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Abstract Paraeuchaeta norvegica (8.5 mm total length)
and yolk-sac stage Atlantic cod larvae (4 mm total length)
(Gadus morhua) larvae were observed in aquaria (3 1 of
water) using silhouette video photography. This allowed
direct observations (and quantitative measurement) of
predator—prey interactions between these two species in
3-dimensions. Tail beats, used by cod larvae to propel
themselves through the viscous fluid environment, also
generate signals detectable by mechanoreceptive copepod
predators. When the prey is close enough for detection and
successful capture (approximately half a body-length), the
copepod launches an extremely rapid high Reynolds
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number attack, grabbing the larva around its midsection.
While capture itself takes place in milliseconds, minutes
are required to subdue and completely ingest a cod larva.
The behavioural observations are used to estimate the
hydrodynamic signal strength of the cod larva’s tail beats
and the copepod’s perceptive field for larval fish prey. Cod
larvae are more sensitive to fluid velocity than P. norvegica
and also appear capable of distinguishing between the
signal generated by a swimming and an attacking copepod.
However, the copepod can lunge at much faster velocities
than a yolk-sac cod larva can escape, leading to the larva’s
capture. These observations can serve as input to the
predator—prey component of ecosystem models intended to
assess the impact of P. norvegica on cod larvae.

Introduction

Traditional aquatic food webs place plankton at the base of
the food chain, often with fish as the top predator. How-
ever, as larvae, fishes represent an important yet transient
member of the plankton. At this small size, fish larvae are
subject to predation by other members of the plankton,
including copepods (Bailey and Houde 1989). For exam-
ple, the calanoid copepods Anomalocera ornata and
Centropages typicus feed on the yolk-sac stage larvae of
Atlantic menhaden (Brevoortia tyrannus) and gulf men-
haden (B. patronus) (Turner et al. 1985). Small (<7.5 mm)
larvae of the Pacific sardine (Sardinops sagax) are eaten by
the cyclopoid copepods Corycaeus trickicus and C. ja-
ponicas (Garcia and Alejandre 1995). The calanoid cope-
pod Paraeuchaeta elongata eats yolk-sac stage Pacific
hake (Merluccius productus) larvae (Bailey and Yen 1983).
Paraeuchaeta norvegica prey upon various copepods as
well as the yolk-sac stages of flounder (Platichthys flesus),
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plaice (Pleuronectes platessa), herring (Clupea harengus),
turbot (Scophthalmus maximus) and Atlantic cod (Gadus
morhua, henceforth, simply cod) (Bailey and Yen 1983;
Bailey 1984; Yen 1987).

Although there have been both field and laboratory
studies of the diet and predation rates of Paraeuchaeta
norvegica feeding on copepods and fish larvae (Bailey and
Yen 1983; Bailey 1984; Yen 1987; Tiselius et al. 1997,
Olsen et al. 2000; Fleddum et al. 2001; Skarra and
Kaartevdt 2003), no fine-scale observations of their preda-
tory behaviour exist. Copepods use mechanoreception to
detect fluid disturbances released by potential predators and
prey (Fields and Yen 2002). Similarly, the lateral line sys-
tem of juvenile and adult fish detect fluid motion to identify
potential prey items, orient within a school and avoid pre-
dators (Montgomery et al. 1994; Rapo et al. 2009). In this
study, we videotaped and quantitatively analysed the
predator—prey interactions of P. norvegica feeding on yolk-
sac stage cod larvae. Empirical observations, such as this,
are essential for the accurate parameterization of ecosystem
models that include copepods as predators on fish larvae.

Materials and methods
Larval fish culture and copepod collection

Cod larvae were reared from eggs spawned from broodstock
at the Department of Fisheries and Oceans Canada’s Maurice
Lamontagne Institute in Mont-Joli, Québec. Larvae 4 days
post hatch (dph)—~4 mm total length—were used in the
experiments. Observations were restricted to this size and
developmental stage because Paraeuchaeta norvegica con-
sume yolk-sac stage cod larvae but do not eat eggs or older
larvae (Bailey and Yen 1983; Bailey 1984; Yen 1987).

