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ABSTRACT

Many planktivorous fishes are known to switch between feeding modes in response to changing
environmental conditions. According to optimal foraging theory, the peefestrategy is the one that
gives the highest net energy return. Experiments repotinttraasing prey density and decreasing
light level and prey size encourage fish to switch from vibaakd bitdeeding to filterfeeding.Still,

few attempts havbeen made to formulate combined models for-laitel filterfeeding to investigate

the mechnisms regulating switching. A mechanistic, individbaked model thatompares net intake
rate of the alternative strategies in a mptey system is here propaseind the model is parametrised
for two different scenarios: 1) Atlantic macke¢(8combescombru¥feeding in the NowvegianSea

and 2)pilchard(Sardinops saggxXeeding in experimental tankBite-feedingis more efficient at low
prey densities, but &fish is predicted to switch strategy when prey density reaches above the level
where filterfeeding becomes more profitable than 4i@eding, which is limited by prey handling

time. Switching occurs at laav prey density if vision is reduced by low difance Interestingly,
increasing the proportion of large prey will benefit filfeeding more than bitleeding unless the

prey is too evasive. Since bifeeding fish only accept the most profitable prekile filtration

efficiency for this prey usuallis low, overall diet composition and predation pressure on different
prey-types vary depending on the time allocated to each feeding mode. Modelling switching dynamics
is therefore important to improve oumnderstanding of how planktivorous fishes stuuetprey
communities.
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1 INTRODUCTION

To switch or not to switch, that is the question that planktivorous fishesatiauallyasked andthe
answer is okeyimportance to theiown success in life as well as tharvival prospects of their
potentialfood. Many midtrophic species of pelagfish are able to switch adaptively between-bite
feeding and filteffeedingas environmental conditions char{@i@zzaro, 1987; van der Lingen, 1994)
Such flexiblity in feeding behaviour allows them to exploit a wide range of food resources in
environments characterised by spatial and temporal variability in light regime and prey density and
composition. When fish forage by bifteeding, they pursu@dividual prey items that they have

detected visually and singled out to captiMacy, Sutherland and Durbin, 1998)hen ram filter

feeding, they swim with their mouth agape to force water through the oral cavity, extracting plankton
from the water in the proceéSanderson, S. L., Cech,J., Chee 1994) The relative profitability of

each of these feeding modes varies with the external environment, and the one that results in the
highest net energy gain in a given instance is expected to be the preferred &hategher, 1985)In

this study | have exploredome of the underlying mechanisms regulating the switch in feeding mode.

One of the main differences between bi#tad filterfeeding is how the intake rate responds to changes
in prey density. As prey availability increases, #dgedingfish will sperd more time pursuing and

catching prey, which means that less time is left to search for neWHwiyg, 1959; Aksnes and

Giske, 1993) The intake rate of biteeeding is herefore not pportionalto preydensity Insteadthe

rate of increase declines until the curve reaches an asymptote at high prey densities (Fig. 1). When
saturated with prey, bitleedingfish will spend alltheirtime handling encountered prey. Thus, bite
feeding caforms to the Typd functional respnse describeby Holling (1959) In contrast, the

intake rate of filteffeeding increases linearly with prey density, assuming that the fish do not satiate at
the range of prey densities normally occurringhigir natural environmen{Pepin, Koslow and Pearre

Jr., 1988; Macy, Sutherland and Durbin, 19%8lter-feeding thus conforms o Ho |l | ilngds Type
functional responsg-ig. 1, Holling, 1959)

Filter-feeding Bite-feeding Tvoe I1
ype

Typel

Intake rate
Intake rate

Prey density Prey density

Fig. 1.Functional responses characterising the feedindes. Tk intake rate from filtefeeding increases
linearly with prey density (Type | functional response), whereas foffédging the intake rate levels off at
higher prey densities (Type Il functional response).



Numerous experimental studies investigatimg $witching response have been conducted, and they
generally report that the fish shift from bite filter-feedingwhenprey density exceeds some
threshold level, owhenpreysize relative to the predatorgsfficiently reduceqLeong and
O6Connel I, 1969 ; O6Connel |, 197 2; O6Connel | and
1985, 1992; PepirKoslow and Pearre Jr., 1988; James andl&i, 1989; van der Lingen, 1994;
Garridoet al, 2007) Experimental midies testing the behavioural effect of changing light intensity
have documented that filtéeeding becomes more common with decreasing light {glahnov and
Tash, 1978; Batty, Blaxter and Libby, 1986; BaRlaxter and Richard, 1990; Macy, Sutherland and
Durbin, 1998) Members bthe same schodiave been found tWisplay some individual variation in
feeding responsa@ndthe switch in strategynay alsanvolve a transitional phase that represents an
intermaliate between the two distinct feeding moflEsssen, 1976)

Crowder (1985) proposed that the choice of feedingwehacould be predicted based on eost

benefit analyses. He demonstratiealt in several experimental studies, feeding mode shifts occurred at
approximately the prey densities or sizes where the two modes yielded equal energetic return per unit
tme( Leong and O6Connel |, 1969; O6Connel | , 197 2; C
Crowder and Binkowski, 1983; Crowder, 198%is line of reasoning cosponds with the

evolutionary logic of optimal foraging theory, which maintains that if a population exhibits variation

in heritable behavioural traits influencing foraging succeagstthat enhance fitness through

optimisation of energy acquisition sHde selected fofEmlen, 1966; MacArthur and Pianka, 1966;
Pyke, 1984)It does however not imply that organisms are optimal, only that adaptive behaviours can
be predicted based on optimality analy$ed &lso consider constraints and traffedilemmas

(Stearns and Schmidempel, 206).

Little effort has so far been made to combine formulations of &ité filterfeeding into one coherent
mechanistic model, but a few models have been developed that companditability of the
alternative feeding modes at varying prey dées{Crowder, 1985; Hoogenboezeaghal, 1992;
Lovvorn, Baduini and Hunt, 2001)0f these, the model of underwater feeding in shearwaters by
Lovvornet al.(2001) is the most advanced, which also examines the effect of light on foraging
sucess Currently, no attempts have been made to formuiaifgeed models for biteand filter

feeding in multiprey systems, where variations in prey composition influence feeding behdNaour.
do existing models treat bioenergetics associated with swimkmegatics and filtering mechanics
or identify optimal swimmingpeeds.

In this study | have developed a mechanistic model that describes how fish capable of bahdite
filter-feeding switch strategy in response to changing environmental factersaddelexplores how
multiple influences and behavioural adjustits interact to determine the relative profitability of the
alternative strategies when faced with different prey assemblages and light conditions. Key factors
considered here are swimminghlagiour, handling time, catchability, predafey size ratio,
selectivity, filtration efficiency and energetic cosibe main objective is to improwaur

understanding of the processes regulating#itern ofswitchingobserved among planktivorous
fishes The model is individuabased and deterministic, and folliomy the example by Lovvoret al.
(2001), it consists of two submodels that calculate the intake rate frofeditieig and filteifeeding,
respectively. The fisfeeds on a mixture of preyypes, and the effects of changing the three principal
parameterambient irradiance, total prey density and relative density of differenttyppegare tested.
Besides switchingwo other behavioural responses intendedptimiseforaging are also consded
Swimming speed is optimised for the varying conditianry] thebite-feeding fish chooseselectively
the most profitable of the available prey.



To determine which feeding mode the fish will employ under different conditions, | have adhered to
the optimaity principle that the preferred strategy is the one that entails the greatest fithess advantage
in terms of highest net specific energy intake per unit {@ewder, 1985)This measure of fithess
considers both the benefits (energy gained from food consumptidnots (energy expended in
metabolism) of the alternative strategies, and the feeding mode that maximises the difference between
these represents the optimal solution. The model is intended to be generally applicable to all fishes
capable of switchingn this study, the model has been paramegetito represent two different

scenarios: 1) Atlantic mackere&d¢omber scombrygeeding in the NawegianSea during summemnd

2) pilchard Sardinops saggxeeding in closed tanks in experimental trials. Tiheugation of the

field situation (1) is independent of time, while the simulation of feeding experiments (2) runs-in time
steps.To evaluate the behaviour of the model, predictions are comparedatgifirom real systems.

),

Increasing irradiance

—

Increasing prey density

Fig. 2.Conceptuatepresetation of the system. The fish is expected to switch from-ddilter-feeding if the
prey density increases above a threshold level, or if the irradiance decreases enough to reverse the advantage of
visual predation.



2 METHODS

Netintake ragsarecalculated irtwo submodeld one forbite-feeding andne forfilter-feeding Both
submodels are rumnder varying environmental conditions, and the fish switches strategy when the
other feeding mode becomes more profitable than the orentlyrusel. Simulations were performed
in MATLAB (versions R2018b and R2019a). Complete scripts are provided as supplementary
material (Appendixl-2), where more detailed information about the model structure can be found.

2.1MODEL COMPONENTS

Foraging efficiencydepends on various predator and prey attributes as well as many environmental
parameters, notably prelensityand light intensity, that are beyond any direct control by the fish
(Tablel). What the fish can control to some extent, gigus its behaviaal responses to external
influences. It can switch to the alternative feeding mode should it become more favourable, but it can
also regulate its swimming speed and pattern to optimise the balance between consumption and
metabolic inveBnent.When hite-feeding, it carbesideshoose selectively among available prey

types. Such madifications influence the relative profitability of each feeding mode and thereby also the
switching dynamic, and they are therefore accounted for in the niithel behaviouraldjustments

like predator avoidance, school formation and partitioning of resources among competitors can also be
important, but these factors are not part of the model.

Table 1. Some factors that determine the intake rate from adediing. The maifocus is on the parameters
that are highlighted, while the ones in grey are not included in the model.

Environmental factors Behavioural factors Predator and prey characteristi
Prey density Feeding mode Size

Prey composition Swimming speed Filtration efficiency

Light regime Selectivity Visibility of prey

Temperature Schooling Capture probability
Turbulence When to feed Handling time

Topography Where to feed Energy content of prey
Predation risk Predator avoidance Digestibility of prey
Competitbn Niche segregation Stomach capacity

Some of thenodelcomponentsire common to both submodelghereas others are specific to either
of them. An overview of allhe parameterssi given below (Table 2)

10



Table 2. Explanation of parameters usedniodels of bitfeeding and filteiffeeding.

Symbol  Description Unit

Aq Gape area of fish mouth m?

A Prey area m?

