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Abstract Foraging processes in plankton and plank-
tivorous fish are constrained by relative prey and
predator size and therefore, these are important varia-
bles to include in a foraging model. The distribution of
prey biomass across different size classes can be char-
acterized by a size spectrum slope. We present a for-
aging model for anchovy larvae including the most
relevant processes such as prey encounter, capture-
and pursuit success, all influenced by light, turbulence
and prey characteristics. We modelled ingestion rates
and specific growth rate by coupling the foraging
model with an existing bioenergetic model, and per-
formed a sensitivity analysis of prey ingestion in tur-
bulent environments assuming either hemispherical or
conical perceptive volume. Our results suggest that
turbulence has no positive effect because of the low
capture ability, small prey size and small visual vol-
ume for anchovy larvae. The predicted ingestion is too
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low to sustain the growth potential of larvae when
assuming conical perceptive volume even under prey
densities substantially higher than normally found in
the field. Ingestion rate is sensitive to the total biomass
and the slope of the prey size spectra, specifically
because it determines the abundance of prey around
the optimal size for the larvae. The model also sug-
gests that small larvae benefit from a prey size struc-
ture with steep prey size-spectra slope while a large
larva benefit from less steep slopes. The model can act
as a link between size-spectra measurements from the
field and the foraging conditions of larval anchovies.

Keywords Fish larva - Prey size spectra - Foraging
model - Turbulence - Visual perceptive volume

Introduction

Many studies have assessed larval survival and growth
with biophysical models coupling physical transport
and larval fish growth models (Werner et al. 1996;
Heath and Gallego 1998; Rose et al. 1999; Hermann
et al. 2001; Hinckley et al. 2001; Hinrichsen et al.
2002; Kristiansen et al. 2007; Vikebe et al. 2010).
Some models assimilate prey fields from direct esti-
mations of field data based on specific species or stage
of potential prey (Hinrichsen et al. 2002; Lough et al.
2005; Kristiansen et al. 2009a). Other models intro-
duce mean prey densities obtained from marine eco-
system models (Hermann et al. 2001; Hinckley et al.
2001; Daewel et al. 2008b) or from individual based
models (IBMs) of prey (Kristiansen et al. 2008,
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2009b). Daewel et al. (2008a) developed a new ap-
proach to estimate size structured prey fields from
bulk zooplankton estimates in a NPZ-model. Kiihn et
al. (2008) coupled a biophysical model and an IBM of
larval fish in order to identify potential areas that
support larval survival and growth in time and space,
using a stage specific prey field transformed into prey
size distributions. Here, we explore the impact of prey
abundance on ingestion rates with theoretical size
spectra, a format resembling how data from the field
often are presented.

Sheldon et al. (1977) defined biomass size spectra
as the biomass distribution over a sequence of loga-
rithmically fixed body size intervals. A size spectrum
describes the size-structure of a pelagic community
and allows one to compare communities using esti-
mates of slopes and intercepts. In addition, statistical
analysis of biomass size spectra also shows the effi-
ciency of energy transfer between trophic levels in a
community. The recent innovations in image analysis
(Grosjean et al. 2004; Davis et al. 2005; See et al.
2005) enable fast estimates of biomass size spectra in
the field (Ashjian et al. 2001; San Martin et al. 2006;
Zarauz et al. 2007; Irigoien et al. 2009). The simplicity
of the size spectra facilitates their inclusion into for-
aging models to understand how feeding behaviour,
survival and growth of larvae in the field depend on
successful surfing on size-spectra (Pope et al. 1994),
growing as fast as the prey with the highest density.

We focus on the early life stage, when larvae switch
from subsisting on their endogenous yolk sac to first
feeding, often referred to as a critical phase in larval
fish ecology. During this stage the larvae have high
mortality rates and a high growth rate is essential to
their survival. Foraging models of fish larvae have
focused mainly on larval length, prey density, light
and turbulence (Werner et al. 1996; Fiksen et al.
1998; Letcher et al. 1996; Fiksen and Folkvord
1999; Hinrichsen et al. 2002; Lough et al. 2005).
The prey encounter rate is very sensitive to the visual
abilities of fish larvae (Fiksen et al. 1998). Models
show that turbulence enhances the encounter rate be-
tween larvae and prey (Rothschild and Osborn 1988;
Matsushita 1992) depending on the shape of the per-
ceptive volume (Galbraith et al. 2004; Lewis and Bala
2006; Mann et al. 2006; Mariani et al. 2007). On the
other hand, what is customary termed ‘pursuit success’
(the probability that prey is not advected away before
a strike position is reached) is shown to decrease with
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turbulence (MacKenzie et al. 1994; MacKenzie and
Kierboe 2000). Typically, models of prey encounter
rates in larval fish assume a spherical or hemispherical
perceptive volume, but laboratory observations sug-
gest that the visual perceptive volume, for example in
anchovy larvae, may be cone-shaped (Hunter 1972;
Chesney 2008). After coupling the encounter rate and
the pursuit success, theory and experimental evidence
suggests that ingestion rate peak at intermediate tur-
bulence levels (MacKenzie et al. 1994; MacKenzie
and Kierboe 2000).

We chose anchovy larva Engraulis mordax as
our model species. Anchovy is important in linking
lower and higher trophic level in many upwelling
ecosystems (Cury et al. 2000). In addition, there
exist comprehensive laboratory experiments study-
ing the feeding behaviour of anchovy larvae
(Hunter 1972, 1977) which serve as valuable guides
during the development of a foraging model. We
developed a foraging model for anchovy larvae and
combine this with theoretical prey size distributions
estimated from normalized biomass size spectra
(NB-S spectra), and explore how different prey size
structures influence feeding success of anchovy lar-
vae. In addition, the foraging model is coupled to a
bioenergetic model developed for anchovy larvae in
an earlier study (Urtizberea et al. 2008). Our objec-
tives are to model larval ingestion and growth rates
under variable environmental conditions and ana-
lyze how size spectra can be applied as prey fields.
This is needed in several contexts, such as biophys-
ical modelling of environmental effects on recruit-
ment success or in models to better understand
behaviour and trade-offs in larval fish.