Adult female Paraeuchaeta norvegica— ~ 8 mm body
length—were captured at station RIKIO1 (48°40.00N
68°35.00W, at a depth of 340 m) using a 1-m vertical net
with a 333-um mesh. The net was hauled from a depth of
350 m to the surface ata speed of 0.5 m s~ ' orless. The net’s
cod end was partially blocked to minimize damage to the
animals. The contents of the cod end was gently poured into
4-1 jars filled with filtered sea water and maintained at 4°C
and 28 PSU. Upon arrival in the laboratory, animals were
sorted and kept at 6°C until the experiments. P. norvegica
were fed on brine shrimp and small copepods until 24 h
before the experiments.

Behavioural observations
Behavioural observations were made in glass aquaria

(15 x 15 x 15 cm) surrounded by black contact paper
(except for 10 cm openings that allowed viewing from the
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sides) using a 3-dimensional silhouette imaging system
(described in detail by Browman et al. 2003). Cod larvae
(n = 50) and adult females of Paraeuchaeta norvegica
(n = 20) were placed into experimental vessels in 3 1 of
filtered seawater (the same water in which the copepods
and the cod larvae were maintained and at the same tem-
perature). Interactions between free-swimming larvae and
either free—swimming copepods or tethered predatory
copepods were recorded on S-VHS videotape. The syn-
chronously recorded orthogonal views allow exact deter-
mination of the 3-dimensional positions of targets
(copepods and cod larvae), which appear in both fields of
view simultaneously.

In the geographic region of this study, eggs and yolk-sac
larvae of cod are typically distributed in the upper 100 m of
the water column (Ouellet 1997). A significant but variable
percentage of adult female Paraeuchaeta norvegica
undertake diel vertical migrations, swimming into the
upper 100 m of the water column at night to feed (Yen
1985; Vestheim et al. 2005; Tonnesson et al. 2006). Since
yolk-sac stage cod and P. norvegica will most commonly
overlap spatiotemporally at night, all observations were
made in the dark (the light source used to generate the
silhouette images was a far-red LED run at an intensity far
below the sensitivity threshold of yolk-sac cod or P. nor-
vegica). In any case, the feeding rate of P. norvegica is
unaffected by light (Olsen et al. 2000).

Quantitative kinematic analyses

Every 1/30th of a second, the 3-dimensional positions were
determined by tracking the 2-D positions (X—Z and Y-Z) of
plankton movement in paired orthogonal 2-D projections of
the same individual using TRAKFISH software. From the
3-dimensional positional information, distances, velocities
and angles were then calculated using ANAPATHS software
(see Browman et al. 2003 for software details). An encounter
was defined as any interaction that resulted in a behavioural
response in either the predator (Paraeuchaeta norvegica) or
the prey (cod larvae). These encounters were further char-
acterized as follows: Detection of P. norvegica by cod larvae
was defined (a posteriori) as the instant when the larva
exhibited an escape reaction in response to P. norvegica.
Detection of cod larvae by P. norvegica was defined (a pos-
teriori) as the instant when the copepod either changed its
orientation towards the potential prey item or stopped
moving its cephalic appendages in close proximity of a cod
larva. Although this most likely underestimates the true
physiological detection distance, it nonetheless provides a
conservative measure of the behavioural threshold for
detection. Signal strength was estimated as a direct transla-
tion of animal movement to water movement. A 1/ decline
in water flow speed was used to estimate signal strength at the
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location of the detector (Kalmijn 1988). The escape speeds of
cod larvae in response to a swimming predator and an
attacking predator were compared using a two-tailed ¢ test.
Characteristics of the prey escape response were analysed by
linear regression using Sigmastat 3.5. An alpha level of 0.05
was used to determine significance in all statistical tests.

Results
Behaviour
Swimming movements of Paraeuchaeta norvegica

Adult females of the subarctic carnivorous copepod,
Paraeuchaeta norvegica, had total lengths of ~8.5 mm
(n = 6). At 6°C, P. norvegica swam at an average speed of
13.6 mm s~' (SD = 5.9, n = 42) often following a spiral
trajectory (Fig. 1; see supplemental video A). During an
attack or an escape response, P. norvegica accelerated to
speeds up to 48.9 mm s~' (average = 34.4, SD = 174,
n = 16) and reached Reynolds numbers (Re#) of ~352
[see supplemental videos B (attack) and C (escape)].

Swimming movements of cod larvae

Yolk-sac larvae (4 dph) of cod were about 4 mm in length
and 1 mm in width. Although they were stationary most of
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Fig. 1 Example of a spiral swimming trajectory of adult female
Paraeuchaeta norvegica (also see Supplemental material, video A)

the time, cod larvae beat their tails intermittently generat-
ing swimming bursts that transported them over short
distances. When disturbed, cod larvae swam at a maximum
speed of 15.7 mm s™' (SD = 7.9, n = 52).