Apr Prey image area at retina m?

a Activity multiplier for filter-feeding (increases the metabolic rate) dimensionless

an Activity multiplier for prey handling (increases the metabolic rate) dimensionless

By Ratio of buccal flowspeed to swimming speed of fish dimensionless

Co Inherent contrast of prey dimensionless

G Prey image contrast at retina dimensionless

c Beam attenuation coefficien m?

Eo6 Visual capacity of fish (equal tBmad &) dimensionless

Eo Irradiance just beneath water surface HME m2s?t

Ep Background irradiance intercepted by eye lens of fish HME m2s?t

E, Irradiance at depth HME m2s?t

Emax Maximum pocessable irradiance at fish retina HE m2 st

€ Rate that bitdeeding fish encounters prey ind. st

eg Proportion of ingested energy egested by the fish (not assimilated) dimensionless

ex Proportion of assimilated energy excreted by the fish dimensionless

Fp Bite-feeding ckarance rate (volume cleared for prey per unit time) ms?

Fy Filter-feeding clearance rate (volume cleared for prey per unit time) m3s?!

fi Fraction of total filterfeeding time that fish filters prey dimensionless

H Handlingtime when capture probabilify. is 1 sind:!

h Preyspecific handling time (equal ta/Pc) sind:!

Ib Absolute intake rate of bitteeding Jst

I Absolute intake rate of filtefeeding Jst

K Coefficient for attenuation of diffuse light m?t

ke Half saturation constant of light processing (irradiance at fish eye lens pE m?s?
where the retinal irradiance is half the maximum processable level)

ki Prey length for which retention efficiency is half the maximum level m

L Fish length m

I Preylength m

M Routine metabolic rate of neieeding fish Jhig?

Mp Metabolic rate of bitdeeding fish Jhig?

Mn Metabolic rate of fish handling prey Jhig?

Ms Metabolic rate of fish searching for prey Jhig?

Mg Metabolic rate of filterfeedng fish Jhig?

Niot Total prey density ind. nt®

Npf Net profitability of prey (net energy gained per handling time) Jhtgt

p Proportion of prestypeto total prey density dimersionless

Pc Capture probability (proportion of attacked prey that the fish captures) dimensionless

Pe Probability that a prey will enter the oral cavity instead of escaping dimensionless

Pf Profitability of prey (energy gained per handling time) Jst

Qox Oxycalorific coefficient J(gQ)?

R Visual range of fish (maximum pyeletection distance) m

r Retention efficiency (proportion of prey retained in the oral cavity) dimensionless

I max Maximum retention efficiency dimensionless

S Selectivity (proportion of encountered prey thatfiek will try to capture) dimensionless

(0058 Sensitivity threshold for detection of change in irradiance at fish eye le uE m2 s?

as Sensitivity threshold for detection of change in radiant flux at fish retini uE m2 s?

sda Proportion ofassimilated energy that the fish spends in pracgg$sod dimensionless
(specific dynamic action)

T Ambient temperature °C

ts Time spent searching for prey s

th Time spent handling prey s

trot Total time spent bitéeeding s

u Swimming speed of fish m st

11



Proportion of ingested energy made avagdiol use dimensionless

u
Vb Swimming speed of bitéeeding fish m st

Vt Swimming speed of filtefeeding fish m st

Vh Swimming speed of fish handling prey m st

Vi Routine swimming speed &igh m st

Vs Swimming speed of fish searching for prey m st

W Wet weight of fish g

w Wet weight of individual prey gind:!

z Depth m

V] Intercept of metabolic function g O;day! g?

b Search rate of fish m3 st

a Coefficient for weightdlependence in metabolic function dimensionless
G Net weightspecific inake rate of bitdeeding Jhtgt

G Net weightspecific intake rate of filtefeeding Jhtgt

d Hal f angle of the fisho6s visual degrees

3 Coefficient for temperaturdependence in metabolic function °Cct

J Coefficient for swimming speed dependence in metabolic fumctio s mt

o) Energy density of prey Jgt

2.2 THE BITE-FEEDING SUBMODEL

The efficiency of bitefeeding is determined ymbientirradiance(E;, UE nT? s?), swimmingspeed

(vb, m s?) and visual capacitE Pof the predator, desity (N, ind. m?) andvisibility of prey,
predatorprey size ratipcaptureprobability (Pc) and the time needed to handle each gihegind?)

(Aksnes and Giske, 1993; Varpe and Fiksen, 2010; Van Deurs, Jgrgensen and Fikgenhé Qite
feeding process comprises two main phases: a search phase where the predator actively seeks out
potential prey using vision, and a handling phase wherkgstihattempts to capture and eat individual
prey it has sighted and decided to purdie total time spent bitfeeding(tw, S) is thereforehe sum

of the time spent searching for prgy s) and the time allocated to prey handligs):

0 0 O 1

2.2.1Search rate

For fish searching for prey in the pelagic realne visual field can be represented as a spherical sector
with radius equal to the visual ran@&ggers, 1977; Aksnes and Giske, 1993)e radius of the base

of the spherical cap (the cone base) is thus the opposite cath#tadalf angle of the visual field

(Fig. 3). Thearea of the cone base is also the plane area of the cylindrical volurtiestfigh searches
through(Eggers, 1977)The volume that is scanned for prey per unit search(fipma® s?) is then

given by theollowing equation(Aksnes and Giske, 1993; Huse and Fiksen, 2010)

o0 Yi QE — (2)

wherevs is the swimming speed of the fish searching for gneg?), Ris the maximum distance from
which prey can be detected (m) ahig the half angle of the visual field (degredd)e expression

" (Rsind)? is the plane @a (%) of the search volume, whilg corresponds to the length of the

cylindrical volume searched per unit time (1) €Eggers, 1977; Aksnes and Giske, 1993)e fact

that the search rate increases with the square of the visual range means that light conditions greatly
influence the efficiency of aquatic vidyaredation (Fig. 3).

12



R. -sinf Increasing irradiance

_—#

B1 = vymt(Rysind)? = v,m(2R,sinf)? = 4B,

p = search rate (m® s!) v, = swimming speed while searching (m s!) R =visual range (m) © = half angle of visual field (degrees) 7, = search time (s)

Fig. 3. The search ratl of the bitefeeding fish increases with the square of the visual rengfethe visual
range doubles (situation 2), the search rate quadruples.

2.2.2Visual range

The visual rangeepends on the optical environment and the visual capacity of the fish as well as prey
characteristics that affect its visibilifAksnes and Giske, 1993; Aksnes and Utne, 19%fpersized

prey projecialarger image on the fish retina, which means that the minimum image size necessary for
detection can be obtained from a greater distance. The inherent contrast of {(&)psehe

difference in radiance between the prey and the background, wheneibhgckgrounds require

larger differences for a given contréidiester, 1968)The visual system can only discern a prey if the
difference at the retina between the radiant flux conveying the prey image and the radiant flux from
the background alone exceeds some threshold (Akshes and &ke, 1993)

In their model of aquatic visual feeding, Aksnes and G(j&k83) showed that the change in rate of
photons reaching the retina can be expressed as the product of the background ifgliaBca?

s1), theprey imagecontrast{(C;) andthe area of the prey imaga,,, m?), all as they appear at the

retina. Fbwever, the neural response to changes in radiant flux is not proportional to the intensity of
the incident ligh{Aksnes ad Utne, 1997)Instead, due to various signal modifications and adaptiv
responses that moderate the absorption of light energy by receptors, the neural activity increases in a
saturating fashion towards an asymptotic value at high irradiance levetadimg the light intensity
above the maximum level that can be procesgidherefore have no further effect on the neural
activity. By including a saturation parameter that accounts for thidimesr response, Aksnes and

Utne (1997) modified the mobtey Aksnes and Giske (1993) to arrive at following criterion for prey
detection in fish:

O o
b O = yY (3)
VI Q O
whereEmaxis the maximum processable irradianceetina (UIE N2 s?), keis the halfsaturation
constant (the irradiance at the eye lens where the retinal irradiance is at half the mprocessale
level) UE m?st)  a & id thegsensitivity threshold for detection of differences in radiant flux

received by the retinguE nm? s?) (Aksnes and Utne, 1997 max tends to increase withe size of the
fish (Lovvorn, Baduini and Hunt, 2001; Breck and Gitter, 2008)

13



Light that strikes the ocean surface will be modified by absorption and scabignveger molecules
and dfferent dissolved and suspended particles along its path through the water. As a consequence,
the downwelling light decreases exponentially with depth @ig.

Irradiance

Surface

Depth

Fig. 4. Attenuation of downwelling irradiance with water depth. Light decreases rapidly near the surface.

Beerds Law gives a gquantitative description of
o 00 (4)

whereE; is the irradiance (LUE rhs?) at a given deptle, m), Eo is the irradiance just beneath the
water surface (UE rhs?) andK is the coefficient for attenuation of diffuse light finDifferent
wavelengths are attenuatatdifferent rates, and the sp&t composition of light consequently
changes with depth.

