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ABSTRACT: Larval fish individual-based models (IBMs) that include foraging subroutines to depict 
prey encounter, capture and ingestion often include static param eters (e.g. a maximum feeding rate, 
Q v ia x ) t°  prevent 'overfeeding' and unrealistically high growth rates. We form ulated 2 physiologically 
based approaches to limit food consum ption rate (C) based on gut capacity and evacuation rate (GER) 
and feeding rate-dependent changes in assimilation efficiency (AE). Param eterizations w ere based 
on data  reported  for a variety of marine and freshw ater teleost larvae. The effects of the 3 approaches 
(Cmaxr GER and AE) on feeding and grow th were com pared in IBM simulations of 12 mm larval sprat 
Sprattus sprattus L. foraging w ithin hom ogenous and patchy prey fields. Prey concentrations for m ax
imum grow th w ere betw een 5 and 10 copepodites L1, similar to thresholds determ ined for successful 
foraging by larvae of other m arine fish species in laboratory studies. The A E  limit allowed larvae to 
exploit prey patches (to consume prey at higher rates but at lower A E s). In simulations using prey 
concentrations observed in productive areas of the southern North Sea (e.g. 21.0 copepodites L1), la r
vae benefited little (benefited much) from adopting this patch feeding strategy w hen patch prey con
centrations w ere <2-fold (>5-fold) those outside of the patches. At <10 copepodites L1, foraging 
model predictions of C w ere close to limits im posed by CMAX, GER and A E  methods. In patches (20 to 
40 copepodites L1), foraging model estim ates of C w ere 2- to 4-fold greater than the highest (A E - 
based) limit. Physiological-based limits to C are recom m ended for larval fish IBMs and will be neces
sary to adequately assess the impacts of prey patchiness on survival and grow th of m arine fish larvae.

KEY WORDS: Larval fish • Foraging • Prey patches • Individual-based models • Gut evacuation • 
Assimilation efficiency • Sprattus sprattus
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INTRODUCTION

Individual-based models (IBMs) utilizing functions to 
depict foraging, metabolism and grow th have been 
used to explore the impacts of extrinsic factors such as 
turbulence, light and prey concentration on the vital 
rates of larval m arine fish (e.g. Letcher et al. 1996, 
W erner et al. 1996, Fiksen & Folkvord 1999, Hinrichsen 
et al. 2002, Lough et al. 2005). However, simulating 
'realistic' rates of food consum ption (C) by a m odeled 
larva is som ewhat of a H erculean task, since it is not a 
trivial m atter to define w hat is 'realistic' for field lar
vae. Field estim ates of C for larval fish must often be 
based upon a num ber of assumptions regard ing  in situ

prey fields (i.e. that the m ean prey concentration 
calculated from net hauls adequately represents the 
prey field that individual larvae encounter) and/or 
aspects of larval physiology (i.e. that rates of digestion 
and gut evacuation are adequately known; Pepin & 
Penney 2000). Rates of food consum ption have been 
quantified in laboratory studies for the larvae of a vari
ety of m arine teleosts (e.g. see Houde 1989, Houde & 
Zastrow 1993), but these rates do not always com pare 
well w ith field estim ates (MacKenzie et al. 1990).

Attem pting to simulate the situation in the wild, la r
val fish C w ithin IBMs is influenced by an am algam  of 
variables including prey concentration, one of the 
main factors m odulating contact rates of predators and
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prey. W hen prey concentrations are high, IBM esti
m ates of C can be unrealistically high and 'overfeed
ing' can lead to unrealistically high grow th rates. This 
problem  has been solved by ignoring overestim ates of 
C and defining grow th limits (GMAX) from ag e-len g th  
models (Hinrichsen et al. 2002, Bartsch & Coombs 
2004) or laboratory grow th rates during ad libitum  
feeding (Fiksen & Folkvord 1999). An upper limit to C 
(Qviax) has also been  em ployed (Werner et al. 1996, U. 
Daewel et al. unpubl. data). These approaches (GMAX 
or CMAX) supersede foraging model predictions and are 
not mechanistic. Moreover, grow th models of larval, 
juvenile and adult fish are often most sensitive to such 
param eters (e.g. Bartell et al. 1986, H inrichsen et al. 
2002, M aes et al. 2005, U. Daewel et al. unpubl. data).

The requirem ent of simulating 'realistic' C in larval 
fish IBMs also m akes it necessary to employ 'quasi- 
realistic' prey fields. Typically, this has been  accom 
plished by utilizing average values of species- and/or 
stage-specific Zooplankton concentration (no. n r 3) from 
in situ  net sam pling (e.g. W erner et al. 1996, H inrich
sen et al. 2002). These prey fields are likely adequate 
for projecting larval grow th at relatively long time 
(several weeks) and large spatial scales (banks, 
shelves), but, at shorter time (days) and smaller spatial 
(frontal zones) scales, variability in prey fields may 
become an increasingly relevant factor affecting the 
vital rates of larval fish. Stochasticity in prey fields 
experienced, for example, by a larva foraging inside 
and outside of thin layers (e.g. Dekshenieks et al. 2001) 
or am ong prey patches at sub-m eter scales (e.g. Owen 
1989) was included in the seminal m odeling work of 
Beyer & Laurence (1980) and Laurence (1985). How
ever, in the following decades, m odeling efforts have 
rarely included stochasticity in prey fields (see Letcher 
et al. 1996). This is interesting in light of the advances 
m ade in video sam pling systems (e.g. video plankton 
recorder and other optical packages) that now provide 
estim ates of fine-scale prey distributions over large 
areas, such as across frontal zones (e.g. Broughton & 
Lough 2006). Including prey field variability in models 
will undoubtedly become more relevant as researchers 
explore sources of variability in short-term  larval 
grow th rates (e.g. Lough et al. 2005, 2006). Further
more, it has been  argued that im plem enting stochas
ticity in foraging processes on both short and long time 
scales may be required  to understand grow th and 
recruitm ent variability (e.g. see Pitchford et al. 2005).

In the present m odeling study, we (1) review ed the 
available literature on larval feeding, gut evacua
tion and assimilation efficiency, (2) form ulated in ter
specific, m echanistic limits to larval fish C and (3) con
ducted a series of 8 d IBM simulations within 
hom ogeneous and patchy prey fields. M odel runs 
em ployed a variety of prey (copepod) concentrations

that had  an abundance-at-size spectrum  that was 
characteristic of the southern North Sea. M odel sim u
lations investigated how mechanistic feeding limits, 
as opposed to the prevalent approach of using non- 
m echanistic limits (e.g. a CMAX param eter), influenced 
short-term  projections of larval feeding and growth.

MATERIALS AND METHODS

IBM foraging and growth. The IBM used in this 
study is thoroughly described elsew here (U. Daewel et 
al. unpubl. data). M odel formulations and param eteri- 
zations w ere based  on laboratory studies on larval 
Atlantic herring Clupea harengus L. and field data col
lected for larval sprat Sprattus sprattus L., and only the 
main features of the subroutines are presen ted  here. 
Larval grow th (G, in pg dry mass per model time step) 
was calculated as the difference betw een net energy 
input and metabolic losses:

G = C x A E x  ( 1 - R S - R ( 1)

w here consum ed prey mass (C, pg dry mass per model 
time step) was reduced by an assimilation efficiency 
(AE) and metabolic losses (R) that w ere divided into 
several subcom ponents to account for standard (Rs), 
feeding (specific dynamic action, J?SDA) and active (RA) 
rates of energy loss. In Eq. (1), R represen ted  Rs w hen 
light was below a threshold for feeding, otherwise it 
represen ted  RA. Effects of body mass (Kiorboe et al. 
1987) and tem perature (Almatar 1984) on R w ere taken 
from work on larval herring.

