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Abstract 
1 In vitro studies of digestion rates of various prey 
types provide standards of digestibility that may 
indicate potential biases in diet studies where 
those prey are eaten. Cnidaria digest in less than 20 
min but crustacean muscle takes a mean of 17h, 
with fish and squid muscle intermediate. 
2 Differences between in vitro digestion rates for 
squid and fish are not sufficient to explain differ- 
ences observed in vivo, suggesting that the diges- 
tive processes of predators may have evolved to be 
more efficient with their main prey. 
3 Previously-frozen samples are digested more 
rapidly than fresh samples in pepsin. Agitation 
increases digestion rate. 
Key-words: Marine vertebrate predators, in vitro diges- 
tion, pepsin, differential prey digestibility 

Introduction 

There are interspecific differences in the abilities 
of marine vertebrates to digest and assimilate 
various prey types (Bigg & Fawcett, 1985; Heath & 

Randall, 1985; Wilson et al., 1985; Laugksch & 

Duffy, 1986; Jackson & Ryan, 1986). Determination 
of digestion rates of a range of prey under stand- 
ardized, in vitro conditions can indicate how 
much of this variation is attributable to differences 
in prey tissue and/or to differences in the digestive 
ability of predators. Here we show how this 
approach can be applied to an investigation of 
digestive adaptations in marine predators such as 
seabirds. 

Although some seabirds can be stomach- 
pumped at increasing intervals after food inges- 
tion, using a non-lethal sampling technique (cf. 
Wilson, 1984; Wilson, et al. 1985), sampling of 
marine mammals may be destructive (e.g. Bigg & 

Fawcett, 1985; Jackson & Ryan, 1986). This is 

undesirable, particularly when the animals stud- 
ied are rare. Therefore, we aim to establish in vitro 
standards for comparison with i n  vivo exper- 
iments that will lessen the need for destructive 
sampling techniques. Our results may also indi- 
cate potential biases in diet studies on predators 
for which differential digestion rates of prey are 
not yet known. 

Materials and methods 

Our experimental methods resemble those of Bigg 
& Fawcett (1985). Samples were lowered, each in a 
plastic bag with 8 x 5-mm mesh, into 240ml of a 
solution of 0.5% HC1, 0.6% Na2C03 and 1% 
pepsin, (B.D.H. Chemicals Ltd, 'Pepsin A' powder, 
activity 1 Anson unit per gram) in separate 600 ml 
glass beakers. The HC1 concentration was adjusted 
to give the solutions an initial pH of 1.25-1.35, 
within the range of 0.9-2.9 described by van 
Dobben (1952) for the gastric pH of Great Cormo- 
rants Phalacrocorax carbo (Linnaeus). The 
beakers were kept in water baths at 38-4o0C, 
approximately the deep body temperature of the 
large marine birds and mammals (Calder & King, 
1974). 

At 1-h intervals, the samples were lifted out of 
the beakers, drained of all drops of digestive 
solution clinging to the mesh and weighed with a 
Pesola spring balance accurate to the nearest 0.5 g. 
The pH of the solution in each beaker was 
measured with a Beckman expanded-scale pH 
meter before replacing the specimen: throughout 
all trials pH remained between 1.25 and 1.75 units. 
Weighings were repeated at hourly intervals until 
mean mass loss of all samples per interval was less 
than 5% of the original masses of the samples. 
Thereafter, measurements were made every 2 h or, 
in the case of intact crustaceans (see below), every 
4h. 

The effect of previous freezing on the digestion 
rates was investigated for four prey types. Ten 
samples each of intact Cape anchovy Engraulis 
capensis (Gilchrist), rock lobster Jasus lalandii 
(Milne-Edwards) tail muscle and pieces of hake 
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Merluccius sp. and squid Loligo vulgaris rey- 
naudii (comb. nov.) were frozen, then thawed and 
placed in pepsin. Ten fresh controls were digested 
in the same way. 

The effect of simulated movement of mechani- 
cal breakdown on rates of digestion was investi- 
gated for the four prey types used above. Ten 
beakers containing samples of each prey type were 
supported by a platform agitated 24 times per min 
in one horizontal plane, with an 8-cm range of 
movement. Ten controls were digested in station- 
ary beakers. 

The digestibility of intact Cape anchovy, crabs 
Hymenosoma orbiculare (Desmarest), shrimps 
Palaemon pacificus (Stimpson) and pieces of hake 
liver, hake muscle, squid mantle muscle, rock 
lobster tail muscle and jellyfish (Order Rhizos- 
tomeae) mesoderm was compared. Pieces of 
muscle, liver and mesoderm weighed 4.0-5.5g and 
were cut to the same linear dimensions and shapes 
to minimize variation in surface area:volume ratio. 
Limited availability of intact animals precluded 
selection of specimens of the same sizes, so 
weights ranged from 3.0-9.0g. Only five crabs 
were available but 10 replicates of all other prey 
types were used. All specimens were agitated 24 
times per min during digestion. After 48h, the 
crustaceans showed no signs of disintegration. 
The crabs were then dried at 40°C for 5 days and 
their wet:dry weight ratios compared with those of 
10 identical, undigested specimens dried under 
the same conditions. 

Results 

Effects of freezing on digestion rates 

We determined the mean times at which 25,50,75 
and 100% of the samples had been digested and 
compared these for frozen and fresh samples, 
using Student's t-tests. There were no significant 
differences in the times elapsed for digestion of 
25% of fresh and frozen anchovy (Fig. la)  or for 
complete (100%) digestion of squid muscle (Fig. 
lb). Mean times for each increment of mass loss 
were significantly lower for frozen samples of hake 
and rock lobster than for fresh samples (Figs l c  and 
Id ,  in all cases P < 0.025). 

