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ABSTRACT:

The growth and emigration of Hystherothylacium aduncum in laboratory-reared herring larvae Clupea harengus was

studied. Experimental infections of 36-day-old herring larvae resulted in 126 hosts infected with 306 H. aduncum larvae. Re-
gression analyses showed a significant worm emigration from the rectum to the head of the fish, accompanied by an increase in
worm body length. The emigration was independent of worm intensity, which suggests an ontogenetic process. Some worms
departed from this pattern by moving posteriorly or by penetrating into the muscle, and in 5 cases, the larvae were observed to
leave living fish. This individual variation has not been observed in previous studies and might be explained by host signals
related to condition or development stage. Indirect evidence suggested parasite-induced mortality in the tanks due to the emigra-
tions because only 4 of the 126 infected fish survived 8 days postinfection; the emigration of H. aduncum affected vital organs,
such as the heart and brain, and the larvae penetrating or leaving the host’s tissues can cause extensive damage to the delicate

herring larvae.

Although different studies have shown that larvae and ju-
veniles are generally more vulnerable to disease than older fish
(Munro et al., 1983), information of parasite pathogenicity on
young fish is lacking. Considering metazoan parasites, the few
studies available point to mechanical damage as a major reason
for juvenile mortality. Examples include trematodes, both as
adults (Ivanchenko and Grodzdilova, 1971, 1981, 1985; Bris-
tow, 1990) and as larval stages (MacKenzie and Liversidge,
1975; Maillard et al., 1980; Lauckner, 1984) and larva crus-
tacea (Rosenthal, 1967). One of the best documented cases of
parasite-induced mechanical damage in larval fish corresponds
to the anisakid nematode Hyster othylacium aduncum. This par-
asite is one of the most common helminths in marine teleosts
throughout the world, at least in temperate and cold waters (Na-
vone et al., 1998). The taxonomy of this nematode is currently
unsettled, as it may represent a complex of sibling species
(Kgie, 1993). In North Atlantic waters, most authors recognize
a single species, but in a recent revision, Petter and Cabaret
(1995) distinguished 3 morphologically distinct entities (H.
auctum, H. aduncum aduncum, and H. aduncum gadi). Al-
though H. aduncum sensu lato is thought of as slightly patho-
genic or nonpathogenic, in adult fish (Berland, 1987), it has
been observed that a single larva can kill fish larvae (Rosenthal,
1967; Bristow, 1990). Rosenthal (1967) showed that Contra-
caecum sp. (probably H. aduncum) killed laboratory-reared lar-
val herring fed with wild zooplankton. Mortality seemed pri-
marily caused by violent movements of the nematode damaging
the gut. Likewise, Bristow (1990) reported mortality produced
by H. aduncum in young, farmed halibut Hippoglossus hippog-
lossus. Histozoic emigration from the visceral cavity to the head
of the host accounted for the casualties. The purpose of the
present paper is to study the growth and emigration of H. adun-
cum gadi in experimentally infected larval herring. The results
will disclose new information on the ontogenetic behavior of
this parasite that will be discussed in relation to mechanical
damage in larval fish.
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MATERIALS AND METHODS
Experimental conditions, definitions, and general criteria

Unless otherwise stated, the experiments were carried out at 11-13
C in seawater (34%0 salinity). To prevent accidental parasite infection
by food ingestion, the water employed, both in the experiments and
cultures, was passed through a 0.1-mm mesh filter, and all zooplankton
used either asfood or as intermediate hosts were reared in the laboratory
from the egg stage. All experiments were carried out at the Department
of Fisheries and Marine Biology, University of Bergen, Norway.

Ecological terms describing parasite infection conform to Bush et al.
(1997), and ‘emigration’ is used as defined in Crompton (1973). Mean
values are given followed by the SD in parentheses.