Encounters between Paraeuchaeta norvegica
and cod larvae

Encounters occurred over a wide range of lateral and
dorsal/ventral angles relative to the body axis of Paraeu-
chaeta norvegica. (Fig. 2). Most of the encounters
(n = 171) triggered an escape response by cod larvae
(n = 54). P. norvegica detected (n = 15) and attacked
(n = 9) numerous prey during these encounters. Overall,
the encounter angles showed no obvious left/right bias.
Most of the encounters occurred anterior of the copepods.
Approximately 90% of all encounters occurred within £
90° of the head of the copepod. Dorsal/ventral trajectories
(Fig. 2) indicated that encounters were more frequent
ventrally than dorsally. The highest number of attacks and
escapes occurred within a relatively narrow (up to 30°)
ventral area of P. norvegica’s body axis.

Predatory behaviour of Paraeuchaeta norvegica
Adult female Paraeuchaeta norvegica captured and

ingested cod larvae. Attacks only occurred in response to a
tail beat by a cod larva—immobile larvae elicited no
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Fig. 2 Perceptual field of adult female Paraeuchaeta norvegica
showing the locations of yolk-sac (4 dph) larvae of Atlantic cod
(Gadus morhua) that elicited a predatory response (detection followed
by attack). The grey square hash marks represent the predator’s
orientation. The tick marks on the copepod’s antennae represent the
sensory setae

@ Springer



2656

Mar Biol (2011) 158:2653-2660

response of any kind. During an attack, the antennules of P.
norvegica were retracted posteriorly along the side of the
body, and at the same time, the urosome flexed anteriorly.
These opposing appendage movements are necessary to
maintain position in a low Re fluid regime. To propel the
predatory copepod towards its prey, the swimming legs are
deployed posteriorly in a rapid metachronal sequence, and
at the same time, the urosome is flexed posteriorly con-
straining the accelerated fluid into a narrow and focused
jet. The thrust generated by the jet that is formed by the
simultaneous posteriorly directed movements of all these
appendages moves the predator rapidly forward along
a slightly ventral trajectory, propelling the predator to
maximum speeds of 48.9 mm s™' (average speeds of
344 mms 'SD = 174,n = 16) and average distances of
3.0 mm (SD = 1.1, n = 11). As the predatory copepod
lunged forward, the maxillipeds opened and extended
forward to grasp the prey. The speed of the lunge accom-
panied by maxilliped extension at Re > 300 thins the
boundary layer so that capture is possible. All of the attacks
observed were successfully completed in approximately
3040 ms. Typically, the copepod grabbed the cod larva at
its midsection, manoeuvered the head into its mandibles
and periodically adjusted the grip of its maxillipeds. The
process of larval consumption took approximately 8.5 min
(measured as the time from the instant that a larva was
captured until no part of it could be observed in the
copepod’s mouth parts).

Perceptual fields

3-D perceptual field of Paraeuchaeta norvegica
to cod larvae

The maximum detection distance for Paraeuchaeta nor-
vegica feeding on cod larvae was 16.6 mm (Table 1) with
an average distance of 4.2 mm (SD = 3.2, n = 35; Fig. 2).
An attack only occurred in response to the larval fish ini-
tiating an escape reaction. Of the 35 detection events
observed, 69% resulted in an attack response. The maxi-
mum attack distance was 6.0 mm with an average distance
of 3.2 mm (SD = 1.2, n = 24). Only 10% of the attacks
(6% of detected prey) resulted in a successful capture. The
maximum capture distance was 3.8 mm with an average
distance of 2.6 mm (SD = 1.3, n = 2). The size and
geometry of the perception volume was estimated from the
maximum distances found for P. norvegica’s detections,
attacks and captures of cod larvae (Table 1; Fig. 3). There
were no obvious bilateral asymmetries (Fig. 3a). The
maximum distance associated with each behaviour occur-
red anterior (Fig. 3a) and ventral (Fig. 3b) to the animal’s
forward-directed longitudinal body axis. The dorso-ventral
asymmetry in the detection volume is clearly seen in lateral
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Table 1 Dimensions of the perceptual field of adult female
Paraeucheata norvegica feeding on yolk-sac (4 dph) larvae of
Atlantic cod (Gadus morhua)

Maximum
distance (mm)

