is advected by turbulence into the search
volume during a pause. Once an encounter occurs, the
larva is programmed to begin pursuit; hence, additional prey that could be advected by turbulence into
the larval search volume are ignored by the larva. This
behaviour is reasonable, because the concentrations
of those prey that dominate larval cod diets in the
sea (nauplii and copepodites of Pseudocalanus sp. and
Calanus finmarchicus, Heath & Lough 2007) are usually so low (e.g. 1 to 10 l–1) that it is unlikely that 2 prey
would co-occur in volumes of water comparable to a
larval search volume (largest volume ~2 cm3).
During pauses, the larva scans the surrounding
water using the given search-volume geometry. We
used 2 search-volume geometries to simulate prey
encounter: hemispherical and wedge shaped. The former is defined using a perception radius (R) and horizontal and vertical half angle equal to 90°, while the
latter is a function of R, the horizontal half-angle θh =
45° and a vertical half-angle θV = 10° (Galbraith et al.
2004; our Fig. 2). During pause events the predator’s
sight direction is kept constant and oriented according
to the swimming direction of the last swimming event.
Therefore the predator looks along its line of sight while
pausing and scans the water in its perception field with
no heading changes until the next swimming event.
In general, prey is encountered by the larva when
the separation distance between larva and prey is

θh
2θv

z

y

x
SIDE

y

TOP

y

θv

R

R

z

θh

x

Fig. 2. Wedge-shape geometry of individual predator. R:
perception radius; θh: horizontal half angle (45°); θv: vertical
half angle (10°)

lower than the perception radius and the prey is within
the visual field of the predator (i.e. when the angle
between the axis of the larva’s search-volume geometry and the vector connecting predator and prey is
lower than the corresponding angle given above).
Pursuit: If the predator finds a prey, it starts to pursue
the prey by moving toward it with a given pursuit
velocity (VP). This prey-tracking behaviour continues
until an attack is executed or the prey is lost from view.
If more than 1 prey is in the search volume, the predator chooses at random one of these prey as its target. During the pursuit, both predator and prey are
affected by the flow field, which modifies the relative
positions of the particles. If the predator loses visual
contact with the prey it was hunting, the predator
resumes its normal swimming behaviour and the
pursuit is recorded as a failed pursuit event. Persuit
success is derived as the ratio between the numbers
of captures and pursuit events.
Capture: Predator pursuit behaviour continues until
contact is lost or the prey is captured. Capture is
assumed to occur after the predator has approached
the prey close enough to enable final attack, i.e. forward thrusting and opening of the mouth. Modelled
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0.1
L = 10 mm
L = 6 mm
L = 5 mm

0.09
0.08
0.07

Frequency

attack success against pursued and fixated prey by cod
larvae is high and independent of a wide range of turbulence levels; this is because direct observations
(MacKenzie & Kiørboe 2000) and theory (Fiksen &
MacKenzie 2002) indicate that cod larvae usually
approach their prey slowly enough to avoid eliciting
escape behaviour of their prey. We therefore assume
that when prey-larval separation distance is smaller
than a given capture distance (RC), prey is successfully
attacked and captured. Once the prey is captured, the
prey particle is removed from the modelled prey population and the predator resumes its normal search
behaviour. Then a new prey is created at a random
location in the model domain outside the predator
search volume to ensure a constant prey concentration.
Model setup. We analyzed 3 size classes of cod larvae with body dry weights equal to 40, 100 and 210 μg;
these weights correspond to larval lengths (L) of 5, 6
and 10 mm based on weight –length relationships
for larvae growing in large mesocosms at 8°C in nonlimiting food concentrations (Otterlei et al. 1999).
Swimming speed, contact radius, VP and RC vary
according to these larval sizes (Table 2).
Predator swimming behaviour is introduced using
the frequency distributions of lengths and durations of
moves, swim speed, and turn angles (vertical and horizontal) of a 28 d old larvae reported in Galbraith et al.
(2004), which corresponds to the largest L (10 mm)
used in the present study (Otterlei et al. 1999). We
assume that the same frequency distributions apply for
the 2 other larval size classes, and that the swim speed
changes according to a cod-specific functional relationship between swimming speed and body length for
larvae and juveniles at 8°C (Peck et al. 2006). We used
average swim speeds (u) of 1.1 and 0.8 mm s–1 for L = 6
and = 5 mm, respectively; the variability of swimming
speed for each size group was based on u for L =
10 mm (u = 5.4 mm s–1) and its frequency distribution
(Galbraith et al. 2004), and scaled downward for
the smaller sizes (Fig. 3). As a result of this scaling
procedure, larvae with slower u have less variability
in swim speed.