Methods

Model description

The model description follows the outline recommen-
ded by Grimm et al. (2006, 2010) for presentation of
individual based models (IBMs). The computer code
(FORTRAN) is available on request.

Purpose

We developed a model to represent the feeding pro-
cess of an anchovy larva under different biotic and
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abiotic conditions; including prey size spectra, turbid-
ity, turbulence and in order to calculate growth, we
coupled it with a bioenergetic model previously de-
veloped by Urtizberea et al. (2008) for anchovy larvae
(Fig. 1). The model predicts ingestion rates per sec-
ond, as a consequence of prey encounter rates and
capture success. Growth depends on dynamic gut con-
tent and temperature, and is integrated with hourly
time steps (Fig. 1). The aim of our study is to create
a foraging model for fish larvae between 4 and 8 mm
using a similar prey size structure descriptor as in field
studies. The capture success model was parameterized
from literature data for larvae until 11 mm. However,
the bioenergetic model was parameterized with data of
larvae until 8§ mm only, so the complete model is valid
for larvae from 4 to 8 mm. We also investigate the
effects of prey size distributions and environmental
variables on the feeding success.

Foraging processes

A sequence of events is necessary for successful in-
gestion of prey in a planktivorous fish (Fig. 1). First an
encounter between prey and larva must take place.
Then the larva may try to capture the prey, which

requires successful pursuit and approach of prey. The
separation of these two events is artificial, but practi-
cal; since the prey must remain within sight for the
time it takes to pursue the prey (MacKenzie et al.
1994) and it needs to approach the prey to a distance
where it can strike and ingest it without being detected
(Kierboe and Visser 1999). The pursuit depends on the
turbulence level (MacKenzie and Kierboe 2000) and
the visual perception distance of the larva (Fiksen and
MacKenzie 2002). Furthermore, a successful capture
also depends on what we call the larval capture ability,
the precision of the final larval strike to capture the
prey (Hunter 1972) and the relative size of the prey
item. If all events are successful then the larva ingests
the prey. Here we assume larvae approach to a fixed
distance from the prey, i.e. we only consider two
probabilities, pursuit Pps and the capture ability Pca.

There are no available studies describing the feed-
ing behaviour of E. mordax anchovy larvae in the
field, however, many studies show that European an-
chovy larvae can feed on a range of different prey
sizes (Garcia and Palomera 1996; Conway et al.
1998; Tudela et al. 2002; Catalan et al. 2010; Morote
et al. 2010). Therefore ingestion, 7 (ugs '), is calcu-
lated from the Holling disk equation for multiple prey
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(Stephens and Krebs 1986; Holling 1966):

>_eijPesi wp
i

= 1
J 1+Zel§,jh ’ ()

where j denotes a given size of larva and i a given size of
prey, e; ; is the encounter rate (prey s!) (see below),
Pcs; ;s the capture success (see Table 1), wp; (ug dw) is
the prey dry weight (see Eq. 4.4) and 4 is prey handling
times, the total time required for the larvae to pursue,
capture and consume the prey. The feeding sequence
measured in laboratory experiments lasted from 1 to 2 s

(Hunter 1972). There are no reports of handling time of
different sizes of prey for anchovy larvae, so we use a
fixed handling time for any size of prey, #=1.5 s. Here,
we have not made any attempts to model the optimal
diet breadth, see Visser and Fiksen (2012) for an algo-
rithm of how this element of larval fish feeding could be
added to the current model.

Encounter rate

Existing evidence suggest a positive effect of turbu-
lence on the clearance rate (Sundby and Fossum 1990;

Table 1 Parameter’s and variable’s description, unit, value or source and reference

Symbol Description Unit Value, source Reference
J Standard length of the larva m 0.004 and 0.008
i Prey length mm
e Encounter rate Prey s~ Eq. (2)
Pcs;; Capture success Dim.less Psp; ;% Pca;;
Pps;; Pursuit success Dim.less @)
Pca;; Capture ability Dim.less Eq. (3.5)
Cp Numerical constant corrected depends Dim.less 6x0.2—for a cone of 26° (7)
on the shape of encounter regions 6x0.8—for a semispherical
shape (180°)
rij Perception distance m 4
) The angle of visual perception of larvae ° 26 or 90 )
c Beam coefficient m! 0.3
Ay Area of prey image m?
E; Visual sensitivity of a larva Dim.less E — (0.82))°
j = Tx0.000133%0.0002x0.75
C Prey inherent contrast Dim.less 0.3 3)
E, Light at surface, midday pmolm 2s”! 3000
K, Light satiation of the predator pmolm s 5 4
N; Prey density Prey m >
v; Larval velocity ms ' 2)
dp; Width of prey mm Table Al, A2 and A3.
see supplementary material
Ip; Length of prey mm Eq. (4.3) 6)
wp; Weight of prey ng Eq. (44) 5)
€ Turbulent dissipation rate m’s ™ From 107" to 10°
h Handling time s prey ! 1.5 2)
B; Biomass in the size class i ugm73 Table A1, A2 and A3, 2)
see supplementary materiall.5
TB Total biomass in all the prey size range pgm > 20000
Intercept of the normalized size spectra Eq. 4.2
Slope of the size spectra 0,-1,-2

(1) (MacKenzie et al. 1994), (2) (Hunter 1972), (3) (Utne-Palm 1999), (4) (Aksnes and Utne 1997), (5) (Peters and Downing 1984), (6)
(Conway et al. 1998), (7) (Pécseli and Trulsen 2007)
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Muelbert et al. 1994; MacKenzie and Kigrboe 1995;
Mann et al. 2005) and a negative effect on pursuit
(MacKenzie et al. 1994; MacKenzie and Kierboe
2000). The clearance rate is modeled as in Kierboe
and MacKenzie (1995), but it includes the dimension-
less numerical constant correcting for conical percep-
tion volume with different opening angle, Cy, (Pécseli
and Trulsen 2007; Pécseli et al. 2010) (see Table 1):

eij = PBiNi

= \/(CMEWVA/”)Z + (”(Vi,j sin <P)2Vj)2]\/i.

