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ABSTRACT: In the coastal regions of Newfoundland, Canada, the most active growth period for 
Calliopius laeviusculus overlaps the intertidal development of capelin eggs. At one capelin spawning 
beach located at Bryant's Cove (Newfoundland), we calculated that 37.6 mg dwt (dry weight) of food 
per cni2 of intertidal substrate were required to support C. laeviusculus population growth from June 17 
to August 6, 1988. The total seasonal deposition of capelm eggs (236 mg dwt cm-*) was more than suf- 
ficient to meet C. laeviusculus energetic requirements over this period. The cumulative production of 
all other potential intertidal prey for C. laeviusculus in the community over the summer was estimated 
at 0.3 mg dwt cm-' and insufficient to contribute significantly to amphipod growth. We estimated that 
consumption of capelin eggs accounted for ca 50 % of the total production of C. laeviusculus in 1988. In 
any given year and if there is little interannual variation in amphipod population size, the impact of C. 
laeviusculus predation on capelin eggs will vary with capelin egg deposition. In 1988, we found that C. 
laeviusculus consumed approximately 16 % of the total capelin egg deposition. Interannually, preda- 
tion by C. laeviusculus could potentially account for ca 5 to 30 % of the total capelin egg deposition. 

INTRODUCTION 

Predation on the early life stages of marine fish can 
be an important mechanism of density regulation in 
fish populations (Peterman 1977, Hilden 1988). Studies 
addressing predation mortality during these stages 
have focussed primarily on pelagic fish eggs and lar- 
vae (reviewed in Bailey & Houde 1989) for which rapid 
dispersal prevails. Only a few studies have examined 
the importance of predation on benthic fish eggs which 
normally develop in dense aggregations and which 
should, by virtue of their aggregation, be particularly 
vulnerable to predation (Hassell 1938, Dahlberg 1979, 
Sih 1984, McGurk 1986, 1987). Further, these few 
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studies have concentrated on gut content analysis of 
potential fish predators (e.g. Dragundsund & Nakken 
1973, Johannessen 1980, Frank & Leggett 1984) leav- 
ing invertebrate predation on benthic fish eggs largely 
ignored (Nikolskii 1969, Dahlberg 1979). 

In view of the potential impact of predation on the 
survival of benthic fish eggs, the disparity in the corn- 
bined knowledge of this process compared to other po- 
tential causes of early life history mortality in marine 
fish, and the paucity of information on invertebrate 
consumers of these eggs, we sought to assess the mag- 
nitude of invertebrate predation of benthic fish eggs. 
The predator-prey system selected for this study in- 
volved the gammaridean amphipod Calliopius laevius- 
culus, which, in Newfoundland, preys predominantly 
on the intertidal eggs of capelin Mallotus villosus. 

Capelin spawning results in egg densities on the 
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order of hundreds per cm3 of beach sediment in the 
intertidal areas of thousands of bays and inlets in 
Newfoundland (Taggart & Nakashima 1987). Capelin 
egg incubation in these intertidal sediments typically 
extends from June to August (Frank & Leggett 1984). 

Calliopius laeviusculus distribution extends beyond 
that of capelin to cover most of the eastern seaboard of 
North America (see DeBlois & Leggett 1993 and refer- 
ences therein). Although C. laeviusculus could be clas- 
sified as a trophic generalist in many of these areas, 
there is evidence to suggest that in Newfoundland, a 
close trophic link exists between this amphipod spe- 
cies and capelin eggs. Of 20 beaches examined along 
the coast of Conception Bay, Newfoundland, we ob- 
served that only those beaches where capelin had 
spawned (n = 10) supported measurable C. laeviuscu- 
lus populations. Further, in a previous study conducted 
at Bryant's Cove, Newfoundland, an extensively stud- 
ied capelin spawning site (e.g. Deiafontaine 1986, 
Taggart 1986, Mackenzie 1991), we observed that the 
domed-shaped trend in C. laeviusculus biomass 
closely matched the pattern of capelin egg biomass 
over :he capeliii ecjg deveiopineni per;oci (DeBiois & 

Leggett unpubl.). 
Since Calliopius laeviusculus are expected to prey 

heavily on capelin eggs (DeBlois & Leggett 1991), the 
magnitude of capelin egg mortality will be directly in- 
fluenced by the growth of the amphipod population 
resident in the intertidal during the period of capelin 
egg development. Based on this assumption, we used 
field estimates of C. laeviusculus population density 
and growth at Bryant's Cove, Newfoundland, in 1988 
and known bioenergetic constraints for C. laeviusculus 
to estimate the intensity of amphipod predation on 
capelin eggs and the potential contribution made by 
this food resource to the annual production of C. lae- 
viusculus. 

MATERIALS AND METHODS 

Sampling design 

Amphipods were sampled from the benthic intertidal 
community of Bryant's Cove, Newfoundland. A de- 
tailed description of the study site is given in DeBlois & 
Leggett (1991). Quantitative amphipod samples were 
collected daily from May 18 to August 8, 1988, (except 
when wave height was >0.5 m) coincident with the 
daytime high tide period. An epibenthic sled equipped 
with two 0.5 m (width) X 0.25 m (height) 350 pm nets 
was pushed manually (speed = 35 to 40 cm S-' ) over 
two 10 m transects. The sled sampled ca 1 % of the 
total amphipod population. The magnitude of the sam- 
pling bias resulting from the use of this sampler was 

estimated and corrected by matching estimates of den- 
sity obtained with the sled with those obtained from a 
more efficient quadrat sampling method (DeBlois & 
Leggett 1993). 