0.06
0.05
0.04
0.03
0.02
0.01
0
0

1

2

3

4

5

6

7

8

9

10

Speed (mm s–1)
Fig. 3. Swimming speed frequency distributions of the 3 size
classes considered in the model. For the largest class (L =
10 mm) we used data reported in Galbraith et al. (2004),
while in the other 2 classes (L = 6 and 5 mm) we scaled the
distribution to fit their average swimming speed

R is assumed to be equal to L and RC is assumed to
be 20% of this value (MacKenzie & Kiørboe 2000). VP
has been estimated by dividing R by the pursuit time
(tp). tp for cod larvae of different sizes is assumed to be
a function of body length, as determined empirically
from laboratory observations of several species of
larval fish (Werner et al. 2001):
tP = 3.9(L/10)– 0.6

(6)

The larval body lengths, weight and age, together
with the resulting u, R, RC and VP are reported in
Table 2. We assumed 10% variation in mean values of
RC and VP.
We used 10 000 passive moving prey particles and a
single predator swimming in a numerical cubic box
of 1 m3 in volume. The prey concentration we used
(10 l–1) is comparable to concentrations of nauplii and
copepodites that are found in many areas where fish
larvae feed and grow (MacKenzie et al. 1990).
We analyzed larval feeding processes
at 9 different turbulence levels (ε = 10– 9 to
10– 4 m2 s– 3) and in calm water. This range
Table 2. Fish larvae size classes used in the present study. VP: pursuit
encompasses turbulence typical of natural
velocity; RC: capture distance. Data sources are also shown
systems, from the deep ocean interior up to
strong tidal and wind-mixed regimes
Weight Length Age Mean speed Radius
VP
RC
(Peters & Marrasé 2000, Thorpe 2004).
(μg)
(mm)
(d)
(mm s–1)
(mm)
(mm s–1)
(mm)
Kinematic simulations have been used
40a
5a
8a
1.3c
5d
0.8 ± 0.1e 1.0 ± 0.1d
with 32 Fourier modes and I = 0.5 m (i.e.
100a
6a
19a
2.2c
6d
1.1 ± 0.1e 1.2 ± 0.1d
integral
length scale is 3.6 m, Table 3).
210a
10a
28b
5.4b
10b
2.6 ± 0.3e 2.0 ± 0.2d
The
integration
of the trajectories is pera
Otterlei et al. (1999); b Galbraith et al. (2004); c Peck et al. (2006);
formed
with
a
time
step of 0.1 s. Such a
d
e
MacKenzie & Kiørboe (2000); Werner et al. (2001)
short time step is required to prevent a
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Table 3. Dissipation rate (ε), 2π Kolmogorov length scale
(2πη), rms turbulence velocity scale (W ) and Reynolds number
(Reλ) of the kinematic simulations for kinematic viscosity
εν = 10– 6 m2 s–1, integral length scale 3.6 m (I = 0.5 m) and
32 Fourier modes
ε
(× 10– 6 m2 s– 3)

2πη
(mm)

W
(mm s–1)

Reλ

0.001
0.01
0.05
0.1
0.5
1
5
10
100

35.3
19.9
13.3
11.2
7.5
6.3
4.2
3.5
2.0

0.8
1.7
2.9
3.7
6.3
7.9
13.6
17.1
36.8

77.2
113.2
148.1
166.2
217.4
244.0
319.0
358.1
525.6

predator from missing any prey that might be passing
through its contact area between time steps, and also
because swim and pause events are short (MacKenzie
& Kiørboe 1995, von Herbing & Gallager 2000, Galbraith et al. 2004). Numerical tests showed that when
using this time step, there is no real difference
between the results obtained integrating in time with a
fourth-order Runge-Kutta method and those obtained
with a first-order Euler scheme. Therefore, the much
faster Euler integration scheme was used in all simulations to reduce computing time.
In order to maintain the initial concentration in the
numerical box, when particles reach the boundary of
the box they are reinserted in the domain using
pseudo-periodic boundary conditions (Mariani et al.
2005). A particle that leaves one of the sides of the
domain is repositioned at random on the opposite side,
with the condition that the direction of the velocity at
the point is directed towards the interior of the domain.
To test the ability of the kinematic simulations to
realistically represent ocean turbulence at scales relevant to larval fish feeding, we ran the model at different turbulence levels using 100 equally spaced passive
particles. We then derived the particle-particle velocity difference and separation distance. According to
well known theories of turbulent energy dissipation
(Tennekes & Lumley 1972, Rothschild & Osborn 1988),
relative velocity scales with separation distance
according to w = 1.8(εs)1/3, where the relative velocity
(w) is a function of ε and the separation distance (s).
The distribution of relative velocities between particles showed a wide range of values. We calculated
mean velocities for a uniform range of bins of logarithmically spaced s. This averaging procedure is similar
to that used for binning small-scale velocity shear and
ε data obtained in the sea with shear micro-structure
profilers (Oakey & Elliott 1982, Simpson et al. 1996).