(2)

Here f3;; is the clearance rate (m®s™"), N; is the
abundance (prey m °), e (m*s °) is the turbulent dis-
sipation rate, 7;; (m) is the perception distance of a
larva with size j on the prey size i and ¢ is the angle of
the perception (Table 1). We assume prey motility is
negligible and let V; (m s ') represent the larval swim-
ming velocity as a function of standard length j
(Hunter 1972) (Table 1).

The model for visual detection distance, 7;; was
developed by Aksnes and Giske (1993) and later mod-
ified by Aksnes and Utne (1997) and Fiksen et al.
(1998). The model depends on ambient light £, beam
attenuation c, area of prey image A4, prey inherent
contrast C, the visual light sensitivity £”; and the light
satiation K, of the predator (see Table 1).
Parameterization of the eye sensitivity £’; (Aksnes
and Utne 1997; Fiksen and MacKenzie 2002) is made
using the estimates of detection distance from labora-
tory experiments (Hunter 1972) and assuming that
light was not a limiting factor in the laboratory exper-
iment (E,>>K,) (Table 1):

! ”lﬁ.iz

0=l

(2.1)

Here, A4, is the area of prey image and C is the
inherent contrast of prey. To calculate the eye sensi-
tivity it is necessary to know the size of prey 4, used
by Hunter (1972). The prey in the experiment was
Brachionus, Artemia nauplii, various veliger larvae
and wild copepod larvae, but their size was not
reported. To estimate eye sensitivity we use the mean
length and width of a rotifer; 200 and 133 um from
Theilacker and McMaster (1971) and Hunter (1980),

respectively. This prey size is consistent with the prey
size range found in the gut of 5 day old anchovy larvae
[75-150 um; Theilacker (1987)].

Prey capture

We calculate ingestion rate as the product of prey
encounter rate, capture ability and pursuit success
(Table 1). The loss of prey due to turbulent velocity
is termed ‘pursuit success’ while the loss due to prey
escape is termed ‘capture ability’.

Pursuit success

Pursuit success is calculated using the analytical mod-
el developed by Mackenzie et al. (1994), where they
showed that larval pursuit success decreases with tur-
bulence. They defined the probability of a successful
pursuit as the probability that the prey remains in the
encounter sphere during a minimum time frame #. The
model assumes that the turbulence-generated velocity
is constant within the perception sphere and that ¢ is
the minimum time required for a cruising larva to
identify approach and attack the prey (handling time).

We assume that there is no difference in the pursuit
success due to the shape in the assumed perceptive volume.
A recent theoretical model (Pécseli et al. 2012), based on
prey residence time in the perceptive volume, did show a
more or less linear decrease in capture success with the
opening angle of the cone. We have not included this in the
current model, so the ingestion rates in cone-shaped visual
spheres are likely lower than we predict here.

Capture ability

We use a mechanistic model of prey capture success
calibrated with observational data from the literature.
Even if the overall model only can be used to simulate
larvae from 4 to 8 mm, the capture ability model is
parameterized and calibrated for larvae from 4 to
11 mm (Hunter 1977). The capture success depends
on the larval size, and larval cognitive and locomotory
abilities (Hunter 1972), in addition to prey size and
prey escape responses (Caparroy et al. 2000). Our
model is a combination of the models developed by
Beyer (1980) and Fiksen and Mackenzie (2002). The
capture success is formulated in terms of predator
mouth size, the precision in the feeding strike, strike
distance, prey escape direction, and the relative
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velocity of attack and escape in predator and prey.
There is no learning effect in capture ability.

Beyer (1980) modeled the feeding strike as shots
fired at a target, assuming that the target does not
move, i.e. the prey has no escape response, with (X,
y) representing the coordinates of the mouth center
(bull’s eye) relative to the prey center after the strike.
Beyer did not include the strike distance between the
larva and prey before the strike. This is needed to
include the escape behaviour of the prey. Here, we
assume attack occurs in two-dimensions with x=0 and
y normally distributed with mean zero and o variance
(Beyer 1980). When the prey has no escape response
the distance between larva’s mouth and the prey after
the strike is z = y, and the larval strike angle before the
strike is: o = arctan(z/ry), where r, is the strike dis-
tance (Fig. 2, Table 2). The larva captures the prey if
the prey center point is inside the mouth area, that is if

z< (m—dp)/2, (3.1)

where m is the larval mouth size (Table 2) and d,, is the
prey width.

The precision parameter, c=0.06 mm was estimated
by Beyer (1980), assuming that the parameter was con-
stant for any size of larvae without taking the strike
distance into account (Table 2). However, the assumption
of a constant precision parameter is reasonable given that
larger larvae are more successful in their strikes.

Capture success with prey escape response

We couple the strike precision of the larva with a prey
escape response as in Fiksen and Mackenzie (2002)
(Fig. 2). The prey escape angle 6 is drawn from a normal

distribution with mean 30° and 30° of standard deviation
(Titelman 2001; Fiksen and MacKenzie 2002).

We limit the jump of the larva in the strike x* to j/2
as in Fiksen and Mackenzie (2002). This means that
the time that the larva needs to arrive at 7,,,, is the
time frame for successful attack:

rs + X%

(3.2)

Tmax — )
V4 COS @/
where 7, is the strike distance, v, is larval attack
velocity (Table 2). We calculate the time it takes for
the larva and the prey to be in the same place along the
x coordinate, assuming that the prey will make an
escape jump in the moment the strike start (Caparroy
et al. 2000; Titelman 2001):
Is
rT=— 33
v, cosa — wcosf (3:3)
If 7 is longer than the time frame 7,,, then prey
escapes. But if 7 is smaller than the time limit 7, ,
then the distance z;, between larvae and prey at T is:

zp < varsing — wsind (3.4)

If the prey is inside the mouth area at this time then
the capture is successful [Eq. (3.1)]. We calculate the
capture ability success Pca;; for a given size of larva j
and prey size and escape velocity i, running Nsim =
1000 simulations of larval attack with stochastic angle
o and stochastic prey escape angles 6.