The sled sampler also collected all representatives of 
the planktonic community of size > 350 pm. Calanoid 
copepods, oikopleura and ctenophores occurred in 
these samples. Representatives of the benthic commu- 
nity were captured in 0.07 m-' quadrat samples and 
consisted almost exclusively of detritus, oligochaetes 
and capelin eggs. Since capelin eggs occurred at ex- 
tremely high densities in the sediment (62 egg cm-3 
over a 12 cm depth deposition layer), we used a smaller 
6.4 cm height X 4 cm diameter plastic corer to estimate 
capelin egg densities. Three cores were collected at 
random sites within each transect at 2 d intervals from 
June to August 1988. All samples were preserved in 
5 % buffered formaldehyde. 

Laboratory method 

Anlpiiipucis coiiectea in the quadrat and siea sam- 
ples were counted. Details of the methods used to esti- 
mate amphipod density are given in DeBlois & Leggett 
(1993). 

Arnphipod length frequency distributions were gen- 
erated for 17 sampling dates chosen at an average 
interval of 4 d and spanning the period of May to 
August 1988. Subsampies of l00 to 200 amphipods were 
drawn from preserved samples using a Folson splitter. 
The body length of these amphipods (from the anterior 
of the head to the end of the telson), was measured 
from digitized images using an Optical Pattern Re- 
cognition and measuring System (OPRS). The relation- 
ship between amphipod length (mm) and dry weight 
(mg dwt), was determined for 55 amphipods ranging in 
length from 4.5 to 15 mm. These amphipod were dried 
individually for 24 h at 60 "C in a forced-air oven. 

Arnphipod length (mm) was related to dry mass (mg 
dwt) as follows: 

mass = 0.01 X 

r2 = 0.92, = 621, p < 0.0001. (1) 

The number of gravid females in each subsample 
was determined. Size at maturity on any given sam- 
pling date was defined as the weight of the smallest 
gravid female. Size-dependent fecundity was assessed 
by counting the number of eggs in the brood pouch of 
33 gravid females ranging in weight from 2 to 22 mg 
dwt. Amphipod egg dry weight was obtained by dry- 
ing 5 replicate samples of l 0  eggs for 24 h at 60 "C. 

Capelin egg number in samples collected at 2 d 
intervals from June 17 to August 8 was estimated as 
follows: 
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egg number = 1352 X displacement volume ( n ~ l ) ,  Bryant's Cove on any sampling date in 1988 has previ- 
r2 = 0.99, F1,21 = 2388, p < 0.0001. (2) ously been defined as: 

Capelin eggs counted for the construction of this 
model were dried for 24 h at 60 "C to obtain an esti- 
mate of per egg dry weight. where D = loglo density; and j = days since the first 

Other biota present in sled or quadrat samples were 
sampling date on May 18, 1988 (DeBlois & Leggett 

categorized as detritus, calanoid copepods, capelin lar- 
1993). 

vae, ctenophores, oikopleura or oligochaetes and dried 
Amphipod growth (mg mg-l d- l )  at 8 "C was ob- 

for 24 h at 60 "C to estimate average daily biomass per tained from Daag (1976) (Fig. 2) .  Size-specific growth 
animal group. Individual dry weights were also calcu- rates were defined over all intervals j and j + l  using: 
lated for capelin larvae, copepods and oligochaetes. 

Data analysis where G, = size-specific growth rate; and subscripts j 
and j + l  identify dry weight (dwt) at time j and the ex- 

Calliopius laeviusculus energy budget. Daag (1976) pected dry weight after 1 d of growth (j+l). 
defined the allocation of food energy ingested by indi- Our use of growth rates noted at 8 "C for these calcu- 
vidual Calliopius laeviusculus to bioenergetic path- lations was justified since at  temperatures ranging 
ways as follows: from 5 to 14 "C recorded from mid June to August 1988 

I = P + R + M + F + L + M o  (3) 
20 

where parameters indicate energy allocated b g 16 

to production (P),  reproduction (R), metab- 5 1 u, 
12 
8 

olism (M), feces (F), the leakage of soluble f 20 4 e o o 
compounds through the body wall (L) and 4.5 5.5 6.5 7.5 8.5 9.5 10.511.512.513.514.515.516.5 

molting (MO). 
Since the rates associated with each of 5 % 120 

20 
June 17,1988 116 

these pathways are size specific, we used $ 5 8o 
length-frequency data, pooled at 10 d inter- 2 g 40 

vals (Fig. l ) ,  to determine energetic losses in 
45 55 65 75 85 95 105115125135145155165 

mg dwt for each size class on these dates 
Production: Arnphipod production over the - 20 g 

capelin egg development period (June 17 to F 16 - 
12 $' 

August 6) was calculated using the instanta- g E 
2 g 40 

8 5  

neous growth method applied to an average - U o 0 f 4 = 
biomass in each size class (see Crisp 1971, 
Morin 1987): A 

$' f m n 2 2 80 
P =  Z Z 0.5 ( B ,  + Bij+,) X Gi X At (4) B S 40 

j= l  )=l  8 o 

where P = production; n = no. of size classes; 
A m = no. of sampling dates; Bij = the biomass of g ( size class i on sampling date j ;  Gi = daily 

g 
growth rate (mg mg-l) at 8 'C in size class i; J 1 2o - 

r. and A t  = no. of days between sampling dates o 
j and j + l .  

