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ABSTRACT!

The population structure and habitat selection of Anisakis simplex in 35 harbor porpoises off Denmark are described.

The nematodes were collected from the stomach and duodenal ampulla and were categorized as third-stage larvae, fourth-stage
larvae, subadults, and adults. The porpoises harbored 8,043 specimens of A. simplex. The proportion of adults and subadults
increased with infrapopulation size. The number of development stages across infrapopulations covaried significantly (Kendall’s
test of concordance). Concordance was higher in hosts with the highest intensities than in those with low and medium intensities.
All stages occurred mainly in the forestomach, but this trend was stronger for the adults. Adult and subadult sex ratios did not
depart significantly from 1:1. Our data suggested that recruitment and duration of each stage were the main factors accounting
for infrapopulation structure. The preference of A. simplex for the forestomach conformed with previous studies, but the narrower
distribution of adults relative to other stages might indicate a strategy to enhance mating opportunities. Information on sex ratios
of A. simplex is scarce and contradictory. We suggest that the discrepancies might partly reflect differences in categorization

criteria and statistical methods.

The occurrence of third-stage larvae (L3) of anisakid nem-
atodes in the fillets of commercia fish entails well-known pub-
lic health concerns and economic repercussions (Burt, 1994;
Smith, 1999). Consequently, the population ecology of anisakid
nematodes has received more attention than that of any other
parasite of marine mammals. Most population studies of ani-
sakids have focused on describing the population structure and
dynamics of the sealworm, Pseudoter ranova decipiens, and oth-
er species common in seals (see Bowen 1990; Desportes and
McClelland 2001, and references therein for examples) and
have produced valuable data on the life history and population
ecology of these nematode species.

As for the whaleworm, Anisakis simplex, most population
studies have focused on its intermediate and paratenic hosts
(Brattey and Bishop, 1992; Herreras et al., 2000; Podolska and
Harbowy, 2003), whereas its population biology in the defini-
tive hosts has been less studied. Most information on the defin-
itive hosts concerns the harbor porpoise, Phocoena phocoena,
a small odontocete common in the Northern Hemisphere
(Smith, 1989; Brattey and Stenson, 1995; Herreras et al., 1997).
The data on the population structure of A. simplex in this ce-
tacean are based on small sample sizes (Young, 1972; Smith,
1989) or lack details of the infrapopulation structure (Lick,
1991; Brattey and Stenson, 1995). These 2 shortcomings are
also common in studies of this nematode in other cetacean spe-
cies (e.g., Wazura et a., 1986; Raga and Babuena, 1993).
Moreover, little is known about habitat selection by A. simplex
in the definitive hosts. To our knowledge, there are only 2 stud-
ies providing such information (Brattey and Stenson, 1995; Az-
nar et al., 2003), and only the latter uses data at the infrapo-
pulation level. Aznar et al. (2003) studied 4 sympatric cetacean
species, and except for the franciscana Pontoporia blainvillei,
the sample sizes of the other species were rather small.

Although knowledge of the infrapopulation structure of A.
simplex in definitive hosts is scarce, it is at the infrapopulation
level where useful information about the reproductive portion
of the population can be found. In addition, infrapopul ation data
are crucial to understand the population ecology of parasites
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because parasites have usually highly aggregated distributions.
Thus, patterns arising from the pooled data of the component
population might be biased at low sample sizes because they
might miss the uncommon heavily infested hosts. Consequent-
ly, the objective of the present study was to describe the ma-
turity structure and habitat selection of A. simplex at infrapo-
pulation and component population levels. We expect that the
patterns revealed by the present study will provide evidence for
potential mechanisms determining population structure and
habitat selection of A. simplex in the harbor porpoise. To our
knowledge, this is the first study providing infrapopulation de-
tails of A. simplex in a definitive host based on arelatively large
sample of cetaceans.

MATERIALS AND METHODS
Data collection

The present study describes the population structure of A. simplex
found in 35 of 78 harbor porpoises surveyed for parasites. The porpoises
were found stranded or were caught as by-catch in fishing gear between
1988 and 1990 in Danish waters (54°33'-57°45'N, 8°5'-12°47'E) and
were frozen within 24 hr of detection. These animals were collected in
accordance with applicable Danish legislation.