Nsim

Pea. - ;‘xk X = { 1 Z]p,k|0!k,0k) < (I’Vl/ - dpi /2
b Nsim > 0 z;p,k|ak,9k) > (WIj — dpi /2
(3.5)

where k is the simulation index, z,; is the distance

Fig. 2 Schematic drawing of a larva attacking a prey, where m
is the mouth size, ¢ is the angle of the jump of the larva, 6 is the
angle that prey choose to escape, ry is the strike distance, v, is
the larval velocity, w is prey’s velocity, z is the distance between
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v

T max

Time

larva and prey with no escape behavior (see text), 7 is the time
when larva and prey are in the same place in the x coordinate, z;,
is the distance between larva and prey at the time 7 and 7,,,, is
the maximum time at which larva can capture the prey



Bioenergetic model

The details of the bioenergetic model are described in
Urtizberea et al. (2008). The model was parameterized
with field and experimental data of the anchovy larva E.
mordax. The gut content depends on the amount of mass
ingested and digested. In the model the amount of mass
digested is limited by gut content or temperature and
used for growth and metabolic cost (Fig. 1). If the larva
is not food limited, the larva will attain maximum
growth potential which increases linearly with tempera-
ture and it does not change with size [see equation 9 in
Urtizberea et al. (2008)]. The assimilation efficiency and
the gut size are size dependent functions.

Prey size spectra

The biomass size spectra describe the distribution of
prey biomass across logarithmically equal size classes
of prey width. The size spectra are normalized by
dividing the biomass of each prey size class by the
width of the class (Platt and Denman 1978). This
makes the size spectra independent of the length of
the size class. The normalized biomass-size (NB-S)
spectra fits a linear relationship between the logarithm
of normalized biomass and prey size (Platt and

Environ Biol Fish (2013) 96:1045-1063 1051
Table 2 Parameter’s and variable’s description, unit, value or source and reference of the capture success model
Symbol Description Unit Value, source Ref
J Standard length of the larva m
m Larval mouth width mm m;=0.0543+34.5 j (@)
T, Strike distance m 0.07x @)
o Strike precision parameter m 6x107° )
z Vertical distance between larval mouth m N(0,6%) 2)
and prey with no escape behavior

Attack angle ° arctan(z/r)
0 Prey escape angle ° N(30,30%) 3)
T The time for larva to align with prey s Eq. (3.3)
x* Maximum jump distance m Jji2 @]
Tomax Duration of one strike S Eq. (3.2)
Vg Attack velocity m 8% j (see text)
w Prey escape velocity m/s (0-10lp-50Ip-100ip)x 10°
(1) (Hunter 1977), (2) (Beyer 1980), (3) (Titelman 2001), (4) (Fiksen and MacKenzie 2002)
between larva and prey in the simulation & and oy ang Denman 1978):
and 6, are the larval attack and prey escape angle in B.
the simulation . ——— = e“dp? (4)

Adp;

where Adp, is the length range of prey size class i, dp;
is the geometric mean width of size class i which is
equivalent to the mean of the size class in logarithmic
scale, B; is the prey biomass in size class i (expressed
as mg dry weight m ), b the slope and a the intercept
of the linear relationship. The normalized size spectra
between biomass and prey size have been estimated
for different areas of the Bay of Biscay, giving slopes
between —2 and 0 (Irigoien et al. 2009). In this study,
prey abundances are estimated using theoretical nor-
malized size spectra with slopes within the range of
those found in the field (Fig. 3).

During the spawning period of anchovy larvae in the
Bay of Biscay, Irigoien et al. (2009) estimated biomass of
zooplankton between 0.1 and 0.4 mm width to be between
4 and 15 mg C m>. Assuming that carbon content is 40 %
of the dry weight (Champalbert et al. 1973), the zooplank-
ton biomass for the same range is between 10 and 37.5 mg
dw m™. In order to calculate the biomass for each size
class using 3 different slopes (—2, —1, 0), we fixed the total
biomass, 7B, at 20 mg dw m ° for prey width between
0.025 and 0.4 mm (Table A1, see supplementary material).
We also calculated the prey size distribution for prey width
between 0.025 and 0.8 mm (Table A2, see supplementary
material) in order to compare the effect of the same slope
and total biomass in different prey range.
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In(dp))  In(dp,)  In(dp,)
Adp,
Ln(Prey size) (mm)

Fig. 3 Normalized biomass size spectra between biomass and
prey size. The parameter g; is the intercept estimated when the
slope, b, is equal to i: =2, —1, 0. The parameter dp; is the nominal
value of the prey size class Adp;

We focus on the feeding behaviour of early anchovy
larva between 4 and 8 mm. The mouth width of an 8§ mm
anchovy larva is 0.33 mm (Hunter 1977) and the min-
imum prey width found in the European anchovy larva
gut is 0.027 mm (Garcia and Palomera 1996; Conway et
al. 1998; Catalan et al. 2010; Morote et al. 2010; Tudela
et al. 2002). We divide the total biomass among n=4
prey size classes in base 2 logarithmic bins: 0.025-0.05;
0.05-0.1; 0.1-0.2; 0.2-0.4 mm (Table A1, see supple-
mentary material). To assess the sensitivity of the model
to the prey size range we add another prey size class in
the interval 0.4 to 0.8 mm. Then we divide the total
biomass into 5 prey size classes ranging from 0.025 to
0.8 mm (Table A2, see supplementary material).

