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ABSTRACT: The paper combines experimental work with modelling. The aim was to estimate the tem- 
perature-dependent digestion handling time, which is defined as the time taken to digest the whole 
prey or the whole stomach contents, and to examine potential consequences of prey digestibility on 
prey choice. A surface-dependent digestion model that reflects the geometric shape of a piscivore prey 
was applied to experimental data representing the weight of prey remaining undigested at various 
points in time from the time at which the prey was first ingested. The fish used were juvenile cod fed 
different meal sizes of two-spotted goby Gobjusculus flavescens Fabricius at 4 temperatures. It is 
assumed that prey digestion is a surface process in which digestive enzymes attack progressively 
deeper into a prey of known size and shape so that the average digestion rate would be proportional to 
prey radus. This process IS characterized by the digestion velocity d, (cm h-') and the digestion 
handling time. d, was estimated for various meal sizes and temperatures. Next, these estlrnates were 
used to obtain a standardized temperature-dependent function: d, = dso[e~h34'"0)T], of which the stan- 
dardized digestion velocity estimate at O°C, d, = 0.0026 cm h-' The d, relation expresses the digestion 
velocity over a 10-fold meal size increase for a temperature range within natural seasonal variation for 
the cod. The digestion velocity d, was constant for a 10-fold difference in meal size within the temper- 
ature range. However, the digestion handling time increased with increasing meal size, but decreased 
with increasing temperature. It was demonstrated that predictions from a modified prey choice model 
which incorporates the effect of digestion differ from predictions from classical models which do not 
account for prey digestion. 
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INTRODUCTION 

Behavioural models have been developed with the 
aim of understanding the mechanisms that control food 
intake and feeding behaviour in fish. The models 
describe, in mathematical terms, the criteria a forager 
is assumed to act upon. Classic foraging theory (Emlen 
1966, MacArthur & Pianka 1966, Fretwell & Lucas 
1970, Charnov 1976) has identified important elements 
that a forager should respond to in order to feed most 
efficiently. However, early foraging models have been 
criticized for not considering the continuously chang- 
ing state of both the environment and the animal itself 

(e.g. Pyke 1984, Hart & Ison 1991). This criticism has 
been met by the introduction of dynamic modelling 
(Mange1 & Clark 1986, 1988) which forms the basis 
of behavioural models which consider the dynamic 
change in state of the animals. 

The nutritional state of an animal can be viewed with 
respect to its energy resources over its life-history (Bull 
et al. 1996), or on a day-to-day basis for the more 
immediate concerns such as prey choice and stomach 
filling (Hart & Ison 1991, Salvanes & Hart 1998). For 
a predator becoming satiated, motivation to resume 
feeding will be related to the size of its previous meals 
(Grove et al. 1978, 1985). Satiation will also affect the 
time of handling prey (Street et  al. 1984). Handling 
time has traditionally been restricted to the time 
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between the capture of the prey and the ingestion 
(Stephens & Krebs 1986). A model that aims to trace 
the dynamics of predation and feeding behaviour 
should consider the full aspects of feeding and specify 
both length in time required in pursuit of the prey and 
restrictions associated with digestion in the handling 
time. However, for effective application of such a 
model, it is required that good predictions of para- 
meters that reflect the digestion process are available. 
Such parameters are established through digestion 
experiments and depend upon digestion models that 
are biologically meaningful. 

Digestion studies have been performed on a large 
number of species and prey (for reviews see Kapoor et 
al. 1975, Fange & Grove 1979, Jobling 1988, Rodrigues 
1994) and many have used cod Gadus morhua L. as a 
predator (Karpevich & Bokova 1937, Tarverdieva 1962, 
Tyler 1970, 1977, Daan 1973, Jones 1974, Bagge 1977, 
Macdonald et al. 1982, dos Santos & Jobling 1988, 
1991a, 1991b, 1992, Bromley 1991, Singh-Renton & 

Bromley 1996), most of which have dealt with adult cod 
digesting major prey organisms which are easy to 
catch in sufficient quantities (Knutsen 1998). Ontoge- 
netic differences in prey digestion may also exist and 
predator species and type of food items are also of im- 
portance (Kapoor et al. 1975, Fange & Grove 1979). Al- 
though a number of prey may have similar digestibility 
(Persson 1979), thus making generalisations possible 
for use in ecosystem models, other important factors 
that have a large influence on digestion such as tem- 
perature and meal sizes need to be quantified (Windell 
1978). In Salvanes et al. (1995) parameters that express 
prey digestion were estimated for adult cod at short 
temperature intervals from 1.2 to 6"C, but also for 
9.5"C. In the present paper we focus on juvenile cod 
and the temperature range of 6 to 12°C. 

Digestion models describe how a prey or a prey 
bolus decreases in size with time after being ingested. 
The lack of information on all factors that influence 
digestion has led to a common practice of fitting the 
experimental data to empirical models which a priori 
seem to fit best to the data by means of regression 
analysis (Elashoff et  al. 1982). Empirical models used 
are linear (e.g. Daan 1973), exponential (e.g. Tyler 
1970), square root (e.g. Hopkins 1966), or logistic (e.g. 
Macdonald et al. 1982) equations. Estimated parame- 
ters from such regressions have often limited biolog~cal 
meaning (e.g. Tseitlin 1980), and different parameter 
estimates would be required e.g. for each set of 
temperature, predator species, prey species and meal 
sizes. An alternative model to the empirical models is 
the surface-dependent digestion model outlined, and 
applied to data on adult cod, by Salvanes et al. (1995). 
It is based on the assumption that digestion is a surface 
process, in which digestive enzymes attack the surface 

and penetrate progressively deeper into the prey with 
an average rate d,, so the digestive process can be 
expressed as a velocity, i.e. the thickness of a prey 
layer that is digested per time unit. This implies that 
digestion would be dependent on geometry of the 
stomach contents. 

In the present study, the surface-dependent diges- 
tion model of Salvanes et al. (1995) is applied in an 
analysis of digestion handling time for juvenile coastal 
cod, when different meal sizes of two-spotted goby 
Gobiusculus flavescens Fabricius are given to groups 
of cod kept at various experimental temperatures. The 
two-spotted goby is very abundant in the coastal and 
fjord areas of western Norway and constitutes the 
main prey for young coastal cod inhabiting the sublit- 
toral zone (Gods et al. 1989, Svgsand & Knstiansen 
1990, Foss5 1991, Hop et al. 1992, 1994, Salvanes & 
Noreide 1993). The digestion velocity parameter d, is 
first estimated with values of uncertainty for every 
meal size and for each experimental temperature. 
Next, these estimates are used to obtain a general tem- 
perature- and meal-size-dependent function which 
expresses how the digestion velocity and digestion 
handling time of prey changes with changing environ- 
mental temperature and with the amount of prey con- 
sumed. We also modify a classical optimal diet breadth 
model to take into account the effect of digestion and 
we illustrate the possible implications of this on pre- 
dicted optimal prey choice. It is shown by simulation 
that the incorporation of the digestion can alter the 
predicted optimal diet as compared with predictions 
from a classical approach. 

MATERIAL AND METHODS 

About 200 healthy juvenile cod were kept from mid 
July 1995 in 2 storage tanks (500 1) at 10°C under nat- 
ural photoperiod. Formulated feed was provided twice 
a week. Fish were measured (Table 1) and transferred 
to the experimental tanks and to a piscivorous diet in 
early January 1996. Acclimation period to the fish diet 
lasted 1 wk. Experimental prey, two-spotted goby, 
were collected using a beach seine at 0 to 5 m depth in 
autumn and spring. Because it was impossible to have 
a continuous supply of fresh prey during the whole 
experimental period due to strong seasonal variation in 
prey abundance, the prey were frozen and stored at 
-18°C before use. This could cause over-estimation of 
the digestion rate of frozen prey in comparison to fresh 
(Brornley 1994). S i d a r  sized whole prey were selected 
for the 4 Experimental Senes. The series consisted of 
groups of 10 or 20 cod in 500 1 tanks. These are re- 
ferred to according to the temperature used (Table 1). 
Salinity averaged 33.3% (SE = 0.05, n = 34). Sufficient 
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water flow secured oxygen levels high above the max- 
imum metabolic requirements of cod (Schurmann & 
Steffensen 1997). Light was adjusted to a 12 h day: 12 h 
night regime. The number of prey given per tank per 
trial was equivalent to an average of 6 gobies (average 
weight 0.60 0.02 g) which represented 4.5 % of body 
weight per individual. According to dos Santos & 
Jobling (1992) this would represent half of the ex- 
pected maximum stomach capacity. Individual fish ate 
a variable number of prey, generating data for a range 
of meal sizes. 

