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Significance of body size to the interaction 
between a larval fish (Mallotus villosus) and a 
vertebrate predator (Gasterosteus aculeatus) 
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ABSTRACT. We investigated the influence of variations in the size of prey (Mallotus villosus) and a 
vertebrate predator (Gasterosteus aculeatus) on larval fish mortality rates during the period of yolk 
absorption using mid-size mesocosms (2.7 m". Increasing predator size increased mortality rates of 
capelin larvae. Variations in larval capelin size resulted in 2 distinct patterns. Between experimental 
trials, greater mean size of larval capelin in the mesocosm reduced mortality due to predation. Within 
an experimental mesocosm, larger larvae suffered higher mortality than smaller individuals. Con- 
trasting patterns of size-dependent vulnerability to predation reflect the hierarchy of processes that 
determine the probability that a larval fish will be preyed upon. The broad scale response of the 
predator was determined by the mean relative sizes of prey and predator which govern the average 
probabilities of encounter, attack and capture. Within the search ambit of a predator (e.g area or 
volume searched within a complete diurnal foraging cycle) active prey selection for larger prey due to 
either greater visibility or higher energy reward was an important factor. A comparison of our results 
with estimated predation rates by the jellyfish Aurelia aurita indicates that at a similar size a gelatinous 
zooplankter consumes fewer larvae than a stickleback and is a less efficient predator as measured by 
the energy ingested relative to energy demands. For both vertebrate and invertebrate predators, the 
ratio of prey to predator lengths was a strong predictor of the daily mortality rate due to predation. 
Relative prey-predator sizes may provide a useful perspective to assess changes in larval fish vul- 
nerability as they grow through a predator field. 

INTRODUCTION 

Cumulative survival during the early life history of 
fish is influenced by both growth and mortality rates 
(Houde 1987, Beyer 1989, Pepin 1991). Growth rates 
have been shown to vary in direct relation to prey 
availability (Houde & Schekter 1980, Werner & Blaxter 
1980, Checkley 1984). Population losses result from 
starvation (O'Connell 1980, Hewitt et al. 1985), trans- 
port (e.g. Bakun & Parrish 1982) and predation [see 
Purcell (1985) and Bailey & Houde (1989) for reviews]. 

Two major points can be drawn from the information 
currently available on predation of larval fish. First, 
laboratory and field studies have shown that both 
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invertebrate (Theilacker & Lasker 1974, Bailey & Batty 
1984, Purcell et al. 1987, de Lafontaine & Leggett 1988) 
and vertebrate (Hunter & Kimbrell 1980, Hunter & 
Dorr 1982, Christensen 1983, Alheit 1986, Folkvord & 
Hunter 1986, Pepin et al. 1987, Fuiman & Gamble 
1988, 1989, Fuiman 1989) predators can feed heavily 
on the early life history stages of fish. Second, preda- 
tion rates on fish larvae by invertebrate carnivores 
tend to decrease as larvae increase in size (Theilacker 
& Lasker 1974, Bailey 1984, Bailey & Batty 1984, Pur- 
cell et al. 1987) whereas the predation rates on fish 
larvae by vertebrate predators first increase as larvae 
increase in size (Folkvord & Hunter 1986, Pepin et al. 
1987, Fuiman 1989, Fuiman & Gamble 1989) but even- 
tually decrease as the larvae become more capable of 
avoiding attacks (Fuiman 1989). The pattern of vulner- 
ability of larval fish to different predator types is 
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similar to that of herbivorous zooplankton subject to 
predation by planktivorous fish and invertebrate carni- 
vores in freshwater plankton communities (Brooks & 
Dodson 1965, Kerfoot 1987). 

Vulnerability of prey to a predator is generally 
assumed to be a dome-shaped function about a mean 
size [e.g. 5 to 7 % of the predator's body length (Kerr 
1974)j (Pearre 1986, Bailey & Houde 1989). Below the 
predator's optimum prey size, increasing prey size will 
result in increased vulnerability whereas the opposite 
is true above the predator's optimum prey size. The 
apparent dichotomy in experimental results using 
vertebrate and invertebrate predators of fish larvae 
may result from differences in the relative sizes of prey 
and predator. For example, in the studies by Folkvord 
& Hunter (1986), Pepin et al. (1987), and Fuiman & 
Gamble (1989), which use fish predators, fish larvae 
are generally less than 10 % of the predator's body 
length whereas in studies by Theilacker & Lasker 
(1974), Bailey (1984), and Bailey & Batty (1984), which 
use invertebrate predators, larval fish are generally 
larger than 10 % of the predator's body length. One 
may ask whether the apparent dichotomy in experi- 
mental results would persist if vertebrate predators 
were of size similar to the many invertebrate predators 
previously studied (Theilacker & Lasker 1974, Moller 
1980, Balley 1984, Bailey & Batty 1984, Purcell et al. 
1987, de Lafontaine & Leggett 1988). 

