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Abstract

Hjort proposed that fishery year-class fluctuations are due
mainly to variable larval mortality, and that most mortality
is due to early starvation. Some larvae die because they do
not find enough zooplankton to eat, but others may die be-
cause zooplankton eat them. We examined predation upon
eggs, yolk-sac, and/or first-feeding larvae of Atlantic men-
haden (Brevoortia tyrannus), gulf menhaden (B. patronus)
and spot (Leiostomus xanthurus) by adults of larger (4no-
malocera ornata) and smaller (Centropages typicus) cope-
pods. B. tyrannus eggs were too large for either copepod to
grasp or ingest. A. ornata could grasp and apparently kill,
but not ingest, the smaller L. xanthurus eggs, but C. typicus
could not. Both yolk-sac and first-feeding B. tyrannus lar-
vae and first feeding B. patronus larvae were grasped and
completely consumed in <4 min by 4. ornata. C. typicus
ingested yolk-sac larvae of both fish, but not first-feeding
larvae of either species. Ingestion rates by A. ornata were
significantly related to prey density (ANOVA; p<0.001).
Ingestion rates by C. fypicus (< 2 larvae copepod d™') were
much lower than those of the larger A. ornata (up to 14
larvae copepod d™) at food concentrations of 10 to 50 lar-
vae 17, However, expressed as % copepod body carbon
ingested copepod d7!, ration by the smaller copepod
equalled or exceeded that of the larger. Since copepods
and fish larvae can become concentrated together in sur-
face windrows, copepod predation may represent a sub-
stantial source of mortality of fish larvae.

Introduction

Hjort (1914, 1926) proposed that fishery year-class fluctu-
ations are due primarily to variable mortality of fish eggs
and larvae. Two primary mechanisms were proposed: (1)
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transport by currents out of favorable areas (“larval drift”),
and (2) starvation. Starvation was considered most impor-
tant, and subsequent studies have confirmed the impor-
tance of sufficient amounts and types of food to larval sur-
vival (reviews by May, 1974; Hunter, 1981; Lasker, 1981;
Blaxter and Hunter, 1982). Although many fish larvae un-
doubtedly die because they do not get enough to eat,
others die because they are eaten.

Predation is a potentially high source of mortality of
fish eggs and larvae. Since mortality of eggs and yolk-sac
larvae can reach 95% per day (Hunter, 1981), and the pres-
ence of yolk insulates these stages against starvation, pre-
dation is an obvious candidate for much mortality.
Although many fish eggs and larvae are eaten by other
fishes (reviews by Hunter, 1981; Blaxter and Hunter, 1982),
numerous observations of gut-content, rearing, and labora-
tory-feeding studies have revealed that a variety of plank-
tonic invertebrates are also larval-fish predators (Table 1).

The calanoid copepod Anomalocera ornata (Family
Pontellidae) is a patchy but abundant component of the
winter neuston of the continental shelves of the northern
Gulf of Mexico and western North Atlantic south of Cape
Hatteras (see Turner and Collard, 1980 for a summary of
records). During the same season in these waters, eggs and
larvae of winter-spawning fishes such as Atlantic men-
haden (Brevoortia tyrannus), gulf menhaden (B. patronus)
and spot (Leiostomus xanthurus) are also present near the
surface. Surface hydrographic discontinuities, such as
windrows or fronts, appear to concentrate menhaden and
spot larvae (Govoni eral, 1983) as well as 4. ornata.
Although we know of no strictly quantitative data, nearly a
decade of personal experience sampling A. ornata in the
Gulf of Mexico and Atlantic has revealed that this copepod
frequently becomes concentrated in surface windrows.
Thus, due to temporal and spatial co-occurrence, the po-
tential exists for predation interactions between A. ornata
and spot and menhaden larvae.