The image transmitting ability of the light will also decrease due to beam attenuation processes
(Aksnes and Giske, 1993)\ccounting for these maodifications, the criterion for prey detection3Eq.

can be translated into one that considers changes in irradiance at the eye lens when the prey is situated
at a given distance aw#&fksnes and Giske, 1993; Aksnes and Utne, 19B7@ maximum distande

at which a prey can be detected is where the change in irradiance is equal to the sensitivity threshold:

YQ 99 0 m5—5 YV (5a)
or
YO % Ce— (5)
D D 0O

wherec is thebeam attenuation coefficient (in Co is the inherent prey contrast (dimensionleAs)s
the prey area (f , S isphe sensitivity threshold for detection of differences in light intensity at the
eye lens|({E m? st) andE @epresents the visual cajtgof the fish as a dimensionless composite
parameter equal tBna/ 8 To determine the visual range for a cerfarey-type at known light
conditions, Eg5b is solved iteratively by use of the NewaBaphson methofAksnes and Utne,

1997)
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2.2.3Encounter rate

Via the search ratie the swimming speed and the visual range determine the number of prey of a
given density that the fish encounters per unit time spent searchingvétoeeget the full picture,
the time allocated to searching versus prey hagdhust be taken into account. As more prey are
encountered, more prey must also be handled, which requires time. Hence, less time is left for
searchingWhenthe fraction of ime spent handling prey becomes sufficiently htgk,encounterate
nolongerincrease with further increase in prey density. To estimate the overall encountéorate
bite-feeding, i.ethe number of prey encountered per total timgiid. s?), theencounter rate for the
search phase must be multiplied with the fractiwat the search tin(g, s)takes of the total tim@t,

s):

Q —0 nt (6a)

wherenis the numbeof availableprey-types(i), Nwt is the total prey density (ind. fhandp; is the
proportion ofprey-typei to total prey density. The indexed parameters are specifydgitypei, and
the weighted mean search ratém® s?) for all prey combined is calculated based on the ptapoof
eachprey-type Nt corresponds to the density of prey frompaky-typesincluded in the diet when it
is at its broadesh prey-type may bene or morgaxonomic groupsr different stagesr size classes
within groups

Due to time restrictionsiot all of the encountered prey are handled. When the fish discovers a
potential prey item, it has to decide whether it should try to capture it or instead use the time to search
for more profitablgrey (Charnov, 2002)As the handihg time becomes more limiting and the supply

of prey to choose from increases, the fish should become ever more séleeibset al, 1977)

Explicit criteria for prey selection will be derived in a later section, but for now the main point is that
the fish only spends time on prey it has selected, and the time is spent whether or not it succeeds i
capturing the prey. To determine the frantof the total time that is spent searching, the denominator

of the Holling disc equation can be modified by introducing a selectivity parastitat either takes

the value 1 (if preytypeis accepted) or (f prey-typeis rejectedHolling, 1959; Charnov, 2002)

P
p U B nArinQ

0
5 (6b)
whereh; is thepreytype pecifictime needed to handle individual prey (s ihdFrom Eq. 6b it
becomeslear that higher prey density and also light intensity via the seardnwétencrease
handling time limitations so that less time is left to search for prey. Whentatibgtthis expression

into Eq. 6a, we arrive at follamg formulation for the encounter rgtdolling, 1959; Visser and
Fiksen, 2013)

6 B nf (6¢)

Qp(ﬁBr‘]Ti"Q

2.2.4Clearance rate and absolute energy intake

The clearance rate of théte-feedingfish (Fp, m® s?) is the volume cleared for prey per unit time or
the ratio letween the rate of prey eaten and the total prey density:
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B nAfio
. ;
© p U B niiQ %

wherePg; is theprey-type specifiqprobabilitythat the fish willsucceed in capturing a préyhas

selected (expressed as a proportidime clearance rate is also a measure of the predation pressure.
The higher the proportion of prey present in a given volume that is eaten per unit time, the higher is
the risk that ayindividual prey will be aten. The capture probability will be lower for prey with

good escape responses, which vary between diffpreptypes In general, more developed stages

and largersized individuals have better escape ability. The handlingwithalso vary for diffeent
prey-types since more evasive prey may take longer time to capture. To account for this variation, the
prey-type specific handling timgh)) is defined as being inversely proportional to the fiyge

specific capture probabilit§Pe):

<o

o) (8)

where the constarit represents the handling timeiigsl.*) when capture probability is 1. Multiplying
clearance rat@) with total prey densityNi) gives the number of individuals eaten per unit time,
and multiplying again with the ergy content of individual prefthe product of weightw, g ind:?)
and energy densit§Q J g%)) gives the rate of energy intakéisser and Fiksen, 201:3)
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wherely is the absolute intake rate of bfseding for all prey combined (3)s It is uncertain whether

or to what extent planktivorous fish become satiated in their natural envirgraspiscivorous fish

do. Piscivorous fish eat much larger prey that tdkeger time to digest, and their feeding is therefore
gutlimited (Fall and Fiksa, in press Breck, 1993)In this model, the stnach capacity is not

assumed to place any limits on the intake rate of atariktivorousfish (Pepin, Koslow and Pearre

Jr., 1988) Instead handling time limits ingestion to a level below the full capacity.

2.2.5Metabolic rate and net energy intake

To determine net rate of energy intake, several forms of energy loss must be subtracted from the
absolute intake ratgitchell, Stewart and Weininger, 1977; Stewetral, 1983; Bachilleet al,

2018) Organisns arenot able to exploit aknergyconsumegdand some of the energyade available
will be spent in cellularespiration.The remaiing energy can be investedbiomass accumulation in
the form of growth, energy storage or reproductidme proportionu of ingested energghat is
availablefor usein metabolism or bioaccumulation can be expressed as follows:

6 p Q0 i QOQ® (10)

whereegis the proportion of ingested energy that is egeisigtdad of assimilateddais the

coefficient of specific dynamic action (proportion of assimilated energy expended in processing food)
andexis theproportion of assimilated engy that is excrete@achiller et al, 2018) The weight

specific metabolic ratéM, J hi* g?) decreases with the weight of the fi§, g) and increases with

ambient temperatur@, °C) and swimming speedJ, m s?) in the following relationshigStewartet

al., 198):
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A factor of 100 is applied to convert swimming speed from metres per second to centimetres per

second (the unit used by Stewatrial. (1983)), and the model is divided by 24 to convert from a daily

to anhourly rateU,  ands arg constants estimatechpirically by use of multiple linear regression

of log-transformed data, where the metabolic rate is measured as total oxygen consumption by the

fish. In order to convert to weigispecific energy experdire, the intercepdl(g O, day* g?) of the

model is multiplied by an oxycalorific coefficie@ux (J (g Q)?) (Elliott and Davson, 1975)and the

model is dividedy the fish weight. Accordingly, the value of 1 is subtracted from the coefficient of

weightdependencé, making the exponent negati(@&tewartet al, 1983)

In the model, metabolic rates are calculated for each of the different activity modesiigoand
filter-feeding). To save energy, the ri@eding fish employs routine swimming, where the speed
(ms?) is adjusted to let the fish cover sufficient distances with minimum investment. The routine
metabolic ratéVl, (J h' g?) is consequently lower than the metabolic rate of feeding fish. When bite
feeding, the fish engages in two distinct activity statiék different associated metabolic rates. The
total metabolic rate of the bifeeding fish(Mp, J hi* g1) can hence be decomposed into a search
componen{Ms, J it g1) and a handling componefM,, J h* g?), the relative contribution of each
dependingn how much of the time is allocated to searching versus handling:

0 —0 —0 (12a)
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In Eq. 11 the swimming velocity is assumed to be rather stable, which as an approximation can hold
for the search phase of biieeding. During the handling phase, however, the fish often changes speed
and direction in order to capture pr@gan der Lingen, 1994)o account for the higher energetic costs
associated with such frequent accelerati@wssclair and Tang, 1993&n activity multipliera, for

prey handling is applied to the equation for the metabolic rate @f£q. 1

0 @O (13)

The value of, is always higher than 1, but how much depends on the swimming behaviour of the
species in question. When the metabolic rate has been quantified, the net specific energtentake
(G, J h* g, which is theenergy avaible for biomasproduction per unit fish weightan be
calculated in this way:

00
- —ooemT (14)
@

A factor of 3600 is applied to convert the intake per second to an hourlideatause net energy
intake from feeding) can be negat#; it follows fromEq. 14 thafish canlose biomass at a higher
rate while feeding than while fastinghisis contradictory to the purpose of feedirand athreshold
for the initiation of bitefeeding is therefore defined:
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2.2.60ptimal swimming speed

Thefish can regulate its swimming speed in order to maximise energy gain, and the optimal speed is
identified as the speed that results in the highesenergy intak@/Vare, 1975)The absolute speed

that is optimal for foraging increases with body length, but the optimal relative speed (in body lengths
per second) is lower for larger fidh. situations witHow prey densities, the optimal swimming speed

will increase with the sy of prey, but at higher densities more of the time will be spent handling
prey. It is therefore commonly presumed that the fish should save enemguaing swimming speed

at high prey densitig@Vare, 1978) This model however distinguishes betweandtvimming

behaviours ssociated with each of the two different phases offbeding.

The fish is only able to handle one prey at a time, and it should do so in the most efficient way to
increase the possibility of successful capture without expendingntich time and energgfficient
capture means that more time can be spent searching for additional prey to eat, or if saturated with
prey, more of the available prey can be procured. In other words, the optimal swimming behaviour
should ensure a hightia between the captuprobability P and the handling timk, and ideally, it
should be specific to each pragpe ().

The benefit of increasing this ratio is highest when the encounter rate is at its maximum (handling time
limits the consumption), bats an approximation, the mean swimming spgetiiring the handling

phase is assumed to be independent of prey densitighhithtensity. The swimming speed varies

highly in the course of each handling event, and sharp manoeuvres and fast accedeeqtiobably

more important for the outcome than what the mean speed is. For a given size and species of fish, a
single valie forv, that is constant across all prggpesand environmental conditions is therefore

chosen based on swimming speeds repontdiad literature.

The swimming pattern is more stable during the search phase, and although the search rate varies
between preytypesdue to different visual ranges, thearctswimming speedsis the same for all

prey. It can hence be factored outloé £xpression for theeighted mean search rate that the

equation for the encounter rate (Eq. 6¢) becomes:

0 VB 1 Yi Q —
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From Eq.16it follows that the encounter rafe,) and thereby the intake ra(iél) will increase with
the search swimming speegl but that the rate of increase vdicline at higher prey densiti@so)
andor light intensitiegdirectly influencing visual rangB). The encounter ratdnenapproaches its
maximum. Highews will itself also increase handling time limitations, and the intake rate will
consequentlyespond more to changeswwhen the speed is low. When nearly all of the time is
spent handling pkerather than searching for them, the valugsafoes not matter anymore.

The metabolic ratéMy,, Eq. 12c)will also increase with the swimming speed, and the fish is therefore
expected to save energy by slowing down at very low encounter ratesheheistlittle to gain from

the investmentThe optimal search swimming spee@¢an bedetermined for each dfie different

light intensities and prey densities and compositions by choosing among a realistic spectre of
swimming speeds the one that givies highest net energy intakehe weighted mean swimming
speedy, during bitefeeding can be calculated in the same way as done for the metabdliegate
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12c), by taking into account the fraction of the total time that is spesearchingt) and hanting

(tn):

0 b 0
p 0 B nAriQ (17)

As handling time becomes more limiting, the overall swimming speaill change from being most
similar tovs to become nearly equal te.

2.2.7Selectivity and optimal diet breadth

Traditionally, the concept of selectivity in foraging fish has been applied as a general term for the
discrepancy between the prey composition found in fish stomachs and the prey composition observed

in their environmenfLuo, Brandt and Klebasko, 199®uch of this discrepancy can however be

ascribed to differential encounter rater prey of differentiges and contrasts, or differential capture

rates for prey with different escape abiliter enner , Stri ckl er and OO6Bri e
Genin, 2005)These are both forms of passive selection and do not reflect real preferences in the fish.