The stomach and duodenal ampulla (a funnel-shaped chamber at the
proximal duodenum) were removed from frozen porpoises and exam-
ined for parasites. The nematodes were collected from the walls of the
stomach and duodenal ampulla (sometimes attached to ulcers) or sep-
arated from food items using a 0.6-mm-mesh sieve. The stomach of the
harbor porpoise consists of 3 stomach chambers: the forestomach, the
main stomach, and the pyloric stomach (see fig. 2 in Gaskin [1978] for
anatomical details). In 23 of the 35 porpoises, the 3 stomach chambers
and the duodenal ampulla were surveyed independently for habitat se-
lection analyses of third-stage larvae (L3), fourth-stage larvae (L4), sub-
adults, and adults. The specimens were preserved in 70% ethanol and
cleared in lactophenol for examination and identification. All the L3
collected corresponded to type | larvae (sensu Berland, 1961). Because
A. simplex represents a complex of sibling species, we assumed that our
specimens belonged to A. simplex sensu stricto as it is the only species
of the complex recorded in the study area (Mattiucci et al., 1997). No
other anisakid, except Hysterothylacium aduncum, occurred in the por-
poises. Because the latter uses fish as definitive hosts, individuals of A.
simplex sensu stricto formed the only viable population of anisakid
nematodes in our sample of harbor porpoises.

The worms were counted and categorized as L3, L4, subadult female,
subadult male, adult female, and adult male. Subadults and adults were
distinguished from the larvae by the presence of a developing or fully
developed reproductive system. Adult females were distinguished from
the subadult females by the presence of eggs in the uterus and the adult
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males from the subadult males by the presence of sperm in the seminal
vesicle and distal part of the spermiduct and the fully developed spic-
ules. The term ““sexable” is used herein to refer to subadult and adult
individuals globally. Voucher specimens of each development stage are
deposited at the Natural History Museum in London (reg. nos.
2003.8.20.1-28). The nematodes of each stage were counted in all por-
poises except in 1 where over 3,000 individuals occurred. In this case,
the few specimens occurring in the main and pyloric stomach (9 and 4
individuals, respectively) were counted and categorized to development
stage, whereas the numbers of each stage located in the forestomach
were estimated from a random subsampl e representing about one-fourth
of the sample's total wet weight.

Some damaged specimens could not be allocated to any maturity
stage, and these uncategorized nematodes were omitted in the statistical
analyses. We assumed that their omission caused no bias in the patterns
described because such worms did not seem to belong to any specific
category. Eventualy, 34 of the 35 infected porpoises were used for
analysis of population structure composition because 1 animal was in-
fected with an unclassified worm.

Maturity structure

The maturity structure of A. simplex was described at 2 levels: the
component population, i.e., the pooled sample across hosts, and the
infrapopulation, i.e., within the individual host (Bush et al., 1997).

Because the analysis of maturity patterns can provide information
about potential mechanisms determining population structure (Aznar et
al., 1997), we searched for significant patterns in our data in 2 ways.
First, we used a Kendall’s test of concordance to determine whether the
relative proportions of development stages (L3, L4, subadult, and adult)
covaried significantly in each infrapopulation. The effect of infrapopu-
lation size on the concordance of development stages was assessed by
performing the same test with 3 subsets of the sample consisting of 12,
11, and 11 individuals with low (1-3 worms), medium (4-129), and
high (139-3,244) intensities, respectively. Second, to establish whether
the number of development stages covaried consistently across infra-
populations, we performed a Kendall’s test of concordance on the trans-
posed data matrix of development stages. The covariation in numbers
of each maturity stage with infrapopulation size was tested with Spear-
man’s correlation tests.

Habitat selection

We assumed that postmortem movements of worms did not signifi-
cantly affect patterns of habitat selection because the digestive chambers
are large compared with parasite size. The distribution of A. simplex
across digestive chambers was described by calculating the percentage
of L3s, L4s, subadults, and adults in each digestive compartment, both
at component population and infrapopulation levels. In addition, we
scored each worm according to its site of infection by assigning 1, 2,
3, and 4 to the location in the fore-, main, and pyloric stomach and
duodenal ampulla, respectively (Moore and Simberloff, 1990), to estab-
lish the location of the mean, anterior, and posterior worm of each
development stage in each infrapopulation. To determine whether the
distribution range of each development stage in the stomach expanded
with increased infrapopulation size, we carried out Spearman’s corre-
lation tests relating habitat range of each development stage, i.e., lo-
cation of posterior worm minus location of anterior worm, with total
intensity.

Sex ratios

Because differences in sex ratio estimates might result from differ-
ences in the criteria used to estimate sex ratios (apparently some authors
consider adult nematodes only, whereas others include al sexable
worms in sex ratio estimation) (Brattey and Stenson, 1993), we esti-
mated the sex ratio of subadult, adult, and sexable worms of the com-
ponent population and infrapopulations. The sex ratio was expressed as
the proportion of males (PM) of a particular stage (subadult, adult, and
sexable) of the total number of worms of the corresponding stage. Be-
cause the PM distributions departed from normality, 95% confidence
intervals and median values of PM were calculated by nonparametric
bootstrap using the bias-corrected and accelerated percentile algorithm
(Efron and Tibshirani, 1993).