To assess whether the observed differences in vul- 
nerability of larval fish to vertebrate and invertebrate 
predators is dependent on the relative sizes of prey 
and predator, we undertook an experimental study of 
the effects of prey and predator size on the vulner- 
ability of larval capelin Mallofus villosus to predation 
by a small vertebrate predator, the three-spine stickle- 
back Gasterosfeus aculeatus. Larval capelin provide 
a basis for comparison with other species because 
they have several morphological similarities to other 
clupeoid larvae (e.g. herring, anchovy) that have been 
studied extensively with respect to their vulnerability 
to predators (Theilacker & Lasker 1974, Bailey & Batty 
1983, Folkvord & Hunter 1986, Purcell et al. 1987, Fui- 
man & Gamble 1988, 1989, de Lafontaine & Leggett 
1988, Fuiman 1989). Sticklebacks were chosen as 
model predators because of their potential importance 
as consumers in coastal marine systems (e.g Vleit 
1970, Wooton 1976, Powles et al. 1984, Williams & Del- 
beek 1989) as well as their small slze (adult length: 30 
to 70 mm; Wooton 1976) which is comparable to that of 
many invertebrate predators used in other studies of 
predation on larval fish (Theilacker & Lasker 1974, 
Moller 1980, Bailey & Batty 1983, 1984, Bailey 1984, 
Purcell et al. 1987, de Lafontaine & Leggett 1988). 
Furthermore, the methodology, prey species, develop- 
mental stage, and stocking densities used in this study 

provide a direct comparison to an earlier study by de 
Lafontaine & Leggett (1988) of predation by a medusae 
Aurelia aurita, to which we will contrast our results. 

Throughout this study, we use length as a measure 
of prey and predator size and as the organism's charac- 
teristic against which vulnerability of fish larvae to 
predation is assessed. The importance of size in 
determining predator-prey interactions in pelagic 
ecosystems has been highlighted in many studies 
(Silvert & Platt 1978, Pearre 1986, Dickie et al. 1987). 
Organism length is used extensively in studies of larval 
fish primarily because it is easily measured (e.g. Smith 
& Richardson 1977) but also because it is a good 
correlate of foraging ability (MacKenzie et al. 1990). 
vulnerability to predation (Bailey & Batty 1983, Folk- 
vord & Hunter 1986, Pepin et al. 1987, Miller et al. 
1988) and vital rates (Houde 1989, Pepin 1991, Pepin 
& Myers 1991). Other characteristics (e.g. activity, 
condition, distribution, pigmentation) may influence 
vulnerability of fish larvae to predators but body length 
remains a predominant determining variable (Bailey 
& Houde 1989). 

MATERIALS AND METHODS 

Laboratory mesocosms consisted of 4 or 6 fibreglass 
flat-bottomed tanks 1.4 m diameter and 1.75 m deep 
with a volume of 2.7 m3. We conducted our experi- 
ments in large experimental mesocosms because 
previous studies have demonstrated that increasing 
container size provides conditions better suited to the 
study of predation by active predators than small 
aquaria or laboratory containers (de Lafontaine & 
Leggett 1987, Gamble & Fuiman 1987). Each meso- 
cosm was lined with a cylindrical black nitex enclosure 
(153 Fm mesh) equipped with a cod-end. At the start of 
each experimental trial tanks were filled with fresh sea 
water filtered through 150 pm nitex mesh to prevent 
large organisms from entering the enclosures. Tem- 
perature was measured at the start and end of each 
experimental trial. Temperature during the experi- 
ments was 13 "C (SD = 1.3) and seldom increased by 
more than 1.5 "C during the course of a trial. Light was 
provided on a 12 h light: 12 h dark cycle by 4 fluores- 
cent tubes placed 1.5 m above the water's surface. 