The resulting average velocity as a function of s at
2 turbulence levels (ε = 10– 8 and 10– 6 m2 s– 3) was
then plotted and compared with the theoretical values
(see Fig. 4a).
Model execution and outputs. Our model approach
incorporates randomization and stochasticity in many
of its parameterisations (e.g. swimming behaviour, turbulence flow fields). We executed the model 5 times
per dissipation rate (9 levels + calm water) for each of
3 larval size groups for each of the 2 search-volume
geometries (i.e. a total of 5 × 10 × 3 × 2 = 300 simulations); each simulation was executed by initiating the
run using a different random number sequence. Feeding output data are shown as means of the 5 runs for
each combination of larval size and search-volume
geometry. Because we used realistic concentrations of
prey (10 prey l–1) in our model, each simulation was
allowed to run 4 h (hemisphere) or 12 h (wedge) to
enable sufficient encounters and captures for meaningful interpretation. We derive the following biological outputs from the model: E (prey h–1), pursuit success and ingestion enhancement factor (ψ) defined as:
ψ =

β T − βC
βC

(7)

where βC and βT are the clearance rates derived from
the number of captures under calm and turbulent
conditions, respectively.
Encounter, pursuit and capture can be illustrated
visually in virtual format by reconstructing the predator–prey interactions and the associated trajectories.
The simulated feeding processes can be viewed in
Video clips 1 to 4 (Video clips 1 & 2: calm water conditions; Video clips 3 & 4: turbulent water conditions),
available as MEPS Supplementary Material online at
www.int-res.com/articles/suppl/m347p155_videos/.
The model is developed in C++ with an entirely objectoriented programming approach. Each of the 300 simulations using the model setup as described here and with
turbulence, typically required 1 h on a 64-bit Intel®
Xeon 3.2Ghz processor and 2 Mb cache size.
Validation of model outputs with observations. We
conducted 3 sets of comparisons of our modelling
results with independently derived feeding and
growth data. We first compared our model outputs
with literature observations of cod larvae feeding
behaviour in calm and turbulent water. As no direct
observations of E or pursuit success are yet available
for wild cod (or any other) larvae growing in the sea,
we used 2 different sets of laboratory data (E, pursuit
success) for this comparison. The laboratory observations of E (MacKenzie & Kiørboe 1995) and pursuit
behaviour (MacKenzie & Kiørboe 2000) in different
levels of quantified turbulence were compared with
the model outputs derived using wedge and hemi-
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10 mm larvae, respectively (Fig. 5a–c). E for the wedge
shape increased ca. 11-, 8.5- and 7-fold for the 3 size
classes (Fig. 5a–c).
The average relationship between E and turbulence
using all the geometries and size classes is E ~ ε1/6. The

a

10
R2
R1 R3

9
8
7

w (mm s–1)

spherical search volumes. The sizes of larvae used in
the laboratory experiments were similar to those used
in the present modelling study.
The third comparison involved ingestion rates
derived from our model and ingestion rates estimated
for cod larvae growing in nature. We extracted field
estimates of larval cod growth rate data from a detailed
literature case study and estimated ingestion rates and
food requirements, given reasonable assumptions of
growth efficiencies and prey sizes and concentrations.
Further details of the comparison are given in ‘Results.’
This comparison enabled us to estimate which searchvolume geometry could satisfy observed feeding rates
in the wild, and how prey size and concentration could
interact with search volume geometry to affect larval
feeding and growth rates.

ε = 10–6 m2 s–3
6
5
4
3
2
ε = 10–8 m2 s–3

RESULTS

1

Turbulence

0
0

b

E increased as dissipation rates increased for both
search geometries (Fig. 5a–c). E for larvae using the
wedge-shaped search volumes are lower than for
those using the hemisphere in all 3 size classes; 10, 6
and 5 mm larvae using hemisphere search volumes
encountered, on average, 8-, 6- and 5-fold more prey,
respectively, than larvae using wedge-shaped search
volumes (Fig. 5a–c).
The different search-volume geometries show different sensitivities to the influence of turbulence. Maximum E for larvae using the hemisphere search-volume
geometry increased ca. 10-, 7- and 5-fold for 5, 6 and

3

4

5

6

7

8

9

0.6

0.7

0.8

0.9

10

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Feeding processes

2

s (cm)

y (m)

The relative velocities as derived from the kinematic
simulation at 2 turbulence levels (ε = 10– 8 and 10– 6 m2
s– 3) reproduce the main features and patterns of the
turbulence flow field (i.e. turbulence velocity and the
overall structure of the flow field) at scales relevant to
encounter and pursuit (Fig. 4a). As an illustration of
those processes, we show in Fig. 4b a typical velocity
field with the trajectories of a hundred drifting particles. The flow field is an instantaneous 2-dimensional
snapshot extracted from a 3-dimensional kinematic
simulation at ε = 10– 7 m2 s– 3. Particles were initially
released 1 cm apart and they show the streamlines of
the turbulence field, where areas of convergence and
divergence are both present along their paths. Also
shown is the presence of a small eddy within the turbulence flow field with size comparable to the predator
perception distance (Fig. 4b at x ≈ 0.8, y ≈ 0.7 cm).