The mass of prey consum ed was calculated as a 
function of encounter rate (ATSLi), prey mass (nij), cap
ture success (CSslj), handling time (H TSLi) and the 
time interval (At) (Letcher et al. 1996):

C =
'Z m iN s u C S s u  
i_____________

1 + J jn s u h t su
At (2 )

w here SL is larval fish standard length and i refers to a 
specific prey class. An optimal foraging approach was 
used in w hich different prey types w ere ranked 
according to their mass, capture success and handling 
time. Prey items w ere included in the diet sequentially 
on the basis of rank until profitability decreased (see 
Letcher et al. 1996 and references therein). The cap
ture success was calculated as a function of prey length 
and larval length based on the attack success function 
of M unk (1992) for larval Atlantic herring param eter
ized using field data on larval sprat gut contents (Dick
m ann 2006). The handling time was calculated follow
ing an empirically derived equation from Walton et al. 
(1992). The model also incorporated light level and tu r
bulence to modify prey capture success (see U. Daewel
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et al. unpubl. data), but these factors w ere not exam 
ined in the present study.

Assimilation efficiency was given by:

AEstd = 0.7(1 -  0.3e~0,003|MD ~MdminI) (3)

w here M D was larval dry mass (pg) and M dmin was 
larval dry mass at first feeding (pg). The functional 
form of Eq. (3) was based upon m easurem ents m ade 
on larvae of different m arine fish species, including 
summer flounder Paralichthys dentatus, spot Leiosto
m us xanthurus  and American sole Achirus fasciatus 
(Buckley & Dillman 1982, Govoni et al. 1982, Houde & 
Schekter 1983).

In the present study, the output from Eq. (2) is r e 
ferred to as 'foraging model estim ates of C'. In the next 
sections, we describe 3 different approaches to place 
limits on foraging model estim ates of the food con
sum ed and assimilated during each model time step.

Case 1— CMAX.’ The first approach used to prevent 
overfeeding was to employ a CMAX function:

Cmax = 1.315M d0832.872L io J (4)

that yielded larval dry mass (MD pg)- and tem perature 
(T)-specific limits to C that balanced in situ estim ates 
of tem perature-specific larval sprat grow th in the 
North and Baltic Seas (Munk 1993, Ré & Gonçalves 
1993, Huwer 2004, Baumann et al. 2006). Eq. (4) was 
em ployed w hen foraging model estim ates of C w ere 
>CMAX. In this case, the standard  formulation of AE  
(Eq. 3) was used, and the product of Eqs. (3) and (4) 
provided the non-m echanistic limit to assim ilated C.

Case 2 — gu t evacuation rates: A physiologically 
based approach to limit C was based upon gut evacua
tion rate (GER) and know ledge of the maximum gut 
fullness. This m ethod has recently been  used in an IBM 
for G eorges Bank larval cod Gadus morhua  (Lough et 
al. 2005). In that study, GER was assum ed to be linear 
and to take approxim ately 4 h. A linear GER model 
was able to explain the rate of decrease in gut contents 
observed during repeated  field samplings in d a rk 
ness for larvae and young juveniles of 8 fish species 
(Bochdansky & Deibel 2001, Bochdansky et al. 2006). 
The rate of decrease in gut contents of larval sprat in 
the field also appeared  to be linear, w ith a m ean (±SE) 
slope (GER) of 0.46 (0.08) h“1 (M. A. Peck unpubl. 
data). This rate implies complete gut em ptying within 
-2  h and agrees well w ith that calculated for larval 
Atlantic herring by Pedersen (1984) and rates calcu
lated for similar-sized larvae of other species at similar 
tem peratures (Table 1).

The effect of body size and tem perature (T) on GER 
was based upon an analysis of data presen ted  within 
27 studies on 22 fish species (Table 1). The effect of T  
on GER was described by a Q10 of -2.4 for Atlantic

herring larvae feeding upon Balanus nauplii (Blaxter 
1962), and the same value was found for northern 
pipefish Syngnathus fuscus feeding upon wild Z o o 

plankton (Ryer & Boehleri 1983). Boehlert & Yoklavich 
(1983) m easured GERs of 0.0190, 0.0293 and 0.0385 I r 1 
at 7, 12 and 18°C (Q10 = 1.88) in juvenile (69 to 82 mm 
SL) black rockfish Sebastes melanops. Tem perature- 
norm alized (12°C, Q10 = 2.0), log-transform ed GERs of 
16 species (studies for w hich both fish size and w ater 
tem perature w ere provided) decreased w ith log body 
size in a linear fashion (Fig. 1A). Based upon the litera
ture review, an equation relating GER to body size and 
tem perature was formulated:

r(F-i2)i
GER = 1.79SL-°'83Q10L io J (5)

w here the Q10 param eter was set to 2.0.
A review  of the literature also suggested that a 2- to 

5-fold increase in GER occurred w hen m easurem ents 
m ade during feeding w ere com pared to those m ade 
after the cessation of feeding (e.g. Chiba 1961, Peder
sen 1984, Talbot et al. 1984, Shepherd & Mills 1996; 
see Table 1). In one study, prey passed through the 
guts of bay anchovy Anchoa mitchilli w ithin m inutes 
during continuous feeding (Chitty 1981). C orrespond
ingly, GER calculated using Eq. (5) was em ployed 
w hen a larva was not feeding (e.g. at the onset of 
darkness), and the rate was tripled during periods 
w hen feeding was continuous.

During any time step, the ingested mass of prey was 
limited by the available em pty space in the gut, which 
was based upon previous gut fullness and the rate of 
removal of food from the gut per time step. The m axi
mum capacity of the gut was based upon the length- 
specific maximum dry mass of prey found w ithin the 
guts of larvae of 10 different m arine fish species (Pepin 
& Penney 2000, their Fig. 2). The pooled (digitized) 
data indicated that the m ean (±SE) maximum gut prey 
biomass increased isometrically w ith larval size and 
was equal to 6.4 (0.7)% of larval dry mass (Fig. IB). In 
this case, if foraging model estim ates for C w ere 
g reater than  the maximum capacity of the gut, the 
product of Eq. (3) (AE) and the maximum capacity of 
the gut w ere used to limit assim ilated C.

Case 3 — digestive capacity: Case 3 was based upon 
the relationships am ong C, GER and AE, as affected 
by both larval body size and tem perature. Results of 
laboratory studies on a variety of organism s (i.e. mol- 
lusks, insects, rotifers, copepods) including fish lar
vae indicated that A E  tends to decline w hen foraging 
takes place w ithin increasing prey concentrations 
(PC) (Doohan 1973, Dagg & W alker 1978, Boehlert & 
Yoklavich 1984, Broekhuizen et al. 2002). This is 
thought to be associated w ith the positive relationship 
betw een GER and PC. In copepods, the shapes of the 
GER- PC relationship and the GER-AE  relationship



174 M ar Ecol Prog Ser 347: 171-183, 2007

Table 1. Gut evacuation rates for marine and freshw ater fish larvae and early juveniles of different species at different body sizes, tem peratures 
( T) and prey  concentrations. In all cases, prey  w ere Zooplankton (either calanoids, cyclopoids, or daphnids), except for rockfish (ground squid)

and Atlantic salmon (pellet diet), dph: days post-hatch; n.p.: not provided

Species Age

(dph)

Length 
(mean, range) 
min. max.