We investigated the predation by adult male and fe-
male Anomalocera ornata on Brevoortia tyrannus and



Table 1. Examples of marine zooplankters reported to prey upon
fish larvae in gut-content, larval-fish-rearing, or laboratory-feed-
ing studies

Predators References

Copepods Bailey (1984), Bailey and Yen
(1983), Lillelund and Lasker (1971),
Lebour (1925)

Euphausiids Theilacker and Lasker (1974)

Hyperiid amphipods ~ Westernhagen and Rosenthal (1976),
Westernhagen et al. (1979), Sheader
and Evans (1975)

Decapod larvae Lebour (1925)

Chaetognaths Kuhlmann (1977), Coston-Clements (un-
published manuscript), Hettler (1981)

Ctenophores Stevenson (1962), Lebour (1925)

Siphonophores Purcell (1980; 1981 a, b)

Scyphomedusae Bailey (1984), Bailey and Batty (1983),
Fraser (1969), Moller (1980, 1984)

Hydromedusae Arai and Hay (1982)

Leiostomus xanthurus eggs, B. tyrannus yolk-sac and first-
feeding larvae, and B. patronus first-feeding larvae. To
compare predation rates by the large (>4 mm total length)
A. ornata with those of a smaller copepod, we also exam-
ined predation by adult female Centropages typicus
(<2 mm total length) upon B. tyrannus and L. xanthurus
eggs, yolk-sac, and first-feeding larvae. We sought to de-
termine the effects of prey density and prey size on pre-
dation rate, and if these differed, with size of predator. In
addition, we made microscopic observations of predation
events to describe predation mechanisms and how these
were affected by prey size or motion.

Materials and methods

Fish eggs were produced by hormone injection of adult fe-
male fish. Larvae were reared from eggs according to Hett-
ler (1981, 1983) and Hettler and Powell (1981). Larvae
were transferred individually to experimental containers
by pipetting. Copepods were collected by surfacé net tows
in continental shelf waters within 10 km of Beaufort Inlet,
North Carolina, USA, in February and March of 1983 and
1984, and returned to the laboratory within 1.5 h of cap-
ture. Anomalocera ornata adult males and females or Cen-
tropages typicus adult females were isolated by pipette. Ex-
periments were initiated within 6 h of copepod collection
by addition of copepods to containers with fish larvae.
Predation experiments were performed in uncovered
large finger bowls (18 cm diameter) in one liter of 202-um
mesh-screened natural seawater from the Beaufort Chan-
nel. This provided the copepods with natural phy-
toplankton and microzooplankton in addition to fish lar-
vae. In experiments using Centropages typicus females, five
replicate bowls with five copepods each were used at cach
concentration of fish larvae (10, 20, 30, 40, 50 and 60
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Brevoortia tyrannus yolk-sac larvae 17, and 10, 20, 30, 40
and 50 Leiostomus xanthurus yolk-sac larvae 17'). The
same regimes were used in experiments where C. fypicus
females were offered first-feeding larvae. In experiments
using Anomalocera ornata, three replicates with three
females each, and three replicates with three males each
were performed at each concentration of fish larvae (10, 30,
and 50 B. tyrannus yolk-sac larvae 17, and 10, 20, 30, 40,
and 50 B. tyrannus first-feeding larvae 17'). When A. ornata
was provided first-feeding B. patronus larvae, six replicate
bowls, each with three males or three females were used at
each concentration of fish larvae (5, 10, and 15 larvae I™).
A control bowl with no copepods was maintained for each
experimental concentration of larvae.

Although we were able to examine predation of Ano-
malocera ornata on Leiostomus xanthurus eggs, we were
unable to examine its predation on L. xanthurus larvae.
Despite intensive sampling we were unable to obtain 4. or-
nata when L. xanthurus larvae were available to be used as
prey. This was because the last successful hatch of L. xan-
thurus eggs for the season was during the period when the
seasonally ephemeral appearance of 4. ornata off Beaufort
had already passed (early March, 1984).

Experiments were performed with constant indoor
lighting from 13.00 to 09.00 hrs the following day at ap-
proximately 22°C, and were terminated by removal and
counting of fish larvae. For first-feeding larvae this was ac-
complished by placing a bowl on a black background, re-
moving larvae or parts of larvae by pipette, aided by a
flashlight and magnifying lenses. Contents of each bowl
were then screened through 20-um-mesh netting to recover
any overlooked larvae. Since yolk-sac larvae are much
more difficult to see than first-feeding larvae, yolk-sac lar-
vae were removed by triplicate screenings of the contents
of each bowl through 20-um-mesh netting.