Effects of agitation on digestion rates 

For all four food types, digestion rates for agitated 
samples were significantly faster than for station- 
ary samples (Fig. 2). The t-values for intact 
anchovy'and squid muscle were higher than those 
for the other two prey types. 

Digestion rates of different food types 

Digestion rates of agitated samples of different 
food types varied greatly. All jellyfish samples 
were completely digested within 20 min, followed 
by hake liver, hake muscle and intact anchovy 
(Figs 3a and 3b). Squid muscle initially gained 
mass but subsequently digested at a rate similar to 
that of fish. Mean time for total dissolution of all 
samples of squid and fish was the same ( l l h ) ,  
whereas rock lobster muscle was completely 
digested only after a mean time of 16.4h. 

The exoskeletons of intact crustaceans appeared 
unchanged after 48h exposure to the enzyme 
solution and the specimens had lost less than 20% 
of original mass (Fig. 3c). The wet:dry weight ratio 
of the digested crustaceans (12.49, SD = 3.17) was 
significantly higher than that of animals that had 
not been subjected to digestion (3.94, SD = 0.82, 
tI7 = 8.25, P < 0.0005), indicating that the soft 
tissues of digested specimens had been replaced 
by enzyme solution of similar mass. 

We used analysis of variance followed by 
Tukey's multiple range test (Zar, 1984) to identify 
significant differences between digestion rates for 
intact anchovy, hake liver and muscle and squid 
and rock lobster muscle. Groupings of these prey 
types according to similarity of digestion rates are 
shown in Table 1. Differences in the digestion rates 
of fish and squid decreased with increasing mass 
loss because of high standard deviations around 
the means. Only rock lobster remained distinct 
throughout the experiment. We did not include 
jellyfish mesoderm or intact crustaceans in the 
analyses, as the differences between the digestion 
rates of these and the other prey types were 
obviously significant (Fig. 3).  

Discussion 

Effects of freezing and agitation on digestion rates 

Our first experiment indicates that in vivo studies 
using frozen food might yield results that are 
useful for determination of relative digestibility of 
different prey but which are unlikely to be rep- 
resentative of absolute digestion rates of fresh prey 
by predators in their natural habitat. 

The failure of the digestive solution to penetrate 
the intact crustacean exoskeletons indicates that 
our simulation of peristalsis was far from perfect 
but movement does circulate the enzyme. We 
suggest that agitation such as that described here 
be used routinely during in vitro digestion exper- 
iments. 
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Fig. 1. Time elapsed for digestion of 25,  50,  75 and 100% of fresh and previously frozen food samples. Vertical bars 
represent 1 SD. Significant differences, judged by paired t-tests, are indicated as follows; *: P <  0.05,  ** :  P < 0.005, * ** :  
P < 0.001. 

Table 1. Grouping of digestion rates of different food types determined by ANOVA and Tukey's multiple long-range test. 
Dashed lines under samples indicate samples that do not differ at the 0.05 level. 

Mean time elapsed (h) for digestion of given proportions of different foods 

Mean O/O mass Prey type 
of samples Hake Intact Hake Squid Rock-lobster 
digested liver anchovy muscle muscle muscle 

2 5 1.50 1.70 2.33 3.07 4.35 
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Fig. 2. Time elapsed for digestion of stationary and agitated food samples. Notation as for Fig. 1. 

Differential digestibility of prey: implications for 
ecological and physiological studies 

The most significant differences between diges- 
tion rates of fish and squid occurred in the early 
and middle stages of digestion (Table 1) and were 
probably caused by indigestible collagen in squid 
muscle fibres (Bone, Pulsford & Chubb, 1981; 
Jackson & Ryan, 1986). The exoskeletons of intact 
crabs and shrimps also resisted digestion. Mech- 
anical breakdown of such tissues would be assis- 
ted by specific collagenases and chitinases, which 
should be sought in the stomachs of marine 
predators. 

Cnidarians are extremely digestible because of 
their low carbon concentrations (Curl, 1962) and 
their importance in the diets of marine predators 
may be underestimated. However, they have been 
recorded in seabird diets (Harrison, 1984). 

The above ranking of prey by in vitro digestion 
rates agrees with the results of earlier experiments 
on seabirds (Wilson et al., 1985; Jackson & Ryan, 
1986). Thus, our study highlights potential biases 
in assessment of the relative importance of certain 
prey types in seabird diets. Bigg & Fawcett (1985), 
using different prey species, found squid to be 
more easily digested both in vitro and by Northern 
Fur Seals Callorhinus ursinus (Linnaeus). In vitro 
standards may only be useful for diet studies 
where the prey eaten are those used in the exper- 
iments. 

Our study revealed no differences in the times 
taken for fish and squid to be completely digested 
but marked differences existed between these 
times in Jackass Penguins Spheniscus demersus 
(Linnaeus) (Wilson et al., 1985) and White- 
chinned Petrels Procellaria aequinoctialis (Lin- 
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Fig. 3. Percentages of the mass of different food types 
remaining at increasing time intervals. Vertical bars 
represent 1 SD. 

naeus) (Jackson & Ryan, 1986). These differences 
cannot be attributed solely to inherent differences 
in the digestibility of fish and squid but rather 
indicate differences in the digestive abilities of the 
predators. 
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