Capelin larvae used in the experiments were 
obtained from laboratory incubations of naturally 
spawned capelin eggs. Hatching and emergence 
occurred over a 3 to 4 wk period. During the incubation 
period, batches of eggs and gravel were vigorously 
mixed once or twice daily to obtain emergence of 
larvae from the gravel. Actively swimmlng larvae were 
removed and placed in 40 1 glass aquaria containing 
filtered sea water. Each aquaria was dated to permit 
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monitoring of the post-emergence age  and condition of 
larvae. All larvae used in the experiments were 
recently hatched (median post-emergence age: l to 
5 d ) .  We were unable to control the size of larvae 
because of daily variations in emergence rates as well 
as larval characteristics. However, by using capelin 
larvae of different post-hatch ages in different experi- 
mental trials we were able to obtain variations In the 
size and degree of yolk absorption that would occur in 
cohorts emerging from spawning beaches (e.g. Frank 
& Leggett 1981). Less than 0.5 % of capelin larvae used 
in these experiments had fully absorbed their yolk-sac. 
The period of yolk absorption is a stage during which 
potential effects of variations in food availability can be 
overlooked because energy sources are  endogenous. 
Therefore, this represents an  ideal period to study how 
changes in vulnerability are related to larval and 
predator characteristics and during which starvation 
should not be significant. 

Sticklebacks were obtained from a salt water inlet 
(28 to 30 %o) using a beach seine with 7 mm mesh. Fish 
were acclimated to laboratory conditions in 280 1 
fibreglass containers with running sea water for at  
least 6 mo prior to the experiments. The sticklebacks 
were fed a variety of adult Artemia sp., ground fish, 
and capelin eggs and larvae during their captivity. 

We conducted 10 experimental trials. For each trial, 
the protocol consisted of placing 500 capelin larvae 
into each of 4 or 6 tanks. Capelin larvae were aspirated 
into a wide-bore pasteur pipette, counted and placed 
into 1 1 beakers. No more than 100 larvae were placed 
into each beaker. Sealed beakers were then placed 
in the experimental mesocosm for 1 h to allow tem- 
perature acclimation. The initial physical condition of 
the larvae was assessed by keeping at  least 100 larvae 
preserved in 4 % buffered formaldehyde solution. 
Rotifers (Brachionus plicatilis) were added to each 
mesocosm at  a concentration of 40 I- '  to assure that 
larvae which might exhaust their yolk-sac would have 
food available. Predators were starved for 24 h before 
experimental trials to provide a constant initial hunger 
level. A single nai've stickleback (i.e. one that had not 
been used in any experimental trial but which had 
been exposed to capelin larvae as prey) was added as 
predator in each of 2 or 4 tanks chosen at random. The 
2 remaining mesocosms were used as controls. Each 
experimental trial lasted 24 h to provide a complete 
diurnal cycle. Predators were then removed from the 
tanks and measured for standard length. The en- 
closures lining each tank were lifted out of the tank, 
thoroughly rinsed, and the contents.of the cod-end 
preserved in 4 % buffered formaldehyde. The number 
of larvae recovered from each tank was determined. 
Physical characteristics of larvae (standard length, 
yolk-sac diameter, eye diameter, depth of pectoral 

girdle) were measured to the nearest 0.1 mm, using a n  
image analysis system, for at  least 100 preserved 
specimens taken at  the start of the experiment as well 
as at  least 100 larvae recovered from the control meso- 
cosm and as many survivors as possible (range: 3 to 60 
larvae) from the mesocosms with predators. Yolk-sac 
diameter was used to assess the proximity to yolk 
absorption and condition (Westernhagen & Rosenthal 
1981), eye diameter can be  a measure of the image 
visible to the predator (e.g. Zaret 1972, Wright & 

O'Brien 1982), and  the depth of the pectoral girdle can 
provide a measure of body development in relation to 
body length. 

The instantaneous daily mortality rate due  to preda- 
tion (2 in d-l)  was calculated a s  

where t = time interval in d ,  No = no. of larvae at 
time 0, and N: and N; = no. of larvae recovered on 
Day t in tanks with and  without predators respectively. 
Eq. (1) corrects for depletion of larvae during the 
experiment in which ingested prey are  not replaced 
and also accounts for losses in the control tanks 
(Royama 1971). 

Daily predator ingestion rates (I in larvae predator-' 
d - ' )  were calculated a s  

where Z = instantaneous daily mortality rate due  
to predation and P = number of predators, in this case 
P =  l .  

The analysis performed using Eqs. (1) & (2) represent 
the minimum mortality and ingestion rates due  to pre- 
dation because it is not known whether the number of 
larvae lost in the controls would represent larvae eaten 
in the trials containing predators. 