To find the total biomass 7B in a given size range
we first rearrange Eq. 4 and sum over all prey sizes
classes n:

TB = ZH;B,- = zn;dpf’Adpi. (4.1)

Then we calculate the value of @ and the biomass of
each size class for a given total biomass and slope, b:

a=In|———1. (4.2)

To test the sensitivity of larval ingestion to the
number of size classes, we introduced subclasses

@ Springer

within each size class. There are 15 subclasses in total,
and they all have length intervals of 0.025 mm
(Table A3, see supplementary material). Thus, the size
class from 0.025 to 0.05 mm has one subclass, and
there are two subclasses from 0.05 to 0.1 mm, four
subclasses from 0.1 to 0.2 mm, and eight subclasses
from 0.2 to 0.4 mm. The biomass in a size class is
divided equally between its respective subclasses,
meaning that subclasses within a size class have the
same biomass.

The relationship between prey length, /p; (mm), and
width, dp; (mm), was estimated for the geometrical
mean width of each size class. The prey length and
width relationship was estimated from prey found in
the gut of larval anchovy (Conway et al. 1998):

Ip; = 2.57dp; — 0.052, (r* =0.76,n = 8) (4.3)

Anchovy larvae E. encrasicolus mainly feed on
nauplii, copepodites and eggs (Conway et al. 1998;
Tudela et al. 2002), so the dry weight of each size class
was estimated from a general relationship for zoo-
plankton (Peters and Downing 1984):

wp; = 9.86p>!, (4.4)

where wp; is the estimated prey weight in pg dw. Then
the ratio between biomass and individual weight in each
size class is the abundance of prey in each size class.

Model simulations

Calibration and sensitivity analysis on capture
success

We calculated the capture success of larvae between 4
and 11 mm for a prey from 0.035 mm to 0.4 mm
width. The escape velocity of more evasive prey spe-
cies is between 20 and 200 prey lengths/s (Mauchline
1998; Titelman 2001), thus, we calculated the capture
success with prey of different escape velocities (no
escape, 10, 50, 100 prey length/s).We ran the model
for 1000 attack for each larval and prey length with
larval jump angle chosen randomly (z) from a normal
distribution with mean 0 and o° variance and prey
escape angle 0 is drawn from a normal distribution
with mean 30° and 30° of standard deviation.

Hunter (1977) reported strike distance for anchovy
larvae that were approximately 7 % of larval length,
however, we did a sensitivity analysis for the capture
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success of larvae with strike distance of 5 % and
16 % reported previously for juvenile stickleback
and cod larvae (Viitasalo et al. 1998; MacKenzie
and Kierboe 2000).

Hunter (1972) estimated, from laboratory experi-
ments, that larval anchovy attack or strike velocity
increases with length nonlinearly, however the estimates
were close to one body length/s and the burst speed,
measured when larvae is swimming continuously beat-
ing the tail and body from side to side, was close to 15
larva body length/s. We made a sensitivity analysis of
attack velocity and compared capture success when the
attack velocity is 1, 8 and 15 larval body length/s.

We also did sensitivity analysis of capture success
with different maximum distance that larva jump in
one strike (x*) 1, 0.5, and 0.2 larva length.

Conical vs. hemispherical perceptive volume
in a turbulent environment

We found the clearance rate for different prey sizes given a
larva with a hemispherical (Cy,=6 would be for spherical,
and Cy,=6%0.8 for hemispherical) or a conical (Cy,=6%
0.2) perceptive volume [Eq. 2; and see Pécseli and Trulsen
(2007)] with an opening angle of 26° (Hunter 1972).

Optimum prey size

What is the effect of turbulence for ingestion at differ-
ent prey size? To answer this we calculate the inges-
tion rate of anchovy larvae at different prey size with
different turbulence level. We assume a prey abun-
dance of 5000 prey m " for each prey size, and define
the optimum prey size as one yielding highest biomass
consumption. We did a sensitivity analysis on han-
dling time and compared the predictions with constant
handling time (Table 1) and handling time increasing
with prey length (Walton et al. 1992).

The slope and resolution of size spectra

How does prey size structure affect the feeding success
of 4 mm and 8 mm larvae? For a given larva with a
hemispherical perceptive volume we calculate the prey
abundance for each prey size class when the slope of the
NB-S spectra is —2,—1 and 0. We assume a total biomass
of 20 mg dw m > distributed in two different prey size
ranges from 0.025 to 0.4 mm (Fig. 4a) and from 0.025 to
0.8 mm (Fig. 4b). In addition, we analyze the effect of

prey size class resolution on the ingestion rate by com-
paring it to the prey abundance from 0.025 to 0.4 with
15 linearly distributed prey size classes for each slope in
the NB-S spectra (Fig. 4c). If the slope is 0, the normal-
ized biomass is the same for any size of prey, while the
biomass in the prey size class increases with size
(Table Al, see supplementary material). If the slope of
the NB-S spectra is —1 then the biomass is the same for
each size class, and if the slope is —2 then the biomass
decreases with size class. From biomass per size class
we find the abundance of each prey category; steeper
slopes increase the prey abundance ratio from small to
large prey (Table A1, see supplementary material). We
tested the sensitivity of predictions to size class