T

(°C)

Prey 
concentration 

(no. L 1)

Evacuation rate 
Single m eal Constant feeding 

(h-1) (h-1)

Source

Marine species
Clupea harengus n.p. 10 12 7 n.p. 0.111 Blaxter (1962)

11 0.200
15 0.222

Clupea harengus 12 9 9 8 n.p. 0.125 Blaxter (1965)
15 0.250

Clupea harengus 8-22 10.5 12 6 -9 4 -5  X  IO3 0.667 Fossum (1983)
Clupea harengus 26-40 12.5 18.1 9.5 0.011-0.198 0.400 0.706 Pedersen (1984)
Clupea harengus 21-63 n.p. n.p. 9.2 3 X  104-1 0 2 0.143 W erner & Blaxter (1979)

3 X  IO3 0.200-0.333
3 X  IO4 0.170-0.250

Clupea harengus 35 74 n.p. in situ 0.178 A rrhenius & H ansson (1994)
Cynoscion regalis n.p. 60 70 24 n.p. 0.121-0.219 Lankford & Targett (1997)
Gadus morhua 7 (4-5) 5 n.p. 0.500-0.667 Tilseth & Ellertsen (1984)
Logadon rhomboids in situ 0.380 Peters & Kjelson (1975)
Sardinops sagax 10.1 13.9 20 in situ 0.250-0.500 H errera  & Balbontin (1983)
Sebastes malanops n.p. 35 93 7 ad libitum 0.019 Boehlert & Yoklavich (1983)

12 ad libitum 0.029
18 ad libitum 0.038

Sprattus sprattus n.p. 13 16 8-15 in situ 0.460 M. A. Peck et al. (unpubl. data)
Syngnathus fuscus n.p. 150 200 15 n.p. 0.038 Ryer & Boehlert (1983)

23 n.p. 0.078
27 n.p. 0.107

Theragra chalcogramma <7 (5.92) 6.2 1200-1500 0.207-0.246 Canino & Barley (1995)
Thunnus alalunga n.p. 2.7 10 26 in situ 0.333-0.250 Young & Davis (1990)
Thunnus maccoyii n.p. 2.7 10 26 in situ 0.250-0.333 Young & Davis (1990)
Trachurus declivis. n.p. 2.4 14.3 15-18 in situ 0.167-0.250 Young & Davis (1992)
Ulvaria subbifurvata n.p. 4 13 14 in situ 0.165-0.290 Bochdansky et al. (2006)
Freshwater species
Cyprinus carpio n.p. 8 12 18-29 0.050 0.125-1.000 C hiba (1961)
Coregonus albula 14 8.7 18 n.p. 0.280 K arjalainen et al. (1991)
Dorosoma cepedianum n.p. 25 89 21 n.p. 0.130-0.250 0.550-1.250 Shepherd  & Mills (1996)
Micropterus salmoides n.p. 20 60“ 18 n.p. 0.192 0.357 Laurence (1971)

23 0.263 0.500
Perca flavescens n.p. (17-19.5) 21 n.p. n.p. 1.667 Noble (1973)

30-40 22 n.p. 0.154 0.667
(60) 15 n.p. 0.083 0.167

Perca flavescens n.p. 20 69 14-21 n.p. n.p. 0.417-3.333 Mills et al. (1984)
Perca fluviatilis n.p. (13.1) n.p. field 0.400 W orischka & M ehner (1998)
Salmo salar n.p. 43 99 9-13 n.p. 0.017 0.068 Talbot et al. (1984)
Stizostedion lucioperca n.p. 10.6 n.p. field 0.430 W orischka & M ehner (1998)
Stizostedion vitreum n.p. 10.4 16.2 15 n.p. 0.109 Johnston & M athias (1996)

20 n.p. 0.245
25 n.p. 0.106

Stizostedion vitreum 21 (29.4) 22 n.p. 0.167 0.500 Corazza & Nickum (1983)
“Estimate based  upon range in  dry w eights (196 to 721 mg)

w ere described using both pow er and exponential 
models (e.g. Dagg & W alker 1978, Xu & W ang 2001, 
Besiktepe & Dam 2002). In fish, a negative correlation 
betw een GER and A E  was reported  by Johnston & 
M athias (1996) for zooplanktivorous walleye Stizoste
dion vitreum  larvae and by Elliott (1976) working on 
juvenile brown trout Salmo trutta, but the functional 
form of the relationship was not quantified.

Working with Pacific herring Clupea pallasi larvae, 
Boehlert & Yoklavich (1984) observed that carbon

retained in the guts of fish feeding on rotifers Brachi
onus sp. and brine shrimp Artem ia  sp. nauplii d e 
creased with increasing PC, indicating reduced AE. 
This suggested that the digestive capacity decreased 
w ith increasing feeding rates. Although GER increases 
w ith tem perature, so does the activity of digestive 
enzymes (e.g. Alarcón et al. 1995, Gelm an et al. 2003), 
suggesting that digestive capacity increases w ith in 
creasing tem perature, although few laboratory data 
exist on this topic for m arine fish larvae.
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Fig. 1. Literature data on gut capacity and gut evacuation rate 
(GER) for m arine and freshw ater teleost larvae. (A) Tem pera
ture-adjusted  GER ( f r1) versus body length  (standard length, 
SL, mm) for 16 teleost species. Data are those reported  in 
Table 1. All rates w ere expressed relative to 12°C using a Q10 
of 2.0. (B) M aximum prey biomass (GBMAX, pg) m easured in 
the guts of larvae of each of 10 m arine fish species versus 
larval dry mass (DM, pg). Data w ere digitized from Pepin & 
Penney (2000, their Fig. 2). The regression line is the best fit 
for the pooled data. In both panels, m ean  (±SE) regression 

param eter estim ates are shown

In summary, the literature on fish physiology support 
the m ethod explored in Case 3, in w hich A E  and GER 
both change with body size and are negatively corre
lated w ith one another. In this case, a tem peratu re- 
dependent GER and know ledge of the maximum bio
mass of prey in guts was used to define a body 
size-specific maximum gut capacity (GutCAP) (similar 
to the 'plug-flow reactor' model, e.g. see Canino & Bai
ley 1995). After Gutcap was exceeded, an exponential 
decrease in A E  w ith increasing food consum ption rate 
was assum ed (Fig. 2), based  upon the work of Boehlert 
& Yoklavich (1984):

(AE,t
AE  =

- 9.441 ----------- :
A E ^ e  [ M°

V C < Gutr

VC > Gutr
(6 )

500

Due to a lack of information, the decrease in A E  after 
the GutCAp threshold was considered to be tem pera
ture independent in one case (Case 3A) and tem pera
ture dependent in another (Case 3B) (see Fig. 2 insert). 
Furtherm ore, to be ecologically and/or biologically 
reasonable, C increased w ith increasing prey concen
tration until the point w here the product of C and A E  
declined (i.e. w here the gross energy obtained by the 
larvae was maximal). In this study, no attem pt was 
m ade to assess the potential impact of prey composi
tion, another factor that affects both GER and A E  in 
fishes (Karjalainen et al. 1991, Lankford & Targett 
1997).