Biomass on any sampling date j, was calcu- A 20 g 
lated as the product of amphipod dry weight $' i 16 - 
and density in any size class i, on date j. Size- 5 2 12 g 

8 ;  
specific density was calculated from ob- 1 3 r. 20 

0 0 - F served relative density in each size class 
(Fig. 1) and total amphipod density on any size (mm) 

sampling date j. Fig. 1. Calliopius laeviusculus. Population size structure at  Bryant's 
Total Calliopius laeviusculus density in Cove. Newfoundland. from June to August, 1988 
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8 t: Max = 10.64, k = 0.01 

12 t: Max = 8.48. k = 0.02 

15 'C: M a x  = 6.54, k = 0.03 
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16 
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Fig. 2. Calliopius laeviusculus growth pattern at 8, 12 and 
15 "C (from Daag 1976). The relationships between tempera- 
ture and parameters Max and k at these temperatures were 
defined. We found that Max = 15.36 - 0.58 (Temp.), r2 = 0.99, 2 

F = 404, p < 0.05, and k = 0.002 (Temp.), r2 = 0.99, F = 203, o 

p < 0.05. These parameters were then used to calculate am- 
phipod production from fall through spring. At any given January March May July September November 

temperature, production was calculated using growth 
rate expressed in rr.g .?..g-' c!-' (see :ex!, Eq. 6 )  

STATION 27 

(Fig. 3) temperature-sensitive growth trajectories virtu- 
ally overlap for amphipods smaller than 6 mg dwt (e.g.  

size limit. (In calculations described below, growth rate 

Temp. = 8 and 12 "C, Fig. 2) .  The majority of Calliopius 4 

laeviusculus sampled over the summer were below this 2 

-2 
estimates were adjusted to account for temperature January March May J U I ~  September November 

variation when in situ temperature fell outside the 
range 5 to 14 "C or amphipods were > 6 mg dwt.) 

Reproduction: Reproductive output was calculated 
as the sum of all Calliopius laevjusculus reproductive 
output from June 17 to August 6: 

where R = total reproductive output; m = total no, of 
sampling dates; Degg = density of eggs produced on any 
sampling date j from June 17 to August 6 (DeBlois & 
Leggett unpubl.); and dwt,,, = average egg weight 
= 0.02 rng dwt (SE = 0.006). 

Eq. 7 yields a minimum estimate of reproductive in- 
vestment since it fails to account for reproductive en- 
ergy not directly stored in eggs. In the energy budget 
employed, the additional energetic costs to adults of 
egg and sperm production are incorporated into the 
general cost of metabolism. 

Metabolism, feces, leakage and molting: The re- 
maining bioenergetic functions for Calliopius laevius- 
culus expressing energy (mg dwt) allocated to rnetab- 
olism, feces, leakage and molting from June 17 to 
August 6 were calculated as follows: 

M, = 0.074 X (dry mass)' 810 

F, = (100 - a )  M A 0 0  
L; = 0.3 M 
MO, = 0.033 X (dry 

Fig. 3. (A) Summer sea temperature profiles (May to August) 
recorded at the low tide zone at Bryant's Cove in 1988 and St. 
Phillips Cove in 1964 (Steele & Steele 1970), Newfoundland. 
(B)  Annual sea temperature profile recorded at St. Phillips 
Cove in 1964 (Steele & Steele 1970). (C) Long-term surface 
temperature profile, including 95 % CI, recorded at  hydro- 
graphic Stn 27, St. Johns, Newfoundland. (B. DeYoung, 
Memorial University, pers. comm). Temperatures recorded 
between May to August at Bryant's Cove in 1988 and St. 
Phillips Cove in 1964 did not differ significantly (t,l,,, = 0.22, 
p > 0.5, tinlercept = 1.55, p > 0.5). A companson of data from Stn 
27 with 1964 data from St. Phillips Cove indicates that 1964 
was not an aberrant year relative to long-term means. We 
used temperatures recorded at St. Phillips Cove in 1964 to es- 

timate yearly variation in temperature at Bryant's Cove 

where M = metabolism; F = feces; a = assimilation effi- 
ciency; L = leakage; and MO = molting. As did our 
estimates of growth, the following functions apply to 
C. laeviusculus maintained at 8 T. 

Original bioenergetic functions published by Daag 
(1976) were expressed in mg C (rng C)- '  which pro- 
vides correction for the nutritive value of the prey type 
tested. Eqs. 8 to 1 1  above are transformations of Daag's 
(1976) equations based on the % carbon in both 
Calliopius laev~usculus (1 mg dwt = 0.42 mg C )  and 
capelin eggs (1 mg dwt = 0.45 mg C) sampled in 
Newfoundland. These calculations greatly simplified 
our laboratory procedure and allowed an estimate C. 
laeviusculus food allocation to most of the above bio- 
energetic pathways, based on a diet of capelin eggs. 
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Assimilation efficiency obtained from Daag (1976) 
was the only parameter that could not be adapted to 
represent a diet of capelin eggs based on egg carbon 
content since this estimate was reported in % ingested 
matter. Calliopius laeviusculus feeding on copepods 
had an assimilation efficiency of 90 % (Daag 1976). 
Owing to their higher nutritive value (see Table 2), 
capelin egg assimilation should be higher than that for 
copepods. We therefore reported our calculations as- 
suming assimilation efficiencies ranging from 90 to 
100 %. 