To determine patterns of active prey choice, the prey community mustbewe d fr om t he f i
perspective, that is, the prey composition observed by thélfigh Brandt andKlebasko, 1996)

Seveal forms of active selection have been proposed, for example specialisation on the most common
prey-type (Murdochet al, 1975) but here preferences are based on the profitability of prey, which is
consistent with the intake maximatiprinciple (Visser and Fiksen, 2013)he profitabilitypfi (Js?)

of preyof a giventype () can be defined as the ratio between the energy gained from handling the

prey and the time it takes to handl€Gharnov, 20R):

qa 2 EJ (18a)

wherew andQis thewet weight (g indY) and energy density (J)gof preytypei, respectivelyThe
net profitability can be determined by multiplying the energy consumed with the proportion that
becomesailable for use per unit fish weight and then subtracting the metabolic cost of handling:

L 0N Q .
0n Q(b—ocpnm (18b)

whereNpf is the net profitability or the net weiglspecific energy intake during handling of the prey
(J ht g1). Forfish foraging on a mixture of preypes, which differ in catchability, size and energy
density, it is only worth to invest time in trying to cagtar prey from categoiif it meets the
criterion(Charnov, 2002; Visser arkddksen, 2013)

6RHQ- (19)

The value of the selectivity parametdsecomes 1 if the criterion is met, or O if it is not f@harnov,
2002) If the net energy gained per handling time is lower than the overall net iatakéhe fish

should ignore the prey. This inclusion criterion is independent of the density and search rate for the
prey-typein question, since only the intake rate duting handling of the prey determines whether

the total intake rate will change bycluding it, and if so, in what direction it will change. What the
density and search rate influence, thoughpis muctthe intake rate will change. If thpgey-type
consttutes a large proportion of the total prey density, or if the prey can beatkfsmin a long
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distance compared to othmembers othe diet, more individualsf this prey-typewill be handled per
unit time Thisincreases the significance of includimg prey-type Also, ifit takes long time to
handle if more of the total time Wibe spent on this pretype.

The selectivity values for each prgypeis decided by first rankinthemaccording to profitability,
and then testing one diet at md, beginning with the most profitalpeey-typeand then adding the
next in therank (Visser and Fiksen, 2018\ppendix1). To determine the maximum potential diet
breadth, each preype can be tested to decide if ipiofitable to handld& if it wasthe only food
available:

snQ b (20)

If netrate ofenergy intake during handling is more negative than the routine metabolism, thél fish
lose biomass feeding on the prey and should therefore itgjeeén ifit is the only available prey

type. Themaximum potential diet breadth will be equal to thienber ofprey-types ) thatfulfil the
criterion setin Eq.20. Under most circumstances, the optimal diet will only constitute a fraction of
this theoretical diefThe optimal diet beconsaarrower as the intake rate increases and unprofitable
prey-typesare excluded, until eventually only the most valuable of the potential prey are accepted at
saturating conditionf@Charnov, 2002; Visser and Fiksen, 20I®)e optimal diet breadth will vary as
total prey densityrelative dnsities of different pretypesand light conditions change.

23 THE FILTER -FEEDING SUBMODEL

Filtration or suspensiefeeding is a foraging mode where the fish extracts small prey items from the
water as it flows through the oral cavity, passesrddly through the gills and exits behind the

opercula where the pressure is lo&anderson, S. L., Cech, J. J., Cheer, 1994; Sandetrabn

2001, 2016)Several mechanisms have traditionally been proposed to explain how particles are
retained in the fish mouth. One common supposition has been that the gill rakers protruding from the
branchial arches form a mesh that functions as a-eeddieve througtvhich water flows
perpendicularly{Sandersomt al, 2001) Only particles that are largdran the pore sizes in the filter

are retained, while the smaller ones escape through as part of the filtrate. Another suggested
mechanism is that particles are entrapped by adhering to roaeasd surfaces on the filter
(Sandersomrt al, 2001)

More recent studies that employ video endoscopy and numerical simulations of hydrodynamic flo
patterns have revealed that fish instead capture particles by means -dfogvddsation, where the

water flows parallel to the filter surfa¢S8andersomet al, 2001, 2016; Cheet al, 2012; Brookst

al., 2018) Some of the water separates from the parallel flow and exits through the pores, while the
majority of particles follow the main flow towards the posteri@l cavity, where they are

concentrated. This enables the fish to retain particles that are much smaller than the mesh size of the
gill raker filter, as has been observed in several spéciezaro, 1987; van der Lingetf94;

Langeland and Ngst, 1995)

Through endoscopic documentation of particle trajectories in mouths ofdiftding fish, Sanderson

et al.(2001) discovered that about 95% of the food particles present in the water never actually come
into contact wih any oral surface during their transport. Furthermguglical removal of gill rakers in
tilapia did not result in any substantial impairment of the ability to retain small particles, as would be
expected if the gap betwetrerakersdetermined the thehold size of retainable particlé3renneret

al., 2004; Smith and Sanderson, 2013)

The fact that particlesodnot accumulate otine gill rakers means that the fish avoids clogging of the
filtering apparatus, but the mechanisms by which particles remain suspended in the flow have only
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recently been elucidated. When Sandeegaa. (2016) investigated the filtri@in process in physal

models of paddlefish and basking shark, they noticed that the branchial arches and the slots between
them form a series of ribs with small ratio between groove width and rib l{€amdersoet al,

2016) These ribs act as backwdating steps along the walf the oral cavityand the gill rakers

form a porous outer surface that is separated from the main flow by the slots. When tflewross

passes a rib, a vortex is generated that covers the whole slot between the two neighbouring ribs, with
the effect thaparticles are traported back into the oral cavity and transferred further posterior
towards the oesophageal opening. This filtration principle, termed vorticatstegs§ltration,

appears to be a convergent phenomenon found in both baleen whdi#ierafeseding bird as well as
planktivorous fisHSandersomet al, 2016)

2.3.1 Filtration efficiency

The maximum clearance rafemax, m® s?) is the theoretical maximum volume that the fish can clear
for prey per unit time. For ram filtdeeding, this rate is determined by the swimming sifeech s?)
and the gape area of the fish mo(ak m?) in the following relationshigFig. 5, Durbin and Durbin,
1975; van der Lingen, 1994)

"O 00 (21)

In reality the clearance rate is always some fraction of this theoretical rate. Somesefiihg fime is

used to handle the filtered présan der Lingen, 1994; Sims, 1999; Garretal, 2007) the intraoral

flow speed is lower than the swimming spégdnderson, S. L., Cech, J. J., Cheer, 1384 not all

of the particles that enter the oral cavity are reta{freéedland Haas and Merriner, 1984; Langeland

and Ngst, 1995; Mummert and Drenner, 20@430, some of the prey that would otherwiszave

entered the oral cavity manage to evade the fish gape due to escape r€§penses, Strickler and
O6Brien, 1978; Ki ReuthpDmall amd Yen\2003)kealearance @ate 6f filterH
feeding fishFmax canthusbe compared to the search ratef the hite-feeding fisl® both are measures

of the volume of water processed in a given time, but not all of the prey present in this volume can be
exploited.

vy = swimming speed while filter-feeding (m s1) A= mouth gape area (m?) = time (s)

Fig. 5. The theoretical maximum clearance rBfex of the filterfeeding fish is the prodi of the swimming
speedy and the mouth gape arfa

The actual volume clead by a filterfeeding fishper timeunit can be estimated empirically by
measuring the difference in prey concentration at the start and end of a feed{tatrialy, 1937;
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Friedland, Haas and Merriner, 1984; van der Lingen, 199 ratio of this experimental rate the
maximum clearance rate gives a measure of the filtration effici@uyin and Durbin, 1975)put it
does not tell us how this fraction can be attributed tdiffierent components of the filtration process.

2.3.2 Fraction of time spent filtering

Filter-feeding fish are observed to pericallg close their mouth and opercula for a brief time before

they resume filtering, supposedly because they need to swallow the filterd&ipliager, 1989;

Sanderson, Cech and Pattersor§1t$anderson, S. L., Cech, J. J., Cheer, 1994; van der Lingen,

1994, Garrideet al, 2007) The duratiorof each filtering bout times the frequency gives the fraction

of the total time that the fish spendsdiing. In a feeding experiment wiSardinos sagaxthe

filtering bout duration was on average 1.3 s, and they filtered 85% of thévéimeler Lingen, 1994)

In an experiment witlsardina pilchardusthe fish were observed to swim with their mouth op2¥

of the time, each bout lasting around O(&arridoet al, 2007) Others have repted feeding bout
durations ranging from 0.2to44sLeong and O6 Connel |, 1969; Jansse
1985; James and Findlay, 1989)

2.3.3 Buccal flow velocity

In a study on American paddlefisRqlyodonspathulg where they simultaneously measured the

buccal flow speed ith a thermistor probe and the swimming speed using videotapes, Sareteakon
(1994) found that the intraral flow speed during ram filtdeeding was 60% of the swimming speed
(Sanderson, S. L., Cech, J. J., Gh&894) They hypothesised that this reduction in speed might be
due to the resistance exerted by the oral surfaces. Higher resistance will cause more water to be
displaced in front offte mouth instead of entering and therefore lower the filterind $atiederson, S.

L., Cech, J. J., Cheer, 1994)is possible that the buccal flow fraction wikcreaset high

swimming speeds, since then the filtering apparatus might function more as a solid surface than a
filter, but whether the fish swims at high enough speeds to significantly impede the functioning of the
filtering system is uncertaifCarey andsoldbogen, 2017)

I f the oral cavity widens posteri or rwllalsohe mout h
cause the flow to slow dow@®anderson, S. L., Cech, J. J., Cheer, 19894)without changig the

volume of water passing through the mouth per unit time. The buccal flow speed is still important for
thefiltration efficiency, though, since the Reynolds number (the ratio of inertial forces to viscous

forces) increases with the flow velocity. $tagain affects the particle encounter rate and retention

efficiency (Siddiqui and Banerjee, 1975t for simplicity, only reduction in buccal flow speed that

affects the volumetric rate of the flow is considered in this model.