Source and culture of herring larvae

Herring eggs were stripped from 2 females and milt from 5 males
caught at Herdlefjorden (western Norway) on 25 September 1996. Sub-
sequent dissection of the broodstock fish revealed no apparent sign of
disease. The eggs were incubated in circulating seawater. Fifty percent
hatching (day O of larval development) occurred on 8 October 1996.
The hatched herring larvae were transferred to 500-L aerated tanks,
where they were fed rotifers Brachionus plicatilis from 3 to 20 days of
age and Artemia franciscana nauplii from 21 days of age to the start
of the experimental infections. Details on egg incubation and source
and culture of food organisms are given in Kvenseth et al. (1997).

Source and culture of H. aduncum larvae

Eggs were obtained from 6 gravid H. aduncum females collected
from saithe Pollachius virens caught near Bergen (western Norway).
Fish of this species were the only sampled around Bergen that provided
sufficient numbers of H. aduncum gravid females for our experiments.
The specimens were identified as H. aduncum gadi following Petter and
Cabaret (1995). (Morphometric data and criteria for nematode identifi-
cation are given in Balbuena et al. [1998].)

The eggs were incubated in petri dishes at 5 C, and Acartia tonsa
copepods were used as first intermediate hosts. (See Balbuena et al.
[1998] for details on egg incubation and culture and infection of co-
pepods.) Approximately 4,000 copepods were exposed to about 4,000
hatched third-stage larvae in an aerated 40-L tank at 20 C (copepod
infection tank). The copepods were used for infection of larval herring
12 days later; then, the prevalence was estimated as 57% and the mean
abundance as 0.8 (0.9) (n = 35).

Infection of herring larva

Having overcome the critical stage of first feeding, 200 herring larvae
were transferred each to 2, 20-L aerated experimental tanks (here, tanks
E1 and E2). The herring larvae were 36 days old, and the mean length
was 18.6 (2.1) mm (n = 18). Approximately 1,400 copepods were add-
ed to each tank. In tank E1, all copepods came from the copepod in-
fection tank, whereas in tank E2, copepods were mixed 1:1 with un-
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Ficure 1. Sites considered in studying the distribution of third-stage Hysterothylacium aduncum larvae in the herring larvae. Abbreviations:
Al, anterior intesting; ES, esophagus and stomach; H, head; B, pericardial cavity; PI, posterior intestine; R, rectal pouch; T, tail.

infected copepods. This yielded a ratio of infected copepods to larval
herring of approximately 4:1 and 2:1 in tanks E1 and E2, respectively.
Dead herring larvae were collected daily and recorded. Three samples
of living larvae were aso taken to control for pre- and postmortem
differences in the behavior of the H. aduncum larvae. First, 10 individ-
uals were collected 0.5 days postinfection (Pl) from each tank. Second,
moribund fish were collected from E1 and E2 (n = 7 and 6, respec-
tively) 3 days PI. These individuals were identified by swimming close
to the bottom showing slow escape response. Finally, the third sample
consisted of individuals surviving the experiments after 8 days Pl (n =
21 and 23 from E1 and E2, respectively).

Site and size patterns

The herring larva were preserved in formalin, cleared in glycerol,
and examined for H. aduncum larva under a stereo microscope. The
site of each nematode was recorded considering 7 general locations
along the longitudinal axis of the herring larva: tail (postanal location),
rectal pouch, posterior intestine, anterior intestine, stomach—esopha-
gus, pericardial cavity, and head (Fig. 1). In addition, we noted whether
the worm was in the body cavity or totally or partly penetrating the
muscle. To measure the length of the nematodes, the infected herring
larvae were mounted in glycerol and examined under a light micro-
scope, the outline of each worm being drawn with the aid of a drawing
tube. We used a scanner to convert such sketches, together with a scale
of reference, into digital images, which were then processed with a
computer program (Image Pro Plus for Windows 2.1, Media Cybernet-
ics, 1993-1994) to compute the length of each outline. This procedure
is fast and convenient but involves a systematic error since the outlines
are 2-dimensional representations of 3-dimensional, coiled larvae. This
error may underestimate larval length, affecting more severely short
(younger) larvae because they tended to coil more than the larger ones.
However, to minimize this problem, measurements were not taken of
extremely coiled or unclearly seen larvae.