M odel simulations and prey fields. Three different 
8 d simulations (1-dimensional model, 1 h time step) 
w ere run using 12 mm SL (-275 pg dry mass) sprat 
larvae that foraged during a 14 h photoperiod. In each 
simulation, we used CMAX (Case 1), GER (Case 2), or AE  
(Case 3) feeding limits. In Simulation 1, grow th rates 
(mm d_1) w ere quantified for larvae foraging at each of 
8 prey concentrations and 3 tem peratures (Table 2). In 
Simulation 2, the effect of different m agnitudes of prey 
patchiness on m odeled growth rates was investigated 
by allowing larvae to forage for different amounts of 
time w ithin prey patches of 2-, 5-, or 10-fold increased 
prey concentrations. In Simulation 3, larvae experi
enced random  fluctuations in the prey field and food 
consumption; assim ilated food and grow th rates within 
each hourly time step w ere com pared am ong the 3 
cases (1, 2 and 3).

Copepods form the vast majority of prey consum ed 
by the larvae of m arine fishes, including sprat (Dick
m ann 2006). The range of copepod concentrations and 
the relative abundance of different size classes used in 
this study w ere based upon Zooplankton m easure
m ents at G erm an GLOBEC Station 32 in the southern 
North Sea (54.66° N, 7.66°E). At Station 32, the total 
abundance of the 200 to 600 pm size classes of the 3 
dom inant copepods in larval sprat guts (Acartia spp.,
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Fig. 2. Case 3 assimilation efficiency (A E ,% ) versus fish size (mm length) and food consumption rate  in  relative units of gut capac
ity (GufCAP). A relative consumption rate value of 0.0 indicates that the rate  of food consumption within a m odel time step was 
equal to GufCAP. Insert: D iagram depicting the decrease in  A E  at each of 3 different tem peratures (T). In Case 3A, the same 
decrease was used  at each tem perature. In Case 3B, the decrease was m ore rapid  w ith decreasing tem perature, a response that 

was based  upon considerations of larval grow th rates and threshold prey  concentrations at different tem peratures

Table 2. Summary information for 8 d individual-based m odel simulations com
paring  CMAX, GER- and A E-based limits to larval fish food consumption rate. 
Copepod concentration is given as the relative abundance in  50 pm  size classes 
200:250: ... 550 pm  = 1.00: 0.80: 0.64: 0.51: 0.41: 0.32: 0.26: 0.21. n.a.: not applicable

Simulation Temp. Prey patches Copepod concentration (no. 1 1)
(°C) M ean Outside Inside

patch patch

1 5, 12, 18 No 1.5, 1.7, 2.0, 2.6, n.a. n.a.
3.4, 5.1, 10.2, 51.0

2a 12 Yes (2x) 21.0 14.8 29.7
2b 12 Yes (5x) 21.0 9.4 47.0
2c 12 Yes (lOx) 21.0 6.6 66.4
3 12 Yes (random) 4.9 (0.3 to 30.0)a

“M ean values for lower and upper 10% of cumulative frequency of prey
concentrations encountered

Temora longicornis and Pseudocalanus 
elongatus) was -21.0 I-1. Starting at 200 
pm, copepod abundance (AB, no. I-1) 
decreased exponentially w ith increas
ing 50 pm size class (SC) as: AB = 12.5 x 
e -o.oo45 x sc  (r2 = 0>96[ p < p -001). The
range in prey sizes eaten  by sprat 
increases w ith increasing larval length; 
12 mm SL larvae eat prey of 200 to -500 
pm, while 18 mm SL sprat can eat 800 
pm prey (Dickmann 2006). A lthough 
information on copepod patchiness in 
the southern North Sea is lacking, 
O wen (1989) reported  that small-scale 
(dm to m) plankton patches in the 
Pacific most commonly contained 2-fold
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higher concentrations of organisms, but that patch 
concentrations exceeded m ean concentrations by > 10- 
fold in some cases. We used (at most) a 10-fold range in 
prey concentrations w ithin and outside patches in Sim
ulation 2 and a 10-fold increase above the m ean con
centration in Simulation 3 (Table 2).

RESULTS 

Temperature, prey and growth

Simulation 1 results indicated that (1) grow th rate 
(G) was positively correlated to tem perature (T) at 
higher prey concentrations, (2) G was negatively cor
related  to T at low prey concentrations and (3) the 
threshold prey concentration at w hich G was food-

1.5T
A Case 1 (C m a x )

18°C
12°C
5°C

1 .0 -

0.0

—  1 .5 t

B Case 2 (GER)T3

EJ.O ;-

£  0 .5 -

0.0

1 .5 -r

C Case 3 (AE)

1 .0 -

•(Case 3B)'

0.5 —

0.0
5.01.0 10.0 50.0

Prey concentration (number I-1)

Fig. 3. Sim ulated growth rates (mm d_1) of larvae after for
aging for 8 d at 8 different prey  concentrations at each of 3 
tem peratures (5, 12, or 18°C). Each panel depicts a different 
m ethod of limiting m odeled food consumption. Unfilled sym
bols in Panel C denote growth rates for larvae lim ited using 
the Case 3B approach (see Fig. 2). Gray-filled triangles 
denote mortality. All larvae w ere 12 mm SL at the start of 

simulations

limited increased with increasing T (Fig. 3). The re la 
tionship betw een  G and prey concentration had  the 
same functional form in all 3 cases, but threshold prey 
concentrations w ere slightly higher in the GER and A E  
cases. The effect of T on  G and on prey threshold con
centration was similar in the first 2 cases, but was re la 
tively small in Case 3A (AE). However, the influence of 
T on  G was similar in all 3 cases w hen the decrease in 
A E  w ith increasing C (above gut capacity) was tem 
perature dependent (this is Case 3B, see Figs. 2 & 3). 
Relative to CMAX, maximal grow th rates resulting 
from GER and A E  limits w ere higher at the same 
tem peratures and prey concentrations, but w ere in 
closer agreem ent w ith G at CMAX w hen Case 3B was 
employed.

Prey patches

W hen GER or A E  feeding limits w ere used in Simu
lation 2, relative larval grow th rates w ere increased by 
>10% w hen larvae spent only 12% of the 8 d foraging 
period w ithin patches having 10-fold higher prey con
centrations than outside patches (Fig. 4). Using the 
GER- and AE-based limits, w hen prey patches had
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Fig. 4. Percentage increase in  8 d  grow th rate versus the 
duration of tim e w ithin a pa tch  (% foraging time). All values 
are case specific and  relative to the no-patch condition (0). 
G rowth responses to 5- and  10-fold patch  prey  concentrations 

are  show n (see Table 2, Simulation 2a to  c)
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5-fold higher prey concentrations, the relative changes 
in grow th w ere smaller. At 2-fold differences in prey 
concentration, no grow th differences w ere detected 
because prey concentrations w ere above growth 
thresholds both outside and inside prey patches. Due 
to the lower prey threshold for maximum growth, re la 
tive grow th of larvae was unchanged by the presence 
of prey patches w hen  the CMAX limit w as employed.