RESULTS 

Length of capelin larvae used in the experiments 
ranged from 3.9 to 6.7 mm (mean lengths ranged from 
5.0 to 5.9 mm). Less than 0.5 % of larvae had fully 
resorbed their yolk. The developmental state of the 
larvae placed into the mesocosms was closely related 
to their length. Yolk-sac diameter decreased as larval 
length increased [C$ = 0.99 - 0.142L, r = -0.69, p<0.001, 
n = 950, where 4 = diameter of yolk-sac (mm), L = 

length of the larva (mm), and SE of intercept and slope 
coefficients are  0.026 and  0.048 respectively] (Fig. 1). 
The depth of the pectoral girdle was significantly 
correlated with larval length (r = 0.16, p<0.01, n = 950) 
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Fig. 1 Mallotus villosus. Yolk-sac diameter in relation tn 
length of capelin larvae 

but the low rZ (2.6 %) precludes any useful interpreta- 
tion regarding developmental changes. The eye 
diameter, which may influence the visual image per- 
ceived by the predator (Zaret 1972, Wright & O'Brien 
1982), showed no significant relationship with larval 
fish length (r = -0.03, p>0.2, n = 950). 

Length (mm)  

Length (mm) 

Fiq. 2. Mallotus villosus. Relative lenqth-frequency distribu- 
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Fig. 3 Mallotus villosus, Gasterosteus aculeatus. Mortality 
rate ( Z )  in relation to predator length 

Mean mortality rate of larval capelin in the control 
containers was 0.16 (SE = 0.03) and showed no signifi- 
cant relationship with initial larval characteristics. 
Fig. 2 shows examples of the length-frequency distri- 
bution of capelin larvae from the initial and control 
samples. Mean length of capelin larvae after 24 h in 
the mesocosms was always greater than mean larval 
length in the initial sample. The average difference in 
length was 0.18 mm, indicating that development had 
proceeded in a manner consistent with observations by 
Frank & Leggett (1986) and de Lafontaine & Leggett 
(1988). The variance in length increased during the 
24 h experimental period partly as a result of variations 
in developmental conditions and partly because of the 
handling associated with rinsing the mesocosms. 

The average larval mortality rate due to predation 
(Z) was 2.23. Larval capelin mortality rates due to pre- 
dation were strongly correlated with both predator 
length (Fig. 3, Table 1) and the mean length of the 
capelin larvae (Fig. 4, Table 1). On average, larger pre- 
dators were able to capture more prey than smaller 
ones and larger fish larvae were less vulnerable to pre- 
dators than smaller fish larvae. Residuals from regres- 
sion of daily mortality rates due to predation in relation 
to predator length were significantly correlated with 
larval length (r = -0.56, p<0.01, n = 23). Residuals 
from the regression of daily mortality rate due to pre- 
dation using larval capelin length as the independent 
variable were significantly correlated with predator 
length (r = 0.43, ~ ~ 0 . 0 5 ,  n = 23). The combined linear 
effects of prey and predator length provided a better 
predictor than either variable taken alone 

tie; of capelin larvae at start of an e;perimintal trial (black (r = 0 . ~ 5 ,  p,,O,OO1, = 23) where 4 = length of capelin 
bars) and from the control mesocosms at end of an experi- 
mental trial (open bars) for 2 representative treatments. Mean larvae and = length of the predator. Standard 

larval lengths from the initial sample (L,) and control meso- of the regression parameters for the intercept, Prey 
cosms (L,) are in the upper right corner of each panel and predator lengths = 4.6, 0.72, and 0.020 respec- 
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Table 1 Pearson product-moment correlation coefficients and levels of significance for experimental variables in cases when 
predators were present (n = 23) 

Z Predator length Initial prey length Variance in length Yolk-sac diameter Temperature 
(d-'1 (mm1 (mm) (mm) ("C) 

Z - 0.68 -0.7 l -0.21 0.70 0.25 
Predator length . . . - -0.42 0.43 0.31 0 39 
Initial prey length . 1 - 0.36 -0.92 -0.09 
Variance In length ns ? ns - -0.46 0.94 
Yolk-sac diameter - - ns . . . - 0.18 
Tenlperature n s 1 ns . . .  ns - 

1: 0.1 > p > 0  05; 'p<0.05;  ' ' p<0 .01 ;  ' ' 'p<0.001; ns. not s~gnificant 

tively. Partial regression coefficients = 0.59 and 0.30 for 
prey and predator lengths respectively. 

One might argue that 5 high points (Z> 4) appearing 
in Figs. 3 & 4 drive the apparent effect of prey and pre- 
dator sizes on larval capelin mortality rates. A re- 
analysis excluding the observations with Z>4 pro- 
duced the same significant results as described above. 
Both prey and predator lengths had a significant influ- 
ence on mortality rates. Regression parameters were 
altered by the exclusion of high points, but the general 
trends remained. 