Chi-square tests (or G-tests) commonly used for statistical inference

on sex ratio estimates might not be appropriate with parasite data be-
cause parasites are recruited in clusters from highly aggregated distri-
butions in the intermediate or paratenic hosts. Recruitment in clusters
violates the assumption of independence among observations (Kramer
and Schmidhammer, 1992; Garson and Moser, 1995), and sampling
from aggregated distributions usually results in increased type | error
when the chi-square test is computed (Garson and Moser, 1995). It is
out of the scope of this article to evaluate the magnitude of this error
in parasite sex ratio inferences, but we used Wilcoxon signed rank tests
for paired samples because the assumption of independence concern
only the pairwise differences between observations, which is met by
our data (Conover, 1999).

These tests were used to test whether the number of males and fe-
males in the subadult, adult, and sexable categories differed significantly
from 1:1 across infrapopulations. Likewise, we established whether the
PM estimates of subadult and adult worms differed significantly across
infrapopulations with Wilcoxon signed rank tests using 15 of 20 hosts
with sexable worms because 2 and 3 porpoises harbored only adult and
subadult nematodes, respectively. The effect of infrapopulation size on
the PM estimates was assessed by computing Spearman’s correlation
coefficient between infrapopulation PMs of subadult, adult, and sexable
A. simplex and the corresponding infrapopulation size of each devel-
opment category.

Statistical criteria and terminology

Statistical significance was set at the 0.05 probability level. Ecolog-
ical terms are used as defined by Bush et a. (1997), but we also apply
the term intensity to specific subsets of the sample defined by devel-
opment categories, e.g., intensity of adult worms. Bootstrap cal culations
were performed with the bootstrap package (Efron and Tibshirani, 1993)
under R 1.5.1 (Ihaka and Gentleman, 1996).

RESULTS

The 35 infected porpoises harbored 8,043 specimens of A.
simplex (mean intensity = SD: 229 + 577, range: 1-3,245), of
which 514 (6.4%) could not be allocated to any development
category. Both at infrapopulation and component population
levels, L3s and subadults accounted for the lowest proportions,
whereas adult worms and L4s accounted for the largest share
of the population (Table ). The proportion of development stag-
es changed with infrapopulation size, i.e., the proportions of
L3s and L4s were higher at low intensities, whereas those of
adults and subadults increased at high intensities (Fig. 1). The
percentage of sexable nematodes was significantly correlated
with infrapopulation size (r, = 0.893, P = 0.001). The com-
position of development stages across infrapopulations was sig-
nificantly concordant (W = 0.255, P < 0.001), but this con-
cordance was much higher in the host subset showing the high-
est intensities of A. simplex (W = 0.675, P < 0.001) than in
those having low and medium intensities (W = 0.252, P <
0.023 and W = 0.252, P < 0.035, respectively). The covariation
in intensity of the development stages across infrapopulations
was highly significant (W = 0.790, P < 0.001), and the inten-
sity of each stage increased strongly with total infrapopulation
size (r, ranged between 0.76 and 0.93 and P < 0.001 in all 4
correlations).

The 23 hosts used for habitat selection analyses harbored
6,597 worms. Twenty-two hosts had worms in the forestomach,
7 in the main stomach, 6 in the pyloric stomach, and 2 in the
duodenal ampulla. In 15 of the 23 porpoises, worms were con-
fined to 1 chamber exclusively, whereas 5 hosts harbored
worms in the fore-, main, and pyloric stomach, 2 hosts had
nematodes in the fore- and main stomach, and 1 host harbored
worms in the fore- and pyloric stomach simultaneously.

All developmental categories were mostly confined to the
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TasLE |. Composition by development stage of the infrapopulations and component population of Anisakis simplex from 34 harbor porpoises off

Denmark.