Fluctuating prey fields

The differences am ong the 3 approaches to limit C 
w ere clearly evident w hen larvae w ere exposed to 
random  fluctuations in the prey field in Simulation 3. 
For example, no differences in assim ilated C w ere 
noted w ithin and outside of prey patches using CMAX, 
w hereas 2- to 3-fold higher assimilated C was noted 
within patches using GER and A E  approaches (Fig. 5). 
Within this random  encounter simulation, larval C 
was saturated at concentrations of >15 copepodites F 1,

which w ere randomly encountered 11 times over the 
8 d period. At these high concentrations, m ean (±SD) C 
was equivalent to 41.3 (1.0), 56.3 (3.1) and 173.8 (1.1)% 
larval dry mass d_1 (hourly rates x 14 h foraging period) 
w hen feeding was limited by CMAX, GER and AE, re 
spectively. The m ean (±SE) assimilated ration during 
the same periods was equivalent to 25.4 (0.2), 36.4 (1.0) 
and 49.7 (8.8)% larval dry mass d_1 in the same 3 cases. 
Estimates of assimilated C w ere more similar among 
the 3 cases, since AE  w ithin Case 3 decreased from a 
m edian value of 64 % at concentrations <4 copepods I-1 
to -28%  w hen larvae fed intensively w ithin patches 
containing 15 to 40 copepods I-1.

Foraging estim ates of C (Eq. 2) and the limits to C 
im posed by each of the 3 approaches (CMAX, GER and 
AE) w ere generally in close agreem ent at relatively 
low prey concentrations (Fig. 6A). However, at re la 
tively high prey concentrations, foraging model esti
m ates of C based on Eq. (2) w ere 2- to 4-fold higher 
than the highest C limit, the limit im posed by AE  in 
Case 3 (Fig. 6B).
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re y3

03 30
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Fig. 5. Individual-based m ethod simulation of random  fluctuations in  prey  concentration and corresponding effect on changes in 
assim ilated food and larval size (mm) per 1 h  time step over the course of 8 d. The light regim e and  the value for p eak  prey

abundance within a patch  (upper panel) are indicated
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DISCUSSION 

Temperature, prey and growth

The results of our simulations perform ed at different, 
hom ogenous prey concentrations w ere consistent with 
expectations concerning larval fish physiology and in 
teractions am ong tem perature (T), feeding rate (C) and 
growth rate (G). Interestingly, for the effect of tem pera
ture on grow th in Case 3 (AE) to be similar to that in the 
other 2 cases, the decrease in A E  w ith increasing C 
(above gut capacity) had to be tem perature dependent 
(this is Case 3B, see Figs. 2 & 3). We are unaw are of any 
studies com paring the decline in A E  w ith increasing C 
at different tem peratures. However, the formulation 
appears to be biologically reasonable and laboratory 
studies should be conducted to test the validity of this 
model result. In the following discussion, we avoid fur
ther discussion of tem perature and focus on comparing 
the 3 cases at the same tem perature.

Clearly, grow th rates of larval fish should be food 
limited in environm ents w ith low prey concentrations. 
However, the threshold prey concentrations reported 
in different studies to limit larval m arine fish foraging 
and grow th rates are equivocal. Based upon a review 
of laboratory functional response experim ents con
ducted on 8 species of m arine fish larvae, MacKenzie 
et al. (1990) calculated a threshold prey concentration 
of 179 pg F 1 below w hich larval fish C w as food lim 
ited. Given the conversions used in their study, this 
corresponds to a concentration of -660 nauplii F 1 or 
-80 copepodites F 1. In the present study, simulated 
grow th rates declined (C w as not maximal) at concen
trations of 3 to 5 copepodites F 1 and w ere highest 
(feeding was maximal) at -10 copepodites F 1 (Fig. 3). 
Our simulation predictions agreed  well w ith the results 
of laboratory studies evaluating the effects of prey con
centration on food searching and capture success of 
prey by larval marine fish (Munk & Kiorboe 1985, 
M unk 1995). In one study, 5.7 to 6.9 mm SL larval 
Atlantic cod foraged effectively at prey concentrations 
as low as 2 prey F 1 (Munk 1995).

Our estim ates of C based upon the CMAX limit 
(41.3%) and GER limit (56.3%) w ere similar to those 
obtained in a m eta-analysis of 9 laboratory studies 
quantifying feeding rates by m arine fish larvae 
(MacKenzie et al. 1990). In that study, ingestion by a 
132.4 pg dry mass larva was equal to 75.8 pg d_1 (57 % 
M d) at 18.7°C, and estim ates of relative ingestion v ar
ied by a factor of about 2 for the 12 species examined. 
Such interspecific differences underscore the p rob
lems that can arise w henever a 'generic' approach is 
taken  to param eterize a model for a specific species. 
We illustrated this via the discrepancies betw een 
grow th estim ates using a CMAX param eter (based upon

data collected on sprat) and the other 2 limits (inter
specific param eterization). However, without p ara 
m eter 'tuning', 2-fold differences in grow th estim ates 
w ere apparent am ong the 3 approaches, w hich w ere 
well w ithin the range of inter-specific differences 
reported  for most vital rates in teleost larvae (e.g. 
Houde 1989, G ovoniet al. 1986, M acKenzie et al. 1990, 
Houde & Zastrow 1993).

W hen considered in light of values determ ined for 
the gross growth efficiency (GGE= lOOx G /C )of larval 
fish, our value for GGE (64%) in Simulation 3 Case 3 
(AE  limit) was similar to that found in some species 
(Blennius pavo  = 60%, Clupea harengus = 62%), but 
higher than the average calculated for larvae of a num 
ber of species (MacKenzie et al. 1990, Houde & Zastrow 
1993). That our GGE value resulting from the AE limit 
agreed  w ith published accounts was somewhat unex
pected, since (1) our IBM was param eterized based on 
data for clupeids (sprat and Atlantic herring), (2) GER, 
gut capacity (GutCAP) and feeding-induced limits to A E  
w ere based upon data  collected on a variety of non- 
clupeid species, and (3) no model tuning was used to 
adjust param eter values. A justifiable exam ple of the 
latter would be adjustm ents m ade to active metabolism 
(Ra )- Clearly, intensive feeding within patches would 
be expected to increase RA, leading to lower energy 
available for grow th (and lower values of GGE).

Prey patches and foraging

Our simulation results suggested that static limits to 
C such as CMAX may not be adequate w hen m odeled 
larvae forage in habitats w ith m arked spatial and/or 
tem poral variability in prey resources. In Case 3 (AE- 
based limit), larvae could exploit prey patches by con
suming more food (at lower AE) per model time step. 
However, it should be noted that exploitation of prey 
patches in this m anner could only benefit larvae (lead 
to higher grow th rates) if prey concentrations outside 
the patch w ere lower than the grow th-threshold prey 
concentration (-10 copepodites F 1, see Fig. 3). The 
present simulation depicted a southern North Sea 
habitat having a m ean copepodite concentration of
21.0 F 1, w ith 2-, 5-, or 10-fold differences in concentra
tions w ithin and outside patches (see Table 2). Forag
ing in this habitat, larvae benefited little (benefited 
much) from adopting a patch feeding strategy w hen 
prey concentrations in patches w ere <2-fold (>5-fold) 
those outside patches.