500_._"_“_.: --- slope=-2
| — — slope=-1
—_— —— slope=0
50 — FU
4 SC
5
1 b=
a .
~~~
F- N
£ 500 _ —
> |
® sod—1 . 55C
3]
S s ==
N
R —
ke
c 1 Yeaaee
=] ———
2 b '
>‘ ; leoceee
[0 S [N —
a 500 — — -~

0.025 0.100 0.400
Prey width (mm)

Fig. 4 Estimated prey abundance from NB-S spectra and total
abundance of 20 mg dw m > in the range (a) from 0.025 to
0.4 mm divided into four logarithmic scale (base 2) size classes
(SC), (b) from 0.025 to 0.8 mm divided into 5 logarithmic scale
(base 2) SC and (c¢) from 0.025 to 0.4 mm divided into 15 size
classes of the same width interval of 0.025 mm. The lines
represent the calculated abundance in each prey size class with
different slope in the NB-S spectra
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resolution: one with four size classes in logarithmic base
2 (Table A1, see supplementary material) and the other
with 15 linearly distributed prey size classes (Table A3,
see supplementary material).

Growth at different temperatures and prey biomass

We calculate the specific growth of a 4 mm larva at
different temperature from 10 to 25 °C and total prey
biomass assuming a slope of —1 in the NB-S spectra
and with abundance or biomass of prey at each size
class increasing at the same rate. We compare the
results for a larva with hemispherical and conical
shaped perceptive volume.

Results

Calibration and sensitivity analysis on the predictions
of capture success

Hunter (1972) described the feeding success with age,
and predicted capture success when prey has no es-

cape behaviour are similar to estimated capture

Fig. 5 The points and a

No escape b

success from laboratory experiments with prey of very
low motility, such as Brachionus (0.133 mm width)
and Artemia (0.236 mm) (Hunter 1972) (Fig. 5). The
conversion to size was done from the size-age rela-
tionship in Theilacker (1987).

The escape is more effective for larger prey (Fig. 6).
The capture success is sensitive to the attack precision of
the larva. Prey with escape velocity of 10 length prey/s
and no escape is almost the same when larval jump
precision 0=0.06 mm. Nevertheless, when ¢=0, then
the capture success is lower for the large larvae with 10
length prey/s than for prey that do no escape.

The calculated capture success is sensitive to pred-
ator prey size ratio, strike distance (Fig. 7a) and the
escape velocity (Fig. 7b) of the prey (Mauchline
1998). We assume an attack velocity of 8 larva
length/s. The capture success is not sensitive to max-
imum capture distance x*.

Conical and hemispherical perceptive volume
in a turbulent environment

Since the visual range increases with prey size, the
clearance rate of a larva with large prey is higher

squares are the estimated
capture success (Pcs) from
laboratory experiments of
larvae of different lengths
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Fig. 6 Capture success a 4mm larva b 8mm larva
(Pcs) of a larva of (a) - 4
4 mm and (b) 8 mm with — Olp/s
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(Fig. 8a). The clearance rate between larva and prey
increases noticeably with turbulence at levels above
10°°m?s™* (Fig. 8a and b), because turbulence
becomes dominant relative to larval fish swimming
speed. The clearance rate of a larva with a hemispher-
ical perceptive volume is about 5—10 times higher than
for a larva with a conical perceptive volume.

Pursuit success decreases with increasing turbu-
lence (Fig. 8c). Therefore the capture success; defined
as the product of capture ability and pursuit success,
also decreases with turbulence and approaches zero at
turbulence levels above 10 °m?s™ (Fig. 9a). The

Fig. 7 a Sensitivity analysis

increase on escape velocity of the large prey reduces
the capture success of the larva (Fig. 9b).

Optimum prey size

The optimum prey size ratio (prey width and larva
length) is close to 4 % of larva size when prey has
no escape behaviour (Fig. 10a) and it decreases with
prey escape velocity; to 3 % when larval escape ve-
locity is 100 length prey/s (Fig. 10b). The relative
optimum prey size does not change either with size
and is not sensitive to handling time.

on capture success (Pcs)
with different strike distan-
ces (ry) 5 % (discontinuous),
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Fig. 8 Modelled clearance

1Y

Hemispherical

b Conical

rate, 3, of a 4 mm larva at
different turbulence levels,
e: (a) assuming a hemi-
spherical perceptive volume
(90° of the opening angle of
the cone, Cy,=6%0.8) and
(b) assuming a cone shaped
perceptive volume (26° the
opening angle of the cone,
Cy=6%0.2). Predicted pur-

10’

— 0.009 dp/L
--- 0.018dp/L
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-

suit success (Pps) assuming

T
(¢) a hemispherical percep- 10 10°
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tive volume. The /ines repre-
sent different prey size in
terms of prey width to larva

(7]

length ratios (prey width/L) =
0.009, 0.018, and 0.035, for a
larva with 4 mm

The slope and resolution of size spectra

For a 4 mm larva at calm conditions, the ingestion
rates with different prey size structures are quite sim-
ilar and does not change at turbulence below 10’ m?
s because at low turbulence level the encounter is
dominated by larval swimming speed and at higher
turbulence level the ingestion decreases (Fig. 10a) due
to the low pursuit success. (Figure 11a). The lowest
ingestion rates are predicted when the slope is 0, since
the abundance of the optimum prey size is lower. An

8 mm larva attains the highest ingestion rates when the
slope is 0 at any turbulence level (Fig. 11b), because
slope 0 gives the highest biomass of the optimum prey
size class for an 8 mm larva. However, if we assume the
same total biomass in a larger prey size range from
0.025 to 0.8 mm (Fig. 11b), the ingestion rate at different
prey size structure changes (Fig. 11c). In this case, a
4 mm larvae will have half the ingestion rate at O slope
compared to that of the steeper slopes (-1 or —2)
(Fig. 11c). At this prey size range there are significant
differences in the ingestion rates of a 4 mm larva due to

Fig. 9 Predicted capture a No escape b 100 Ip/s
success (Pcs) (multiplica- N ]

tion of pursuit and capture —— 0.009 dp/L

ability) at different turbu- g _ --- 0.018dp/L

lence levels, €, assuming a
hemispherical perceptive —
volume and (a) no prey es-
cape behaviour and (b)
with prey escape velocity
of 100 prey lengths/s. The T
lines represent different prey
size in terms of prey width

Pcs

0.035 dp/L

T
to larva length ratios = 10710 10°®
0.009, 0.018, and 0.035
prey width/L
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Fig. 10 At satiated light con- a
ditions ingestion rate per hour <

No escape

o

100 Ip/s

of different prey size ratio un-
der different level of turbu-
lence, ¢, for a 4 mm larva.
Assuming prey with no es-