Predation rates were equated with larvae missing from
those introduced. Additionally, intact dead or partially
eaten larvae were counted for determinations of larvae
killed. However, these were not included in calculations of
predation rates. We were unable to assess the extent of
such copepod-induced mortality because mortality of lar-
vae in control containers was variable, ranging from 0 to
95%. An average of 26.7% of the larvae died in the controls,
but mortality was not density dependent. Rather, the be-
tween-experiment variability was greater than the within-
experiment variability. This was a result of the variable vi-
ability of larvae from a given batch of eggs.

Copepod mortality during experiments was low. No
Centropages typicus females died, but 8% of the Ano-
malocera ornata did (n=14 of 174 copepods). Since 4. or-
nata can leap out of the water and become stuck on the in-
ner surface of a container above the water surface, all con-
tainers were checked each evening (usually 6 h after initia-
tion of the experiment) to ensure that all three 4. ornata in
each bowl were alive and active. If a desiccated, dead cope-
pod was discovered stuck to the inside of the bowl the next
morning, its predation rate was calculated assuming that it
had lived for half of the experimental period. The only 4.
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Table 2. Dry weight, carbon, and % carbon values of fish eggs and larvae and copepods used in experiments

Organism mg dry wt. individual ™
(means underlined, and

ranges in parentheses)

% carbon n*
(means underlined and
ranges in parentheses)

mg carbon individual ™
(means underlined, and
ranges in parentheses

Brevoortia tyrannus egg
(1.30-1.65 mm diameter)

Leiostomus xanthurus egg
(0.72-0.87 mm diameter)

B. tyrannus yolk-sac larvae
(3.2-3.6 mm length)

B. tyrannus first-feeding
larvae (3.6—4.2 mm length)

0.053 (0.049-0.055)
0.026 (0.024-0.031)
0.041 (0.032-0.056)
0.055 (0.038-0.068)
L. xanthurus yolk-sac larvae

(1.6—1.7 mm length)

L. xanthurus first-feeding
larvae (2.3-2.7 mm length)

0.019 (0.013-0.028)
0.028 (0.022-0.033)

B. patronus first-feeding
larvae (3.0-3.9 mm length)

0.038 (0.036—0.040)

Centropages typicus female 0.038 (0.022-0.046)

(1.6-2.0 mm length)®

Anomalocera ornata female
(4.0-4.4 mm length)®

A. ornata male
(4.2-4.3 mm length)?

0.810 (0.791-0.846)

0630 (0.598-0.675)

0.021 (0.020-0.022) 405 (37.6-42.3) 8
0.014 (0.013-0.017) 532 (52.9-53.4) 5
0.017 (0.015-0.021) 38.6 (26.8-47.5) 4
0.015 (0.014-0.017) 28.3 (22.8-36.0) 4
0.008 (0.007--0.010) 472 (35.6-54.9) 3
0.0068 (0.0067—0.0068) 25.7 (20.5-30.8) 2
0.015 (0.014-0.015)® 38,6 (26.8-47.5)" 3
0.013 (0.010-0.015) 35.5 (28.6-43.7) 4
0.300 (0.294-0.311) 37.1 (34.8-39.3) 3
0.237 (0.233-0.243) 37.5 (36.0-38.9) 3

@ Refers to the number of replicates with 25-75 fish eggs or larvae each, 2—12 4. ornata each, or 25-50 C. typicus each that were used for
dry weight and carbon measurements. Larval length and egg diameter ranges are from hundreds to thousands of measurements made

by W. F. Hettler during rearing experiments

> No carbon determinations were made on B. patronus larvae. The mean carbon concentration of B. tyrannus first-feeding larvae (28.3%)

was used for conversions
¢ Length range from Rose (1933)
¢ Length ranges from Sutcliffe (1949)

ornata that died during experiments were those stuck to the
container above the surface of the water.

Carbon-specific predation rates were calculated using
dry weight and carbon determination for all stages, sexes
and species of copepods and fish eggs or larvae used. Live
copepods or fish larvae were semi-narcotized by addition
of distilled water to the dish of natural seawater in which
they were swimming. Individuals were captured immedi-
ately with a forceps, dipped in three successive rinses of
distilled water for salt elimination, and placed in tared
aluminum boats. These were freeze-dried, weighed with a
Cahn 25 Electrobalance !, and carbon values were deter-
mined with a Carlo Erba Elemental Analyzer (Model
1106).