1

0

0.1

0.2

0.3

0.4

0.5

x (m)
Fig. 4. (a) Structure function between particle-particle separation distance (s) and relative velocity between particles (w) for
2 different turbulent dissipation rates. Distances and velocities
were derived by releasing 100 particles in the synthetic turbulent field (see ‘Methods’ for details). Average relative velocities at each separation distance were then compared with the
theoretical structure function in the inertial range, i.e. solid
lines, w = 1.8(εs)1/3. Note at small scales (top line: 6 mm; lower
line: ~20 mm) the transition to a viscous dominated flow. d:
high turbulence (ε = 10– 6 m2 s– 3), ×: low turbulence (ε = 10– 8 m2
s– 3). Arrows indicate the values of the reactive distances used
in this work (R1 = 5 mm; R2 = 6 mm; R3 = 10 mm). (b) Representation on a grid of the simulated flow field and trajectories of
passive particles as represented by the modelled turbulence.
Particles have been released at y = 1 mm and at equally distant
values of x using separation distance of 1 cm
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Fig. 5. (a–c) Modelled encounter rate (E ), (d –f) pursuit success and (g–i) enhancement factor based on ingested prey, all as a
function of dissipation rate (ε) and cod size (L = 5, 6, 10 mm). Two search geometries are considered: hemisphere (d) and wedgeshaped (e). The number of encounters in calm water (EC) for the hemisphere (H) and wedge (W) are reported in (a–c). Note E has
2 y-axes, left and right for the hemisphere and wedge cases, respectively. Observed values of pursuit success (m, MacKenzie &
Kiørboe 2000) for 10 mm cod larvae shown in (f) for comparison

resulting proportionality between dissipation and E is
therefore lower than theoretical relationships which
assume that all intersections of prey with predator
search volumes are encounters, i.e. ~ε1/3. The smallest
exponent represents the largest larval size class with
hemisphere search geometry; the exponent increases
among smaller size classes and larvae using the
wedge-shaped search geometry. Exponents differ
among search volumes and larval sizes because the
predator cannot encounter other prey during the
pursuit events. An increase in the turbulence level
yields more encounters and therefore more pursuits;
however, time allocated for pursuit reduces the time
available for prey search and encounter.

Pursuit success decreases exponentially with turbulence for both the wedge and the hemisphere search
volumes (Fig. 5d–f). The functional relationship to turbulence for the 2 search geometries is nearly identical.
Pursuit success was 100% by larvae during relative
low turbulence regimes (0 to 10– 7 m2 s– 3), but further
increases in turbulence reduce the success.
The increase in the number of encounters in combination with the reduced pursuit success results in a
dome-shaped distribution of the captures and overall
ingestion rate (Fig. 5g–i). The enhancement of ingestion rate with turbulence peaks at between 10– 6 to 10– 5
m2 s– 3 for the largest size, but at lower turbulence levels
for smaller sizes of larvae. The dome-shaped relation-
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ship of ingestion to turbulence is evident for both the
wedge-shaped and hemisphere search geometries. The
magnitude of the enhancement is similar for wedgeshaped and hemisphere geometries at low turbulence
levels; however, when turbulence was > 5 × 10– 7 m2 s– 3,
the enhancement was larger for the wedge-shaped.
The relatively higher ingestion rate at intermediate
levels of turbulence for the wedge-shaped geometry is
due to its greater sensitivity of E to turbulence.