2.3.4 Retention efficiency

Although there seems to be no clear general correspondence b#tegiéiraker gap and minimum
size of retainable preiGibson, 1988; Langeland and Ngst, 1995; Dreehat, 2004; Smith and
Sanderson, 20133ome studies have nevertheless reported a correlation bejilleaker gapand
retention efficiency fodifferent preytypes. The common breaml{ramis bramais for example
known to adjusthegill raker gapdo feed seletively on different size classes of prgyoogenboezem
et al, 2008) It is also unable to retaldaphniathat are much wider than the smallest retainable
copepods, which proposedly is due to the more flattened sh&spbhiawhich allows it b pass
between the rake¥an den Berget al, 1993) Moreover, as the Pacific mackerScbmber
japonicug grows larger and employs filtéeeding more frequently, the gill raker gaps narrow
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(Molina, Manrique and Velasco, 199&ince deaend sieving in fish is refat, it is possible that the
gill rakers more indirectly influence particle reten through their effect on hydrodynamic flow
patterngCheeret al, 2012)

It is widely observed that the retention efficiencgremses with the size of the food particles until the
maximum retainability is reached at a given size, which varies between species and different stages
within speciegFriedland, Haas and Merriner, 1984; van der Lingen, 1994; Langeland and Ngst, 1995;
Mummert and Drenner, 20043 possible reason for this siapecific retention efficiency is that drag
forces and inertial forces are greater for larger particles hadzdiase them to deviate from the

streamlines that pass through the gill raker g@beeret al, 2012) Instead, they adhere to the mai

flow pattern of recirculating vortices and crdksv (Sandersomet al, 2016; Brookset al, 2018)

Presuming that the retention efficiency does not change considerably with the fethgtffish once it

has reached adult size, but that the retainability of prey increases with prey length before it gradually
levels off, theretentionefficiency for preytypei (ri) can be described with a MichaeMenten

equation:

R (22)

wherermaxis the maximum retention efficiency (value nearklis a speciespecific parameter
representing the prey length for which retention efficiency is half the maximum value (inyahe
length of theprey (m). The retentioefficiency represents the proportion of incoming prey that are
retained in the oral cavity and is thus a dimensionless quantity. If attygegincluded in the
specified diet have mean sizes above the level where maximum netefficeency is reahed,r is
equal tormax for all prey.

2.3.5 Evasiveness of prey

When the fish makes its way through the water, it generates hydrodynamic signals that can be detected
by nearby prey, eliciting escape respon¥désen bitefeeding, thdish aligns itself to seize particular

prey, guided by vision, but when filtéeeding,the fish does not specifically target individual prey.

The behaviour of the fish is more predictable during filseding, which makes it easier for prey to

evade. Irthe model, the probabilitthat a preypositioned irthe trajectory of the fish will enter the

oral cavity instead of escaping is therefore set lower than the probability that similar prey will be
captured during the handling phase of #i#eding.Prey fom some taxonomic groups and size classes

are more easive than othersvhich causes differential feeding rates on different{ypgsalso for
filter-feeding, even though the fish is not selective in a behavioural sense.

2.3.6 Clearance rate and absalte energy intake
The clearance rate of the filtégeding fish can be modelled by adding to Eq. 20 the different

components that determine the filtration efficieficgvvorn, Baduini and Hun2001) The clearance
rate or filtration ratéF, m* s?) is then expressed as a fraction of the theoretical maximum rate:

O 00D RO i (23)
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wheref; is the fraction of the total filtefeeding time that the fish actually filters préy,is the fraction
that the buccal flow speed takes of the swimming spgeeis the probability that a prey will enter the
fish mouth and; is the probability thatite prey will be retained in the oral cavity once it has entered.
Similar to the bitefeeding intake (Eg. 9), the absolute intake taté filter-feeding (J 3) is calculated

by multiplying the clearance rafEs) with the total prey densit{Nir) and he energy contemtf prey
(wQ):

0 VB A0 ioT (24)

2.3.7 Metabolic rate and net energy intake

The metabolic rate of filtefeeding differs from that of biteeeding due to different'8mming

patterns and body shap@ames and Probyn, 1989; van der Lingen, 1995; Carey and Goldbogen,
2017) When filtering, the fish flares its opercula and opensrtbath wide. Hence, the body becomes
less streamlined, and the fish experiences higlagr(Burbin and Durbin, 1983; James and Probyn,
1989; Sanderson and Cech, 1992; M&ny;bin and Durbin, 1999)

The fish can compensate for this increased cost of locomotion by moderating its swimming behaviour.
For northern anchovyEnhgraulis morday Carey and Goldbogen (2017) found that kinematic

parameters were much less variable miyfilter-feeding than during routine swimming, which is
characterised by alternating phases of acceleration and glidingg(lssaswimming)(Carey and

Goldbogen, 2017When the body is held straight, the drag imposed on it is much lower tharitwhe
flexes, leading the fish to adopt a more stable swimming pattern with reduced lateral movements while
filter-feeding.Theyalso speculated thattfation may be more efficient if the filtering apparatus is

kept steady, or that filtering mechanics &dp movement of anterior bo@i@arey and Goldbogen,

2017)

Studies that have measured respiration rate of fish in relation to feeding modelifégrent relative
costs of biteand filterfeeding for different species and size classes withioisp@lames and Probyn,
1989; Yawvell and Vinyard, 1993; van der Lingen, 1995he slope of the relationship between
respiration raterad swimming speed during filtéeeding is found to be much steeper for Cape
anchovy Engraulis capens)ghan it is for pilchard$ardinops sagg»ard Atlantic menhaden
(Brevoortia tyrannupwith size almost 2.8 times the length of anch@gmes and Probyt989; van
der Lingen, 1995)For the smalbkized anchovy, filtefeeding is more energetically expensive than
bite-feeding(James and Probyn, 198%yhereas the opposite is observed for pilcliaath der Lingen,
1995)

The reason for this discrepanis probably that while viscous forces are negligible compared to
inertial forces for pilchard, the Reynolds number for anchovy is low enough ®visous forces
count The importance of skin frictiors thereby increasedhich is highemwhenfilter-feedingthan
whenbite-feeding(James and Probyn, 1989; Vogel, 1994; van der Lingen, 1B0&)ntrast, the
untidy swimming patternfdite-feeding is more energy demanding for thgéa pilchard. This
corresponds with the fact that biseding is the principal foraging mode of anchoyilsnes, 1987;
James and Findlay, 198%yhile adult pilchards are mainly filtdeeders that can switch to bite
feeding if presented with larger food itefwan der Linga, 1994) Similarly, for blue tilapiaTilapia
aured the weightspecific cost of filteffeeding is reported to decrease with size, whilst for bite
feeding it increase@®’owell and Vinyard, 1993)lt is also generally observed that fish capable of
filtering change feeding behaviour throughout ontogeny from employinddaiting mly to engage
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more in filterfeeding when they rea a threshold siz@anssen, 1976; Drenner, de Noyelles and
Kettle, 1982; Sanderson and Cech, 1992; Yowell and Vinyar®)199

In summary, the metabolic rate is higherfitter-feeding than for nofieeding activity(Hettler, 1976;
James and Probyn, 1989; van dergen, 1995)but how much higher depends partly on the fish size.
To account for this, Eq.1lis multiplied with a sizespecific activity coefficients, which gives the
following equation for the metalic rateM of filter-feeding(J ht g3):

0 wd (25)

Once the absolute energy intake and metabolic rate have been determined, the nspe@ight
intake ratey of filter-feeding (J H g%) can be calculated in the same way as done foifdsitding
(Eq.14):

600
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Similar tothe bitefeeding criterion (Eq.3), the fish will notinitiate filter-feedng unless the net
energy intakg(y) exceeds the threshold level corresponding totimefeedingroutine metabolicate
(M»):

- 0 (27)

2.3.8 Optimal swimming speed

It is uncertain to which extent filtdeeding fish are able to regulate their swimming speed to
maximise net energy return, but basking shatlet@rhinus maximgsave been shown tthange
swimming speed according to prey availabilf§ims, 1999)Caey and Goldbgen (2017pbserved

that the northern anchovy lowers its speed duringfi#geding compared to routine swimming, which
has also been documented for filtering sharks and bowhead 8ates 1999; Heymaet al, 2001;
Simonet al, 2009) This probably reflects the higlost of filterfeeding, but it is also possible that the
filtering process is hampered if the speed becomes todGayley and Goldbogen, 201T) contrast,
other studies have found that the fish increases its swimming speed duridgditteg(Pepin,

Koslow and Pearre Jr., 1988; James and Probyn, 18893ome of these cases might represent initial
Afeeding frenzyo of the fish wh-eedingacteityJames i ntr od
andProbyn, 199; Carey and Goldbogen, 2017)

The results of studies comparing swimming speeds for the two feeding modes are also variable. Some
report that the fish swims faster while fikiereding than while bitéeeding(Gibson and Ezzi, 1985;

Pepin, Kotow and Peae Jr., 1988)whereas others report the oppogi@mes and Findlay, 1989;

Batty, Blaxter and Richard, 1990h any case, since the engrgturn inceases with prey density, the
filter-feeding fish is expected to increase its swimming speed in response to higher prey availability
before levelling off when the costs become too high compared to the {itake, 1978)Similar to

the swimming speed during the sdaphase of le-feeding,the swimming speed chosen in the filter
feeding model is the ortbat maximiseset energy return.
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24 MODEL APPLICATIONS

In order toexamine thdehaviour of the model, it is applied on two differspécies of fish known to
alternate beveen bite and filterfeeding, and for which relevafield or experimental data are
available These applications can serve as examples of how the model adapbedato simulate
systems in the real world@he first example is dflortheasttlantic maclerel Scomber scombris
feeding inAtlantic waters irthe NowegianSea duringts summemigration(Langgyet al, 2006)
The secondepresentfeeding trials whergilchards (Sardinops saggxXoragein closed experimental
tanks(van der Lingen, 1994Yhemodelis calibratedo make it suitabléor the particular species by
adjusting the parameter values according to data found in scientific litegatlcemparing model
results with observations from the real sysefine simulatiorexperimentsio howevemotestablish
thepredictive ability ofthe modelwhich would requirelata setsndependent of the ones used t
calibrate the model