An im portant finding of the present study was 
that, at high prey concentrations, a large discrepancy 
existed betw een foraging model estim ates of C and the 
limits to C im posed by CMAX, GER, or A E  approaches. 
At concentrations >40 copepodites F 1, the foraging
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model predicted 2- to 4 -fold higher C than the limit 
imposed by Case 3 (where C was highest am ong the 
3 limits; see Fig. 6A). Differences betw een foraging 
model C and the limits imposed by CMAX w ere not 
unexpected. A CMAX param eter is derived from mass- 
based param eter rates of a balanced bioenergetics 
budget (e.g. metabolic losses and growth), while the 
foraging subroutine contains functions utilizing larval 
length (e.g. visual distance, capture success, swim
ming velocity). Since sprat larvae have relatively low 
m ass-at-length com pared to larvae of other teleosts 
(Peck et al. 2005), the foraging model prediction of C 
(based on length) exceeds the estim ates of C required 
to obtain in situ grow th rates (based on mass). How
ever, the discrepancy of the foraging model estim ates 
of C and the limit imposed by both of the other 
approaches (Cases 2 & 3) (e.g. see Fig. 6B) suggests 
that the current (commonly used) formulation of larval 
fish foraging yields unrealistically high C w hen larval 
fish encounter high prey concentrations.

Working knowledge

The physiologically based  approaches to limit food 
consumption explored in this study relied upon know l
edge of GER and A E  and how these param eters w ere 
affected by changes in larval fish size, tem perature 
and prey concentration. How robust are the estim ates 
of GER? There appear to be m any studies evaluating 
GER in fish, and the rates reported  w ere similar after 
tem perature and fish body size differences w ere taken 
into account. GER w as generally betw een 0.2 and 0.5 
hr1 for young larvae of a variety of m arine and fresh
w ater fish species, including 0.165 to 0.290 for larval 
radiated shanny Ulvaria subbifurvata  (Bochdansky et 
al. 2006), 0.207 to 0.246 for w alleye pollock Theragra 
chalcogramma (Canino & Bailey 1995), 0.38 for pinfish 
Logadon rhom boids (Peters & Kjelson 1975), 0.40 for 
perch Perca fluviatilis and 0.43 for zander Stizostedion  
lucioperca (Worischka & M ehner 1998). GER for post- 
larval stages tended  to be lower, and was betw een 0.13 
and 0.29 for young-of-the-year Atlantic herring 
(Arrhenius & Hansson 1994) and from 0.032 to 0.052 
for larger, juvenile Atlantic salmon Salmo salar (Talbot 
et al. 1984). A 2- to 5-fold increase in GER during con
tinuous feeding is also well docum ented. It appears as 
though laboratory studies indicating no effect of prey 
density on GER of larval and young juvenile fishes 
(e.g. Bochdansky & Dielbel 2001, Bochdansky et al. 
2006) m easured GER in fish that w ere no longer feed
ing.

How robust are estim ates of A E ? Com pared to GER, 
far fewer studies have been conducted on A E  using 
fish larvae. 'Inasm uch as it has bearing on models of

larval grow th and survival, the question of changing 
digestive and assimilative abilities w ith larval devel
opm ent... w arrants the most im m ediate attention' 
(Govoni et al. 1986, p. 73). This statem ent is still true 
today. The values of A E  differ depending upon the 
species. For example, A E  w as about 90% (based on 
carbon contents of copepod prey) in 13 to 34 dph 
(days post-hatch) Atlantic herring larvae (Pedersen & 
H jelm eland 1988), but a range of lower values (i.e. 
from 30 to 90%) have also been  reported  (for reviews 
see Govoni et al. 1986, Houde & Zastrow 1993). In the 
present study, the effect of body size (developmental 
state) was incorporated into A E  by evaluating litera
ture data on a variety of species. It is reasonable to 
assume an im provem ent of A E  w ith increasing body 
size (developmental stage), and this has been shown in 
several studies (Govoni et al. 1986). However, the 
largest species-specific differences in AE will undoubt
edly be m anifested in the effect of body size via differ
ences am ong species in developm ental characteristics. 
For this reason, more work is needed  on A E  in larval 
fish. Our simulation results (Case 3B) suggested that 
grow th rates at different tem peratures w ere only re a 
sonable w hen the reduction of A E  w ith increasing 
feeding rate was tem perature dependent, and this 
should be tested.

CONCLUSIONS

Feedbacks betw een a m arine fish larva and its envi
ronm ent have recently been explored using an IBM ap 
proach (e.g. behavioral modifications necessary to opti
mally forage within prey patches; Pitchford et al. 2003). 
In the present study, we included an interaction betw een 
the feeding physiology of a larva (consumption, d iges
tion and assimilation of food) and characteristics of its 
prey field (different concentrations having patchy or 
hom ogenous distributions). Two physiologically based 
alternatives to CMAX were parameterized, based upon the 
available literature on GER and A E  for the larvae of a 
variety of freshwater and marine fish species. We recom 
m end that larval fish IBMs utilizing foraging and growth 
subroutines also employ physiologically based limits to 
food consum ption rate and that non-m echanistic p ara
m eters (CMAX and/or GMAX) be avoided. Employing 
m echanistic limits to feeding may be critical if models 
attem pt to explore (and hope to understand) the conse
quences of both short- and long-term  prey field varia
bility on the grow th and survival of marine fish larvae.

Acknowledgements.  We are grateful to Susanne Tamm for 
the in situ prey abundance data and also thank  Wilfried Kühn, 
Corinna Schrum and Mike St. John  for thoughtful discussions 
relating  to the IBM formulation. This research  w as presen ted



182 M ar Ecol Prog Ser 347: 171-183, 2007

at the 'Workshop on advancem ents in  m odeling physical- 
biological interactions in fish early-life history: recom m ended 
practices and future directions' that took place in  N antes, 
France, from 3 to 5 April 2006. The present study was funded 
by the 'GLOBEC-Germany' program  (FKZ No. 03F0320E), by 
the G erm an 'AQUASHIFT' program  (DFG No. J0556/1-1) 
and by 'UNCOVER' (EU, STREP No. 022717).