Comparison with observations
Many of the main results from the model outputs
compare favorably with feeding behaviours directly
observed and estimated with real cod larvae. We first
consider E. The model indicates that 6 mm cod larvae,
if assumed to have hemispherical search volumes,
encounter 2.9 and 7.0 prey h–1 in calm and turbulent
(ε = 10– 7 m2 s– 3) water, respectively, at a prey concentration of 10 l–1. These E values are similar to those
observed directly by MacKenzie & Kiørboe (1995): 3
and 10 encounters h–1 for cod larvae (L = 5.2 mm) in
calm and turbulent (ε = 7.4 × 10– 8 m2 s– 3) water, respectively, at the same prey concentration. If wedgeshaped search geometry is applied in the model, estimated E is around 6-fold smaller than that observed.
The model predicts that pursuit success declines
nonlinearly as a function of ε, regardless of which
of the 2 search volumes are assumed (Fig. 5d –f). The
form of the modelled pursuit success is similar to the
relationship between pursuit success and turbulence
directly observed for cod larvae in several turbulence
treatments in laboratory experiments described by
MacKenzie & Kiørboe (2000). They found an inverse
exponential relationship between the probability of a
successful pursuit and the turbulent velocity consistent
with the modelled relationships derived here (Fig. 5f).
They also observed that pursuit success was higher at
a given turbulence level among larger (12.3 mm) larvae than smaller (8.7 mm) larvae. This pattern is also
evident in our new model calculations (Fig. 5d –f).
The third comparison uses field-estimated growth
rates. Growth rates of cod larvae, for example on
Georges Bank, can reach 14% body weight d–1 at a
temperature of 7 to 8°C (Buckley et al. 2004, Lough et
al. 2005, Buckley & Durbin 2007); growth rates at similar temperatures (provided that food supplies are nonlimiting) can be higher in areas where longer photoperiod allows more search time per day (Otterlei et al.
1999, Helle 2000). Assuming 33% growth efficiency for
converting ingested prey to body tissue (a typical value
for many larval fish species; Houde 1989, MacKenzie
et al. 1990), the number of ingested prey as a function
of weight-specific growth rate can be derived if prey
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weights are known. Diets of early stages of larval cod
in most areas of their distribution are dominated by
nauplii of Pseudocalanus spp. and Calanus finmarchicus (Heath & Lough 2007). We used prey concentrations (2 l–1) similar to those observed on Georges Bank
and considered 2 prey sizes in our analyses: small, i.e.
0.26 μg (Pseudocalanus sp. nauplii, Monteleone &
Peterson 1986) and big, i.e. 1.5 μg C (Calanus finmarchicus nauplii, Davis 1984).
The number of prey required to satisfy observed
growth rates can therefore be compared with the
ingestion estimated by the model for wedge and hemisphere, assuming a daily feeding period equal to 12 h
and that all feeding occurred at the turbulence level
which maximized ingestion rates.
The calculations and comparisons show that if larval
diets only comprise small prey at 2 l–1, they are not able
to acquire the daily ration required for a low growth
rate (6% d–1), regardless of search volume geometry or
larval size (Fig. 6a). The discrepancy between required
and ingested prey amounts is higher for larvae
growing at faster rates (up to 14%, as observed in the
field) and decreases as prey concentration increases
(Fig. 6b,c). Alternatively, if larvae are able to locate
and capture large prey, and if they employ hemisphere
search geometry, then all sizes of larvae are able to
acquire enough prey to grow at moderate rates (6 to
10% d–1) at low prey concentration. However, at the
same prey concentration, if they have a wedge search
geometry, none of the 3 size groups will be able to
meet the observed food demand even when ingesting
large prey; ingestion rates based on wedge search
geometry are ca. 80% lower.

DISCUSSION
Our integrated object-oriented numerical modelling
approach reproduced many aspects of the complicated
process of larval feeding in turbulent environments.
We first showed that the turbulence simulation scheme
used produces realistic levels of turbulent velocity at
scales important for larval fish feeding. Although the
model is a simplified description of turbulence, our
relationship between the relative velocity of simulated
particle-pairs and the separation distances between
them was consistent with well-known theories of turbulent motion at small scales (Tennekes & Lumley
1972) and with experimental evidence based on direct
tracking of particles (neutrally buoyant beads, copepods) in turbulent water (Hill et al. 1992, MacKenzie &
Kiørboe 2000). These results assure us that the equations used to estimate the turbulent velocities and
dissipation rates in our framework were reliable and
that the velocities themselves were reasonable.
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Fig. 6. Larval cod ingestion rates at prey concentration 2 l–1. Vertical bars represent model predictions of maximum daily
ingestion rate using wedge (dark gray) or hemisphere (light gray) search-volume geometry for 3 size classes (weights shown
correspond to L = 5, 6, 10 mm; Otterlei et al. 1999). Modelled ingestion rates assume feeding occurred at a turbulence level which
maximizes ingestion rate and during a 12 h daily feeding period. Also shown for comparison (lines) is the number of prey ingested
by wild cod larvae on Georges Bank growing at 3 different rates (a: g = 6% d–1, b: g = 10% d–1; c: g = 14% d–1; Lough et al. 2005),
33% growth efficiency and 2 prey sizes (circles: 0.26 μg dry weight; squares: 1.5 μg dry weight). Note that the y-axis is expressed
in logarithmic units