The significant contribution of both prey and pre- 
dator lengths to larval capelin mortality rates due to 
predation led us to ascertain whether their relative size 
could provide a strong predictive variable. The basis 
for this model comes from Pearre's (1986) findings that 
the logarithmic (ratio) niche breadth in fish is in- 
dependent of fish (predator) length. If correct, this 
would imply that beyond a predator's optimum prey 
size [e.g. 5 to 7 % of the predator's length (Kerr 1974)], 
vulnerability to predation should be a linear function of 
the logarithm of relative sizes. Furthermore, the ratio 
of prey-predator sizes may be more readily used in 
estimating predator-prey interactions in a food web or 
chain (e.g. Sheldon et al. 1977, Silvert & Platt 1978). 

1 '  1 1 -  

4 ? .  5i l  5.2 5.4 5 6  S S  6.0 

Larval I,enqLh (mm)  

Fig. 4 .  Mallotus villosus. Mortality rate ( Z )  in relation to larval 
capelin length 

The natural logarithm of the ratio of larval capelin 
length (mm) to stickleback length (mm) provides a 
good predictor of predation rates (Fig. 5) 

Z =  -7.5 -4.5R (4 

(r = -0.66, p<0.001, n = 23) where Z = instantaneous 
mortality rate due to predation; R = natural logarithm 
of the ratio of prey (mm) to predator (mm) lengths; and 
SE of intercept and slope = 2.42 and 1.11 respectively. 
Eq .  (4 )  indicates that a proportional change in prey 
length had an equal but opposlte effect on the mor- 
tality rate of capelin larvae due to predation by three- 
spined sticklebacks to an equal proportional change 
in predator length. The variance explained by Eq.  (4) 
(r2 = 0.44) is weaker than that explained by the 
multiple regression model using prey and predator 
lengths (Eq. 3, r2 = 0.57). When the model proposed in 
Eq. (4) is decomposed into an additive one, the fitted 
relationship is 

(r = 0.75, p < 0.001, n = 23) which has an r2 similar 
to that obtained in Eq. (3). Despite the higher r2, the 

1,ar-val Lengt.h (mm) 
~ r e d a t o r  Length ( m m )  1 

Fig. 5. Mallotus villosus, Gasterosteus aculeatus Mortality rate 
(Z)  in relation to natural log of larval to predator length ratio 
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precision of predicted mortality rates using Eq. (5) is 
not greatly improved over that of the simpler model 
(Eq. 4 )  because of the greater number of parameters 
estimated in the former (Fig. 6). As a result, we will 
refer to Eq. (4) in our discussion of capelin larvae- 
stickleback interactions because of the approximately 
equal precision and the simpler interpretation of prey- 
predator interactions. 

Although increasing prey length relative to predator 
length decreased the impact of sticklebacks on larval 
fish between experimental trials,analysis of the length- 
frequency distribution of the survivors within a trial 
showed that the predators were selecting larger indi- 
viduals in the experimental mesocosm (Fig. 7). In 6 of 
the 7 trials with a sufficient sample size of larvae, the 
length-frequency distribution of larvae that survived in 
the presence of predators was significantly different 
from that remaining in the controls, as determined 
using a Kolmogorov-Smirnov two-sample test. The 
results clearly show that predation within an  experi- 
mental mesocosm was more pronounced on the larger 
individuals. 

There is evidence that after accounting for the 
effects of predator and prey size (Eq. 4) ,  residual 
mortality rates of larval capelin were influenced by the 
initial variance in length of capelin larvae (Fig. 8) but 
were not influenced by other morphological features 
(i.e. eye diameter, yolk-sac diameter, depth of pectoral 
girdle). Data in Fig. 8 are not appropriate for correla- 
tion or regression analysis because of heterogeneity. 
When the data are grouped into low (F  = 0.29, range: 
0.27 to 0.32) and high (H = 0.69, range: 0.64 to 74) cate- 

Observed 

Fig. 6. Mallotus villosus, Gasterosteus aculeatus. Plot of 
the mortality rates due to predation predicted using Eq. ( 4 )  (*)  
and Eq. (5) (a) in re la t~on to those observed in the experi- 
mental trials. Error bars represent the 95 % confidence inter- 
vals of the predicted values. The  1:l line is shown for 
reference purposes. Observed values for predictions using 
Eq. (5) a re  slightly offset from the true value to better illus- 

trate the contrast in confidence intervals 

gories, the average residuals for the 2 variance groups 
are significantly different (two-tailed t = 4.61, pi0 .01,  
n = 23). When the variance in initial length was high, 
the relative impact of predators was lower. This could 
be explained by predators tending to attack larger 
prey that are more effective at  avoiding capture (i.e. 
larger individuals) and thus ingest fewer prey items. 