2.4.1 Atlantic mackerel feeding in the NowegianSea

The feeding of macker@ simulatedvithout any time dimensiqrinstead feeding rates and

behavious aremodelled as functions difjht intensityand prey densjtand compositioindependent

of time. The adaptatioris based mainly on a field study conducted_bpggayet al. (2006) where the

prey community observed samples fronWP2 plankton nets are compdrto thediet composition

foundin stomach samples from mackeralight in thesame area. In the model, ey communityis
divided into different categories, each with its own set of parameter values, so that it accords with the
preycompositionin theenvironment agbserved in thetudy. Toinvestigatehe orrespondence
betweermmodelresultsandobserved datdahe dietcompositionpredicted fronsulmodek of bite and
filter-feedingat a fixed set of parameter valisEompared to the diet obseniadstomach samples

Details on how this comparison was performed are given in the code for the simulation (Adpendix

24.2 Pilchard feeding in experimental tanks

For pilchard &perimental studies of bit@nd filterfeedinghave been performed wemrssults can

readily be compared with modeigjections(van der Lingen, 1994, 1993 a laboratory eperiment,
schools of fish were held in closed tanks and fed different types of prey, and water samples were taken
atregulartime intervalso determine thehangen prey density durig the course of a feeding trial

(van der Lingen, 1994)n addition, feeding mode, swimming speed and feeding intensity (proportion
of school feeding) were monitored usingeo cameralo make the model appéble to tlis

experimental situation, it was convett® a simulaion modelfor singleprey systemsvherethe prey
densityis updatedover timefor each of the feedingodes The prey assemblages confined in the tank
can be regarded as closed populatiang, the decrease in prey densiith time accordingy is the

result of the feeding activity of the fighatural mortality is ignored since the trials are of a relbtive
short duration)The number of prey subtracted from the population at a giverstepesquals the

total number of prey eaten by thefis the tank during that timé additionto prey densities

simulated and observed swimming speeds are also comparatktails a the procedurethe code

can be consulted (Appenxd?).

A problem hat arose when planning this simulation was that not all members of the school were
actually feeding at the various timepoints, and the proportion that were feeding decreased considerably
as prey density declindgtan der Lingen, 1994he model is individuabased, though, and it it
obviouswhetherthe modelled fislshould represent the average of the whole school or only the

feeding members of the school. Both variants are includeshcomparing model rests with

experimental dataVhile the simulation model for mackerel uses the regression equations for

26



metabolic rate presented earl{ggs. 1113 and 25)other metabolic equations are chosen in the case

of pilchard. The reason for thdeviation is that was difficult to find speciespecific values for all

the constants needed, and when using the values that apply to mackerel, the metabolic rates became
much lower than estimations based on an experiment with pilcfendsler Lingen, 1995)n this

study, which was perfamed under similar laboratory conditions as the feeding experiment, the
metabolic rate is given as a linear function of the swimming speed both fofilite- and non

feeding activity.These regressioequationsvere usednstead. Irthe experiments,andistinction is

made between the search phase and the handling phasefeéditey. Only a single optimised

swimming speed, for bite-feeding is therefore determined in the simulation model for pilchard.

25SENSITIVITY ANAYLIS

Themodel output is sbngly dependent on the value of the different parameters, and some of them
have greater impact than othddsicertainies regarding parametestimationswill therefore beof

little concern for someparameterswhile forotheas it can greatly influence seilts To evaluate the
significance okome otthe parameters involved, the sensitivity of the model to variations over
realistic rangesvasanalysedising the simulation model for macker€herelative importance of
varyinghandling time, fish length, aorent temperature, capture/enter probability, swimming speed
and the proportion of ingested energy made available for usexamsnedby calculating percent
change in net intakeatee, and & as a function of percent change in parameter vallleentesting a
parameterthe others were held constant at their default vaiukege the samédixed values for light
intensity and prey density and composition were chaaeithose used when estimatihg diet
compositionof mackerel For bitefeeding, mly theswimming speedss for the search phaseas

tested, since only this was optimisadhe simulatios.
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3 RESULTS AND DISCUSSION

3.1 ATLANTIC MACKEREL FEEDING IN THE NORWEGIAN SEA

The general behaviour of the moeasexplored by simulatinétlantic Mackerel éragingin the
Norwegian Sea during summaéihe diets predicted by the bitend filterfeeding submodels differ
both from each otheandfrom the preycompositiors observed in the environment by Langsyal.
(2006). Prey compositi@observed in stomach samplepresent an intermediate between the bite
and filterfeeding diets.

3.1.1Effects of prey densityand light on switching

When light is not limiting, net intake rate from bitefeedingincreases rapidly with total prey density
due to high encounter rate, but levels off abruptly when prey density is still veriipw (
approximately X 10°ind. m?3, Fig. 6). Contrary, wheambient irradianc€&; is low enough to
consgderably limit the neural activity of the visual system, the intake rate increasegradually

with prey densityThe more limiting the light is, the more does the response in intake to changes in
prey densitydecline.Consequently, the intake rate reas its maximum at much higher prey densities
under poor light conditions than in full light. However, as long as irradiance is above zero, the
theoretical intake rate will eventually stabilise at the same asyimptlue ifonly the prey density
becomesufficiently high. When this stage is reacheeélither prey density nor light place any limits
on the intake anymord&@he maximum absolute intake ratds determined solely by the relative
densities of the different praypes and of the pretype specit values of handling time, prey area
and contrast, capture probability and energy content of prey.

[N Bite-feeding
I Filter-feeding

102
10°

102 102

10’ 107

10° 10

Irradiance (UE m 3'1)
Prey density (ind. m'3)

Fig. 6.Predicted mtweightspecific energy intaké, and®s for mackerebite- and filterfeedingin the
NorwegianSeaat variousprey densies Nt andambient irradiancel;. In the simulation, 0.1%f the prey were
krill and amphipods.
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At satiating conditions, thenetabolic cost of bitéeeding onlydepends on the handling component

and is therefore at its highedy= 1.6 J it g%). This is insignificant compared to the maximum net
intake rate(, = 638.7 J i g1). When prey density limits the intakeome of he feeding timés

allocated to seahing which is less energy demanding than handiing to a more stable swimming
pattern Only at very low prey densities and light intensities is the energy gained from feeding reduced
enough to let the metabolic ratdluence the efficiency of bitéeeding to any appreciable extent.

Net intake raté; from filter-feeding is independent of light and increases linearly and unabated with
prey density (Fig. 6). This may appear counterintuitive, since the fish repeatsttyitiarrupt the

filtering activity in order to swallow prey retained in the aiabity. However, the time needed to

handle incoming prey is the same regardless of the influx, resulting in the observed linear response. At
low prey densities, intake rate from fikkreding is considerably lower than for bfeeeding unless
irradianceis reducedo very low levels E; approximatelyl.0x 10* uE m? s?). This is because the
bite-feeding intake initially resporsdnore to changes in prey densityhe metabolic rate igsually

minor compared to the intake rate also for fifeeding M = 1.5 and 1.7 Jhg* at low and high prey
densities, respectively), but at very low prey densities, net intake rate becomes negative.

As prey density increases and handling time limitations cause theditimg intake rate to level off,
it is eventally exceeded by the intake rate from filfeeding, encouraging the fish to switch feeding
mode from biteto filter-feeding (Fig. 6). In full light, the switching occurs at a relatively high prey
density (Nt = 1.0 x 16 ind. n7®), but when irradiancis low enough to significantly limit the bite
feeding intake i, approximately2.0 x 10° uE m? s?), switching occurs at lower prey denysiThe
more limiting light becomes, the less efficient Hiteding is, favouring filtefeeding with
progressivelyess prey available.

This main pattern of switching is reversed at extremely low prey densitiesglow 100 indm3),

where switching instead occurs at higher prey densities when irradiance decreasesHEig.tGe
switching pointscoincide withthesetof prey densities and light intensitiesave the optimal diet

breadth of biteedingis expanded to includé prey-typesafter onlycomprisingkrill and amphipods

Lower light intensitiesequirehigherprey densities for the additional pregpes to be includedrhe

intake rate from bitdeeding therefore accelerates at these points, surpassing the intakemate fr
filter-feeding and causing the fish to switch feeding mode along the same pattern, until prey density is
high enough to favour filtefeeding despite the broadening of the diet.

3.1.2Effects of prey composition on switching

At relatively high ambient irradianc&4{= 8.1 x 1 uE n? s%), increasing the proportion of krill and
amphipod8 the largest and most profitable prigyped from 0.1 to 0.3% slightly enhanctte intake

rate from bitefeedingonly whentotal prey densitys verylow (Fig. 7, scenario 1At higher prey
densitiesthe fish spendsearly all the time handling krill and amphipods, and increasing the supply of
these prey has no additional effdatlower light(E; = 1.2 x 1@ UE n7? s1), more of the time is spent
searching for prey. The effect of increasing the proportion of the preferredypeeis accordingly

much greater, and prey density is higher betbe effect is abated (Fig. 7, sceo2).
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Fig. 7. Predicted ptweightspecific energy intaké&, and®s as a function oprey densig N for mackerebite-
and filterfeedingin the NowegianSeaat different ambient irradiance&{= 1.2 x 10% and8.1 x 1% uE nT12s?)
and proportions of large prey (0.1 and 0.8l and amphipods). The switchetween feeding modes occurs at
lower prey density if the light intensity decreases or if the relative density of large prey inct¢ésdsgh

light, nearly all the times spent handling krill and amphipods unless prey density is very low, anthenly
does thentake rate from bitdeeding increase with the proportiontbe preferred preyype.2) In lower light,
more of the time is spent searching for prey, #redntake rate from bitdeeding therefore responds more to
increased access kall and amphipods3) The intake rate from filtefeedingis not limited by handling time.
Thus, itincreases persistently with the proportion of krill and amphipods

The intakerate from filterfeeding, on the other hand, increases linearly and persystettil the
proportion of krill and amphipods, and the response is independent of total prey density (Fig. 7,
scenario 3). The reason foetimcrease is that the product of the ptegge specific parameters in the
equation for the absolute intake r&téEq. 24) is greater for krill and amphipods (category 1) than the
weighted mean of the products is for the remaining-pypgs:

v NO 101
L 10T _— 28
P N (28)

Had the inequality been the opposttes intake rate would instead have decreased with the proportion
of the preytype.Since more prey are encountelsdthe filterfeeding fishat highpreydensitiesthe
absolute difference between the intake rates at different proportions of krill gipaihs

consistently becomes larger as total prey density increasebitefeeding, the corresponding
difference in intake rates eventually dimirésh soon in high light conditions and more gradually if
light is limitingd and the switch from biteo filter-feeding hence occurs at a lower total prey density

if the proportion of large prey is higher (Figure 7, switching points marked). However, if irra@iance
decreased to very low levdlsot shown)higher proportions of large prey benefit bigedingmore
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Net intake rate

than filterfeeding at the prey densities where switching occurs, causing the fish to instead switch
strategy at higher prey densities with higher prtipns of large prey.