Infrapopulation size

% Infrapopulation Component

Development stage X += SD Median (X = SD) population (%)
L3 311 * 97.9 1 235 * 3.4 1,057 (14.0)
L4 72.6 * 161.5 7 449 £ 48 2,467 (32.8)
Larvae (L3 + L4) 103.7 £ 255.0 13 68.5 + 3.6 3,524 (46.8)
Subadult male 9.7 + 23.6 0.5 3.7 65 331 (4.4)
Subadult female 9.6 + 20.7 0 46+ 16 326 (4.3)
Subadult (total) 19.3 * 43.8 0.5 8.3 + 17.6 657 (8.7)
Adult male 47.1 + 132.7 0 105 + 13.2 1,601 (21.3)
Adult female 51.4 = 156.2 1 12.7 = 199 1,747 (23.2)
Adult (total) 985 = 288.6 2 232 * 285 3,348 (44.5)
Sexable (total) 117.8 + 329.8 45 315 * 33.6 4,005 (53.2)

forestomach (Table Il), but this trend was stronger for the adult
nematodes, where over 99.8% of the component population and
99.9% of the infrapopulation average occurred in this chamber.
Larval stages showed broader distribution ranges (higher SDs)
and occurred in al the digestive chambers, whereas subadults
and adults had narrower distributions and did not occur in the
duodenal ampulla (Table I1). The analysis of the mean ranking
position of the anterior, posterior, and median worm of each
development stage showed that the average median worm was
posteriorly ordered according to development sequence (adults,
subadults, L4s, and L3s), and the larval stages showed wider
distribution ranges than the sexable worms (Fig. 2). None of
the distribution range of development stages expanded signifi-
cantly with infrapopulation size (1-tailed r, < 0.47, P > 0.05
in all 4 correlations).

Table I11 shows the estimated PMs for subadult, adult, and
sexable worms. The number of males and females across infra-
populations did not differ significantly from 1:1 in any of the
development categories (subadults, adults, and sexables) (Wil-
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Ficure 1. Variation in the proportion of component population de-
velopment stages of Anisakis simplex with infrapopulation size in 34
harbor porpoises. Hosts were ranked from 1 to 34 and categorized ac-
cording to infrapopulation size of A. simplex. Numbers on top of bars
indicate the number of worms in each category. Development stages of
A. simplex are coded as follows: L3, third-stage larvae; L4, fourth-stage
larvae; SA, subadults; A, adults.

coxon signed rank tests: P > 0.60 in all cases), and the PMs
of subadult and adult worms did not differ significantly (Wil-
coxon signed rank tests: P > 0.77). Infrapopulation PMs of
subadult, adult, and sexable worms were not significantly cor-
related with the infrapopulation size of the respective devel-
opment stage (ro < —0.15, and P > 0.60 in all cases). The
median estimates of the bootstrapped PMs for subadult, adult,
and sexable worms were similar to their respective component
population and mean infrapopulation PMs (Table 111).

DISCUSSION
Maturity structure

Evidence from the present study suggests that the infrapop-
ulation structure in a given porpoise is primarily the result of
recruitment and development rates of each stage. All develop-
ment stages covaried positively, and their relative proportion
became more predictable with increased infrapopulation size.
Assuming that larger infrapopulations are older and result from
several infestation waves, this pattern might arise because the
proportions of development stages would tend to adjust to their
relative duration in time. Conversely, if small infrapopulations
were the result of a single recruitment wave, worms would tend
to be in the same stage (L3 for instance, if just ingested) and
their structure would be more unpredictable. This scenario is
supported by our study revealing lower concordance between
development stages at low and medium infections (Kendall’s
tests). In addition, under a model of infection regulated by re-
cruitment and development rates, increasing infrapopulation
size leads to 2 predictions that are clearly supported by our data.
First, all development stages should increase consistently with
total intensity (Kendall’s test across infrapopulations and Spear-
man’s correlations with total intensity). Second, nongravid stag-
es (subadults) should be rare at low intensities because of their
transient condition (Fig. 1). Although there is no information
from field experiments, both laboratory infections in rats (Gib-
son, 1970) and in vitro studies of A. simplex (Grabda, 1976;
Iglesias et a., 2001) indicate that L3s, and subadults in partic-
ular, are short-lived in comparison with L4s and adults, which
conforms with the compositions of the component population
and average infrapopulation observed in the present study.
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TaBLE |l. Habitat distribution of Anisakis simplex in the stomach and duodenal ampulla of 23 harbor porpoises from Danish waters. Data are
expressed as percentage of infrapopulation and component population collected from each digestive chamber.