The model also produced biological results which
are consistent with key features of many previous analytical and experimental studies. In particular, our simulation using hemispherical search volume produced
results similar to those in 3 prior analytical models
(Matsushita 1992, MacKenzie et al. 1994, Jenkinson
1995): an increase in E with turbulence, a nonlinear
decrease of pursuit success as turbulence increases,
and the familiar dome-shaped response of capture or
ingestion rate to increasing turbulence. Our results
from modelling the role of wedge-shaped search geometry across turbulence levels also yielded an exponential decay of pursuit success and a dome-shaped
response of ingestion rate to increasing turbulence
intensity. Highest ingestion rates with both geometries
are predicted to occur in moderately turbulent environments, such as tidally mixed frontal zones where
dissipation rates are ca. 10– 6 to 10– 5 m2 s– 3.
Since we excluded escape responses of prey and
possible effects of turbulence on the orientation of
predator, the model consistently estimated 100% pursuit efficiency in low turbulent regimes. Therefore the
mechanism associated with the decrease in pursuit
success as turbulence increases is the decrease in time
for which the encountered prey is within the larval fish
search volume (MacKenzie et al. 1994, MacKenzie &
Kiørboe 2000, Lewis & Bala 2006). These findings, and
their consistency with experimental evidence, indicate
that the biological component of our model also produced reliable results. The results differ, however,
in some details (e.g. pursuit efficiency and level of
enhancement of E at particular turbulence levels)
because of specific differences in biological assumptions used in the models.

The high pursuit efficiencies at low turbulence
levels, including calm water, are consistent with laboratory observations in calm and low turbulent water
(MacKenzie & Kiørboe 2000) using larvae whose sizes
were similar to those used in our modeling study. However, we would expect lower pursuit success in both
calm and turbulent water for some other combinations
of larvae and prey sizes; larval foraging success improves with size and age (Rosenthal & Hempel 1970,
Blaxter 1986, von Herbing & Gallager 2000), and copepods can detect approaching predators and initiate
escape manoeuvres (Visser 2001 Fiksen & MacKenzie
2002). These size-based interactions can result in
lower pursuit and capture successes than those estimated here, and likely are important factors influencing the prey size spectra of larvae captured in the field
(e.g. Munk 1992, 1995, Pepin & Penney 1997). See also
‘Future prospects’ section below.

Sensitivity to search volume geometry
Each of the 3 feeding processes we investigated
(encounter, pursuit, ingestion) showed similar functional responses to increasing turbulence, regardless
of whether a hemisphere or wedge-shaped volume
was assumed; E increased exponentially, pursuit success declined nonlinearly and ingestion rate was related in a dome-shaped way to turbulence. Moreover,
and as expected, employing a wedge-shaped search
volume resulted in substantially lower encounter and
ingestion rates than use of a hemispherical search
volume. This has implications for estimates of larval
feeding rates in nature, and the size composition of
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prey that larvae must locate and consume in order to
survive (see ‘Influence of search volume geometry on
larval feeding in nature’ below).
The relative impact of turbulence on ingestion rate
was higher when assuming a wedge-shaped search
geometry than when assuming a hemispherical geometry. In both instances, the large decrease in pursuit
success at increasing turbulence is partly offset by
increases in prey encounter.
The difference in sensitivity to turbulence between
the search geometries is due to 2 mechanisms, and can
be summarized in a simplified model of the processes
involved in prey encounter by a pause-travel predator
(MacKenzie & Kiørboe 1995):
E=

(SV − overlap)ρp
Ttot

+ Aρpw

Tp

(8)

Ttot

Here, E is a function of 2 basic processes: what is in
the search volume when it pauses, and what enters
while it is paused. SV is predator search volume, ρP is
the prey concentration, A is area of the search space, w
is the turbulent velocity, Tp is the time spent pausing
(searching) and Ttot is duration of the pause + travel
events.
First, it can be shown that the overlap between successive search volumes for a hemispherical searcher is
much larger than for a wedge searcher, given experimentally observed movement distances and speeds,
and pause durations and frequencies (Galbraith et al.
2004, Lewis & Bala 2006). Given these behaviours, the
larvae do not move to completely unsearched volumes
of water when moving to new locations. Consequently,
successive search volumes partly overlap each other
and the volume of the overlap itself is greater for hemisphere geometry than for wedge geometry. Volume of
overlap decreases as turbulence intensity increases.
This decrease is due to the turbulent velocity which
(when combined with the larva’s swim velocity and
duration) effectively increases the distance moved by
the larva during individual swim events, relative to the
distance moved in calm water. Because the volume of
a hemisphere is ca. 11-fold larger than the volume of a
wedge, the decrease in overlap with increasing turbulence is greater for the hemisphere than for the wedge.
The second reason the search geometries have different sensitivities to turbulence is the difference in
surface-area-to-volume ratios between the 2 shapes.
Switching from a hemispherical to a wedge-shaped
search space leads to a ca. 11-fold reduction of the volume of the search space, but only a ca. 5-fold reduction
in the surface area exposed to the turbulent flux of
prey into the search volume. Hence the greater surface
area-volume ratio of wedges compared to hemispheres
means that turbulence (relative to the calm situation)
will have a greater influence on E of wedge-shaped

165

search geometries. Qualitatively, these surface areavolume considerations are represented by the ratio
of the 2 terms in Eq. (8), (V – overlap)/(AwTp). Some
earlier analyses have excluded the role of turbulence
on advection of prey into the search volume (Galbraith
et al. 2004); consequently, when using the wedge, the
influence of turbulence on larva encounter and net
energy gain was underestimated.