These results demonstrabatprey sizeils important forswitching. Experimetal studies that have
tested the effect of varyirthe sizeof prey in singleprey systems haw#ocumented that fish shift
from filter- to bitefeeding wha theprey exceesla givensizd L e o n g a elld1960;0)&@&res n
and Findlay, 1989; van der Lingen, 1994; Macy, Sutherland and Durbin,. T988}hreshold size
increases if the prey has low escapeitgbihs for example is the case for cultivated individuals
compared to wild members of the same teroic group(van der Lingen, 1994)

When filterfeeding, the number of prefat can be handled per unit time is in principtdimited As

long astheprey can be retained adénsity is sufficiently highthefish meesits energydemanddy
filter-feeding even ieach individual prey has a low energy content. As prey becoger land more
evasive, the probability that they will enter the fish mouth instead of escaping decreases considerably.
The spectre ofey lengths that a filtefeeding fish is capable of exploiting is thus demarcated by a
lower limit determined by retaidity of prey and an upper limit which depends on their escape

ability (Fig. 8). The upper limit is extended if the fish feeds orivatkd prey with reduced escape
reaction(van der Lingen, 1994)

Bite-feeding high light m==w (Cultivated prey
Bite-feeding low light —= Wild prey
— — — Filter-feeding
Cultivated prey
High light
Switching points:
P g L \
-7 Wild prey ~ .
) g Low light ' - Cultlvate.d prey
S ——a K Y Low light
/f - . R | \
57 Wild prey A/, ¢l A%
ich li A
High light I|\ ' : oy
AU \
r 1 o

[ ITAY I 1 v
[ WL | Y

\/ \/ Prey length \/

Lower limit Lower limit Upperlimit Upperlimit
filter-feeding bite-feeding filter-feeding bite-feeding

Fig. 8. Conceptual representationldw the ret intake ratérom bite and filterfeedingis assumed to vary with
length ofwild and cultivaed prey at high and low light intensifjhe anergy content ofheprey increases with
length,but the capturéenterprobability decreaseand it decreases more for fikehan bitefeeding and more
for wild than cultivated prey due teetier escape aftiy. These variations lead to the differences in switching
points and spectres of exploitable prey lengths illustrated in the diagram.

The spectre of exploitable prey is shifted towards larger prey when fish afedulteg. For small

prey, net energgained per handling time is too low to make them profitable to feed o2QEqgvhile
the pursuit of selected individuals makes it possible to capture larger prey that are too evasive for
filter-feeding. The spectre becomes contractedwinadiance deemases, while larger sizes can be
exploited if the prey is cultivated in labs and therefore easier to catch. If the pigastsize ratio is
reduced due to larger fish size, the upper limit of filterable prey is extended because bigiyer m
gape increass the probability that prey will be engulfed. Very large fifeders like rorqual whales
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(Balaenopteridae) and whale shaR&ificodon typysdo for example include small fish in their diet
(Potvin, Goldbogen and Shadwick, 2010; Roleteal, 2013) For bitefeeding the whole spectre

shifts towards larger prey when the predator gets bigger. The net profitability of prey of a given length
is lower for largerssized fish (Eg. &), increasing the threshold size for initiation of Heéeding At

the sane time,better swimming capability makes the fish able to capture larger prey.

The exact mechanisms by which prey length affects the intake rate from each feeding mode is
somewhat omplicated As prey grow longer, the weight increases, and for a giverggrdensity, the

energy content of individual prey increases accordingly. For both feeding modes, the intake rate is
proportional to both prey weight and capture/enter probabildg.(B and 23). If the factor thie

prey weight increases with is greathan the factor with whictine capture or enter probability

decreases, intake rate will increase with prey length. If it does so for both strategies, the positive effect
of increagng prey length will eventually be greater for fikereding if only prg density becomes

sufficiently high, despite the fact that enter probability of fifeding decreases more than capture
probability of bitefeeding does. Even if the intake raterfr filter-feeding decreases with prey length,

this can in theory be compsgated for by increasing prey density. The fish accordingly shifts from

filter- to bitefeeding at larger prey lengths if density is increased. However, in addition to being more
evasve, larger prey tends to occur in lower densities, which both nega#iffelst filter-feeding much

more than bitdeeding.Increasinghe preylengththereforegenerallyfavours bitefeeding over filter

feedingl Leong and O&6Connel |, 1969; James and Findl ay
Sutherland and Durbin, 1998)

Whether the larger energy content outweighs the negative effect of reduced filtration efficiency for
krill and amphipods, as assumadhe simulation model for mackerel, is an open question. As
emphasised, the effect of prey length on intake rates very much depends on the negatively correlated
capture and enter probabilities. The values chosen in the simalat®merely tentativédeally these
probabilities should be determined mechanistically for eachtypeyby modelling the attack or
engulfment success, as has been done for zooplankton exposed to planktonic predators, where
deformation rates, avoidanbehaviour and attack kiématics determine the outcoifi@arboe and
Visser, 1999; Caparroy, Thygesen and Visser, 2000; /i2681; Kigrboe, 2008Kigrboe and Visser
(1999) meant that theficonsideration are robust up to at least Re ofthe d e r . ThefReyhdde
number is however much larger for adult fish than for planktonic |dagel, 1994) and due to
uncertainties regarding how this affects srsakle hydrodynamic patterns in the model, | abandoned
an initial attempt to modelapture succesbButure developments of foraging models for fishes should
strive to incorpoaite mechanistic formulations of the attack or engulfment process, since this would
greatly improve our understanding of how predgi@y size ratios and inherergcape abilities affect
the probability of obtaining prey of different types and densitibs. &ffects of prey composition on
switching would then emerge from first principlesproving the predictive abilities of the models

3.1.3 Switching influences dietcomposition

When relative intake ratesd corresponding biomass consumpfardifferent preytypesby bite

and filterfeeding fishwere comparedt became clear thatliediet composition of mackeré&eding in

the NomwegianSeawill differ much depending on which feeding mode the fsainly employs (Fig.

9). When bitefeeding, the moderedicts that the fish will forage only on krill and amphipods if prey
density and irradiance are both very @wresumably because the véduangeR for the smaller prey

types are too short to let the fish spot them, unless they occur in high deAsitigbt conditions

improve, the visual range increases relatively more for small than for large prey, and the fish expands
its diet to incude all preytypes except for the smallest copepods (md3ithiong, which are too

minute to be worth handlingit this point the optimal diet corresponds to ltineadest potential diet
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comprising al/l prey that np. &een futhérécrdagsingt 06 o f
irradiance, prey handling soon occupies so much of the feeding time that the fish$ehoosy,
eventually rejecting all prey except for the most valuable category of krill and amphipods. At
moderate to high irradiance, thelfiieeds exclusively on krill and amphipods regardless of prey
density, while at lower irradiances the fish suppletaéts diet with smaller prey when density is low,
save in very dim light when they again are excluded.

100%

I <rill and amphipods
I Calanoid copepods
[_JLimacina retroversa
I Others

Eoithona

[T Crustacea remainders
I Unindentified remainders

80%

60%

40%
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Fig. 9. Percentage of eagrey-typein WP2 samples (numbers and wet weight), stomach sarfinpfesnackerel
(dry weight) andn the die predicted by biteand filterfeedingsutmodels (wet weightSamples were collected
in Atlantic waters in the NevegianSea during summer lyanggyet al. (2006) A fixed set of parameter values
were chosen for the simulatioBZ =1.2 x 10° HE m? s, Niot = 1.9x 10* ind. m, and 0.1%of the prey were
krill and amphipods)Predictechetintake ratevas then higher faite-feeding {3 = 328 J K g) thanfilter-
feeding(§= 116 x 16 J h' g?).

When the fish is filtefeeding, the predicted eli reflects the prey composition observed in the ambient

environmenby Langgyet al (2006)to a larger extent than when it is bfeding. Still, varying
escape abilities among the prey do result in sdma¢waitered wet weight percentages in the diet
compared to WP2 samples (Fig. 9). In particular, the percentage of krill and amghipedsost
evasive preytyped is significantly reduced, while the percentage of the more i@dcina
retroversais correspndingly increased. The wet weight percentageatdnoid copepods is only
slightly lower in the filterfeeding diet than in the environment, since the enter probability for this
prey-type almost equals the fraction of the total prey biomass concentitzicthe fish is capable of
exploiting by filterfeeding. Although numerous both in the environment and in the stomach of the
filter-feeding fish, the individual weight of the smallest pt@ye in the dietQithong is too low to let
them constitute anyaticeable fraction of the total prey weight. lontrast, only 0.1% of the members
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of the prey communityvere krill and amphipods, but their contribution in weight is still significant
both in the environment and in the diet.

In the simulation, temporal drspatial variations in prey occurrence wereaumounted for, while in
reality, prey distributions are often patchy and vary during a diel ¢iatetAlloul, 1995; Langgyet
al., 2012) Krill do for example form dense aggregations in some places at some timesyboe
absent in other instanc@saartvedtet al, 2005; Erikseret al, 2016) During daylight hours when
conditions are optimal for biteeeding, krill and amphipods haweostlymigrated to deeper waters to
take refuge from visual pdators(Falk-Petersert al, 2008; Kaartvedt, 2010yvhile mackerel stay
near the surface all dasodget al, 2004; Ngttestadt al, 2016) In comparison, blue whiting
(Micromesistius poutasspgenerally occur in deeper water than mackereghénsame feeding area of
the Norwegian Sea, and they forage mainly on krill and amphiptse, Utne and Fernd, 2012;
Langgyet al, 2012; Bachilleet al, 2016) The prediction that bitéeeding mackerel would exclude
all other preytypes fromtheir diet unless conditions are very unfavourable idbabdy not valid as a
general statement, but if swarms or even loose aggregations of krill or amphipods are encountered, the
fish areexpected to specialise on these prey.