Detection
3-dimensional distance 16.6
Ventral 14.1
Dorsal 4.9
Lateral 4.5
Anterior 8.2
Posterior 5.6

Attack
3-dimensional distance 6.0
Ventral 3.5
Dorsal 4.9
Lateral 3.1
Anterior 4.8
Posterior 3.1

Capture
3-dimensional distance 3.8
Ventral 2.7
Dorsal 1.1
Lateral 2.4
Anterior 0.5
Posterior 1.2

Distances in bold are the maximum observed distances in three-
dimensional space. Values in italics are maximum distances in each
component dimension

view (Fig. 3b): P. norvegica detected prey over 300%
further in the ventral direction relative to the dorsal. This
difference becomes progressively smaller when the animal
initiates an attack response (Table 1). P. norvegica detect
moving yolk-sac stage cod larvae within a volume 1.4 ml.
Attack and capture volumes were considerably smaller, at
0.2 and 0.1 ml, respectively. By multiplying the surface
area of the ellipsoid associated with each behaviour
(Fig. 3c) by the average swimming speed (13.6 mm s~ '),
we calculated the flux rate of fluid through each of the
detection, attack and capture volumes (Table 2). P. nor-
vegica is able to scan 1.9 ml s™' (6.6 1 h™") of fluid and
passes 0.5mls™ ' (201h™") and 02 mls™' (0.71h "
through the attack and capture volume, respectively
(Table 2). Depending on the abundance and distribution of
cod larvae in the water column, encounter rates can be
significant. If an encounter occurs more than every 10 min,
the copepod will be able to capture and have time to ingest
it despite the long handling time. Also, there were instances
when the copepod was ingesting one larva into its mandi-
bles using its maxillae and capturing a second larva with its
maxillipeds. Having 6 pairs of cephalic appendages can be
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Fig. 3 Schematic representation of the geometry of the detection
field (blue), attack area (green) and capture area (red) of adult female
Paraeuchaeta norvegica preying on Atlantic cod (Gadus morhua)
larvae from the a Dorsal view, b Lateral view and ¢ Anterior ‘birds-
eye’ view looking down on P. norvegica. The black dot in the centre
of panel c represents the head of the P. norvegica. Distances used to
depict the geometry of each behavioural region are drawn from
Table 1 (color figure online)

Table 2 Surface area, volume and flux rate through the detection,
attack and capture regions of adult female Paraeucheata norvegica
feeding on yolk-sac (4 dph) larvae of Atlantic cod (Gadus morhua)

Surface area Maximum Maximum  Maximum

top view volume flux flux

(cm?) (ml) (ml s7h ah™h
Detection 1.4 14 1.8 6.6
Attack 0.4 0.2 0.5 2.0
Capture 0.1 0.0 0.2 0.7

Flux rates are calculated from the flow rate produced by the swim-
ming speed (13.6 mm s~') passing through the surface area associ-
ated with each region

quite useful, especially where only one pair (the antenn-
ules) is used for remote detection, while the other 5 pairs
can be used to handle multiple prey.

A predatory copepad

O cod larvae escape
® cod larvae escape from a tethered copepod
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Fig. 4 Locations from which yolk-sac (4 dph) larvae of Atlantic cod
(Gadus morhua) initiated escape responses to a tethered (closed
circles) or a free swimming (open circles) adult female Paraeuchaeta
norvegica. The black lines are approximately the length of an adult
female copepod