Experimental series. Feeding: Regular feeding was 
terminated at least 3 d before each trial took place. It 
was assumed that 3 d would be a sufficient amount of 
time for the fish to empty their stomachs of any prey 
remaining at  the temperatures used (Windell 1966, 
Brett & Higgs 1970, Elliott 1972). The gobies were gen- 
tly dispersed over the entire water surface in each tank 
to give individual cod equal opportunities to take prey. 
After 1 h the gobies not eaten were collected, counted 
and weighed. After a predetermined time for meal 
digestion had elapsed, the remnants of the meal were 
retrieved by the gastric lavage technique (Bromley 
1988, 1991, dos Santos & Jobling 1991a). To ensure 
that this was an effective way to empty the fish stom- 
achs, we used an extra group of cod which were emp- 
tied, killed and then dissected. All stomachs were 
found empty. The solid remains of the digested gobies 
were collected by forceps and placed on a moist paper 
towel to remove excess liquid. The gobies were 
counted and put in a pre-weighed disposable weigh- 
ing vessel. It took about 1 h to perform gastric lavage 
on 10 cod. The vessels containing the remnants of the 
stomach contents were weighed to &0.0001 g. Because 
the experimental fish were healthy it is likely that the 
individual variation in the degree of digestion of the 
stomach contents at time t reflects the combined effect 
of the small variation in goby size and the individual 
variation in the digestion of prey. The gastric lavage 
technique is unlikely to affect future digestion velocity 
or induce any lasting changes to digestion physiology 
(Seaburg & Moyle 1964, Bromley 1988, 1991, Hartleb 
& Moring 1995). The cod in the present study rapidly 
recovered appetite and resumed feeding behaviour 

within 2 h after being lavaged. It might be argued that 
repeated handling of the fish could lead to cumulative 
stress, but this was found not to be the case by dos 
Santos & Jobling (1988). All cod in each tank were 
sampled after a pre-set time interval. The time from 
feeding to gastric lavage was varied from 2 to 26 h,  
with intervals of approximately 2 h. After 30 h of diges- 
tion, at 12'C, the prey items were reduced to such a 
condition that recognition of the number of prey was 
not easily made (Daan 1973). Only 1 trial could be 
made per experimental tank at any one time. 

Theory of gastric evacuation. Definitions of  terms 
used: Digestive chyme is depleted from the stomach 
during the same time as the digestion process of the 
prey (Tyler 1970) and therefore terms are often inter- 
changed. Table 2 provides a definition of the terms as 
used in the present study. 

Conventional models: The simplest mathematical 
model that aims to describe the pattern of gastric evac- 
uation is the linear W, =Wo - d l .  t, in which W, is the 
weight of prey remaining at time t, assuming a con- 
stant emptying rate (d,) independent of meal size con- 
sumed (Wo) and time after feeding (t). It is commonly 
used where ordinary least squares (OLS) regression 
analysis gives a good fit to experimental data (Daan 
1973, Bagge 1977), but has been criticised for lacking a 
sound biological basis (Olson & Mullen 1986). 

The exponential digestion model (W, = WO - e-p'), in 
which g refers to the specific gastric evacuation rate 
(g g-I h-'), assumes digestion to proceed faster in the 
early phase of digestion and then level off at the later 
stages. This corresponds with common observations of 
the retention of less digestible solids. However, both 
bones and chitinious exoskeletons are eventually bro- 
ken down and evacuated, contradicting the non-inter- 
cepting asymptotic approximation to zero of the expo- 
nential model (when t + W).  The predicted weight of 
the prey (W,) when t = 0 should also be identical to 
the initial weight of the prey (Wo), which is not always 
the case. By raising the equation to a power of 2/3 
(Tyler 1970, Jobling 1981b), the exponential model 
aims to cover the relationship between surface area 
and volume during digestion (m2/m3). The exponen- 
tial model still gives a good description of the diges- 

Table 1. Sizes (mean + SE) of experimental fish at the start of each experimental series and numbers of tanks, trials cod per tank 
and prey per trial. n,: number of cod the size measurements are based upon; n,: number of temperature measurements 

Experimental Date Length Weight n, Temperature n, No. of No. of cod No, of prey 
series (1996) (cm) (9) ("c) tanks per tank per trial 

1 Jan 18 20.14 * 0.35 74.29 * 3.04 40 5.9 * 0.02 18 3 20.20 and 10 120, 120 and 60 
2 Jan 18 20.43 * 0.33 81.22 * 4.28 40 8.1 * 0.07 18 3 20, 10 and 10 120,60 and 60 
3 May l 3  23.25 r 0.33 116.51 + 5.88 39 10.1 * 0.03 11 2 20 and 20 120 and 120 
4 May 13 24.98 * 0.39 145.60 + 6.67 39 12.4 k 0.10 11 2 20 and 20 120 and 120 
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Table 2. Definitions of common terms relating to the process of food consumption, as used in this study 

Term Definition 

Digestion The sum of all mechanical and chemical processes that food goes through from ingestion 
until it is in the intestine ready to be a.bsorbed 

Digestion velocity The speed at which stomach contents are disintegrated; weight (g), proportion (%) or 
metric measure (cm) per time unit 

Digestion handling time The time interval between capture of and passage of food from the stomach to the 
intestine (see t,,, in Table 4) 

Gastric evacuation Emptylng of breakdown products from the stomach, through the pyloric sphincter, into 
the small intestine 

Gastric evacuation velocity The speed at which gastric evacuation takes place; weight (g) or proportion (%) per 
tlme unit 

Gastric motility The muscular contractions of the stomach wall 

d 

The square root model (Hopkins 1966) has 
a more biological basis. Gastric motility is 
induced by stretch receptors in the stomach 
wall and the frequency of peristalsis is related 
to the size of the meal. The square root diqes- 

Table 3. The value of the exponent d of the derivative of the digestion 
model predicts the categorisation of the model (after Brornley 1994) the stomach, thereby making the instanta- 

neous rate of depletion (d,,) dependent upon 

- 
tion model [W, = (mo - d,, - t)2] is based on 
the proportional relationship between the 
peristaltic contractions and the stretching of 

Value Resulting model Gastric evacuation pattern 

d < 0 Convex Initially slow, then increasing 
d = 0 Linear Constant rate 
0 < d 5 1 Concave power curve Initially fast, then decreasing 
d = Square root Initially fast, then decreasing 

d = 2/3 Surface/volume Initially fast, then decreasing 
d = l Exponential Gastric evacuation is a function of 

level of fullness and will therefore 
never empty completely 

d > l Pronounced convex Quick at large meals, slow at small 

Fig. 1. Illustration of the approximate geometric shape of a piscivorous 
prey item, r,, r2, r3: the 3 radu of the ellipsoid. r, refers to W2 and r2 = r3 

refers to ro (cf. Table 4) 

the amount of food in the stomach. The model 
has shown to describe digestion in plaice 
Pleuronectes platessa L, well (Jobling & 
Davies 1979), even though this may be a re- 
sult of force feeding (Persson 1986). 