Statistical analyses

We used a site score method based on Moore and Simberloff (1990)
to characterize the distribution of larval worms along the herring larvae.
A consecutive rank was assigned to each location, from posterior to
anterior, ranging from 1 (rectal pouch) to 6 (head). (The tail was ex-
cluded from the analysis because it was rarely occupied.) Each worm
scored with its location, the mean site score (M) being used as a de-
scriptor of the worm distribution. Thus, M can vary from 1 (all worms
located in the rectal pouch) to 6 (all worms located in the head). We
also evaluated worm site preference with Levins' standardized measure
of niche breadth (B) (Krebs, 1989), considering each site (except the
tail, see above) as a resource. The measure ranges from O (all individ-
uals occur in one site) to 1 (worms occupy all the locations in equal
numbers). Therefore, B can aso be regarded as an estimator of worm
dispersion aong the herring larva.

Stepwise multiple linear regressions were used to identify which var-
iables can predict significant changes in M and B in the dead herring

larvae. Our primary interest was to establish whether time Pl was a
predictor of M and B, but the effect of worm intensity was aso tested
to control for density-dependent effects (Aznar et al., 1997). In addition,
potential differences between tanks E1 and E2 were considered by in-
corporating a dummy variable (Draper and Smith, 1981). The same
statistical procedure was used to study changes in the body length of
H. aduncum in the dead herring larvae. The starting variables were time
Pl, site score (1 to 6), and experimental tanks (coded as a dummy
variable). To ensure independence of the length observations, the anal-
ysis was performed considering 61 dead herring larvae for which only
1 nematode larva could be measured. This data set consisted of 44
single, 9 double, 7 triple, and 1 quadruple infection. To account for
density-dependent effects on larval length, an additional dummy vari-
able was incorporated to distinguish between single and multiple infec-
tions. In all regression analyses, the dependent variables and worm in-
tensity were log-transformed for linearity and homoscedasticity, and the
suitability of each model was explored by residual analyses.

Differences in B, M, worm intensity,and length between dead and
alive herring larvae were evaluated by means of Student’s t-tests, with
log-transformed variables for normality and homoscedasticity. Pairwise
comparisons were made between chronologically close samples, so the
3 samples of living herring 0.5, 3, and 9 days Pl were compared re-
spectively to those of dead herring 1, 3, and 8 days PI. Differences
between tanks were not considered because of the small sample sizes,
but we checked that the number of herring was not biased toward either
tank.

RESULTS

In al, 306 H. aduncum larvae occurred in 126 larval herring
(198 and 108 worms from 74 and 52 herring larvae in tanks
E1l and E2, respectively). Single infections represented 42% of
the total (30 and 23 cases in tanks E1 and E2, respectively),
doubles 24% (15 herring in each tank), and triples 16% (9 and
2 cases in E1 and E2, respectively). The maximum number of
larvae found in a single host was 13. The most frequently oc-
cupied site by H. aduncum was the posterior half of the intes-
tine, whereas the tail was the least preferred site. This pattern
was observed both globally and on an individual host basis
(Fig. 2). The nematode larvae aso occurred in vital organs,
such as the pericardial cavity and the brain. The average M
across herring larvae was 2.54 (1.13), reflecting the preference
of H. aduncum to locate along the intestine. In fact, about 80%
of the worms occurred either along the rectal or the intestinal
region. Usually, the larvae were found in the body cavity, par-
ticularly dorsal to the digestive tract, but 42 (14% of the total)
were totally or partly penetrating the muscle. Larvae within the
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FIGURE 2. Proportion of third-stage Hyster othylacium aduncum larvae
in each of the sites considered (see Fig. 1). Filled and blank bars cor-
respond respectively to pooled and mean values of the 126 infected
herring larvae. Error bars of mean percentages represent +1 SD. Ab-
breviations as in Figure 1.