LITERATURE CITED

Alarcón FJ, Moyano FJ, Diaz M (1995) Digestion proteica en 
peces marinos: una  visión general. In: Castello F, C alderer 
A (eds) Actas V Congreso Nacional de Acuicultura. Uni
versität de Barcelona, Barcelona, p  455-460 

Almatar SM (1984) Effects of acute changes in  tem perature 
and salinity on the oxygen up take of larvae of herring 
(Clupea harengus) and plaice (Pleuronectes platessa). 
M ar Biol 80:117-124 

Arrhenius F, H ansson S (1994) In situ  food consumption by 
young-of-the-year Baltic Sea herring Clupea harengus: 
a test of predictions from a bioenergetics model. M ar Ecol 
Prog Ser 110:145-149 

Barteil SM, Breck JE, G ardner RH, Brenkert AL (1986) Indi
vidual param eter perturbation  and error analysis of fish 
bioenergetics models. C an J  Fish A quat Sei 43:160-168 

Bartsch J, Coombs SH (2004) An individual-based m odel of 
the early life history of m ackerel (Scom ber scombrus) in 
the eastern  North Atlantic, sim ulating transport, growth 
and mortality. Fish O ceanogr 13:365-379 

Baum ann H, Gröhsler T, Kornilovs G, M akarchouk A, Feld- 
m ann V, Temming A (2006) Tem perature-induced regional 
and tem poral grow th differences in Baltic young-of- 
the-year sprat Sprattus sprattus. M ar Ecol Prog Ser 317: 
225-236

Besiktepe S, Dam HG (2002) Coupling of ingestion and de
fecation as a function of diet in  the calanoid copepod 
Acartia tonsa. M ar Ecol Prog Ser 229:151-164 

Beyer JE, Laurence GC (1980) A stochastic m odel of larval 
growth. Ecol M odel 8:109-132 

Blaxter JH S (1962) H erring rearing. IV. Rearing beyond the 
yolk-sac stage. M ar Res 1:1-18 

Blaxter JHS (1965) The feeding of herring larvae and their 
ecology in relation to feeding. CALCOFI (Calif Coop 
O cean Fish Investig) Rep 10:79-88 

Bochdansky AB, Deibel D (2001) C onsequences of model 
specification for the determ ination of gut evacuation rates: 
redefining the linear model. C an J  Fish A quat Sei 58: 
1032-1042

Bochdansky AB, Brunem eyer ND, Leggett WC (2006) Model 
evaluation of linear gut evacuation in the larval radiated  
shanny using a combination of laboratory and field data. 
Trans Am Fish Soc 135:390-398 

Boehlert GW, Yoklavich MM (1983) Effects of tem perature, 
ration, and fish size on growth of juvenile black rockfish, 
Sebastes melanops. Environ Biol Fish 8:17-28 

Boehlert GW, Yoklavich MM (1984) Carbon assimilation as a 
function of ingestion rate  in larval Pacific herring, Clupea 
harengus pallasi V alenciennes. J  Exp M ar Biol Ecol 79: 
251-262

Broekhuizen N, Parkyn S, Miller D, Rose R (2002) The re la
tionship betw een  food density and short term  assimilation 
rates in  Potamopyrgus antipodarum  and Deleatidium  sp. 
Hydrobiologia 477:181-188 

Broughton EA, Lough RG (2006) A direct comparison of 
MOCNESS and Video Plankton Recorder Zooplankton 
abundance estimates: possible applications for augm ent

ing net sam pling w ith video systems. D eep-Sea Res II 
53:2789-2807

Buckley LJ, Dillman DW (1982) N itrogen utilization by larval 
sum mer flounder, Paralichthys dentatus (Linnaeus). J  Exp 
M ar Biol Ecol 59:243-256 

Canino MF, Bailey KM (1995) Gut evacuation of walleye 
pollock larvae in  response to feeding conditions. J  Fish 
Biol 46:389-403 

Chiba K (1961) The basic study on the production of fish 
seedling under possible control. I. The effect of food 
in  quality and quantity on the survival and grow th of 
common carp fry. Tansuiku Suisan Kenkyusho Kenkyu 
Hokoku 11:105-132 

Chitty N (1981) Behavioral observations of feeding larvae 
of bay anchovy, Anchoa mitchilli, and bigeye anchovy, 
Anchoa lamprotaenia. Rapp P-V Reun Cons Int Explor 
M er 178:320-321 

Corazza L, N ickum JG (1983) Rates of food passage through 
the intestinal tract of fingerling walleyes. Prog Fish Cult 
45:183-184

D agg MJ, W aker EW Jr (1978) Ingestion, gut passage, and 
egestion by the copepod Neocalanus p lum chrus in  the 
laboratory and in the subarctic Pacific Ocean. Limnol 
Oceanogr 32:178-188 

D ekshenieks MM, D onaghay PL, Sullivan JM, Rines JEB, 
Osborn TR, Twardowski MS (2001) Temporal and spatial 
occurrence of th in  phytoplankton layers in  relation to 
physical processes. Mar Ecol Prog Ser 223:61-71 

Dickmann M (2006) Feeding ecology of sprat (Sprattus sprat
tus L.) and sardine (Sardine pilchardus W.) larvae in  the 
Baltic Sea and in the North Sea. PhD thesis, Institute für 
Ostseeforschung, University of Rostock 

Doohan M (1973) An energy budget for adult Brachionus 
plicatilis M uller (Rotatoria). Oecologia 13:351-362 

Elliott JM  (1976) Energy losses in the w aste products of brow n 
trout (Salmo trutta L.). J  Anim Ecol 45:561-580 

Fiksen 0 , Folkvord A (1999) M odelling grow th and ingestion 
processes in  herring Clupea harengus larvae. M ar Ecol 
Prog Ser 184:273-289 

Fossum P (1983) Digestion rate  of food particles in  the gut of 
larval herring  (Clupea harengus L.). Fiskdir Skr Serie 
H avundersokelser 17:347-357 

G elm an A, Kuz'mina V, D rabkin V, G latm an L (2003) Tem per
ature dependent characteristics of intestinal glycyl-L- 
leucine dipeptidase in boreal zone fish. Comp Biochem 
Physiol B 136:323-329 

Govoni JJ, Peters DS, M erriner JV  (1982) Carbon assimilation 
during the larval developm ent of the m arine teleost 
Leiostomus xanthurus Lacepede. J  Exp M ar Biol Ecol 
64:287-299

Govoni JJ, Boehlert GH, W atanabe T (1986) The physiology 
of digestion in  fish larvae. Environ Biol Fish 16:59-77 

H errera G, Balbontfn F (1983) Tasa de evacuación intestinal e 
incidencia de alimentación en  larvas de Sardinops sagax 
musica (Pisces, Clupeiformes). Rev Biol M ar Valparaíso 
19:113-132

H inrichsen HH, M öllmann C, Voss R, Köster FW, Kornilovs G 
(2002) Biophysical m odeling of larval Baltic cod (Gadus 
morhua) growth and survival. Can J  Fish A quat Sei 59: 
1858-1873

H oude ED (1989) Comparative growth, mortality, and ener
getics of m arine fish larvae: tem perature and im plied 
latitudinal effects. Fish Bull 87:471-475 

H oude ED, Schekter RC (1983) Oxygen up take and com
parative energetics am ong eggs and larvae of th ree sub
tropical m arine fishes. M ar Biol 72:283-293 

H oude ED, Zastrow CE (1993) Ecosystem and taxon-specific



Peck & Daewel: Food consum ption and m odeling of foraging and grow th of larval fishes 183

dynamic and energetics properties of larval fish assem 
blages. Bull M ar Sei 53:290-335 

Huwer B (2004) Larval grow th of Sardina pilchardus and 
Sprattus sprattus in  relation to frontal systems in  the G er
m an Bight. Diplomarbeit, Christian-Albrechts-Universität, 
Kiel

Johnston TA, M athias JA (1996) Gut evacuation and absorp
tion efficiency of w alleye larvae. J  Fish Biol 49:375-389 

Karjalainen J, Koho J, Viljanen M (1991) The gastric evacua
tion rate of vendace (Coregonus albula L.) larvae p re 
dating on zooplankters in  the laboratory. A quaculture 96: 
343-351