To calculate total energy losses to the pathways de- 
fined in Eqs. 8 to l l ,  size-specific losses were multi- 
plied by the density of animals within each size class 
on any given sampling date and summed over all size 
classes. As in calculations of production (Eq. 4), energy 
loss to any pathway from June 17 to August 6 was cal- 
culated using an average daily loss for populations on 
any 2 consecutive dates (j, j + l ) :  

E = C C 0.05 [(E,, X D;,) + (E,,+, X D,,+I)] X A t  (12) 
j = l  ;= l  

where E = total energy loss from June 17 to August 6; 
n = no. of size classes; m = no. of sampling dates; E,, = 

individual energy loss in size class i o n  sampling date j ;  
D,, = amphipod density in size class i on sampling date 
j; and At = no, of days between sampling dates j and 
] + l .  

Food intake: We expressed the total energy allo- 
cated to each bioenergetic pathway as a percentage of 
energy intake estimated over the capelin egg develop- 
ment period at Bryant's Cove in 1988 (June 17 to 
August 6). 

Because Calhopius laeviusculus looses a significant 
fraction of prey body contents while feeding both as 
uneaten material and through seepage, amphipod pre- 
dation, here defined as attacked biomass (and there- 
fore killed) per unit tinle, was underestimated by cal- 
culations of population ingestion. Daag (1974) 
measured 30 % prey loss for C. laeviusculus feeding on 
copepods. From published estimates of size-specific 
gut capacity (Daag 1976, Pederson & Capuzzo 1984) 
and our observations on the total number of capelin 
eggs attacked in a laboratory situation where a surplus 
of capelin eggs was supplied (DeBlois & Leggett 1991), 
we calculated that C. laeviusculus failed to consume 
42 % of capelin eggs attacked. Given these losses, we 
adjusted our calculation of energy intake as follows: 

where Pr = predation (the attacked biomass) per unit 
time; I = required energy intake based on observed 
population growth; and 0.58 = fraction of the attacked 
prey ingested by individual amphipods. 

Estimates of energy intake were not directly avail- 
able for amphipods smaller than the limits of our sam- 
pling range (length < 350 km or 0.30 mg dwt). How- 
ever, since ingestion is expected to be proportional to 
production (Kimmerer 1987), we calculated production 
for these smaller amphipods and compared this value 
with production noted for amphipods >350 pm sam- 
pled from June to August. Back-calculations of juve- 
nile production can be summarized as: 

where P = production; m = no. of days between brood 
release and recruitment (m = 8 d at 8 "C); D, = density 
of amphipods at time j [initial D, is 0.45 amphipods 
cm-2, the total density of amphipods recruited into the 
sampled population from June 17 to August 6 and D,_l 
is calculated using a mortality rate M = 0.34 d- '  (from 
DeBlois & Leggett unpubl.)]; S, = size (mg dwt) of ani- 
mals at time j where initial S, = 0.40 mg dwt, the weight 
of amphipods at recruitment and S,_, is calculated 
using growth rates at 8 'C; and G = size-specific 
growth at 8 "C. 

Food availability in the intertidal community. From 
production estimates for all sampled potential prey in 
the intertidal community, and literature-based esti- 
mates of the caloric content for these foods (Pederson & 

Capuzzo 1984, K. T. Frank, Department of Fisheries 
and Oceans, Halifax, N.S., Canada, unpubl. data), we 
examined the likelihood that the amphipod population 
could have sustained itself over the summer months on 
any or all of these given food items. Since direct obser- 
vation of amphipods feedng  in situ were unfeasible 
and gut content analysis revealed only macerated ma- 
terial of unknown origin, we assumed that amphipods 
could feed in either the benthos or the plankton. For 
benthic biota, a prey distribution and effective amphi- 
pod foraging depth of 12 cm was assumed (see DeBlois 
& Leggett 1991, on redistribution of capelin eggs 
throughout the sediment deposition column). For 
planktonic food, a water column height of 50 cm was 
estimated since Bryant's Cove has a mean tidal range 
of 100 cm. 

Production of calanoid copepods, ctenophores, oiko- 
pleura and oligochaetes was calculated using a gen- 
eral function which relates the production to biomass 
ratio to adult size at maturity in aquatic animals 
(Parsons 1980). We used average individual dry weight 
as an estimate of adult size for copepods and oligo- 
chaetes. Adult dry weights for ctenophores and oiko- 
pleura were obtained from Percy (1989) and Alldredge 
(1981) which related length to dry weight. Production 
was calculated as: 
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where P = production; = average dry weight; and 
B = average biomass throughout the sampling season. 

Total capelin egg deposition was calculated as the 
sum of increases in egg density recorded after each of 
3 capelin spawning events noted over the summer 
(DeBlois & Leggett unpubl.). Since capelin larvae are 
advected away from the nearshore upon emergence 
(Frank & Leggett 1983), the total biomass of larvae 
available over the summer was estimated as the sum of 
larval biomass noted on all sampling dates. No produc- 
tion estimate could be found for macroalgal detritus at 
comparable latitudes. We therefore only report the 
average seasonal biomass for this potential food 
category. Adult Calliopius laeviusculus preferentially 
select animal protein over algae (Daag 1976, Peder- 
son & Capuzzo 1984), and it is likely that this food 
source was not exploited when animal prey were avail- 
able. 

k,nna! amphipod productiorr. The calciiiation of 
amphipod production from June 17 to August 6, when 
capelin eggs were abundant, is detailed above 
('Calliopius laeviusculus energy budget'). Production 
of amphipods samplec! prior to the commexement af 
capelin spawning was calculated similarly, but here 
based on growth rates expected at 4 "C and the popu- 
lation size structure and density of C. laeviusculus 
noted on June 3 (see Fig. 1). 