cape behaviour (a) and prey
with escape velocity of

100 prey lengths/s (b). We
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of prey at any prey size ratio
(5000 prey m ) and larva o
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Log(e) (m* s7°)

- T T
0.00 0.02

with hemispherical perceptive
volume (90° of the opening
angle of the cone)

the prey size structure (Fig. 11c). We see the same effect
for the 8 mm larva (Fig. 11d). In this case, the optimum
prey size structure for 8§ mm larva is at a steeper slope
(=1) than before. If the same biomass pertains to a larger
size range, the biomass in the smallest prey size class
decreases. The decrease in the smallest prey size is
higher for a prey size structure with slope 0 than with
steeper slopes (Fig. 11e). Therefore, the prey size
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structure with steeper slopes gives the highest ingestion
rates when the maximum prey size included in the study
is further from the optimum prey size of the larva.
However, we can conclude that feeding is sensitive to
the abundance of a particular prey and therefore it is
sensitive to the slope of the prey size spectra. In terms of
the NB-S spectra, this means that a small larva benefit
from a prey size structure with steep slope while a large
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larva benefit from less steep slopes. In addition the large
larva has better visual capacity and therefore it sustains
the maximum ingestion rate at higher turbulence level
than the smaller larvae (Fig. 11f).

The total ingestion rate of a 4 mm and 8§ mm larva
give similar results for both resolutions of size classes,
logarithmic base 2 (4 size classes) or lineally distrib-
uted (15 size classes) (Fig. 11a, b, e, f). In general, it
appears from Fig. 11 that the foraging success of a
larva is not very sensitive to the prey field resolution.
The ingestion rate in both resolutions is dome-shaped
with prey size for all slopes (Fig. 12a, b). When the
slope is steeper (—2), most of the mass ingested is
shifted toward the smallest prey (Fig. 12b).

The ingestion decreases with turbulence because
the smallest prey size class is more difficult to capture.
The mean prey size ingested increases with turbulence
(Fig. 13) and total ingestion decreases faster with
turbulence when the prey size distribution has steeper
slope (prey field is more dominated by small prey).

Growth at different temperatures and prey biomass

The prey biomass that larvae required in order to get the
maximum growth rate increases linearly with tempera-
ture (Fig. 14a). A larva with hemispherical perceptive
volume required around 20 mg dw m ™ of total prey
biomass at 20 °C while a larva with a conical perceptive
volume require around 100 mg dw m > (Fig. 14b). The
amount of prey biomass required for a larva with a
hemispherical perceptive volume is reasonable when
comparing with the prey biomasses observed in the field.
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Fig. 12 The ingestion rates of 4 mm larvae are modelled at 15
prey size classes of fixed intervals (a) and at four size classes in
base 2 logarithmic scale intervals (b). The ingestion rate is
found at calm conditions (low turbulence) of different prey size
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Discussion

The models developed by Galbraith et al. (2004) and
Lewis and Bala (2006) showed that the increase in
encounter rate with turbulence is lower for a larva with
a wedge shaped (similar to a cone shaped but the
vertical section is a square instead of circle) than for
a larva with a hemispherical perceptive volume.
Mariani et al. (2007) developed an object-oriented
numerical model for cod larvae with pause-travel
search strategy and estimated ingestions at turbulent
levels relevant for larvae with hemispherical and
wedge shaped perceptive volumes. Their results
showed that the increase in ingestion with turbulence
was lower for a wedge shaped perceptive volume, but
in both cases the foraging success was dome-shaped
with turbulence. However, laboratory experiments and
theoretical models suggest that the increase in encoun-
ter rate due to turbulence is lower for a larva with
cruising swimming behaviour like herring (Clupea
harengus) than for a larva with pause-travel search
strategy like cod (Gadus morhua) (MacKenzie and
Kierboe 1995; Fiksen et al. 1998). Our model predicts
that the turbulence does not increase the ingestion rate
of anchovy larva assuming cruissing swimming be-
haviour. Mackenzie (2000) made a review of field
studies analyzing the effect of turbulence on fish lar-
vae. Here different studies on anchovy larvae show
that the gut content or growth does not increase with
turbulence (Lasker 1975; Owen et al. 1989;
Clemmesen et al. 1997; Conway et al. 1998). In our
model the negative effect of turbulence (at high
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with 20 mg dw m > and different slopes in the normalised size
spectra: =2, —1 and 0. The broken lines represent the interval of
the size classes in the logarithmic scale and the cross the mouth
size of a 4 mm larva
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Fig. 13 The modelled specific ingestion rate per hour of a 4 mm
larva at each prey size assuming an escape velocity of 100 prey
lengths/s at different turbulence level when the slope of the NB-S
spectra is —2. The colours represent the fractions of total ingestion
rate at each turbulence level and each prey size class relative to
larva size: 0.009, 0.018, 0.035 and 0.071 prey width/L

turbulence levels) is caused by the small perceptive
volume of anchovy larvae and the low capture success
of large prey; even if the average prey size increases at
high turbulence levels, the total ingestion decreases.
Laboratory experiments with northern anchovy lar-
vae (E. mordax) suggest that anchovy larvae have a

cone shaped perceptive volume of 26° (Hunter 1972).
When cone shaped perceptive volume is assumed in
our model, the prey density needed to obtain maxi-
mum growth rate or even to survive is higher than
what is estimated in the field. Lasker (1975) in the
‘stable ocean hypothesis’ suggested that anchovy
larval survival depends on high prey concentrations
and he found that those high prey concentrations in the
field were aggregated in patches in stratified waters at
calm and stable conditions. But in the field, prey
densities are estimated assuming homogeneous prey
distribution in the entire water column while sampling
on the submeter scale showed that prey could be
aggregated in patches (Owen et al. 1989). However,
laboratory observations suggest different visual per-
ceptive volumes between clupeoid fish larvae.
Rosenthal and Hempel (1970) suggest herring larvae
(Clupea harengus) have a quarter-sphere volume.
Anchoa mitchilli larvae may have a wedge shape per-