Kiorboe T, M unk P, Richardson K (1987) Respiration and 
growth of larval herring  Clupea harengus: relation b e 
tw een  specific dynamic action and grow th efficiency. Mar 
Ecol Prog Ser 40:1-10 

Lankford Jr TE, Targett TE (1997) Selective predation  by 
juvenile weakfish: post-consumptive constraints on energy 
maximization and growth. Ecology 78:1049-1061 

Laurence GC (1971) Digestion rate of larval largem outh bass.
NY Fish Game J  18:52-56 

Laurence GC (1985) A report on the developm ent of stochas
tic models of food lim ited growth and survival of cod and 
haddock larvae. In: Laurence GC, Lough RG (eds) Growth 
and survival of larval fishes in  relation to the tropho- 
dynamics of Georges Bank cod and haddock. NOAA Tech 
Memo NMFS 36:83-150 

Letcher BH, Rice JA, Crowder LB, Rose KA (1996) Variability 
in  survival of larval fish: disentangling components w ith a 
generalized individual-based model. C an J  Fish Aquat Sei 
53:787-801

Lough RG, Buckley LJ, W erner FE, Quinlan JA, Edwards KP
(2005) A general biophysical m odel of larval cod (Gadus 
morhua) growth applied to populations on Georges Bank. 
Fish O ceanogr 14:241-262

Lough RG, Broughton EA, Buckley LJ, Incze LS, Pehrson 
Edwards K, Converse R, A retxabaleta A, W erner FE
(2006) M odeling grow th of Atlantic cod larvae on the 
southern flank of Georges Bank in  the tidal-front circula
tion during M ay 1999. D eep-Sea Res II 2771-2788

MacKenzie BR, Leggett WC, Peters RH (1990) Estimating 
larval fish ingestion rates: can laboratory derived values 
be reliably extrapolated to the wild? M ar Ecol Prog Ser 
67:209-225

M aes J, Limburg KE, van de Putte A, Ollevier F (2005) A spa
tially explicit, individual-based m odel to assess the role of 
estuarine nurseries in  the early life history of North Sea 
herring, Clupea harengus. Fish O ceanogr 14:17-31 

Mills EL, Ready RC, Jahncke M, H anger CR, Trowbridge C 
(1984) A gastric evacuation m odel for young yellow perch, 
Perca flavescens. Can J  Fish A quat Sei 41:513-518 

M unk P (1992) Foraging behaviour and prey size spectra of 
larval herring  Clupea harengus. M ar Ecol Prog Ser 80: 
149-158

M unk P (1993) Differential grow th of larval sprat Sprattus 
sprattus across a tidal front in  the eastern  North Sea. Mar 
Ecol Prog Ser 99:17-27 

M unk P (1995) Foraging behaviour of larval cod (Gadus 
morhua) influenced by prey  density and hunger. M ar Biol 
122:205-212

M unk R, Kiorboe T (1985) Feeding behaviour and swimming 
activity of larval herring  ( Clupea harengus L.) in  relation 
to density of copepod nauplii. M ar Ecol Prog Ser 24:15-21 

Noble RL (1973) Evacuation rates of young yellow perch, 
Perca flavescens (Mitchill). Trans Am Fish Soc 102:

Editorial responsibility: Alejandro Gallego (Contributing 
Editor), A berdeen, UK

759-763
Owen RW (1989) M icroscale and finescale variations of small 

plankton in  coastal and pelagic environments. J  M ar Res 
47:197-240

Peck MA, Clem m esen C, H errm ann JP (2005) Ontogenic 
changes in  the allometric scaling of the mass and length 
relationship in Sprattus sprattus. J  Fish Biol 66:882-887 

Pedersen BH (1984) The intestinal evacuation rates of larval 
herring  (Clupea harengus L.) predating  on wild plankton. 
D ana 3:21-30

Pedersen BH, H jelm eland K (1988) Fate of trypsin and assim
ilation efficiency in  larval herring (Clupea harengus) 
following digestion of copepods. M ar Biol 97:467-476 

Pepin P, Penney R (2000) Feeding by a larval fish community: 
im pact on Zooplankton. M ar Ecol Prog Ser 204:199-212 

Peters DS, Kjelson MA (1975) Consumption and utilization of 
food by various postlarval and juvenile fishes of North 
Carolina estuaries. Estuar Res 1:448-472 

Pitchford JW, Jam es A, Brindley JA (2003) Optimal foraging 
in  patchy turbulent environments. M ar Ecol Prog Ser 256: 
99-110

Pitchford JW, Jam es A, Brindley JA (2005) Quantifying the 
effects of individual and environm ental variability in fish 
recruitm ent. Fish O ceanogr 14:156-160 

Ré P, Gonçalves E (1993) Growth of sprat Sprattus sprattus 
larvae in  the G erm an Bight (North Sea) as inferred from 
otolith m icrostructure. M ar Ecol Prog Ser 96:139-145 

Ryer CH, Boehlert GW (1983) Feeding chronology, daily ration, 
and the effects of tem perature upon gastric evacuation 
in  the pipefish (Syngnathus fuscus). Environ Biol Fish 9: 
301-306

Shepherd WC, Mills EL (1996) Diel feeding, daily food intake, 
and Daphnia consum ption by age-0 gizzard shad in 
O neida Lake, New York. Trans Am Fish Soc 125:411-421 

Talbot C, H iggins PJ, Shanks AM (1984) Effects of pre- and 
post-prandial starvation on m eal size and evacuation rate 
of juvenile Atlantic salmon, Salmo salar L. J  Fish Biol 25: 
551-560

Tilseth S, Ellertsen B (1984) Food consumption rate  and gut 
evacuation processes of first feeding cod larvae (Gadus 
morhua  L.). Flödevigen Rapp 1:167-182 

Walton WE, H airston NG, W erterer JK (1992) G row th-related 
constraints on diet selection by sunfish. Ecology 73: 
429-437

W erner F, Perry RI, Lough RG, Naimie CE (1996) Tropho- 
dynamic and advective influences on Georges Bank larval 
cod and haddock. D eep-Sea Res II 43:1793-1822 

W erner RG, Blaxter JH S (1980) Growth and survival of larval 
herring  ( Clupea harengus) in  relation to prey density. Can 
J  Fish A quat Sei 37:1063-1069 

Worischka S, M ehner T (1998) Comparison of field-based and 
direct estim ates of daily food consumption in  larval perch 
and zander. J  Fish Biol 53:1050-1059 

Xu Y, W ang WX (2001) Individual responses of trace-elem ent 
assimilation and physiological turnover by the m arine 
copepod Calanus sinicus to changes in  food quantity. Mar 
Ecol Prog Ser 218:227-238 

Young JW, Davis TLO (1990) Feeding ecology of larvae of 
southern bluefin, albacore and skipjack tunas (Pisces: 
Scombridae) in  the eastern  Indian Ocean. M ar Ecol Prog 
Ser 61:17-29

Young JW, Davis TLO (1992) Feeding ecology and in ter
annual variations in  diet of larval jack  m ackerel, Trachu
rus declivis (Pisces: Carangidae), from coastal w aters of 
eastern  Tasmania. M ar Biol 113:11-20

Subm itted: A ugust 2, 2006: Accepted: March 1, 2007 
Proofs received  from  author(s): Sep tem ber 17, 2007