Derivation of any of these models results in 
the general equation 

- -  d w  - - R . w ~  (1) 
d t 

where R and d a r e  constants (Bromley 1994). 
Table 3 explains how the derivative of gastric 
evacuation models are interpreted. From this 
it is shown that the exponential, square root 

tion process and is commonly used for a variety of and surface-dependent models all have similar con- 
species and prey, e.g. brown trout Salmo trutta L. cave evacuation patterns. 
(Elliott 1972), bluegill sunfish Lepomis macrochlrus The surface-dependent digestion model was out- 
Rafinesque (El-Shamy 1976) and also cod (Tyler 1970). lined in Salvanes et al. (1995). They show that, although 

The power exponential model [W, = WO . 2-1f'H)S] the classical and surface models give similar goodness- 
(Elashoff et al. 1982) is similar to the exponential of-fit to the same data sets, the surface model is more 
model. It has a 'half life' parameter of the decaying flexible and general, which means that its parameters 
prey (H) and the advantage of a shape coefficient, s. can be estimated from data having the range of pat- 
The latter makes it extremely versatile and 
convertible to a linear, sigmodial or exponen- 
tial evacuation pattern. The model enables 
good description of experimental data, but it 
may be difficult to fit or to decide in which 

I 

form to fit it (Bromley 1994). The biological 
meanina of the Darameters is not obvious. 
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Table 4.  Parameters and vanables used in the surface-dependent digestion model (modified after Salvanes et al. 1995) 

Symbol Description Unit 

Temperature coefficient per "C for enzymatic processes 
Digestion velocity 
Digestion velocity at O°C 
Total length of a fresh prey 
Ratio of the circumference of any circle to its diameter 
Temperature rate constant per 10°C for enzymatic processes 
Prey radius at any time after a meal 
Radius of a fresh prey/prey bolus 
Density of prey mass 
Standard error of the equation 
Temperature 
Time after a meal was ingested 
Time delay before digestion starts 
Time taken to digest the whole prey or the whole stomach contents 
Initial prey weight 
Weight of prey remaining at time t 
Handling tune from encounter until ingestion of prey j 
H a n d h g  tune from ingestion and until fish resumes feeding 
Feedmg rate on prey j 
Encounter rate of prey j 

"C-' 

cm h-' 
cm h-' 

cm 
g cm-3 

9 
"C 
h 
h 
h 
9 
9 
h 
h 

g h-' 
no. h-' 

terns from linear to very curved. The basis for this 
model is that digestion in fish is essentially a surface 
process. The results of Flowerdew & Grove (1979) and 
Grove et al. (1985) on turbot Schopthalmus maximus L. 
also support the idea that digestion is a surface pro- 
cess. Enzymes attack the surface of the prey and work 
their way progressively deeper into the flesh. Diges- 
tion can thus be described as a function of the geomet- 
rical shape of the prey or of a bolus in the stomach con- 
tents of fish. A piscivorous prey item approximates a 
shape similar to an ellipsoid (Fig. 1). 

We now assume that the digestive enzymes attack 
the surface and digest progressively deeper into the 
center of the stomach contents at  a digestion speed of 
d, (cm h-') and that the time tma, needed to digest a 
homogenous prey item or prey bolus will be propor- 
tional to the thickness of the prey r so that t,,,, = ro/d,. 
After t hours of digestion time for 0 I t I t,,,, the 
weight of the remaining stomach contents may be 
expressed as (symbols explained in Table 4): 

for limits t 5 Lo/2d, and t l ro/d, (2) 

W, is the weight of the prey remaining in the stomach 
and L. and ro are the initial length and radius, respec- 
tively, of the fresh prey. Rates of enzymatic processes 
can be expressed mathematically as an exponential 
function of temperature (e.g. Elliott 1972). To take into 
account varying temperature, Salvanes et al. (1995) 
expressed d, as the exponential function 

where dSo is the digestion velocity at O°C, a = 

1n(Qlo)/lOoC-' and T is temperature in "C. Qlo is the 
temperature rate constant which measures the effect of 
a 10°C rise in temperature on the rate of a chemical 
reaction (cf. Jobling 1994). Substituting Eq. (3) into 
Eq. (2) gives 

for limits t I Lo/(2dSo .eaT.  t )  and t 5 ro /(dso . e a r )  (4) 

The digestion handling time (t,,,) can be found by 
solving Eq. (4) with respect to t for W, = 0, and this rep- 
resent the limits for Eq. (4). The third-degree polyno- 
mial has only 2 solutions, t,,,, and tmaX2: 

tmax2 will always reach zero before t,,' as long as Lo/2 
> ro (i.e. the fish is longer than its breadth) and both 
directions are digested at the same velocity. Both solu- 
tions are mathematically valid, but since a length with- 
out a radius has no biological interpretation, only tmax2 
is used when calculating the digestion handling time 

tmax. 
Modified prey choice model. The total maximum 

feeding rate F for a predator having a varied diet 
which consists of p - 1 prey types can be expressed as 
the sum of the feeding rates for all prey F, as shown in 
Salvanes (1994): 
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where hj  refers to encounter rate with prey type j, W, 
to the weight of prey type j and H, to the handling time 
from encounter until ingestion. 

The basic assumption of conventional foraging 
models of mutual exclusion of searching and handling 
time (Ernlen 1966, MacArthur & Pianka 1966, 
Charnov 1976) might be too strict. Piscivores can 
simultaneously digest and seek new prey, as shown 
by the observations that piscivorous fish are com- 
monly found with more than 1 prey species in the 
stomach (Daan 1973, Diana 1979). If the handling 
time associated with digestion of prey Hd (0 < Hd < 
t,,) is included as part of the handling time, a more 
dynamic relation may be obtained. It is possible that 
this could alter the priority of prey acceptance pre- 
dicted by e.g.  the optimal diet breadth model and 
thereby the predictions from the model. As a con- 
straint caused by the different temperature-depen- 
dent digestibihty of different prey we illustrate this 
point by incorporating Hd for a given temperature and 
then modify maximum feeding rate F;-, dampened by 
digestion constraints to 

According to optimal prey choice theories a predator 
can choose among encountered prey and rank prey 
accordng to benefit-cost criteria such as energy con- 
tent per handling time (Shoener 1987) which may be 
proportional to prey size per handling time (Salvanes 
1994). This indicates that some prey will always be 
consumed if encountered whereas others might not be 
eaten at all. If a predator should expand its diet, it is 
likely that this represents a pay-off such as an 
increased total feeding rate after diet expansion, so 
that F;> F;-, and 

Reorganization of Eq. (8) by multiplying the inequal- 
ity with the denominators and also by eliminating 

terms which are common to the right- and left-hand 
sides gives 

Inequality (9) is then multiplied with 1 / ( ~ ,  + H,,) 
and rearranged to give the expression for minimum 
pay-off of inclusion of an extra prey, p, in the diet: 

The analogous expression for the classical approach 
when omitting the effect of digestion is (e.g. Charnov 
1976) 

Data analysis. Criteria for excluding trials: The total 
number of gobies given to a tank containing experi- 
mental cod, minus the number of prey not taken, 
should be equal to the number recorded during the 
gastric lavage of all cod from the tank. To avoid biased 
results due to collection losses during retrieval of the 
stomach contents, the data set was excluded from sta- 
tistical analysis if less than 95 % of the gobies given to 
a tank were recorded during gastric lavage of the 
whole group of fish. That is, if more than 3 out of the 60 
gobies given to the 10-cod groups or more than 6 out of 
the 120 given to the 20-cod groups were missing in the 
examined stomach contents of the entire group of fish, 
the data were excluded from further analysis. Only 3 
trials were excluded. Out of 55 trials in our analysis a 
total of 35 had 100% prey retrieval. 