muscle occurred in 36 individuals and represented an average
of 57% (32.4) of the total in these hosts. In 10 cases, they were
single infections. All but 1 of the larvae penetrated the muscle
at either rectal or intestinal level. In 5 additional cases, 7 larvae
protruded from the hosts' body wall. All were from live herring
(i.e, 1 on day 0.5 Pl and 4 on day 3 Pl). Three worms in 3
dead hosts could not be allocated to any site because they were
found either on the external surface or near the host. Time Pl
was the only significant predictor of M, and the regression mod-
el indicated a weak but significant monotonic increasing trend
(Table 1). By contrast, B decreased with time Pl, and most of
the variation was accounted for by a positive relationship with
worm intensity (Table 1). No t-tests revealed significant differ-
ences of B, M, mean intensity, or worm length between the
samples of dead and living herring.

The length of the H. aduncum larvae ranged from 0.4 to 2.4
mm. Figure 3 suggests an anteriad increase of larval length with
the site occupied in the host. However, larvae located in the
pericardial cavity seemed shorter than expected, although the
small sample size precludes evaluating whether this pattern is
significant. In fact, the length data fitted well to a linear re-
gression model, site being the variable that accounted for most
of the variation. Additionally, time Pl was a significant predic-
tor of larval length but only in E2 (Table I).

DISCUSSION

In North Atlantic waters, H. aduncum gadi is mostly found
in gadid fishes, whereas H. aduncum aduncum is more common
in other fish, including clupeiforms like herring (Petter and
Cabaret, 1995). Although this raises the question of whether the
host—parasite system studied here is relevant under natural con-
ditions, the area where herring hatch in western Norway over-
laps with that of infected gadids (Berland, 1961). Consequently,
it is probable that herring larvae can be infected by H. aduncum
gadi by preying on local zooplankton. Besides, the general be-
havior of the nematodes reported here is similar to that previ-
ously described for H. aduncum, both in larval herring (Rosen-
thal, 1967) and halibut (Bristow, 1990) infected with wild zoo-
plankton. Both Rosenthal (1967) and Bristow (1990) concur in
reporting an anteriad emigration of the H. aduncum larvae in
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TaABLE |. Summary statistics of stepwise multiple linear regressions de-
scribing variation in the distribution and growth of third-stage Hyster-
othylacium aduncum larvae in herring larvae. Variables accounting for
significant variation of the dependent variable are listed in descending
order of importance (as denoted by the change in R?).

Dependent Predictor
variable* variables Slope Intercept R?
M Time PI 0.084 0.612 0.13
B Intensity 0.511 0.000 0.54
Time PI —0.343 0.56
L Site 0.104 -0.581 0.21
Time Pl X tank 0.049 0.29

* M, mean site score; B, Levins standardized niche breadth; L, length of H.
aduncum larvae; P, postinfection.

young fish. At a given time, the worms leave the body cavity
and move toward the host’s head. In larval herring, the nema-
todes may penetrate the pericardial cavity, which likely disturbs
heart function (Rosenthal, 1967). All these observations were
confirmed by the present study, as most worms seem to move
along the longitudinal axis of the herring larvae from the rectal
pouch to the head. This is supported by the significant increase
of the mean site score with time Pl. The emigration was not
significantly affected by the number of worms, which militates
against movements driven by intraspecific competition and,
rather, suggests a genuine ontogenetic cause. The positive re-
lationship between worm dispersion (B) and intensity of infec-
tion also conforms to this idea. Although this pattern has usu-
aly been interpreted as evidence for density-dependent intra-
specific competition, worm populations undergoing an ontoge-
netic emigration may expand their distributions with intensity
simply because large infrapopul ations can result from a mixture
of new and old infections (Aznar et al., 1997). This possibility
is further substantiated by the weak but significant decrease of
worm dispersion with time Pl. This variable, as considered
here, does not necessarily reflect the time when each individual
herring larva became infected, but the span between the first
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Ficure 3. Body length of third-stage Hysterothylacium aduncum lar-
vae in each of the sites considered (see Fig. 1). Mean values are shown
as horizontal bars and ranges (minimum—maximum) as vertical bars.
Boxes correspond to = 1 SD. Abbreviations as in Figure 1.
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exposure to the infected copepods and sampling of the herring
larvae. The probability of new infections in the tanks should
decrease with time Pl as the infected copepods are eaten; there-
fore, if the ontogenetic emigration model is correct, worm dis-
tributions are expected to contract as older infections move an-
teriorly.