It was not possible to directly estimate production for 
the periods prior to the beginning (May 18, 1988) and 
after the termination (August 8, 1988) of our sampling. 
Adult production over the winter months, for the inter- 
val August 8 to May 18, was estimated in a manner 
similar to that employed to calculate production for an- 
imals c 350 pm (Eq. 14). We began calculations using 
average amphipod density and size on these sampling 
dates and either back-calculating (May 18) or forecast- 
ing (August 8) size and density over the remainder of 
the year from temperature & size sensitive growth rates 
(Fig. 2) and an overwintering adult mortality rate of 
M = 0.01 d-' (DeBlois & Leggett unpubl.). Here again, 
we adjusted growth rate estimates to accounts for sea- 
sonal temperature variation (see Figs. 2 & 3). 

Owing to large Calliopius laeviusculus size differ- 
ences, we calculated production separately for the 2 
dominant amphipod cohorts present at the beginning 
of our sampling season (May 18) and for adults and 
juveniles sampled at the end of the season (August 8). 

Influence of capelin egg density on predation mor- 
tality. Assuming relatively constant interannual varia- 
tion in amphipod population size, the impact of amphi- 
pod predation on capelin eggs in any given year can be 
predicted based on capelin egg deposition. 

In laboratory studies (DeBlois & Leggett 1991), we 
found that amphipod feeding rates increased with cap- 
elin egg density as follows: 

where C = daily egg consumption in numbers; and 
D,,, = average capelin egg density per unit area. 

Using amphipod production estimates and average 
capelin egg densities noted in 1988, and assuming a 
linear relationship between daily egg consumption 
and amphipod production, Eq. 16 was modified to ex- 
press total amphipod production over the capelin egg 
development period as follows: 

Again, from analyses detailed in 'Methods - Calliop- 
ius laeviusculus energy budget', amphipod predation 
on eggs was related to amphipod production by: 

where Pr = amphipod predation in mg dwt cm-'; and 
P = amphipod production in mg dwt cm-'. 

From these functions, we calculated total seasonal 
egg predation by amphipods over capelin egg den- 
sities ranging from 0 to 200 eggs cm-3. 

Under spawning conditions similar to those noted in 
1988, average seasonal capelin egg density and total 
egg deposition are related by: 

- 
P,,, = 3.75 D,,, 

where P,,, = total capelin egg deposition in mg dwt 
cm-2 (P,,, is standardized to cm-2 assuming a capelin 
egg deposition depth of 12 cm, see 'Methods - Food 
availability') and D,,, = average seasonal egg density 
in numbers cm-3. 

The impact of amphipod predation on capelin eggs 
was then expressed as the ratio of total amphipod pre- 
dation to capelin egg deposition. 

RESULTS 

Calliopius laeviusculus energy requirements 

Total energy intake by the adult amphipods 
(>350 pm) population of Bryant's Cove during the 
interval June 17 to August 6, 1988 ranged from 21.2 to 
22.3 mg dwt cm-' (assuming assimilation efficiencies 
of 90 to 100 %). The distribution of energy among all 
pathways is given in Fig. 4. 

Predation by these amphipods during the interval 
June 17 to August 6 ranged from 36.6 to 38.5 mg cm-' 
(after adjustment for loss of prey body content while 
feeding; Eq. 13). 

Total capelin egg deposition in 1988 was 236 mg dwt 
cm-2 (Table 1). Assuming the diet of adult CaUiopius 
laeviusculus was dominated by capelin eggs, these 
amphipods consumed 15 to 16 % of the total capelin 
egg deposition in 1988. 
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Fig. 4. Calliopius laeviusculus. Allocation of food energy to 
bioenergetic pathways following I = P + R + M + F + L + MO, 
where I = ingestion; P = production; R = reproduction; M = 
metabolism; F = feces; L = leakage; and MO = molting. Total 
amphipod ingestion from June 17 to August 6 1988 ranged 
from 36.62 to 38.48 mg dwt cm" assuming assimilation effi- 

ciencies ranging from 90 to 100 % 

Production by juvenile Calliopius laeviusculus (< 350 
pm) totaled 0.4 mg dwt cm-' from June to August 1988. 
This comparatively low production, relative to that of 
adults, resulted from their small size (and hence low 
biomass) even though their growth rates were high. 
Using this juvenile production estimate, we estimated 
that the energy intake by these animals was 1.6 mg 
dwt cm-2 and that predation on capelin eggs would 
equate to 2.8 mg dwt cm-'. Assuming that the diet of 
these smaller animals was exclusively capelin eggs, 
juvenile predation could account for no more than 1 % 
of the seasonal capelin egg deposition observed in 
1988. 

Because the production and the potential impact of 
juveniles on capelin egg mortality are quite small rela- 
tive to those of amphipods > 350 pm in length (0.30 mg 
dwt), we excluded these juveniles from any further cal- 
culations. 