Paramefers used for the digestion model: Initial 
measurements of the prey (Lo and r,) and observations 
of the variable W, at various times t, provided by the 
experiments, allow d, of Eq. (2) to be estimated assum- 
ing unit density for goby flesh (1 g cm-3). d, was esti- 
mated separately for each experimental temperature, 
so that a temperature relation between digestion 
velocity and temperature could be established via the 
temperature rate Qlo parameter. Based on the temper- 
ature and d, relation, Eq. (3) gives dSo and thereby an 
equation that gives the temperature-dependent diges- 
tion velocity relationship over all natural temperatures. 

By using multiple similar sized prey it is possible tc 
relate the shape of the prey bolus to the shape of the 
stomach. Examination of cod stomachs showed that the 
prey bolus increased in length from 1 to 2 prey items, 
and beyond a length of 2 prey items the bolus mainly 
increased in diameter. Therefore the parameters used 
in the surface digestion model were based on the 
dimensions of a sample of the sorted gobies used in the 
experiment. The weight of the meal size of a fish (W,) 
was set as an arithmetic progression of the mean 
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Table 5. Initial weight (Wo) and rachus (I-,,) of increasing meal 
sizes of gobies 

No, of prey WO ( g )  10 (cm) 

1 0.5625 0.2565 
2 1.1250 0.3628 
3 1.6875 0.4443 
4 2.2500 0.5130 
S 2.8125 0.5736 
6 3.3750 0.6283 
7 3.9375 0.6787 
8 4.5000 0.7255 
9 5.0625 0.7695 
10 5.6250 0.8112 

weight of the prey, 0.5625 g (* 0.0145 g, n = 50, 
Table 5),  for meal sizes consisting of 1 to 10 gobies. L,, 
was set at the mean of total length of the prey (4.0820 
_+ 0.0290 cm, n = 50) as the stomach length, in the pre- 
liminary study, did not increase monotonically with 
meal size. As an approximation ro was estimated from 
the weight of the corresponding food bolus (Wo) by 

4 L 
solving the equation WO = -np-r: with respect to ro, 

3 2 

assuming the density of prey mass p = 1 g cm-3. Only 

meal sizes 110 gobies were included in the estimation, 
as more than 10 prey were taken by individual cod 
only occasionally. If a prey group contained <5  obser- 
vations, it was discarded from the analysis. 

Estimations: The maximum likelihood principle was 
used to estimate the unknown parameters of the 
model. Given a regression model, the maximum likeli- 
hood estimation (MLE) can compute the probability of 
the specific dependent variable occurring in the sam- 
ple. The greater the likelihood, the better the fit of the 
model to the data. The MLE performs well for rela- 
tively small sample sizes and is suited to non-linear 
estimation. The estimator is asymptotically unbiased 
and consistent, asymptotically efficient and assumed 
asymptotically normally distributed (Kennedy 1992). 
The error term of MLE is assumed to be normally dis- 
tributed, and the validity of this was tested by the Kol- 
mogorov-Smirnov test of normality. The MLE differs 
from OLS regression by its iterative approach. Initial 
values for the digestion velocity parameter of Eq. (2) 
were set to 0.003 cm h-'. Other start values (0.1 and 
0.001) gave identical results, which shows that the esti- 
mated parameters are robust. Instead of the R2 usually 
obtained by OLS, MLE yields the standard error of the 
equation, &E, which has the same unit as the dependent 
variable, as a goodness-of-fit. The lower is, the bet- 
ter the fit (Kennedy 1992). STATISTICA 5.0 (StatSoftm 
1994) was used to obtain a non-linear weighted esti- 
mation of the dependency between temperature and 
digestion velocity. 

RESULTS 

The percentage of prey retrieved declined slightly 
with increasing temperature and time. In Experimental 
Series 1 and 2 (5.9 and 8.1°C) 99.7 and 99.1 % of the 
gobies given to the cod in each tank were recorded 
during the gastric lavage. In Experimental Series 3 and 
4 (10.1 and 12.4"C) 98.1 and 94.8% were retrieved in 
total. After discarding trials with less than 95 % recap- 
ture (3 trials), the respective values for the 10.1 and 
12.4"C experiments were 98.8 and 98.6%. 

A total of 559 observations of weight of prey remain- 
ing (Wt)  for individual fish at time t,where t is 2 to 
24 h, were obtained from the 4 experimental series 
(Table 6). Experimental Series 1 and 2 tend to have a 
higher number of observations at  the lower meal sizes, 
while Experimental Series 3 and 4 had most observa- 
tions distributed around the 6-prey meal size. The ob- 
servations at  the 10-prey group in Experimental Series 
1 and 2, and at the l-prey group in Experimental Series 
3, failed to provide a basis for estimations of the diges- 
tion velocity for cod in these groups. There was a weak 
tendency in the data that large cod took larger meals 
(Spearman-Rank correlation, r = 0.31, p 0.05). 

The error terms for all MLEs were found to be nor- 
mally distributed (Kolmogorov-Smirnov test, 0.142 < p 
< 0.316; Appendix 1). This fulfils the basic assumption 
of MLE. 

Individual cod ate between 0 and 21 gobies. Empty 
stomachs were excluded from the analysis of digestion 
as they were not expected to bias digestion velocity 
parameters. Initial meal size was estimated from the 
mean weight of gobies in each trial times the number 
of gobies taken by each fish. The maximum meal size 
recorded, relative to body weight, was 8.89%. 

Course of digestion 

The results of Experimental Series 1 (5.9"C) are pre- 
sented in Fig. 2, together with the gastric emptying 

Table 6. An overview of the number of observations of W, 
obtained in the 4 experimental series. Observations in paren- 

theses were not analyzed nor included in the total number 

Experimental Number of gobies Total 
series (meal size) 

l 2 3 4 5 6 7 8 9 1 0  

1 23 22 20 18 24 11 17 13 5 (3) 153 
2 12 18 8 10 13 13 16 8 6 (3) 104 
3 (3) 10 13 20 25 33 26 19 15 12 173 
4 8 9 9 13 21 10 20 16 15 8 129 
Total 43 59 50 61 83 67 79 56 41 20 S59 
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Fig. 2. Wet weight of different sized meals (1 to 9 prey) of two-spotted gobies, as a functlon of time ( t )  after ingestion in the 
stomach contents of juvenile cod at 5.g°C. Estimated d, values for each meal size are given in Appendix 1. Solid line: model 

predicted course of digestion; or: standard error of the equation 

3 Prcy 

8 , = 0.48 

Time (h) 

Fig. 3. Wet weight of different sized meals (1 to 9 prey) of two-spotted gobies, as a function of time ( t )  after ingestion in the 
stomach contents of juvenile cod at 8.1°C. Estimated d, values for each meal size are given in Appendix 1 Solid line: model 

predcted course of digestion, cc: standard error of the equation 

curve predicted by the model. The estimated values for results from each trial are thus distributed over the 
d, by meal size are provided in Appendix 1. Each data graphs according to how many prey each cod took. 
point represents the remaining stomach contents from The results from Experimental Series 2 (8.1°C) and 
1 fish. Data points along the time axis represent obser- the predicted digestion pattern are given in Fig. 3. Fol- 
vations from different trials, but of equal meal size. The lowing the digestion of a given meal size, e.g. 5 prey, 
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Time (h) 

Fig 4 .  Wet weight of different sized meals (2  to 10 prey) of two-spotted gobies, as a functlon of time ( t )  after ingestion in the 
stomach contents of juvenile cod at 10.l0C Estimated d, values for each meal size are  given in Appendix 1 Solid line: model 

predicted course of digestion; 6,: standard error of the equation 

the model predicted that after 4 h only 8 % of the meal 
was digested at 8.1°C. After 12 h the digestive en- 
zymes would have worked their way through 22%, 
and by 24 h 41 % of the original meal was digested. In 
the 6-prey group the estimations are based on the ini- 
tial stages of digestion due to lack of observations 
beyond 9 h digestion time. A similar case is observed in 
the 9-prey group which resulted in only 6 observa- 
tions, still the fit of the model predicted digestion is 
good (& = 0.25). 