Development of modelling approaches
Our study extends the work of some earlier modelling investigations into the role of turbulence on feeding in larval fish (Table 1) to include several combinations of search-volume geometry (hemisphere, wedge),
turbulence level (calm to storm/tidal front levels)
and predatory components (encounter, pursuit). We
believe that the numerical, individual-based approach
has many benefits because the E and pursuit success of
individual larvae can be followed and recorded over
time, and because complex behaviours can be relatively easily incorporated into the modelling framework. This flexibility could be useful, for example,
when simulating larvae of different sizes preying on
a zooplankton community composed of prey having
different sizes and escape behaviours.
The modelling approach we have used includes
many assumptions about larval search behaviour and
search geometry. In particular, we have assumed that
cod larvae are pause-travel searchers. However, cod
larvae also perceive prey while gliding and swimming
(von Herbing & Gallager 2000, MacKenzie & Kiørboe
2000) and can encounter prey as they are being
advected towards them (MacKenzie & Kiørboe 2000).
For example, we have observed cod larvae in our laboratory studies which use their body posture and fin
positions to hover so they remain oriented against
small scale flow structures associated with turbulence
(see Video clip 5 in MEPS Supplementary Material
online at www.int-res.com/articles/suppl/m347p155_
videos/). The flow carries prey towards the larva, and if
sufficiently slow, enables capture of the advecting
prey. Hovering behaviour has been observed in some
other fish species occupying habitats with flow (McLaughlin et al. 2000).
In these situations, the larvae display search behaviour similar to a cruise predator, where E depends on
relative velocities between prey and predator (Gerritsen & Strickler 1977, Rothschild & Osborn 1988).
Adopting a strategy of reduced or no swimming in
turbulent water has been suggested in the literature
(Sundby & Fossum 1990, Dower et al. 1997, MacKenzie
2000), has been observed in the laboratory (Munk &
Kiørboe 1985, Munk 1992, 1995, MacKenzie & Kiørboe
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2000), and has theoretical bioenergetic benefits (Lewis
& Bala 2006). This behaviour is common among juvenile and larger sizes of fish, particularly among those
inhabiting streams (McLaughlin et al. 2000) and near
coral reefs (Hamner et al. 1988), and may be a behaviour that develops rapidly during larval ontogeny. We
hypothesise that it is also common among larvae in
turbulent environments of open and coastal seas, and
technologies and methodologies now exist for testing
this and other feeding-related hypotheses (MacKenzie
2000). Larval search behaviour may at times therefore
be pause-travel, while at others it may more closely
resemble cruise or sit-wait behaviour, depending on
factors such as prey concentration, larval hunger
level and turbulence intensity (see also von Herbing
& Gallager 2000).
Our modelling approach employs a turbulence routine which allows all prey to be advected by the smallscale motion of the turbulence. As a result, some prey
can be advected into the search volumes of larval fish
predators, and the separation distances and relative
velocities of the prey to each other and to the larva are
changing in a realistic way (see Fig. 4). This approach
differs from an earlier analysis of turbulence on E and
net energy gain (Galbraith et al. 2004), which assumed
that turbulence advects the larvae, but not the prey.
These authors simulated turbulence by adding at each
time step a random velocity of 5 mm s–1 to the predator
while keeping the prey fixed in space. The final result
is therefore a translation of the prey field relative to the
predator at each time step, and is analogous to a larva
moving through a ‘frozen field’ of prey.

Influence of search volume geometry on larval
feeding in nature
It is unknown which search-volume geometry larvae
use in nature; there are still no direct observations of
larval fish feeding behaviour (i.e., E, pursuit success,
reaction distances) in the field (MacKenzie 2000), and
only a few observations of larval fish feeding behaviour
in turbulent environments in the laboratory (Munk &
Kiørboe 1985, Munk 1995, MacKenzie & Kiørboe 1995,
2000, Utne-Palm & Stiansen 2002). In nature, where
turbulence is a common feature of larval habitats, prey
will approach larvae from a wide variety of angles due
to the randomly directed nature of the velocity fluctuations associated with the turbulence. As a result, and
especially in field situations where ingestion rates often
are food-limited, there may be strong selection for larvae to be able to react to prey approaching them from
a variety of directions. Such an ability may be one of
several behavioural adjustments that allow fish larvae
to increase search and clearance rates when they are