It might be argued that the apparent effects of prey 
and predator sizes in our experiments are due to satia- 
tion of the sticklebacks rather than due to differential 
capture or escape abilities of predator or prey. To 
address this issue one can estimate the proportion of 
the predator's body weight ingested in relation to the 
prey length/predator length ratio. Wooton (1976) 
reports a length-weight relationship for three-spine 
sticklebacks that is 

where Wg = wet wt (g) and Lg = standard length (mm). 
According to Chellapa et al.'s (1989) data, dry wt is 
20 % of wet wt. We have no length-weight relationship 
for capelin larvae. However, the length-weight rela- 
tionship for herring (Laurence 1978), a species which is 
similar in body shape to capelin, is 

where W, = dry wt and L, = standard length (mm). 
From these 2 relationships and the number of prey 
ingested by the predator (Eq. 2), one can estimate the 
relative daily ration of each predator [dry wt of prey 
(in g)/dry wt of predator (in g)]. Fig. 9 shows that the 
relative ingested ration increases continuously in rela- 
tion to the ratio of prey and predator lengths. There is 
no evidence of levelling off, which would be indicative 
of predator satiation, as the relative size of prey in- 
creases. The mean ration per stickleback measured in 
our experiments was approximately 2 % (range: 0.6 to 
4 %). This is much lower than the average satiation 
level of 5 % estimated in other studies (Beukema 1968, 
Manzer 1976, Rajasilta 1980, Allen & Wooton 1984). 
These findings suggest that sticklebacks in our experi- 
ments were not sated. 

DISCUSSION 

Our results are consistent with numerous other 
studies showing that predators, either vertebrate or 
invertebrate, can consume a greater number of fish 
larvae as each predator's size increases (Theilacker & 
Lasker 1974, Bailey & Batty 1984, Brownell 1985, Folk- 
vord & Hunter 1986, de Lafontaine & Leggett 1988). 
However, our results differ from previous studies which 
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Fig. 7. Mallotus villosus, Gasterosteus aculeatus. Relative 
length-frequency distribution of larval capelin surviving in 
absence (black bars) and presence (open bars) of predators, 
after 24 h in the experimental mesocosms, from 7 
experimental trials. N, and N, represent the no. of larvae 
from control and experimental mesocosms respectively. 
Significance levels of the Kolmogorov-Smirnov two-sample 
test are indicated in the upper right corner of each panel: 

ns: not significant; ' ': pc0.05 
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0.5 

C 
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E 0.0 
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show that over a given range of predator and prey sizes, found that increasing prey size, or developmental state, 
vulnerability to predation either increases or decreases resulted in decreasing predation rates (Fig. 5) whereas 
in a monotonic manner. We found that the effect of within cohorts there was clear evidence of selective 
variations in prey size on the probability of being eaten removal of the larger larvae by the predator (Fig. 7). We 
differs when we contrasted size-dependent mortality postulate that these contrasting relationships are due to 
rates between cohorts (or experimental trials) with the hierarchy of processes that determine the relation- 
those observed within cohorts. Between cohorts, we ships in predator-prey interactions. 
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Fig. 8. Mallotus villosus. Residual mortality (Eq. 4 )  plotted 
against variance in in~tial length of capelin larvae used in the 

experiments 
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Fig. 9. Mallotus villosus, Gasterosteus aculeatus. Ration, 
expressed as the proportion of the predator's body weight, in 

relation to the natural log of prey to predator length ratio 

Predation can be viewed as operating on different 
scales of interaction. When we estimate the predation 
rate for each cohort (trial), we are providing an inte- 
grated measure of all the interactions between the 
predator and individual larvae. This is the net preda- 
tion rate on the cohort within each tank. At this scale 
of interaction, we find that the integrated predation 
rate (Z) decreases as the mean size of the larvae 
increases relative to the size of the predator. When we 
look at the pattern of prey selection within an experi- 
mental mesocosm, we are investigating the influence 
of variations in prey size within the predator's search 
ambit (i.e. the spatial range the predator can sample 
within a single cycle of the diurnal foraging rhythm) 
on the vulnerability of larval fish to sticklebacks 
rather than the average response of the entire cohort. 
In a sense, we are looking at the result of the events 
that have led to the observed pattern in the integrated 
predati.on rate. Within the predator's search ambit, 
the predator is selecting larger prey Items because 