At 10.l°C, a meal size of 5 prey was reduced by 40% 
after 12 h, according to the surface model predictions 
of Experimental Series 3 (Fig. 4). A small meal size, e.g. 
2 prey, was after the same amount of time reduced by 
67 %, while only 26 % of a large meal such as 10 prey 
was digested. These percentages correspond to 0.75, 
1.13 and 1.46 g digested for the 2-, 5- and 10-prey 
groups, respectively. 

Data and model predicted digestion from Experi- 
mental Series 4 shows that digestion was increased at 
12.4"C compared to the lower temperatures. Both the 
1- and 2-prey meals were fully digested (100 %) within 
24 h of ingestion (Fig. 5). A meal size of 5 prey was 
reduced by 18 % after 4 h,  by 47 % after 12 h and 78 % 
after 24 h. For comparison, at 8.1°C, only half of the 
same meal size was digested after the same time inter- 
vals. This demonstrates a clear temperature effect 
upon prey digestion and that digestion velocity is 
higher at higher temperatures. 

Meal size 

Fig. 6 shows for the 4 experimental temperature 
regimes the estimated values for digestion velocity d, 
and corresponding 95 % confidence interval (CI) ver- 
sus meal size, which reflects the number of gobies con- 
sumed per trial. The values shown for d, are the same 
as those used to express the predicted wet weight of 
prey remains as a function of time after consumption 
seen in Figs. 2 to 5. 

The confidence limits (CL) of the mean estimated d, 
values at 5.9"C overlap in all cases but 2 (Fig. 6a). The 
lower limit for the ?-prey group was slightly higher 
than the upper CL of the 2- and 3-prey groups. Never- 
theless, the overall tendency suggests that a common 
d, may be used to express how fast enzymes penetrate 
inwards the prey bolus. The same tendency as at  5.g°C 
is found at 8.1°C (Fig. 6b). There is a larger individual 
variation depicted by the wider CL and consequently 
all the CIs overlap. The mean digestion velocity for the 
4-prey group, however, is not significantly different 
from zero. This may result from the low number of 
observations made above 9 h of digestion (Fig. 3, 4 
prey). The distribution of the mean digestion velocity 
at 10.l°C approximates a straight line (Fig. 6c). All CIs 
overlap and thus the digestion velocity can be repre- 
sented by one common d, value. At 12.4"C, there is a 
tendency for the digestion velocity to be higher if cod 
ate 1 or 2 prey (Fig 6d). The lower CL for the 2-prey 
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Time (h)  

Fig. 5. Wet weight of different sized meals (1-10 prey) of two-spotted gobies, as a function of time ( t )  since ingestion in the 
stomach contents of juvenile cod at 12.4"C. Estimated d, values for each meal size are given in Appenduc 1. Solid line: model 

predicted course of digestion; &: standard error of the equation 

group has a slightly higher value (0.0129 cm h-') than 
the upper CL for the 4- and 8-prey groups (0.0119 and 
0.0125 cm h-'). The d, for the other meal sizes all have 
overlapping CIs, and therefore are not significantly 
different from each other. A slight decline in the esti- 
mated digestion velocity over the first 3 or 4 meal sizes, 
although not significant, can also be seen in Fig. 6d. 

The weak trend of increasing digestion velocity with 
meal size which can be distinguished in Fig. 6a,b and 
the weak trend of decreasing velocity in Fig. 6c,d could 
be due to processes not specified by the surface model. 
However, because identification of processes other 
than those specified by the model was beyond the 

Table 7. Weighted mean digestion velocity at each experi- 
mental temperature with 95 % confidence h u t s  (CL) 

Temp. ("C) 4 (cm h-') lower CL upper CL 

5.9 0.0056 0.0054 0.0059 
8.1 0.0067 0.0062 0.0072 
10 1 0.0094 0.0092 0.0097 
12 4 0 0119 0.0117 0.0121 

scope of our analysis, and since there were large over- 
laps in the 95 % C1 for the estimated parameters within 
the meal size range of 1 to 10 gobies, we found a 
weighted mean digestion velocity (weighted with the 
number of observations) estimated at each tempera- 
ture to be a realistic expression for the velocity at 
which digestion enzymes penetrate progressively 
deeper into an ingested prey or prey bolus (Table 7) .  

Temperature, Qlo relation and dso 

The surface model incorporates the temperature de- 
pendency of enzymatic processes through Eq. (3). Each 
separate estimate of d, is plotted against the experi- 
mental temperatures to obtain a relationship between 
digestion velocity and temperature (Fig. 7). This rela- 
tionship is expressed through the Qto parameter, which 
expresses the increase in rate per 10°C increase. The 
non-linear regression technique was applied to d, versus 
temperature. Each d, was weighted with $%(where n = 
number of observations at each temperature whlch each 
d ,  estimate is based upon) to account for the varying 
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Fig. 6. Estimated mean digestion velocity, 4, at 5.9 (SE = 0.1), 8.1 (SE = 0.2). 10.1 (SE = 0.1) and 12.4"C (SE = 0.3"C) as a 
function of meal size. Vertical bars: 95% confidence lnterval 

numbers of observations (Table 7). Weighting affected 
mainly the CL of the estimated curve while the intersect 
and gradient of the curve were largely unaffected. 

The dSo is represented by the zero intersect of the 
temperature dependency indicated by the fitted expo- 
nential curve in Fig. 7. The value 0.0026 cm h-' (95% 
C1 0.00257-0.00261) thus expresses the digestion 
velocity dSo at 0°C. The estimated parameter express- 
ing the power of the exponential curve (0.123 + 0.013), 
calculated by solving a = ln(Qlo)/10 of Eq. (3) with 
respect to Q,,,, gave Qlo = 3.41 (95% C1 2.64-4.43). 

The digestion handling time (t,,,) predicted from 
the estimated digestion velocities, can be found by 
solving for trnax2 in Eq. (5) .  Predicted results for the 4 
experimental temperature groups are shown in Fig. 8. 
Digestion handling time increased with increasing 
prey bolus size and decreased as the temperature rose. 
At G°C, I- ,  5- and 10-goby meals were fully digested 
after 47.3, 105.7 and 149.4 h, respectively. At 12"C, the 
process was complete after 24.7, 55.1 and 77.8 h, faster 
than at 6°C for the same meal sizes. For larger meal 
sizes, t,,, levels off by the same factor as radius 
increases with bolus size. 

The daily feeding rates of fish are often predicted 
under the assumption that the rates of feeding and 
digestion, on average, counterbalance each other. The 

2 3 4 5 6 7 8 9 1 0  
0  000. 

0 1 2 3 4 5 6 7 8 9 1 0  
Number of prey Number of prey 

amount digested (g) after 24 h depends on the size of 
the meal and on the temperature. Depending on 
whether the cod was surrounded by 6 or 12°C water, 
the surface model predicts that a 75 g cod which takes 
a l-prey meal digested 0.6 or 0.8% of its own body 
weight per day (77.3 or 100% of the prey). For 10 prey, 
the corresponding values were 2.5 and 4.6 % of its own 
body weight per day (34.0 or 61.7 % of the prey). 

- 

') 

- 

I 

Temperature ("C) 

T 
l 

Fig. 7. Estimated digestion velocity for each meal size as a 
function of temperature. The fitted exponential function is 
based on each single estimate of d, and weighted with the 
square root of the number of observations for each prey group 

( R ~  = 0.57, n = 37) 
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Fig. 8. Predicted digestion handling time Q,, for increasing 
meal size at 6 to 12°C. Lines are for visualizing trends and are 

fitted by least square estimation 
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Evaluation of surface model 

--.. -. . 
e --.-.. ... - -._. 

The surface-dependent digestion model gives similar 
goodness of fit to the data as empirical models such as 
the linear, exponential and square root estimations. Two 
cases are shown in Fig. 9, illustrating approximate linear 
and exponential patterns. In Fig. 9a the models have an 
almost identical fit, even though the predictions diverge 
somewhat towards the later phases of digestion. In 
Fig. 9b the differences are more pronounced, with the 
linear model being the least descriptive. 