Food availability in the intertidal 

The seasonal production of all potential food items in 
the intertidal community of Bryant's Cove is given in 
Table 1. These estimates do not include foods smaller 
than 350 pm which were not collected with our sam- 
pling gear. Daag (1976) reports that it is unlikely that 
such small food items are consumed by Calliopius lae- 
viusculus > 350 pm length (although newly released C. 
laeviusculus can survive well on a diet of unicellular 
algae). 

Our analyses suggest that the combined production 
of biota other than capelin eggs was insufficient to ful- 
fill the energetic requirements of Calliopius laevius- 
culus during the interval June 17 to August 6, 1988. 
Total production by these biota over this time was 0.3 
mg dwt cm-'. As noted above, amphipods (> 350 pm ) 
required an average of 37.6 mg dwt cm-' of food from 
June 17 to August 6 to maintain the growth observed. 

Calliopius laeviusculus is known to select prey with 
higher caloric content (Pederson & Capuzzo 1984). Of 
the foods available to this amphipod in the intertidal at 
Bryant's Cove for which caloric equivalents were avail- 
able, capelin eggs had the highest energy content 
(Table 2). Caloric content data were unavailable for 
oikopleura and ctenophores, which were noted on 
Bryant's Cove. In terms of biomass, these animals were 
the 2 least important constituent of the intertidal com- 
munity (Table 1). 

Table 2 also provides the caloric content for adult 
capelin, which were not sampled with either the sled 
or quadrat sampler. Adult capelin die after spawning 
and then typically remain and decompose in large 
masses in the subtidal area. In the intertidal zone, we 
noted that Calliopius laeviusculus avoided large sus- 
pensions of dead capelin eggs which occurred follow- 
ing storm events. We speculated that this behavior was 

Table 1. Individual dry weight, average biomass and total production (May 18 to August 6, 1988) of biotic components of the 
intertidal community at  Bryant's Cove, Newfoundland. Biomass and production are standardized to using depths of 50 and 

12 cm for planktonic (p) and benthic (b) biota respectively (see 'Methods - Food availability'). NA: not available 

Category Dry wt ind.-' Average seasonal biomass Total seasonal production 
(W) (mg cm-2) (mg cm-' interval-') 

Macroalgal detritus (b) N A 0.12492 0.12492a 
Capelin eggs (b) 0.06450 4 8 236b 
Capelin larvae (p) 0.05168 0 00595 0.08330' 
Calanoid copepods (p) 0.09150 0 00621 0.00490d 
Ctenophores & jellyfish (p) 80.0 0.00380 0.00069* 
Oikopleura (p) 0.033 0.00390 0.00384d 
Oligochaetes (b) 0.00009 0.01292 0.04590" 

a Equivalent to average seasonal biomass 
Sum of capelin egg biomass after 3 noted spawning events 

C Sum of capelin larvae biomass over all sampling dates 
* P = 0.470 (weight ind.-1)-0.217 X biomass (Parsons 1980) 
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Table 2 Caloric content of food types sampled from the intertidal community at Bryant's Cove. Newfoundland 

Food type Caloric content 
(J mg-'1 

Source 

Algae 
Capelin adults 
Capelin eggs 
Capelin larvae 
Copepods 
Oligochaetes 

Pederson & Capuzzo (1984) 
This study 
This study 
This study 
K. T. Frank unpubl. data 
This study 

After the initiation of capelin spawning on June 17, 
1988, capelin egg biomass was sufficiently high to 
meet daily Calliopius Iaeviusculus consumption rate 
until early August (Fig. 5). 

Fig. 5. Calliopius laeviusculus predation (rng dwt d-') mately 50 % of the annual amphipod production oc- 
for selected dates in 1988 and corresponding capdin egg bio- curred during the 51 d between June 17 and August 6 ,  
mass in intertidal sediment at Bryant's Cove, Newfoundland when capelin eggs were abundant. Hence rates of 

daily amphipod production were approximately 53X 
in fact an avoidance of the low oxygen levels recorded higher when capelin eggs were abundant. 
adjacent to such concentrations. If this is so, it is likely 
that anoxic aggregations of dead capelin were simi- 
larly avoided. Influence of capelin egg density on predation 

The overwhelming dominance of capelin eggs resi- mortality 
dent m the intertidal, and their hlgher energy content 
make it reasonable to assume that Calliopius laevius- At capelin egg densities ranging from 5 to 200 egg 
culus fed almost exclusively on capelin eggs while they cm-2, seasonal production by Calliopius laeviusculus 
were available. reached an asymptote of ca 4.5 mg dwt cm-2 at and 

- 

Table 3. Estimates of amphipod production for time intervals outside of the development window of capelin eggs. All calculations 
excluded production for juveniles <30 mg dwt (see text). Unless otherw~se stated, production was calculated based on an initial 
observation of density and size. Subsequent densities and sizes were then estimated based on ternperaturehize sensitive growth 

and a mortality rate of M = 0.01 d-' ' identifies the date on which initial observations were taken 

Production interval Amphipod group Initial density Initial size Production 
(no. cm-2) (mg dwt) (mg dwt cm-'mterval-') 

June 3 June 17 June 30 July 13 July 28 August 6 
riod and 5.0 mg dwt cm-2 over the remainder of the 
year (Table 3 ) .  This analysis suggests that approxl- 

i; 

_ \  . 