hungry and when food is limiting (Munk 1995).
We note that under some situations, a wedge-shaped
search volume projected from each of the larval eyes
could yield a shape approximating a hemisphere: detection angles measured for cod larvae nearly define
a hemisphere volume (von Herbing & Gallager 2000).
Our comparisons of model- and field-derived ingestion rates for cod larvae on Georges Bank in 1993–
1994 suggest that larvae could only grow at observed
rates (given other controlling factors such as prey concentration, temperature and photoperiod) if they were
hemispherical searchers and were able to encounter
and capture relatively large prey. Given the concentrations of preferred prey in these years (primarily
Pseudocalanus sp. nauplii and copepodites, Lough et
al. 2005), wedge-shaped searchers would grow much
slower and presumably suffer higher mortality rates,
even if they were able to locate and capture large prey.
Moreover, an estimate of gross growth efficiency for
the wild cod larvae on Georges Bank during 1993–
1994 (ca. 26%, L. Buckley pers. comm.) is lower than
that assumed in our comparisons (33%). The lower
growth efficiency and the (unlikely) assumption that
larval feeding always occurred at a combination of
turbulence and light which maximized ingestion rates,
implies an even higher requirement for prey than we
have estimated. These considerations suggest to us
that the larvae observed during the Georges Bank
field study most likely employed hemisphere search
volumes. The larvae could also attain the observed
growth rates using hemisphere search geometry and
by switching to consumption of smaller prey and other
species in addition to Pseudocalanus. However, the
available gut content data for this study shows that
diets were dominated by Pseudocalanus, so we consider this possible modification of feeding behaviour
unlikely.
We do not exclude the possibility that larvae can
employ wedge search geometries under some circumstances; for example, if larvae are able to detect prey at
much larger distances (>1 larval length, as some of the
cod larvae were able to do in experiments by von
Herbing & Gallager 2000), and/or if prey concentrations are much higher than we have assumed, it could
be possible for larvae to encounter and capture sufficient prey to meet the observed growth rates in the
field.

Future prospects
There are relatively few studies of larval fish feeding
behaviour in turbulent environments and even fewer
where the turbulence has been quantified (Dower et
al. 1997, MacKenzie 2000). The number of species
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used in these studies is small (2: cod and herring), and
from boreal-temperate habitats. Many aspects of larval
feeding behaviour still require further investigation
(e.g. direct visual observation in laboratory or natural
environments, ontogenetic changes) and the number
of species for which observations in quantified turbulence are available should be increased.
We have applied our model to simulate feeding
behaviour in a simple food environment in order to
understand the specific interaction of a larval fish
predator with its prey. Larvae were exposed to a single
prey species which was initially randomly distributed
and in an environment where light was assumed to be
optimal for larval feeding. Moreover, prey were not
assigned any predator detection and escape behaviour, even though theoretical and experimental studies
demonstrate that zooplankters exhibit such behaviours
(Visser 2001, Fiksen & MacKenzie 2002). We are aware
that in nature all of these factors complicate attempts to
model and understand larval fish feeding rates. For
example, prey concentrations are strongly affected by
storms and other turbulence-generating processes and
larvae do alter their vertical distributions depending
on wind speed (Heath et al. 1988, Porter et al. 2005).
Larval behaviour which leads to avoidance of strong
surface turbulence could be a direct reaction to the
high relative velocities associated with strong mixing,
or could be a response to a change in the vertical distribution of prey (Franks 2001), whose vertical distributions themselves are sensitive to turbulence intensity
(Visser et al. 2001, Incze et al. 2001). Moreover, recent
statistical analyses of the interaction between larval
feeding, vertical distribution, turbulence and light
intensity in the sea shows that if a high turbulence
event occurs during daylight hours under cloudy conditions, larval feeding rates will decrease (Porter et al.
2005). If, instead, the turbulence event occurs during
well-lit conditions (e.g. under clear skies), then feeding
rates will remain high or even increase, because light
conditions, turbulence levels and prey concentrations
at depth will be closer to values which optimize larval
feeding success. These complex interactions are likely
partly responsible for the contrasting results of many
field studies investigating how turbulence affects
larval feeding in nature (MacKenzie 2000).
In the future, we will apply our modelling approach
to investigate some of the higher-order interactions described above. The individual-based, objectoriented methodology can easily incorporate, for
example, prey detection and escape behaviour and
assign different behaviours to different sizes and
species of prey. These behaviours are important
mechanisms which differ among larval fish species and
which nonetheless lead to the dominance of larval
diets by a relatively few species (Munk 1995, Hill-
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gruber et al. 1997, Heath & Lough 2007). Our modelling approach can potentially enable us to investigate
how larval diets in the field change depending on prey
characteristics and turbulence conditions (Dower et
al. 1998, Hillgruber & Kloppmann 2000, Fiksen &
MacKenzie 2002). Future climate change will affect
not only the spatial and temporal pattern of exposure
of larvae to wind and tidally induced turbulence, but
will also affect the relative timing of production of individual species of zooplankton (Edwards & Richardson
2004) and larval fish (Greve et al. 2005). Investigations
of processes which affect larval fish-zooplankton interactions in environments with varying turbulence and
light will increase our understanding of how larval fish
locate and ingest their prey in nature, and how these
processes will be influenced by expected climate
changes.
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