The surface-dependent digestion model requires 
elaborate information on the prey, and may therefore 
fall short when calculating back to the initial meal size, 
especially if one has limited information about prey 
populations. However, estimating individual initial 
meal sizes does not seem to be within the capacity of 
the conventional models either, as long as t remains 
unknown, so the surface-dependent digestion model is 
no less useful than any other digestion model. In a 
modelling context or when estimating the digestion 
handling time of a specific prey type, the surface- 
dependent digestion model may be superior to other 
digestion models, especially if prey choice and feeding 
behaviour are considered. initial information on size 
distribution is attainable for commercially important 
prey species (e.g. SPECIESDAB, SHRDATA, IPTP'), 
and can be used as input parameters for predator- 
prey models. The surface-dependent digestion model 
may therefore be useful for multispecies assessment 
models. 

'SPECIESDAB is a global specles database for flshery pur- 
poses (Fish Dep FAO Rome, Italy) SHRDATA is a database 
for research survey and commercial f~shery data on Scot~an 
Shelf shnmp (Dep Flsh Oceans, Hallfau, Canada) The IPTP 
data catalogue contains tuna fishenes information [FAO, 
Colombo, Sn  Lanka) 

Time (h) 

0.6 

b) 0 I prey at 12.1 "C 
'---.. Linear, C,= 0.13 

G 0.4 ... Exponential, ;T,= 0.08 
C 

M ... .. Square root, GC= 0.07 
c 0.3 .- 
c . - \ Surface, a&= 0.07 
nf 
E 0.2, r 

Time (h) 

Fig. 9. Predicted digestion and fit (or) of 4 different digestion 
models to the data of (a) f-goby meal size at 8.1°C and (b) 1- 
goby meal s u e  at 12.4"C. Diamonds represent actual data, 
while Lines show the predicted digestion pattern by the 
respective models. Note the difference in the y-axis scale 

between [a) and (b) 

Potential effect of prey digestibility on prey choice 

The simulated scenarios of prey choice using the 
classical approach (Table 8a) and by accounting for di- 
gestion (Table 8b) gave different predictions. Prey type 
1 refer to the two-spotted goby and the handling time 
associated with digestion Hd is based on the estimated 
digestion velocity for 12°C from the present study. Val- 
ues for the handling time H from prey encounter until 
ingestion originate from experiments of Steingrund & 
Fern0 (1997). For ease of comparison, the parameters 
for the other prey types are chosen relative to those for 
the two-spotted goby. For simplicity, we assumed the 
same encounter rate for all prey types and Hd = 0 .2  . 
roj/d,,, thus allowing the fish to resume feeding before 
the entire prey or prey bolus is digested. It is shown in 
the simulations that the incorporation of digestion can 
alter predicted optimal diet as compared with predic- 
tions from the classical approach which does not ac- 
count for digestion (Table 8).  The diet breadth became 
also more narrow, and it was shown that an optimal 
predator should prefer prey with high digestibility. 
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Table 8. Illustration of how prey digestib~lity may alter rank of prey choice in cod. Parameters for the snlallest prey refer to two- 
spotted goby and digestion at 12°C. W g wet weight of prey which is assumed to be proportional to energetic contents. To 
demonstrate effect of prey d g e s t ~ o n  an ident~cal encounter rate for all prey (1  prey h-') IS assumed. Parameters for other prey are  
chosen relative to gobies. (a)  Predictions from the classical approach; (b) predictions when digestion handling time 1s accounted 
for Handling time until fish resumed feeding was set proportional to the digestion hand l~ng  time and as H,, = 0.2 tm, ,  = 0.2(ro/dj1) 

(a)  Classical approach I=FI  

W H (h) WIH Rank h, (W, - W, H, / H p )  Include in diet? 
: I 

4 0 022 180 0 1 Yes 
16 0.092 174.5 2 0.9 Yes 
8 0 056 144 0 3 10.8 Yes 
2 0.017 120.0 4 34.4 Yes 
1 0.01 1 90.0 5 244 0 No 

(b) Incolporating effect of digestion 
W H (h) r, (cm) d,, (cm h-') W/(H+ Hdi) Rank 1 Include in diet? 

2 0.017 0.56 0.014 2.0 1 Yes 
8 0.056 0.87 0.004 1 .? 2 0.3 Yes 
16 0.092 0.98 0 002 1 5  3 1.3 Yes 
1 0.01 1 0.45 0.01 1 1 .O 4 9.7 No 
4 0.022 0.62 0.002 0.5 5 18.4 No 

DISCUSSION evacuation (Godin 1981). The habitat of the predator 
determines, of course, which prey are available. Since 

Digestion handling time, motivation for feeding the return of appetite would be directly related to the 
and prey choice digestion handling time of a meal (Grove et al. 1978), 

it is likely that the prey a fish consumes and its different 
The digestion handling time would depend on the digestion velocities affect future choice of prey. If the 

size of an  ingested meal (Fig. 8),  which in turn is pro- prey taken are digested slowly, the fish may either wait 
portional to the thickness of the prey or prey bolus (Sal- for a longer time than if more easily digested prey are 
vanes et al. 1995). If different kinds of prey are eaten by taken before resuming feeding or resume feeding 
a fish, they are likely to be digested at different veloci- again earlier but take smaller prey. 
ties (e.g.  Jones 1974). Planktivores usually take a large Optimal foraging theory (OFT) states that within the 
number of small prey, while piscivores concentrate range of possible behaviour, animals will act in ways 
their food intake on a small number of large prey. The that maximise their fitness (Pyke 1979). Applied to 
handling time of prey in planktivores may set a limit to prey selection, OFT has emphasised the cost-benefit 
the number of prey taken per day (Giske & Salvanes ratio of energy intake. Diet is determined not only by 
1995), while piscivores are assumed to be limited by the nutritional value of a prey, but also by the energetic 
stomach capacity and digestion constraints (Jobling and time cost of handling. The optimum can be found 
1982, Breck 1993). Fig. 10 illustrates 3 hypothetical by determining the diet that maximises the net rate of 
scenarios of stomach filling as a function of time for a energy gain. 
predator, supported by findings of Grove et al. (1985). Handling time of prey is not static. Filling of the stom- 
The first (Fig. 10a) could represent the stomach filling ach and decreased hunger level increases the handling 
curve for juvenile cod which live in the sub- 
littoral, where it p m a r i l y  takes prey from ; b, ') 

shoals of gobies (God@ et al. 1989, Foss& 1991, = 

Salvanes & Noreide 1993). A large predator -. 
n 

which takes various kinds of prey (e .g ,  fish 5 - 
and crustaceans) could be represented by the " 
scenario in Fig. lob.  Fig. 10c illustrates the Tllne ( h )  ~~, 

stomach filling of a frequently feeding plank- 
Fig 10. Theoretical stomach fullness for a predator which ~ n i t ~ a l l y  has a tivore' such as juvenile pink Onto- full stomach and then subsequently take (a)  multiple small prey, (b)  a 

r h ~ n c h u s  gorbuscha Walbaum, which re- few large prey of different contents or (c) a planktivore diet as stomach 
sumes feeding after as little as 15 % stomach space becomes available by the predicted digestion pattern 
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time (Street et al. 1984, Bindoo & Aravindan 1992), 
while experience acts to reduce handling time (Kisla- 
lioglu & Gibson 1976). It has been observed in juvenile 
cod that if an individual is close to satiation, a prey may 
be taken and spat out many times in a row before it is 
swallowed. It has also been observed that fish that do 
accept prey until satiation on one day would be less 
motivated to consume prey the next day-possibly due 
to digestion constraints (Salvanes unpubl.). 