May 2-May 28' Cohort A 
May 26-May 28'  Cohort B 
May 29-Jun lGa Adults 
'Aug 8-Dec 30 Adults 
Aug 15-Dec 3ob Juveniles 

Annual amphipod production 

Calliopius laeviusculus (> 350 pm) product~on was 
4.3 mg dwt cm-2 over the capelin egg development pe- 

Total = 4.97 

a Calculation of production for the interval May 29 to June 16 was based on the size frequency distribution for June 3 and 
expected density for that date 
The density of luveniles on August 15 was based on the density and fecundity of gravid females sampled on August 8 and 
known mortality (M = 0.34 d-l) from brood release to size 30 mg dwt 
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above average seasonal egg densities of 40 eggs cm-3. 
This relationship and the functional response of am- 
phipods to capelin egg density as determined in labor- 
atory studies (Eq. 16) are shown in Fig. 6. The impact of 
amphipod predation on eggs, expressed as the ratio 
between amphipod predation (Eq. 18) and total capelin 
egg deposition (Eq. 19) varied inversely with capelin 
egg density (Fig. 7). Based on reported average den- 
sities in situ for 1978, 1979 (Frank & Leggett 1984) and 
1988 (this study), it is estimated that predation by 
C, laeviusculus would account for 15 to 30 % of the 
total capelin egg deposition. 

lolal seasonal egg produnton (no c m 2 )  

aw 400 600 800 , 12 

average seasonal egg density (no cmJ ) 

Fig. 6. Calliopius laeviusculus. Daily ingestion (DeBlois & 
Leggett 1991) and resulting seasonal population production 
as a function of average seasonal capelin egg density. The 
bottom axis represents average seasonal egg density wlule 
the top axis shows corresponding egg production standard- 
ized to mg dwt cm-2 assuming a 12 cm deep egg deposition 

layer 

total seasonal egg productton (mg cm2) 

average seasonal egg dens* (no anJ ) 

Fig. 7. Calliopius laeviusculus. Impact of amphipod predation 
on capelin eggs assuming varying conditions of capelin 
spawning effort. The bottom axis represents averages sea- 
sonal egg density while the top axis shows correspondng egg 
production standardized to mg dwt cm-' assuming a 12 cm 
deep egg deposition layer. Average densities of 30.3 and 45.4 
eggs were noted in 1978 and 1979 by Frank & Leggett 
(1984). An average density of 62 eggs cm-3 was noted in this 

study in 1988 

DISCUSSION 

During the interval June 17 to August 6, 1988, cape- 
lin egg deposition at Bryant's Cove beach totaled 
236 mg cm-2 dwt. The level of predation required to 
support the observed Calliopius laeviusculus produc- 
tion over the same period was 37.6 mg cm-2 dwt. 
Hence, during the period of capelin egg availability, 
the total energy needs of C. laeviusculus could easily 
be met by predation on capelin eggs. 

The energy content of all other potential amphipod 
prey in the intertidal was on average 2 X lower than 
that of capelin eggs, and given their seasonal produc- 
tion level (0.3 mg dwt cm-2), these prey were incapable 
of sustaining the observed amphipod population dur- 
ing the interval June 17 to August 6. Moreover, it is 
likely that capelin eggs were preferentially selected 
over other biota owing to this hlgher energy content 
and their overwhelming abundance (see Krebs 1978, 
Peterson & Capuzzo 1984 on prey choice for this and 
other predators). 

Total Calliopius laeviusculus production was 4.3  mg 
dwt cm-2 from June 17 to August 6 and 5.0 mg dwt 
cm-2 over the remainder of the year. From these esti- 
mates, a significant fraction (ca 50 %) of C. laevius- 
culus production occurred in the presence of capelin 

eggs. 
Production estimates obtained here for Calliopius 

laeviusculus are corroborated by those obtained for 
other amphipod species. Given an annual production 
of 9.3 mg dwt cm-2 and an average biomass of 3 mg 
dwt cm-2, the PIB ratio for this C. laeviusculus popula- 
tion in 1988 was 3.1. Similar PIB ratios have been re- 
ported for a number of multivoltine amphipod species 
(Iversson & Jenssen 1977, Mortensen 1982, Waters 
1984, Kevrekidi & Lasaridou-Dirnitriadou 1988 work- 
ing with the genus Gammarus; Klein et al. 1975, 
Carrasco & Arcos 1984 working with Ampelisca; 
Venables 1981, Wildish 1984, Johnson 1988 working 
with Pon toporeia) . 

Prior to the onset of capelin spawning on June 17, 
amphipod production totaled 1.0 mg dwt cm-2 or 23 % 
of cumulative production observed over the summer 
months. This low production resulted from small am- 
phipod sizes (i.e. low biomass, even though densities 
were high) and slow growth rate at  the low water tem- 
peratures which prevail during these months. It is 
likely that these amphipods met their maintenance re- 
quirements by feeding on algae and algal detritus. 
Daag (1976) reported that Calliopius laeviusculus de- 
veloped a greenish body color when feeding on algae. 
This color disappeared within 24 h and was replaced 
by a red-orange color when amphipods began to feed 
on zooplankton. At Bryant's Cove, an abrupt change in 
the color of C. laeviusculus gut content (from brown- 
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green material, suggesting an algal diet, to unpig- 
mented material, suggesting predation on capelin 
eggs) occurred at the onset of capelin spawning. 