The prey composition observed in stomach samples from mackerel in the er@asimilar to the

diet predicted for filterthan for bitefeeding, but the observed weight percentage of krill and
amphipodss considerably higher than predicted for fifeeding, while the percentages of the
remaining prestypesare lower (Fig. 9). Theantribution of krill and amphipods in the observed diet
also clearly exceatithe weight percentage in the ambient environment, implying that the fish spent
enough time bitdeeding to more than outweigh the decrease in predation pressure on thigoprey
associated with filtefeeding. The observed diet thus resermbleombination of the diets predicted

for each of the two feeding modes, but exactly how much of the éatdirfg time the fish would

allocate to either of them is difficult to ascertaimcs predictions are uncertain. It should also be

noted that the observed weights were dry while the predicted ones were wet, and the ratios between
these weight measures apgite variable. Still, the model results clearly demonstrate that the overall
predation pressure on different segments of the prey community and the resulting diet compaosition are
highly dependent on how the fish switches between &itd filterfeedingin the course of a day.

Under conditions favouring filteieeding, small preyypeswith weak escape reactions are most
vulnerable, whereas larger, energy rich prngyes are most at risk when adequate light and scarcity of
prey encourage bitkeeding.

In species alternating between feedingdesthe relative contribution of each preype may vary
predictively across their geographical distribution. Maybe Atlantic mackerel inhabiting erlestal
waters of the oligotrophic Mediterranean Sea spendvelatimore of their time bitéeeding than
conspecifics located in turbid and nuirigich waters such as the North Sea. Moreover, coastal areas
at high latitudes are subject to climabeven water darkening due to increased runoff of dissolved
organic méer (DOM) from terrestrial sourc€®pdal, Lindemann and Aksnes, 201®hich may

cause th fish to resort more to filtéieeding, relieving some of the pressure on large prey. To better
evaluate how planktivorous fishes regulate prey populations and struabptarsdon communities in
different regions and changimgvironments, it is thus iportant to understand the switching

dynamics of the species.

3.2 PILCHARD FEEDING IN EXPERIMENTAL TANKS

When simulating experiments conducted by van der Lingen (1994), where schools of pileterd
fed prey of different size and denségd the resultingeeding activity monitored, predicted results
vary depending on how the fish in the individdmsed moel is assumed to represeng thultiple fish
in the tank.
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3.2.1Comparison of predicted andobservedprey density in feeding trials

When theindividual fish represerstthe average of the whotdservedschool of pilchardite-feeding
onwild Calanus agulhensiagdults(version 1 of the simulation)he prey densitili: in the tank is
predicted to decrease more slowly than observed in the expefitet0). Even so, the predicted
change in prey density with time corresponds far better vbiserwed values than what is the case if

the individual fish is assumed to only represent feeding members of the school (version 2). According
to this alternativesimulation, the modelled fish will only manage to consume 12% of the prey present
in the tankbefore the feeding trial is over, while in the experiment about 98% of the prey were eaten
when averaged over several replicated tjeds der Lingen, 1994)n contrast, total prey

consumption predicted in version 1 nearly equals the observed percentage, and the fish terminate
feeding almost halfway through the trial, shortly after all the 15 fish in the school &setideeding

in most of the experimentedplicates.
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Fig. 10. Observed and predicted prey density at different times after food introduction in feeding trials with
pilchard bitefeeding orwild Calanus agulhensiadults(van der Lingen, 199. Means 2 SD for the
observations are shown.

Theobservedeeding intensity wasot very high at the start of the feeding trial eiéhéine percentage

of school feedinglecreasdfrom 35 to 5%already duringhe first 10 min(van der Lingen, 1994Yhe

low feeding intensity explains the large difference between results from the two simulation versions,
but it is notstraightforward to explain whiyhe predicted preglensitiedit observations & if the

feeding rate of the ideal fish multiplied with the total number of fish in the tarkkven then, the
predictedconsumption rates lower than observedilthoughonly a minority of thdish were actually
feedingin the experimentUnderestimation of the search rate is probably not the cause for this
disparity,for as the linear decrease in prey density reveals, the simulated fish spend almost all their
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time handling prey as long as they are feeding (Fig. 10). ddsiple that theapture probability. is
underestimated and the handling timeverestimated, but still it is difficult to comprehend the very
large discrepancy between observed and predicted results when only feeding fish are included in the
calculatians.

Maybethekey to the conundrum is to appreciate the toégschooling behavioumight haven
shapinghe feeding proces®vhen fish are bitédeeding, thepattern ofschooing is less rigid than

when they are filtefeeding, since individual fishfen mustalterspeed and direction to pursue
selected preyvan der Lingen, 1995%¥till, the fishform an aggregatiothat may allow thento

function asacoherent wholeandthe chance thatny individual prey will be attacked and capturid
perhaps highef it is approabied by ashoalthan ifit is subject to randomlgpacedish feeding

wholly independety of each otherlt is hard to circumvent multiple possible attackers at oncefand i
apreysurvives annitial attack from one fish, it might be easier for a neighimaufish to capture it
subsequentlyFurthermore,tiis not given that nefeeding fish were so locked in this state that they
would notoccasionally snatch easy prehen given the opportunity, and the high capture probability
for such attackgvould increase the consumption rate above the predicted MAreltever the
explanation may beheinitial prey density in the experimental replicabesidessariedhighly

(Fig. 10, van der Lingen, 1994yhich makes the comparistwetween model and experimental results
uncertain Another source of uncertainty is that the number of fish feeding during a time interval was
calculatedn the simulation athe average between the observations at two consecutive timepoints,
while in realty the decline irfeeding intensitycould have been nonlinear.

When the fish filteiffeed onArtemia franciscanaauplii, which are too small for bifieeding, the
predicted prey densities correspond well with observations (Fig. 11). For the fingt ©0the

feeding trial, the fit is closest if only feeding fish are included in the simulation, while for thef rest
the trial, predictions agree better with observations if the fish instead represent the average of the
whole school. The difference betwetbie two set of predictions is however very small, which can be
attributed to the relatively high feeding integsit the first part of the triglvan der Lingen, 1994)
About 85% of the school members werdially feeding, but the percentage dropped to well below
10% midway through when few prey were left, increasimgdifference between predictions slightly
for the second half. It would therefore be premature to conclude that the predictive abilitynotigle
is better for filterfeeding than for bitdeeding, even though the results from the fifeszding
submodehkre more in accordance with observations. Moreover, the enter probability in the filter
feeding simulation was adjusted to make the modeligiens conform with observations, and
although the prey are very small (mean length 47.87%)dand have rasted escape ability because
they are cultivated, it could have been set too HRgkr (0.9). Besides, the much higher prey densities
in the fiter-feeding experiment reduced the influence of variafi@m der Lingn, 1994)which

partly obscured the results for bileding.
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Fig. 11. Observed and predicted prey density at diffememistafter food introduction in feeding trials with

pilchard filterfeeding oncultivatedArtemiafranciscananauplii (van der Lingen, 1994Means 2 SD for the
observations are shown.

To save energyschooing fish form a hydrodynamically advantageous configuration where
individuals arepositioned diagonally to each oth®&eihs, 1973; van der Lingen, 1995his

formation, which is denseturing filter-feedingthan bitefeeding, probably facilitates the engulfme

of encountered prey, but it is also conceivable that the prey density wililer lat the front than at
the rear of the school as a result of the feeding activiyé6 C o n n e Thk rearmo8t fis2vpuld

then be at a disadvantaipethoselocated at the fronwhich besides have better overview of the prey
field. Whether total consumption rate for the scha®h what ishigher or lower than it would have
beenwerethe fish feeding independenthg assumed in the modaldifficult to say. Schoolingmay
perhapsnvolve a tradeoff betweerfeeding opportunity andredator defece (Partidge, 1982) since
centrally positioned school members have reduced access t&Rpdyced feeding opportunityight

alsopartly be the reasomhy only someof the fish verefeeding even when prey density wasry
high.

3.2.2Comparison of predicted and observed swimming speeih feeding trials

For the whole duration of the feeding tridde optimal swimming speed for pilchard bitefeeding on
Calanus agulhensis predicted to be the lowedternativein the predetermined set of possibfeeds
(Fig. 12) which were chosen based on experimental @ata der Lingen, 1995 hisis true whether
theindividualfish is considered the average of the whole school orfeelying fish.The reasonvhy
the fishare swimming so slowlys that the netate ofenergyNpfgainel from handling the preis

very lowd negative in fad@ andjust barelyexceeding the negative of the routine metaboliclvate
(Eq. 20). For the fish to even initiate feeding, the capture probghilés set highe = 0.72) than it
was for copepods ofmilar length(2.5 x 13 m) in the simulation model for mackerét.(= 0.5).To
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save energy, the&mulated pilchardeducetheir swimming speed, which in contrast to the optimised
speed for macker& not composed of distinct speegdandvy for the seach and handling phases of
bite-feeding.Had the swimming speed instead been constant for the handling phase and only
optimised for the search phase, the overall speed would have been higher (assuming higher speed for
handling than the lowest possible feasching), as the fish spent most of their feeding time handling
prey.In this particularcase of bitdfeeding pilchardthe metabolic ratél, would tren have been too

high compared to the intakatel, to allow feeding Eq. 15).
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Fig. 12. Observed and predicted swimming speed at different times after food introduction in feeding trials with
pilchardbite-feeding orwild Calanus agulhensiadults(van der Lingen, 1994Means 2 SD for the
observéions are shown.

The observedneanswimming speedf all the fish in the tankvas higher than predictédr the first
part of the feeding trlabut it decreased weardspredicted levelsisprey density declineFig. 12).

The main reason fdahe decreas in swimming speed is probatityat the relatively high prey density
early in the triakncouraged more of the fish to feed actighn der Lingen, 1994Hnce swimming
speed is higher for feeding than ri@eding activity, decline in feeding intensity would reduce the
mean speedhis does however not explain why the feeding members of the school were swimming at
a much higher speed than predictedt, it is likely a consequence of batie underestimated take
rate andhelack of distinction between the search #éimehandlingphasenvhen optimising swimming
speedBesides too low rate of prey intake (Fig. 1hp het intakeate(y, which is the parameter to be
maximised by the optimal foraging fish, could also have lbeeerestimated the proportion of the
consumed energy made available for use was set to(Elgwi4). The metabolic rathoweveris
probably nodecisive asspedal regression equatiorisr pilchard were usef/an der Lingen, 1995)

Whenpilchard filterfeedon Artemia franciscanaauplii, netintake ratés higher than when they bite
feedon Calanusagulhensisand theycanthusafford to spend more enerdiytigh prey density inthe
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