The anteriad emigration of H. aduncum was accompanied by
an increase in body length. Judging from the mean values per
site, the larvae doubled their lengths from the moment they
penetrated the rectal pouch until they reached the head of the
herring larva. Unfortunately, we cannot compare our data with
other work because previous quantitative data are missing. Ac-
cording to the regression model, site is a good predictor of
nematode length, whereas time Pl plays an ancillary role, and
only in 1 of the tanks (Table I). The poor predictive value of
growth by a time variable might seem surprising, but this is
perhaps justified by the nature of time Pl as explained above.
Larval growth was similar in single and multiple infections,
which is also evidence against any density-dependent effect.

The present study suggests more variation in the emigratory
pathways than previously reported. Some worms (about 17%)
seemed to stop traveling and either move into the muscle or
leave the host, whereas others (2%) moved backward and pen-
etrate the tail. We cannot say much about the reasons for such
variation because nothing is known about the proximal causes
involved. Processes such as ontogenetic emigrations by hel-
minths seem to be governed by the evolution of optimal fixed
behaviors in response to the fairly predictable conditions within
their hosts (Sukhdeo and Sukhdeo, 1994). However, completely
unvarying motor patterns are unlikely to evolve because evi-
dence shows that helminths can detect slight alterations in the
host's signals, and they modulate their response accordingly
(Sukhdeo and Sukhdeo, 1994). Therefore, the decision on
whether to move on or to penetrate the tissues can be based on
signals such as host condition or development stage.

Some aspects reported here differ greatly from Rosenthal’s
(1967) study, which indicated that mortality occurred on day
11 PI, whereas nearly 90% of our larvae died with 8 days PI.
Kvenseth et al. (1997) monitored the growth of the sib herring
larvae not used in this study, noting high mortality between 30
and 50 days after hatching (i.e.,, within the age span of our
experiments). Therefore, we cannot say how much of the mor-
tality in the experimental tanks is directly attributable to H.
aduncum. The fact that most worms concentrated at the rectum
and intestine level (Fig. 2) suggests that some herring larvae
died before the emigration was completed. However, at least 4
pieces of evidence indicate that parasite-induced mortality oc-
curred within the span of our study. First, only 4 of the 126
infected fish survived after day 8 PI, which suggests higher
mortality among the infected individuals. Second, the emigra-
tion of worm larvae affected vital organs such as the heart and
brain of the fish. The relatively shorter length of the worms in
the pericardial cavity may be indicative of mortality. Third,
those penetrating the musculature should probably impair
swimming, cause considerable mechanical damage, and hence
mortality. To our knowledge, thisis the first record of H. adun-
cum larvae penetrating the musculature of larval fish (see Ro-
senthal [1967] and Bristow [1990]). The proximate reasons ac-
counting for this behavior are unknown but an intensity-depen-
dent effect does not seem likely, as 10 of the 36 cases repre-

sented single infections. Fourth, the nematode larvae breaking
through the body wall should undoubtedly be fatal for the del-
icate herring larvae. In fact, in young, farmed halibut, mortality
is caused by H. aduncum larvae perforating and leaving through
the eye orbit (Bristow, 1990). If the tendency to leave living
hosts is common, it is noteworthy that this nematode can be an
important mortality cause among fish larvae and that field stud-
ies based on samples of dead hosts might underestimate the
prevalence or abundance of the parasite.

An important question is whether the emigration and growth
patterns described here are relevant to herring or other fish lar-
vae in natural conditions. Clearly, additional work is needed to
provide better answers and to account for differences between
this and previous work. Further studies should evaluate factors
that may influence the behavior of H. aduncum larvae, such as
potential differences between the H. aduncum morphotypes; ex-
perimental conditions; presence of stressors, morbidity agents,
or other mortality causes; and variations with host development
and species.
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