3-D perceptual field of cod larvae to Paraeuchaeta
norvegica

Cod larvae initiated an escape reaction in response to the
fluid disturbance created by a swimming or attacking
Paraeuchaeta norvegica. When the predator was swim-
ming at an average speed of 13.6 mm s™', cod larvae
detected them at a maximum distance of 9.2 mm and an
average distance of 4.6 mm (SD = 1.9 mm, n = 54;
Figs. 4, 5). Escape responses by cod larvae were uniformly
distributed around the copepod (Fig. 4). If the cod larva
exhibited an escape reaction prior to being attacked, they
escaped at speeds of 15.5mm s~' (SD = 7.9, n = 52).
There was no relationship between the velocity of escape
reactions undertaken by cod larvae and the distance from
the predator at which escapes were initiated (p = 0.79;
Fig. 5a). Nor was there a relationship between the distance
from the predator at which cod larvae initiated an escape
reaction and the swimming speed of the predatory copepod
(p = 0.95; Fig. 5b). Cod larvae detected attacking cope-
pods at an average distance of 4.2 mm (SD = 3.2,
n = 35). These results suggest that the speed and timing of
the escape reaction is not determined by vision. However,
when P. norvegica approaches a cod larva at its normal
mean speed of 13.6 mm s (SD = 5.9, n = 42), the cod
larva escapes at a speed of 15.5mms~' (SD = 7.9,
n=>52) (t=3.68;, p<0.01). When P. norvegica is
moving at a stronger mean speed of 34 mm s
(SD = 17.4 mm sfl, n = 16), the cod larva escapes at a
mean speed of 28.2 mm s7! (SD = 8.5, n = 8). The larval
escape speed was significantly higher in response to the
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Fig. 5 Characteristics of the escape response of yolk-sac (4 dph)
larvae of Atlantic cod (Gadus morhua) in response to fluid signals
created by Paraeuchaeta norvegica. a The prey escape speed as a
function of the distance from the predator when it initiates the escape
response. b The distance at which cod larvae initiate an escape
reaction as a function of the swimming speed of the predator.
Relationships are not statistically significant

rapidly attacking copepod predatory copepod. These results
suggest that the fluid signal plays a prominent role in the
magnitude of the cod larvae escape response.

Discussion

Sensory ecology of predatory copepod interactions
with fish larvae

Both cod larvae and Paraeuchaeta norvegica rely on var-
ious water-borne signals to obtain information about their
biotic and abiotic environments. However, during the early
larval period, cod larvae are clearly outmatched by the
predatory abilities of P. norvegica. Early stage cod larvae
have limited mobility and poorly developed sensory
modalities and escape responses (Fuiman and Magurran
1994; Yin and Blaxter 1986) making them particularly
susceptible to predation by the mechanoreceptive predators
such as P. norvegica. In general, cod larvae exhibit spo-
radic swimming activity, remaining motionless in the water
column much of the time. When P. norvegica swam near a
cod larva, the larva detected the predator and initiated an
escape reaction. Assuming that cod larvae were responding
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to the fluid velocity created by the swimming copepod, the
threshold water speed causing the escape reaction can be
calculated. The swimming speed of P. norvegica is
13.6 mm s~ ' (SD = 5.9, n = 45) creating a wake that
attenuates with distance. The average detection distance at
which the fish initiated an escape reaction was 4.6 mm.
Since the fluid signal generated is attenuated by fluid vis-
cosity, causing a decrease in fluid velocity as a function of
the distance cubed (Kalmijn 1988), we can calculate a
threshold fluid velocity for the larval cod of 140 pm s~ .

During the escape response, cod larvae propelled
themselves by beating their tails at frequencies up to 35
beats s~' (Yin and Blaxter 1986). The tail beats of swim-
ming fish larvae generate localized fluid motions that
provide mechanical signals that can be detected by rheo-
tactic copepods, including Paraeuchaeta norvegica (Yen
1987; Tiselius et al. 1997; Olsen et al. 2000; Fields and
Yen 2002). During the escape reaction, cod larvae reach an
average speed of 15.7 mm/s. Using this average escape
speed, P. norvegica’s mean detection distance of 4.2 mm
and a 1/r° decline in fluid velocity, the average threshold
velocity for detection by P. norvegica is 212 pm s~ '. Thus,
the predator is 33% less sensitive than their prey to fluid
mechanical disturbances, explaining why the cod larvae
perceived the approaching predator before the predator
perceives the larva. This difference in sensitivity enables
the prey to initiate an escape before the predator detects it.
However, the escape reaction of the prey provides addi-
tional information to the predator that permits an accurate
directed attack.

The instant the larva initiated an escape response by
beating its tail, Paraeuchaeta norvegica lunged towards it.
Attacks by P. norvegica on cod larvae were initiated at an
average separation distance of 3.2 mm resulting in a cal-
culated threshold for an attack response of 480 pm s~ '.
The attack volume was similar in size and geometry to that
reported for Euchaeta rimana (Doall et al. 2002). At the
speeds achieved by P. norvegica during an attack
(34 mm s~ "), the copepod covers the 3.2-mm separation
distance in ~90 ms. This is over twice the escape speed of
4-mm cod larvae, explaining why they could catch them
even while they were trying to escape. However, cod larvae
only slightly older than those used here had average swim
speeds of ~70 mm s~! (Williams et al. 1996), a speed
substantially faster than P. norvegica’s attack speed. This
is consistent with earlier observations describing a rapid
reduction in predation rate by P. norvegica on larger cod
(Bailey 1984; Yen 1987). The rapidity of the attack by
P. norvegica is also noteworthy, since such transient
events, which occur on small scales, can only be observed
using the methods and approach reported upon here.