To elucidate the mechanisms of predation interactions,
copepods and fish eggs and larvae were observed in petri
dishes under a dissecting microscope.

Results

Observations

Anomalocera ornata males and females did not eat
Brevoortia tyrannus eggs. Eggs were too large (1.30-

! Reference to trade name does not imply endorsement by the
National Marine Fisheries Service, NOAA

1.65mm diameter) for the copepods to grasp, and
they simply bumped into them. A. ornata grasped the
smaller Leiostomus xanthurus eggs (0.72-0.87 mm diame-
ter) with their second maxillae, swam around holding the
eggs for 4 to 6 min, and then they were discarded. These
eggs were shriveled and immediately sank to the bottom of
the petri dishes, in contrast to undamaged eggs which were
smooth, rounded, and floated. Thus, 4. ornata apparently
can damage, but not ingest L. xanthurus eggs, although
whether they can remove egg contents could not be deter-
mined.

Both Brevoortia tyrannus and Leiostomus xanthurus
eggs were also too large for Centropages typicus females to
grasp, and the eggs floated away when the copepods
bumped into them.

Both Anomalocera ornata males and females ingested
Brevoortia tyrannus yolk-sac larvae. Within one minute of
being introduced to a petri dish, some 4. ornata grabbed
larvae by the head (using their second maxillae), and in-
gested the larvae, proceeding form head to tail. This took 3
to 4 min. Motion of prey did not always induce attack,
since some 4. ornata bumped into live and moving larvae
as well as immobile, possibly dead larvae, but did not
grasp them.

Anomalocera ornafa males and females also ingested
first-feeding Brevoortia tyrannus larvae. Within 5 min of
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being introduced, copepods started to attack larvae. Five  cases, copepods grabbed moving larvae in mid-body be-
predation events were observed within 10 min. Attacks oc-  hind the yolk sac, but the larvae wiggled loose and swam
curred so rapidly that we could not see exactly how they  away. C. rypicus appeared impervious to many swimming
happened. Rather, we observed copepods swimming  larvae. In several instances when copepods and larvae
around the dish holding struggling fish larvae. In four of  collided, both exhibited simultaneous avoidance. Some
these observations, copepods grabbed larvae by the tail, copepods did not appear attracted to larvae, even when in
and in one by the head. In all cases, the struggling larvae  close proximity. Thus, random encounter appeared to
gradually disappeared into the copepod’s mouth within 2 initiate attack.

to 3 min. Copepods held larvae with their second maxillae, Predation by Centropages typicus on Leiostomus xan-
and although the larvae continued to struggle violently, thurus yolk-sac larvae generally followed the same pattern
once grasped, none escaped. As with predation on yolk-sac  as predation on Brevoortia tyrannus larvae. However, ad-
larvae, it did not appear that motion of the larvae caused  ditional observations of C. fypicus predation upon L. xan-

the attack. Many moving larvae swam into copepods with-  thurus larvae that were in the process of emerging from
out being attacked. Indeed, during these “bump and run”  eggs revealed that copepods can cause mortality of fish lar-
encounters, both the copepods and the fish larvae simul-  vae in excess of that caused by ingestion of entire larvae.
taneously exhibited avoidance of each other. As larvae emerge from the egg, they do so tail first (a pro-

cess that usually takes about 30 min). Copepods were ob-

Centropages typicus ingested both live and dead  served to nibble upon wiggling tails of larvae emerging
Brevoortia tyrannus yolk-sac larvae, grabbing them by  from eggs. Within 1.5 to 3.5 min, the copepods ate entire
either the head or the tail, and completely consuming them  tails (up to approximately 1/4 of the length of the larva),

within less than 3 min. In other cases, larvae were only par-  and then disengaged. Eggs that were about to hatch moved
tially consumed (approximately 1/3 eaten) before cope-  due to flexing of the tail of the larvae about to emerge. In
pods dropped them. In some cases, larvae caught by the  some cases, C. typicus appeared to hover near such moving
head broke loose after a short struggle and swam away.  eggs and wait for the tail to emerge. They then bit off the

However, their heads were opaque (rather than clear as in  tails as they emerged. Larvae that had been so wounded
undamaged larvae), and these larvae appeared to die  turned opaque and died within 10 to 15 min. First-feeding
within a minute of release. C. typicus females did not ap-  larvae of both fish species were too large (Table 2) for C.
pear to pursue larvae that had escaped their grasp. In some  fypicus to catch or ingest.
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Predation rates