of greater encounter or attack probabilities due to 
greater activity (Gerritsen & Strickler 1977) or longer 
perception distance (e.g. Eggers 1977) relative to 
smaller prey. Brownell's (1985) results show that over 
a certain range of prey and predator sizes, detection 
and attack probabilities increase with increasing size 
of anchovy larvae Engraulis capensis. As the mean 
size of larvae is increased (but the variance remains 
the same), the predator's selection pattern continues 
to be for larger prey (e.g. due to encounter rates or 
perception distance). However, interactions with lar- 
ger prey would be associated with a greater number 
of failures by the predator because of the decreasing 
probability of capture with increasing prey size (Folk- 
vord & Hunter 1986, Pepin et al. 1987, Miller et al. 
1988). The consequence of such a selection pattern 
within the predator's search ambit would be to 
decrease the average predation rate as the mean size 
of the prey increased. This would explain the ap- 
parent difference in the effect of size between and 
within experimental mesocosms. Within the predator's 
search ambit, prey selection can be for larger individ- 
uals. However, as the average size of prey increases, 
the net predation rate will decrease due to greater 
avoidance. This will result in a decreasing average 
predation rate as the mean size of larvae increases. 
Litvak & Leggett (in press) also found that within 
groups of capelin larvae of the same age, larger indi- 
viduals were more likely to be preyed upon than 
smaller individuals. Similar results were also obtained 
in freshwater ecosystems where planktivorous fish 
tend to select larger cladocerans and copepods within 
the zooplankton assemblage to which they are ex- 
posed (Zaret 1972, Zaret & Kerfoot 1975, O'Brien et al. 
1976, Bartell 1982). 

The general trend we observed was that as larvae 
absorbed their yolk and increased in size relative to the 
predator, the impact of sticklebacks decreased. Such a 
pattern does not differ substantially from that gener- 
ally observed for similar-sized invertebrate carnivores 
(Theilacker & Lasker 1974, Bailey 1984, Bailey & Batty 
1984, Purcell et al. 1987, de Lafontaine & Leggett 
1988). This suggests that the general differences in 
vulnerab~lity to different predator types ou.tlined in the 
introduction were due to differences in relative prey 
and predator sizes, which influence the predator's 
probability of feeding on fish larvae. 

To assess how predator types differ with respect to 
their ingestion rates we contrast the results obtained in 
this study of predation of larval capelin by Casteros- 
teus aculeatus with the study by de Lafontaine & 
Leggett (1988) of predation of larval capelin by Aurelia 
aurita, a gelatinous zooplankton. De Lafontaine & 
Leggett's (1988) study was conducted using 3 .2  m3 in 
situ enclosures. 
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Fig. 10. Mallotus villosus, Aurelia aurita. Mortality rate (d- l )  
in relation to the natural log of the relative sizes of prey 
and medusa (Aurelia aunta) .  The regression model is Z = 
-0.20 - 0.15R, (r = 0.53, p<0.001, n = 28) where Z = daily 
instantaneous mortality rate due to predation and R = natural 

log of the larval length to medusa diameter ratio 

The daily mortality rate due to predation by Aurelia 
aurita in relation to the relative sizes of prey and pre- 
dator is shown in Fig. 10. By contrasting Figs. 5 & 10 
it is evident that in the range over which the data over- 
lap, predation by sticklebacks will have a greater 
impact on survival than predation by a gelatinous zoo- 
plankter of a similar length. I t  is also evident that the 
rate of change in size-dependent mortality is much 
greater for predation by sticklebacks than for preda- 
tion by medusae. It has been shown that the probabil- 
ity of capture of fish larvae is independent of predator 
taxon (Pepin et al. 1987) and principally determined by 
the relative sizes of prey and predator (Folkvord & 
Hunter 1986, Pepin et al. 1987, Miller et al. 1988). The 
differences in vulnerability of fish larvae to different 
predator types suggest that there are significant differ- 
ences in the size-dependent probabilities of encounter 
and/or attack between predator types. 