Conventional definitions of handling time may be 
based on the difference in size order of units between 
handling and digestion. Handling time in bluegill sun- 
fish when eating natural prey (Daphnia magna Straus) 
is on the order of seconds to a few minutes (Werner 
1974), while the time required to digest a correspond- 
ing meal of aquatic insect larvae (Chironomus sp., 
Lumbricus sp. and others) is on the order of hours to 
days (Windell 1966). A similar relation also applies to 
cod, for which the handling time of two-spotted gobies 
is within minutes (Steingrund 1993, Steingrund & 
Ferno 1997) when the individuals are not digestion 
limited, while digestion of the same prey has been 
shown in the present study to take considerably longer 
(although depending on temperature) (Fig. 8). It is 
hard to imagine that only seizure and swallowing 
should determine the profitability of the prey when 
digestion constitutes such a large part of the handling 
time. The simulated scenarios of prey choice using the 
classical approach (Table 8a) and by the approach out- 
lined here which accounts for digestion (Table 8b) give 
different predictions. The ranks of available prey 
change considerably if digestion is accounted for. It 
was also predicted that a more narrow optimal diet 
breadth exists and that an optimal predator should 
prefer prey which are digested rapidly over those 
digested at slower rates (Table 8). 

Factors affecting digestion 

In the previous section we con.cluded that prey 
digestion must affect prey choice. In addition we wish 
to point out the large number of factors that affect 
digestion, and which then must indirectly affect prey 
choice. Prey characteristics such as chemical composi- 
tion, size, and freshness affect the time required for it 
to be digested (Fange & Grove 1979, Bromley 1994). 
but the rate of metabolic processes in poikilotherms is 
also largely dependent on temperature and this is 
reflected in the digestion time in fish (Kapoor et al. 
1975, Windell 1978, Jobling 1994). 

Piscivorous fish do not generally chew their prey 
(Moyle & Cech 1988) and consequently the digestive 
enzymes have to attack the periphery of the prey. Cod 
capture prey by suction (Fuiman & Batty 1994) and 

digest their prey whole (Danulat 1987, Ellis & Gibson 
1997), which IS in agreement with our use of the sur- 
face-dependent digestion model of Salvanes et al. 
(1995) in this study. Several other authors have stated 
the surface area dependency of the digestion process 
(Tyler 1970, Daan 1973, Swenson & Smith 1973, Bagge 
1977, Grove et al. 1985, Persson 1986, Bromley 1391, 
dos Santos & Jobling 1991b) and some have also 
treated it as such (Fange & Grove 1979, Grove et al. 
1985, Macpherson et al. 1989, dos Santos & Jobling 
1992). However, in their models the process was fitted 
as a power function and not formulated as a function of 
prey geometry a priori, so the parameters estimated 
had limited biological meaning. 

Meal size 

Meal size affects enzymatic action indirectly through 
the ratio of enzymes to surface area. Upon initial con- 
sideration, multiple similar sized prey would seem to 
increase prey surface proportionally to prey volume, 
but prey items are not randomly stored in the stomach 
(Hart & Gill 1992). For turbot fed various dry pellet 
sizes compris~ng constant meal size, the digestion rate 
tended to increase with pellet numbers per meal, 
which means that the pellets were not packed into a 
common surface in the fish stomach (Grove et al. 1985). 
The absence of packing could be due to low flexibility 
in dry pellets. Other studies which used natural prey 
like fish which are more flexible and therefore more 
easy to pack in a fish stomach report that the prey 
tended to be packed, leaving a common bolus shape 
accessible to digestion (dos Santos & Jobling 1992, Sal- 
vanes et al. 1995). A large meal which consists of 
numerous prey may consist partly of single prey that 
have not yet been attacked by digestive enzymes after 
24 h of digestion and partly of highly disintegrated 
prey (Karpevich & Bokova 1937). This was also 
recorded in our study. If several prey were retrieved 
from one fish stomach soon after they were ingested, 
the prey tended to have been attacked by digestive 
enzymes at  what could have been the common surface 
of the prey bolus, whereas the parts of the prey possi- 
bly representing the inner part of the bolus tended to 
have been attacked less by enzymes. 

The assumption of a constant digestion velocity in 
the surface-dependent digestion model implies a con- 
stant relatlon between enzyme concentration and area 
of prey or prey bolus surface. T h s  is expected to be 
valid for both small and large meal sizes, since gastric 
distension stimulates secretion of gastric juices (Smit 
1967) and thereby increases the enzyme supply during 
the intake of large meals. As digestion proceeds, the 
enzyme concentration might be expected to increase 
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because the surface area shrinks when the prey dimin- 
ishes. However, the CO-occurring depletion of chyme 
from the stomach during digestion (Tyler 1970), and 
reduced activity of enzymes towards the later digestive 
phase (Norris et al. 1973), may counterbalance this. We 
estimated a common digestion velocity for all meal 
sizes, but different velocities for different tempera- 
tures, since there was a pronounced overlap of the 
95% C1 for most of the estimated digestion velocities 
over all meal sizes. The effect of meal size on digestion 
handling time is clearly that digestion handling time 
increases with increases in meal size (Fig. 8) despite 
the fact that digestive enzymes work progressively 
inwards into a prey bolus at a constant rate. Since the 
return of appetite is directly related to the digestion 
handling time of a meal (Grove et  al. 1979), it is likely 
that the meal size taken previously by a predator will 
affect future prey choice. 

Predator size 

Small fish have a relatively higher metabolic rate than 
large fish (Kapoor et al. 1975). Apparent differences in 
the alimentary tract morphology between juvenile and 
adult cod (Tyler 1973) also suggest digestion differences. 
Dos Santos & Jobling (1991b) showed that, for a large 
cod size range (262 to 2066 g), the size effects on diges- 
tion were closely counterbalanced by the effects of meal 
size, and that equal relative stimuli of the stomach wall 
caused the same responses (i.e. production of digestive 
enzymes) in cod of different sizes. It is therefore likely 
that the estimated parameters for juvenile cod obtained 
by the surface-dependent digestion model in the present 
study can be regarded as independent of predator size 
and thus also apply to adult cod. 

Prey type 

Lipid content reflects the amount of energy in a prey. 
High lipid content is known to retard the gastric evacu- 
ation process in fish (Windell 1978, Jobling 1981a, 
Bromley 1994), and also in other vertebrates (Quigley & 
Meschan 1941). Earlier application of the surface model 
used the lipid-rich herring as prey (Salvanes et al. 
1995). Gobiids are rather lean fish, with a reported 
energy content of 4.13 kJ g-l wet weight for the bar- 
eyed goby Glossogobius giuris Hamilton (Sitaramaiah 
1967). Species within the same genus have similar en- 
ergy content (Cummins & Wuycheck 1971). Assuming a 
similar calorie to wet weight ratio for the two-spotted 
goby as Sitaramaiah (1967) reported for the bar-eyed 
goby, the caloric content of two-spotted goby is 3.72 kJ 

T h s  is similar to the value for cod flesh (3.06 kJ g-l), 

but clearly less than that for fish like herring (7.91 kJ  
g-') or mackerel Scomber scombrus L. (9.14 kJ  g-') 
(cf. Holland et al. 1993). The higher dSo estimated for 
gobies as compared to the dSo which Salvanes et al. 
(1995) estimated for herring prey might therefore be as- 
cribed to a lower lipid content in gobies than in herring. 

Temperature 

Temperature affects the digestion system in poikilo- 
therms in several ways (Kapoor et al. 1975, Windell 
1978, Jobling 1994). Energy requirements and activity 
increase with temperature (Jobling & Hjelmeland 
1992). In the stomach, the rates of both gastric acid 
secretion and pepsin secretion are influenced by tem- 
perature (Smit 1967, Moyle & Cech 1988). The hy- 
drolybc activity of digestive enzymes and the gastric 
and intestinal motility also increase with temperature 
(Jobling & Hjehe land  1992). The combined effect of 
these processes increases digestion velocity as temper- 
ature increases, and our results, which showed that the 
higher the temperature the higher d,, are consistent 
with this. The graph of d, versus temperature shows an  
exponential pattern within the temperature range used 
in this study (Fig. 7). A similar tendency was also found 
for juvenile cod by Tyler (1970). 