ceptive volume, where the opening angles differ in the
horizontal and vertical plane, 25° in the vertical plane
and 60° in the horizontal plane (Chesney 2008). In
addition, taking the tip of the snout as reference in the
vertical plane, 0°, Anchoa mitchilli mainly forage be-
tween 20 and 70° (Chesney 2008), while northern

Fig. 14 Simulated specific g
growth rate (ugug 'h™")
assuming prey escape ve-
locity of 100 prey lengths/s
for (a) a larva with a hemi-
spherical perceptive volume
(90° of the opening angle of
the cone), and (b) with cone
shaped perceptive volume
(26° of the opening angle).
Both as functions of tem-
perature and total prey bio-
mass, and assuming
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anchovy mainly feed between —26 and 26° (Hunter
1972). Laboratory experiments also show that the
average perception distance and swimming speed
decreases with increasing prey densities (Munk and
Kierboe 1985) and increases with turbidity (Chesney
2008). Anchovy larvae, at the stage of first feeding,
have already developed olfactory organs (O'Connell
1981), and feeding is influenced by chemosensory
processes (Knutsen 1992; Kolkovski et al. 1997).

The representation of foraging behaviour of larva
fish requires some characterization of prey size distri-
bution. Size spectra is a common description of bio-
mass distribution across prey size classes and it
enables fast estimates of biomass size spectra in the
field (Ashjian et al. 2001; San Martin et al. 2006;
Zarauz et al. 2007; Irigoien et al. 2009) due to its
simplicity and novel innovations in image analysis
(Grosjean et al. 2004; Davis et al. 2005; See et al.
2005). The slope of the size spectra refers to the
change in biomass distribution across prey size clas-
ses. The division of biomass in prey size classes is
made on a logarithmic scale in base 2. Firstly because
of limitation of sampling techniques in larger prey and
secondly because the double logarithm transformation
of the normalized biomass and prey size classes at
these scale fits a linear relationship (Blanco et al.
1994). Nevertheless, there are some particular cases
where the zooplankton community is not in a steady
state and the biomass spectrum deviate from linearity
(Nogueira et al. 2004; Sourisseau and Carlotti 2006;
Zhou 2006). In this case, the slope and intercept of the
NB-S spectra would not be appropriate to describe the
prey size distribution in the field.

There are a few laboratory studies exploring larval
ingestion in response to different prey size distribution
(Munk 1992; Seljeset et al. 2010) but none with an-
chovy larvae. Thus, it is very difficult to find relevant
data to calibrate the foraging model developed here.
On the other hand, field studies analyzing anchovy
larval feeding behaviour often measure size of
ingested prey, but not prey preferences in terms of
size. The model predicts highest ingestion rates with
the prey size distribution that maximize the abundance
of the optimum size of prey. The optimum prey size
(width) predicted by the model is 3 % of larval length
(or prey length between 6 and 7 % of larval length)
when we assume prey escape velocity of 100 prey
length/s. The preferred prey size (length) estimated
from field data for herring larvae was 3 % of larval

@ Springer

length while for cod larvae was 5 % of larval length
(Munk 1992, 1997). Anchovy and herring larval
mouth width and behaviour is very similar, so we
could expect similar optimum prey size for both,
nevertheless the estimated preferred prey size of
herring larvae is half to the prediction of our model
for anchovy larvae. In the field, the maximum prey
width ingested by anchovy larvae E. encrasicolus,
between 3 and 10 mm in the Mediterranean sea, is
close to the optimum prey size (width) predicted by
the model 2 and 3 % of larval size (or prey length
7 % of larval length) (see Conway et al. 1998,
Fig. 5; see Tudela et al. 2002, Fig. 2). This could
suggest that our model overestimates the optimum
prey size of anchovy larvae.

The role of small prey in the feeding or survival of
larvae in the sea is unknown (de Figueiredo et al.
2005, 2007). We calculated the specific growth of a
4 mm larva assuming it does not feed on them when
the slope of the NB-S spectra is —1 (not shown). The
model suggests that feeding or not feeding on the
smallest prey size class results in similar specific
growth rate when the slope is —1 (not shown). We also
calculate the specific growth rate assuming a 4 mm
larva does not feed on prey larger than 2 % of its size
(in terms of prey width) (Fig. 14c). The result suggests
that larval growth is most sensitive to the feeding
success on largest prey since anchovy larva would
require higher prey biomass in order to survive or
obtain maximum growth rate.

In the Bay of Biscay, anchovy (E. encrasicolus)
spawn in spring; mainly in the river plumes of
Gironde and Adour and at the shelf break (Motos et
al. 1996). Despite the fact the total mesozooplankton
biomass is higher above than outside the shelf, large
anchovy larvae are still found off the shelf (Irigoien et
al. 2008). Recent studies have reported the spatial
distribution of zooplankton size spectra in spring from
1998 to 2006 in the Bay of Biscay (Zarauz et al. 2007,
Irigoien et al. 2009). Irigoien et al. (2009) found that
the slope of the NB-S spectra were less steep with
increasing distance to the coast, meaning that the
biomass of large organisms is higher relative to the
abundance of small prey over the shelf. Consequently,
the anchovy larvae will experience different food con-
ditions depending on where they are advected. Our
results show that the optimum prey size structure
changes with size and the largest larva have highest
ingestion rate at less steep prey size structures.
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Therefore while the larva is getting larger, its optimum
prey size structure is found at increasing distance to
the coast. However, not only the prey size structure
changes with distance to the coast, but also the total
prey biomass. Potential differences in feeding condi-
tions between offshore and inshore areas depend on
both prey size structure and prey biomass.

The models described here are purely mechani-
cal, and we end by pointing out that there is
considerable potential for larvae to modify their
foraging success through behavioural flexibility,
for instance in the search rate or vertical position-
ing [see (Fiksen and Jergensen 2011)]. Larvae
feeding in size-spectra may also perform optimal
foraging decisions involving not to pursue partic-
ular prey sizes (Visser and Fiksen 2012). Such
models still need realistic representation of the
processes involved in prey encounters and capture
success, which has been the primary focus here.
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