Both male and female Anomalocera ornata completely con-
sumed Brevoortia tyrannus yolk-sac (Fig. 1a) and first-
feeding (Fig. 1b) larvae, and B. parronus first-feeding lar-
vae (Fig. 1¢c). At a given larval concentration, analysis of
variance revealed no significant difference (p <0.01) in the
number of larvae consumed, by either sex of copepod,
species of fish, or stage of fish larvae. However, there was a
highly significant (p <0.001) relation between number of
larvae consumed and number offered (Fig. 2). Centropages
typicus females consumed low numbers of yolk-sac larvae
of B. tyrannus (Fig.3a) and Leiostomus xanthurus
(Fig. 3b).

Carbon and dry weight determinations (Table 2) were
used to convert predation rates to a carbon ration basis (%
copepod body carbon ingested vs larval fish carbon of-
fered). These conversions revealed that carbon ration was de-
pendent on carbon offered up to approximately 0.3 mgC 1™
for Anomalocera ornata predation on both yolk-sac and
first-feeding larvae of Brevoortia tyrannus and on first-feed-
ing larvae of B. patronus (Fig. 4). From approximately 0.3
to 0.825 mgC 17, these copepods ingested means of 29 to
67% of their body carbon per day (¥=51.4%). The mean
carbon ration values of Centropages typicus females feed-
ing upon Leiostomus xanthurus yolk-sac larvae (9-127% of
body carbon ingested) were highly variable (Fig. 4). Even
though predation on fish larvae by C. rypicus was low
(Fig. 3) in terms of percent of copepod body carbon ingest-
ed, these rates were equivalent to, or greater than, those of
the larger A. ornata.

Discussion

Copepods, particularly large ones such as Anomalocera or-
nata, are capable of inflicting mortality on larval fish. Since
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we know of no quantitative data for the abundance of 4.
ornata, we cannot extrapolate the impact of its predation
on natural populations of fish larvae. Nonetheless, since 4.
ornata and fish larvae can likely become concentrated to-
gether in surface windrows, the impact of predation may
be substantial, albeit intermittent. Our predation rate data
are only for larvae completely consumed, and do not in-
clude partially-eaten or killed but unconsumed larvae.
Thus, our predation rates undoubtedly are conservative es-
timates of total mortality rates. Lillelund and Lasker (1971)
and Bailey and Yen (1983) also noted that other copepods
can kill fish larvae without consuming them.

As in other studies (Bailey, 1984; Lillelund and Lasker,
1971; Westernhagen er al., 1979), we found that predation
rates were affected by sizes of prey relative to those of
predators. For instance, the smaller copepod Centropages
typicus could ingest yolk-sac larvae of both Brevoortia ty-
rannus and Leiostomus xanthurus, but could not ingest the
larger first-feeding larvae of cither fish species. Conversely,
the large copepod Anomalocera ornata ingested both larval
sizes of both fish species at approximately equal rates for a
given prey concentration (Fig.1). Thus, Hunter’s (1981)
suggestion that only yolk-sac fish larvae are subject to zoo-
plankton predation does not apply to large motile pred-
ators such as 4. ornata. In addition, 4. ornata ingested
higher numbers of fish larvae (up to 14 d™) than did the
smaller C. typicus (<2 d™), but in terms of carbon ration,
rates for both copepods were generally equivalent (Fig. 4).

We found that eggs were not consumed, an observation
also made by Bailey and Yen (1983) and Kuhlmann
(1977). Again, this was partly related to prey size. Brevoor-
tia tyrannus eggs were too large (1.3—-1.6 mm diameter) for
either copepod to grasp, and even the smaller eggs of Lei-
ostomus xanthurus (0.7-0.9 mm diameter) were too large
for Centropages typicus to grasp. Anomalocera ornata did
grasp L. xanthurus eggs, but they were too large to be in-
gested. In addition to their large size, many fish eggs ap-
parently are difficult for copepods to grasp because they
float. For this reason, Theilacker and Lasker (1974) con-
cluded that euphausiid predation on floating anchovy eggs
was slight.