The temperature rate constant, Qlo, which expresses 
how strongly the digestion velocity depends on tem- 
perature, has been estimated for cod as 2.2 (Jones 
1974), 2.8 (Jobling & Hjelrneland 1992), 3.3 (Tyler 
1970) and 10.3 (Salvanes et al. 1995). These values, 
except the latter, are within the range of what normally 
is considered to be the increase in rate following a 
10°C temperature rise (Jobling & Hjelmeland 1992, 
Bromley 1994). The high Qlo value obtained by Sal- 
vanes et al. (1995) were restricted by the authors for 
use only at temperatures below 6°C whereas the others 
were valid over a much larger temperature regime. 
The Qlo of 3.4 obtained here for cod kept under the 
common seasonal temperature variations of west Nor- 
wegian waters is in good accordance with the findings 
of Tyler (1970), Jones (1974) and Jobling & Hjelmeland 
(1992). The corresponding estimate of dSo for coastal 
cod digesting two-spotted goby, 2.6 X 10-3 cm h-', was 
slightly higher than the 2.2 X 10-3 cm h-' which Sal- 
vanes et al. (1995) found for Arctic cod digesting her- 
ring prey. Compared to previous empirical gastric 
evacuation curves, which have a separate d, for each 
temperature (Bagge 1977, Flowerdew & Grove 1979, 
Booth 1990), the approximation made in our analysis 
represents a simplification and thus an  improvement. 

The effect of temperature on digestion is that diges- 
tion handling time decreases with increasing tempera- 
ture for sirmlar meal sizes (Fig. 8) due to increased 
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enzymatic processes. Hence, similar sized meals disap- than in a cold season. Also, prey selection could differ 
pear more rapidly from a fish stomach at high rather between seasons because the constraints generated by 
than at low temperatures. This will have an indirect digestion handling time would differ for different prey 
effect upon prey choice since the return of appetite at different temperatures. Seasonal variations in tem- 
depends on how fast a prey is digested (Grove et al. perature could in this way affect the prey choice of a 
1979, 1985). Hence, the fish may resume feeding earlier fish predator and thus its diets in addition to the depen- 
and so obtain higher feeding rates in a warm rather dence on seasonally fluctuating prey abundance. 

Appendix 1. Results of the surface-dependent digestion model estimations. Temp.: mean temperature used in the experiments. 
Estimated digestion velocity d, (cm h-'), with 95'b,h confidence limit (CL) is based on number of observations (n) and the standard 
error (&) .  Kolmogorov-Smirnov test (D) for normality of the error term. Unless D was significant (<0.05) the hypothesis of normal 

distribution could not be rejected 

Temp. Prey d~ Lower Upper n Standard 6: t D 
eaten CL CL error 

- 
5.9 1 0.0052 0.0036 0.0068 23 0.00075 0.1488 6.92 0 142 
5.9 2 0.0031 0.0005 0.0057 2 2 0.00125 0.3716 2.46 0.264 
5.9 3 0.0033 0.0008 0.0058 2 0 0.00119 0.4583 2.76 0.242 
5.9 4 0.0053 0.0035 0.0071 18 0.00084 0.4036 6.26 0.212 
5.9 5 0.0069 0.0044 0.0094 24 0.00122 0.6479 5.66 0.165 
5.9 6 0.0072 0.0037 0.0106 11 0.00156 0.5497 4.60 0.314 
5.9 7 0.0079 0.0064 0.0093 17 0.00069 0.3906 11.48 0.188 
5.9 8 0.0068 0.0045 0.0090 13 0.00101 0.5526 6.67 0.267 
5.9 9 0.0069 0.0036 0.0103 5 0.00121 0.4536 5.73 0.258 
8.1 1 0 0061 0.0027 0.0095 12 0.00153 0.1780 3.99 0.245 
8.1 2 0 004 1 0,0011 0 0070 18 0.00141 0.3257 2.88 0 206 
8.1 3 0.0058 0,0000 0 0117 8 0.00246 0.4808 2.38 0.233 
8.1 4 0.0026 -0.0031 0 0082 10 0.00249 0.6290 1.04 0.277 
8.1 5 0.0050 0.0007 0.0094 13 0.00199 0 6795 2.53 0 148 
8 1 6 0.0087 0.0017 0.0156 13 0.00318 0.7073 2.72 0 355 
8.1 7 0.0096 0.0065 0.0128 16 0.00148 0.5723 6.52 0.211 
8.1 8 0.0084 0.0045 0.0124 8 0.00166 0.4945 5.08 0.208 
8.1 9 0.0088 0.0070 0.0107 6 0.00074 0.2487 12.02 0.319 
10.1 2 0.0123 0.0070 0.0175 10 0.00232 0.2915 5.30 0.316 
10.1 3 0.0112 0.0076 0.0147 13 0.00164 0.3663 6.81 0.151 
10.1 4 0.0088 0.0070 0.0106 20 0.00087 0.3609 10.16 0.193 
10.1 5 0 0097 0.0081 0.0113 25 0.00077 0.3833 12.55 0.1.45 
10.1 6 0 0093 0.0078 0 0108 3 3 0.00075 0.4925 12.43 0.155 
10 1 7 0.0098 0.0078 0.01 17 26 0.00096 0.6274 10.20 0.173 
10 1 8 0.0078 0.0053 0 0102 19 0.00115 0 7571 6.75 0.217 
10.1 9 0.0094 0.0071 0 0118 15 0.00108 0.6354 8.74 0.178 
10 1 10 0.0080 0.0061 0 0099 12 0.00084 0.5425 9.49 0 186 
12.4 l 0.0170 0.0118 0.0222 8 0.00220 0.07 02 7.73 0.301 
22.4 2 0.0184 0.0129 0.0240 9 0.00242 0.1815 7.63 0.195 
12.4 3 0.0114 0.0060 0.0168 9 0.00234 0.3797 4.87 0.213 
12.4 4 0.0084 0.0049 0.0119 13 0.00160 0.4467 5.25 0.227 
12.4 5 0.0118 0.0082 0.0154 2 1 0.00173 0.6286 6.80 0.162 
12.4 6 0.0117 0.0072 0.0162 10 0.00200 0.5494 5.85 0.271 
12.4 7 0.0111 0.0087 0.0134 20 0.00112 0.5555 9.86 0.175 
12.4 8 0.0101 0.0077 0.0125 16 0.001 11 0.5543 9.08 0.167 
12 4 9 0.0127 0.0094 0.0160 15 0.00153 0 7428 8.29 0.211 
12.4 10 0.0101 0.0054 0.0149 8 0.00201 0 8728 5.04 0.253 
0 1. 0 0025 0.0020 0.0031 4 6 0.00025 0 1522 10.05 0 247 
0 2 0 0025 0.0019 0.0031 5 9 0.00031 0.3561 7.94 0 187 
0 3 0.0025 0.0019 0.0031 5 0 0.00030 0.4433 8.31. 0.227 
0 4 0.0022 0.0018 0.0026 6 1 0.00020 0.4683 10.86 0.170 
0 5 0.0027 0.0023 0.0031 83 0.00021 0.5921 12.83 0.165 
0 6 0.0027 0.0023 0.0032 67 0.00020 0.5636 13.40 0.228 
0 7 0.0029 0.0025 0.0032 7 9 0.00017 0.5831 17.26 0.147 
0 8 0.0024 0.0020 0.0028 56 0.00019 0.6469 12.90 0.170 
0 9 0 0028 0.0023 0.0032 4 1 0.00020 0.6359 14.34 0.201 
0 10 0.0026 0.0021 0.0031 26 0.00025 0 7646 10.38 0 221 
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