The average ingestion of 445 capelin larvae pre- 
dator-' d-l, for a 50 mm stickleback (Z = 2.23), is signi- 
ficantly higher than the mean ingestion of 60 capelin 
larvae predator-' d-l, for a 50 mm Aurelia aurita (Z  = 

0.13) estimated from de Lafontaine & Leggett's (1988) 
data. However, the contrast in ingestion rates may only 
reflect differences in the metabolic requirements of the 
different predator types resulting from their different 
rnorphologies. A stickleback, 50 mm standard length, 
has a metabolic requirement of approximately 210 p1 
O2 h-' at 10 "C [based on a wet wt of 1.07 g (Wooton 
1976), and assuming that dry wt is 20 O/u of wet wt 
(Chellapa et al. 1989) with a respiration rate of ap- 
proximately 1000 p1 O2 (g dry wt)-' h-' (Oertzen 1984)l 
whereas a similarly sized medusa has a metabolic 
demand of approximately 75 to 132 p1 O2 h-' [based on 
a wet wt of 9 g wet wt (de Lafontaine & Leggett 1989), 

assuming that dry wt is 4 % of wet wt (Beers 1966, 
Larson 1986, de Lafontaine & Leggett 1989), and using 
Ikeda's (1985) general size and temperature depend- 
ent relationship for oxygen uptake by zooplankton or 
using Biggs' (1977) estimate of oxygen uptake for 
gelatinous zooplankton, assuming that protein is 
8.1 O/o of dry wt (Cushing et al. 1958) and a Q l o  of 1.85 
(Ikeda 1985)l. Assimilation efficiency was assumed to 
be equal for both predators (Allen & Wooton 1983, 
Reeve et al. 1989). The ratio of prey eaten to metabolic 
demands (prey eaten h-]/pl O2 h- ') ,  which is a measure 
of the effective growth potential of the predator, is 
highly in favour of the stickleback when compared 
with the medusa (0.088 vs 0.024 respectively). This 
does not support Larson's (1986) suggestion that body 
form of gelatinous zooplankton has evolved to permit 
rapid growth given low metabolic demands while 
allowing them to handle larger prey items. Higher 
ingestion rates and greater efficiency suggest that a 
vertebrate predator of a given size may be more effec- 
tive at preying on fish larvae when contrasted with a 
gelatinous zooplankter of the same size because of the 
former's greater relative rate of energy accumulation. 

It has been argued in several studies that increased 
larval size would be beneficial in terms of increasing 
the offspring's probability of survival because of 
increased foraging ability (Blaxter & Hempel 1963, 
Miller et al. 1988, MacKenzie et al. 1990) or because of 
reduced vulnerability to predation (Bailey & Batty 
1984, Brownell 1985, Pepin et al. 1987, Miller et al. 
1988, Fuiman & Gamble 1988, Fuiman 1989). By com- 
parlson of the results between and within our experi- 
ments as well as with the results from other studies, we 
have demonstrated the existence of variations in the 
size-dependent vulnerability to predation as a result of 
predator type, the relative size of larvae and of the pre- 
dator, and the relative size of larvae within a cohort. 
The complete reversal of size dependent vulnerability 
to predation from within to between cohorts (i.e. ex- 
periments) suggests that the developn~ent of general 
size-dependent frameworks of the early life history 
stages of fish (Ware 1975, Silvert & Platt 1978, Peterson 
& Wroblewski 1984, Miller et al. 1988, Beyer 1989, 
Houde 1989, Pepin 1991, Pepin & Myers 1991) must 
consider how the processes of size-dependent prey 
selection operate with respect to the time and space 
scales of observation in order to make accurate predic- 
tions of population dynamics. For example, predictions 
based on experimental average predation rates about 
the individuals which would have survived during the 
course of each experiment would have been com- 
pletely incorrect. However, an estimate of the inte- 
grated mortality for the cohort placed in the mesocosrn 
would have been reasonably good. One must deter- 
mine how the individuals within the population 
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(cohort) are affected in addition to estimating average 
mortality rates for a treatment or a set of environmental 
conditions. 

Our analysis using relative prey-predator sizes has 
shown that when prey length exceeded 7.5 % of the 
predator's length, for both a vertebrate and an inverte- 
brate predator, increasing prey size resulted in de- 
creasing the impact of the predator. Through our 
approach we were able to highlight the similarities (i.e. 
trends) and differences (i.e. rates) for different pre- 
dators. It is clear from previous work that vulnerability 
to a predator should follow a dome-shaped function 
about the mean (Kerr 1974, Pearre 1986, Bailey & 
Houde 1989). In order to reconcile our knowledge 
dealing with the impact of predators on larval fish, 
future research should consider the results in terms of 
relative prey-predator sizes. By placing observations 
into this perspective, it may be possible to understand 
how the susceptibility to different predators may 
change as the larvae progress from hatch towards 
metamorphosis. Furthermore, deviations from prey- 
predator size ratio relationships could then be used to 
assess the potential effects of condition (e.g. Western- 
hagen & Rosenthal 1981) feeding condition (Williams & 
Brown 1990), or other features that may influence 
larval fish activity patterns. 
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