Analysis of variance indicated that predation rates by
Anomalocera ornata were related to prey density (Fig. 2).
This was not evident for Centropages typicus (Fig. 3). Den-
sity-dependent predation upon fish larvae by copepods,
amphipods, and scyphomedusae has also been demon-
strated in other studies (Lillelund and Lasker, 1971; Wes-
ternhagen and Rosenthal, 1976; Bailey and Batty, 1983;
Bailey and Yen, 1983).

Several studies of predation on fish larvae by copepods
and chaetognaths (Lillelund and Lasker, 1971; Kuhlmann,
1977; Bailey and Yen, 1983; Bailey, 1984) have indicated
that prey motion is important in eliciting predation strikes.
However, our microscopic observations are in contrast to
this. We found that both species of copepods attacked
moving as well as immobile larvae. Conversely, there were
many cases where both a copepod and a fish larva exhibited
simultaneous avoidance reactions after a collision. Thus,
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our limited observations suggest that Anomalocera ornata
and Centropages typicus, like the amphipods in the study of
Westernhagen and Rosenthal (1976), attack fish larvae by
random encounter. However, it did appear that C. typicus
females were attracted to, hovered near, and waited for the
tails of Leiostomus xanthurus larvae that were in the pro-
cess of emerging from eggs.

Our rates of predation of larval fish by copepods are
high, but not because alternative prey were absent. All ex-
periments were conducted in 202-um-screened estuarine
water. Thus, the copepods had available as food high natu-
ral concentrations of phytoplankton and microzooplankton,
in addition to the added fish larvae. Both Anomalocera
ornata and Centropages typicus are broadly omnivorous
(Turner, 1978, 1984, in press, unpublished data).

In view of the significant relationships between pre-
dation rates and prey densities, however, it is likely that the
predation rates presented here are artificially high, because
experimental densities of larval fish were higher than those
usually found in nature. Although estuarine fish larvae
may occasionally reach field densities of 0.1 to 0.34 lar-
vae 1™ during seasonal abundance maxima (Pearcy, 1962;
Olney, 1983; Bourne and Govoni, in preparation), these
values are still one to two orders of magnitude lower than
our experimental prey concentrations (5-60 larvae 17%).
Our predator densities (3—5 copepods [™') were also quite
high. This suggests that predation rates as high as those re-
ported here could only occur in nature if copepods and fish
larvae became simultaneously concentrated by physical
and/or behavioral mechanisms.

Both zooplankton and crustacean micronekton have
been repeatedly found in concentrations of 100 to more
than 1 000 times higher than average background densities
(Omori and Hamner, 1982). In perhaps the most extreme
example of this, Alldredge et al. (1984) found aggregations
of copepods of up to 26 000 individuals 1™ in waters where
background densities were less than 0.5 individuals 1™,
Although this aggregation was apparently behaviorally-in-
duced, there have been other reports of physically-induced
aggregations.

Surface windrows induced by Langmuir circulation
have long been known to concentrate plankton and other
particulates (see Pollard, 1977 and Barstow, 1983 for re-
views). Although there have apparently been no reports of
windrow concentration of fish larvae to densities as high as
our prey concentrations, Alldredge (1982) found concen-
trations of the appendicularian Oikopleura longicauda of
up to 3565 individuals 1™ in surface windrows. Surface
densities between windrows were only 0.2 to 1.2 individ-
uvals I7*. Thus, if appendicularians can become concentrat-
ed in windrows by a factor of 17 825 times, it appears at
least possible that physical mechanisms could concentrate
fish larvae by factors of at least 10 to 100 times above re-
ported abundance maxima necessary to approach our ex-
perimental prey densities. Indeed, Shanks (1983) found
concentrations of fish larvae by factors of 13 to 36 times in
surface slicks associated with tidally forced internal waves,
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although he presented his data as larvae per unit of towing
time rather than as larvae per volume filtered.

In conclusion, our results suggest that if windrows,
slicks, or behavioral aggregations simultaneously con-
centrate large numbers of copepods along with high num-
bers of larval fish or eggs ready to hatch, copepod pre-
dation could inflict substantial mortality on larval fish
patches. Since marine fish larvae have been found in
coincident high abundance with their zooplankton prey
(Fortier and Leggett, 1984; Govoni et al., 1985), it appears
likely that there can also be coaggregation of fish larvae
and their zooplankton predators.
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