The threshold values of Paraeuchaeta norvegica are
much lower than those found for the smaller (2.5 mm)
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congener Euchaeta rimana attacking an artificial fluid
disturbance (=20 mm sfl, Fields and Yen 2002). Part of
the discrepancy may be due to the longer sensory hairs on
P. norvegica (Yen and Nicoll 1990 (Table 1); which would
provide higher sensitivity to the low-frequency stimuli
produced by the swimming fish (Fields and Weissburg
2005). Perceptual volumes are the product of the sensory
abilities of the predator and the species-specific signals
created by their prey (e.g., Doall et al. 2002). When
swimming, the predatory copepod creates a feeding current
that entrains potential prey, such as fish larvae, bringing
them closer to the copepod mouthparts. Cod larvae escape
in any location within the copepod feeding current (Fig. 4),
while attacks launched by the predator are aimed primarily
into the region ahead and above the copepod (Fig. 3).
Primary sensory hairs of the antennules project up and
forward of the copepod. The swimming legs also propel the
copepod up and forward. Hence, the most likely location of
successful prey capture within the sensory field is in this
region. Thus, the geometry of the detection and attack
volumes reflect the swimming speed of the prey and the
sensitivity of the predator. The capture volume is the bal-
ance between the strength of the predator’s attack response
and the prey’s ability to escape. Therefore, different prey
organisms are detected and consumed at very different
rates, independent of their size. As cod larvae mature and
increase their swimming speed, they will likely be detected
at a great distance by P. norvegica. However, as cod lar-
vae increase their escape speed, the capture volume of
P. norvegica will likely decrease. This probably explains
why P. norvegica does not eat larger fish larvae.

Ecological context

Predation and starvation are two key factors that can cause
high mortality in larval stages of aquatic organisms such
as fish (e.g., Lasker et al. 1978; Bailey and Houde
1989). During the early stages of development, most larval
fish possess a yolk sac that mitigates or alleviates their need
to feed, at least for a short time. For fish species such as cod
that hatch with large yolk sacs, starvation is not the dom-
inant governor of mortality during the first few days after
hatching. In this study, we characterized how a predatory
copepod detects, successfully attacks and ingests yolk-sac
stage cod larvae.

Paraeuchaeta norvegica consume an average of
between 2.2 and 6.3 yolk-sac stage cod larvae day ',
depending upon the abundance of larvae in the experiment
(Bailey 1984; Yen 1987). Paraeuchaeta norvegica
required approximately 8.5 min to consume a single cod
larva. Atlantic and gulf menhaden larvae were captured
and consumed in less than 4 min by Anomalocera ornata
(Turner et al. 1985). Feeding rates of A. ornate on yolk-sac

larvae of these species were up to 14 larvae copepod™ '
day ™! but only 2 larvae copepod ™' day ™' for Centropages
typicus. The calanoid copepod Paraeuchaeta elongata eats
yolk-sac stage Pacific hake (Merluccius productus) larvae
at a rate of approximately 4 day ™' (Bailey and Yen 1983).

The vertically integrated abundance of adult female
Paraeuchaeta norvegica in the Norwegian Sea is approx-
imately 130 m 2 (Fleddum et al. 2001). At this density, the
potential impact of P. norvegica on cod larvae is between
186 and 819 larvae day_l m_z, with maximum rates as
high as 1,430 day~' m~ (based upon a feeding rate of 11
prey copepod ™" day ' drawn from Yen (1987)). Predation
on fish larvae by juvenile P. norvegica is also possible but
has never been estimated. Thus, under some circumstances,
P. norvegica can be a very significant source of mortality
on the early life stages of cod (at least prior to first-feed-
ing). As the larvae get larger, predation rates decline rap-
idly (Bailey 1984; Yen 1987). In this study, we made direct
3-dimensional observations of interactions between free-
swimming and/or tethered P. norvegica in order to describe
and characterize the fine-scale interactions between this
predaceous copepod and cod larvae.

Accurately parameterizing trophic interaction models
requires an understanding and characterization of the
predator—prey relationship between different members of
the plankton at different life stages (e.g., North et al. 2009).
For zooplankton—ichthyoplankton interactions, that can
only be achieved through direct fine-scale observations
such as those presented here.
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