By the end of August, most capelin eggs had 
hatched. At that time, Calliopius laeviusculus energy 
demands exceeded the available intertidal food sup- 
plies. Although little C. laeviusculus migration occurs 
from May to early August (DeBlois & Leggett unpubl.), 
Steele & Steele (1973) who studied C. laeviusculus at a 
nearby capelin spawning beach in St. Phillips Cove, 
Newfoundland, noted that in late August, C, laevius- 
culus swarmed to the surface and were found in the 
plankton, or on protected shores, where they did not 
normally occur. Such a dispersal mechanism would en- 
able C. laeviusculus to search for alternative food 
sources when food levels on capelin spawning beaches 
became limiting. This type of migratory behavior in re- 
sponse to low food concentration is common in a va- 
riety of insects (see Tauber et. al. 1986 and references 
therein). 

Other behavioral patterns could improve Calliopius 
laeviusculus survival once capelin eggs have hatched. 
In August, C. laeviusculus energy demands might 
have been partially met by the resorption of their own 
eggs. Female amphipods are known to consume their 
brood when food conditions are poor (Sheader 1983). 
Fenwick (1985) suggested that egg resorption could 
compensate for reproductive over-commitment often 
noted in amphipods and might enhance the probability 
of female survival over the winter months. The propor- 
tion of gravid females in the C. laeviusculus population 
at Bryant's Cove was highest in August (DeBlois & 
Leggett unpubl.). Given low food conditions, brood 
cannibalism at this time might have been common. 
Moreover, female C. laeviusculus are known to enter a 
resting phase in August and to remain in reproductive 
stasis until the following spring (Steele & Steele 1973). 
T h s  sexual quiescence would also reduce the overwin- 
tering energy demands on adults. 

The seasonal CO-occurrence of high Calliopius lae- 
viusculus and capelin egg abundances could result in 
significant losses to the capelin egg population. At 
average seasonal capelin egg densities of 5 to 200 eggs 
cm-3, predation mortality was estimated to vary from a 
maximum of 30 % to a minimum of 5 % of the total cap- 
elin egg deposition. Mortality due to predation de- 
creased exponentially as average seasonal density in- 
creased. Data for 1978 and 1979 (Frank & Leggett 
1984) and 1988 (this study) suggest that amphipods 
consumed from 15 to 30 % of the total egg deposition 
in these years. 

Capelin egg mortality will also be influenced by the 
size of the amphipod population at the onset of capelin 
spawning. At present, we have no information on 
interannual variation in Calliopius laeviusculus popu- 

lation size. Van de Veer & Bergman (1987). studying 
Crangon crangon (Crustacea: decapoda) predation on 
0-group plaice in intertidal nursery areas of the 
Wadden Sea, found that overwintering mortality in 
C. crangon was relatively stable and that only ex- 
tremely cold winters resulted in unusually low num- 
bers in spring. 

Assuming relatively constant amphipod population 
size in spring, capelin egg mortality resulting from at- 
tacks by Calliopius laeviusculus may be higher than 
our predation estimates of 15 to 30 % indicate. As 
noted previously, Daag (1974) showed that C. laevius- 
culus looses up to 30 % of the body content of the prey 
eaten while feeding on copepods. For C. laeviusculus 
at Bryant's Cove feeding on capelin eggs, we estimated 
this loss at 42 %. Both Daag's (1974) and our study 
(DeBlois & Leggett 1991) were conducted with starved 
amphipods. Under more natural conditions, this preda- 
tor may be even less efficient in terms of the amount of 
prey material eaten relative to the number of prey cap- 
tured (Daag 1974). In field situations, and particularly 
when food densities are high, intra- and interspecific 
contact coupled with physical disturbances could lead 
to the actual ingestion of an even smaller proportion of 
the captured prey. Lillelund & Lasker (1971) have 
shown that the number of anchovy larvae killed by 
predaceous copepods of the genus Labidocera is often 
much higher than the number ingested, especially at 
high food concentrations. 

While the estimates of predation levels by Calliopius 
laev~usculus on capelin eggs developed here may be 
conservative, they do compare favorably with several 
estimates of the intensity of fish predation on benthic 
eggs. For example, haddock Melanogrammus aeglefi- 
nus are estimated to consume up to 40 % of the total 
annual egg deposition of Norwegian spring spawning 
herring Clupea harengus (Dragundsund & Nakken 
1973). In a similar study, Johannessen (1980) found 
that cod Gadus morhua and haddock Melanogrammus 
aeglefinnus ate 50 % of the herring egg deposition. 

Frank & Leggett (1984) studied the intensity of pre- 
dation on capelin eggs by winter flounder Pseudo- 
pleuronectes amencanus at Bryant's Cove. They con- 
cluded that while predation accounted for only 3 % of 
the capelin egg mortality, the eggs consumed by floun- 
der contributed up to 23 % of the energy required to 
support the observed annual growth in flounder. These 
findings, together with those developed here highlight 
the importance of capelin eggs to the energy flow and 
community dynamics of intertidal areas of Newfound- 
land. 

To date, only one other study has quantified the in- 
tensity of invertebrate predation on the benthic eggs of 
marine fish. In this case pacific herring Clupea pallasi 
suffered 10 % egg losses as a consequence of preda- 
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tion by the amphipod Anisogammarus pugetensis 
(Palsson 1984). The results of this study and that of 
Palsson's (1984) indicate that predation by amphipods, 
and possibly other invertebrate species, on benthic fish 
eggs is at least as important as fish predation and could 
significantly influence survival in the egg stage. 
Invertebrate predation on eggs should therefore be 
considered when evaluating the potential regulators of 
reproductive success in demersal spawning fish. 
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