Forestomach Main stomach Pyloric stomach Duodenal ampulla

Development Infrapopulation ~ Component Infrapopulation Component Infrapopulation Component Infrapopulation Component

stage (X = SD) population (X = SD) population (X = SD) population (X = SD) population
L3 79.5 = 39.9 98.2 0.02 = 0.09 0.21 20.1 = 40.0 1.13 0.1=*04 0.51
L4 91.8 + 23.9 95.1 35+ 11.2 0.44 48 = 214 4.39 0.03 = 0.15 0.10
Subadult 99.9 + 04 99.5 0.07 = 0.25 0.37 0.03 = 0.12 0.18 0.00 + 0.00 0.00
Adult 99.97 + 0.10 99.8 0.01 = 0.05 0.10 0.01 = 0.05 0.10 0.00 = 0.00 0.00
Total 88.0 + 28.3 98.1 21*+72 0.24 9.9 = 258 1.58 0.03 = 0.14 0.11

Habitat selection

The preference of A. simplex for the forestomach in general,
and of adult worms in particular, observed in the present study
conforms to previous evidence concerning A. simplex sensu
lato, both in the harbor porpoise (Lick, 1991; Brattey and Sten-
son, 1995) and in other odontocetes (Aznar et al., 2003, and
references therein). Aznar et al. (2003) showed that adults of
A. simplex occurred mostly in the main stomach of franciscanas,
whereas it appeared mainly in the forestomach of other 3 sym-
patric cetacean species. Because the franciscanas lack a fore-
stomach, these authors concluded that adults of A. simplex seem
to preferably inhabit the first stomach chamber of odontocetes.
In addition, data from each of the 4 odontocetes species showed
that whereas adults were mainly restricted to the first stomach
chamber, the other development stages were ordered posteriorly
in developmental sequence (Aznar et a., 2003). Although this
pattern resulted from a small number of hosts having forestom-

47 (17)

(20)

Score location
N

(13) (13)

L3 L4 SA A

Development stage

FiGurRe 2. Position by development stages of the average (circles)
and maximum and minimum (boxes) mean scores of Anisakis simplex
from 23 harbor porpoises. Error bars represent =1 SD of the average
mean score. Scores of site of infection were assigned as follows: 1,
forestomach; 2, main stomach; 3, pyloric stomach; and 4, duodenal
ampulla. Numbers in parentheses indicate sample size for each devel-
opment stage.

ach (12 individuals in total), it is clearly confirmed by our data
based on a larger sample size (Fig. 2).

However, because the preference of A. simplex for the first
stomach chamber is not universal (Uchida et al., 1998), further
information on the relative suitability of stomach chambers, the
density dependence of A. simplex distributions, and the differ-
ences in habitat selection patterns between sibling A. simplex
species is needed to understand the mechanisms accounting for
the stomach distribution of A. simplex sensu lato.

In the odontocetes studied (Aznar et a., 2003; present study),
the apparent preference of A. simplex for the first stomach
chamber may be explained by a combination of gravity, taking
the infesting L 3s to the ventral hemisphere of the first chamber
(Smith, 1989), and the conditions created where the first diges-
tion occurs (Aznar et a., 2003). However, the greater restriction
of adult A. simplex to the first stomach relative to the other
development stages reflects perhaps a secondary adaptation to
enhance mating opportunities. Because intraspecific competi-
tion did not seem to operate at least at the habitat scale consid-
ered (the distribution of development stages across the stomach
chambers did not expand with intensity), the wider distribution
ranges of developing stages compared with adult A. simplex
might indicate either an anteriad ontogenetic migration or a
posteriad displacement of inviable developing worms.

Sex ratios

Information on sex ratios of A. simplex is very scarce. Based
on the raw data reported by Young (1972) and Smith (1989),
the overal PMs of A. simplex in harbor porpoises off Scotland
are 0.48 and 0.49, respectively. Although the number of por-
poises harboring sexable worms was very small in both studies
(5 and 3, respectively), these sex ratios are very similar to our

TaBLE Ill. Sex ratio estimates of Anisakis simplex expressed as PM of
the total population of each development category: subadults, adults,
and sexables.

Develop- Bootstrap
ment  Component Infrapopulation
stage population (X = SD) n Median 95% CI*
Subadult 0.504 0512 = 0230 17 0.506 0.432-0.568
Adult 0.478 0.470 = 0.194 18 0478 0.456-0.511
Sexable 0482 0497 + 0191 20 0482 0.459-0.513

* 95% confidence intervals calculated by the bias-corrected and accelerated per-
centile method (Efron and Tibshirani, 1993).



PM estimates. In contrast, Brattey and Stenson’s (1995) data on
harbor porpoises off Newfoundland and Labrador suggest a PM
of sexable A. simplex of 0.29. A similar disagreement in sex
ratio estimates between studies has also been observed in sev-
eral anisakid species from seals. For a given species, some au-
thors report a bias toward females, whereas others report sex
ratios of about 1:1 (Brattey and Stenson, 1993, and references
therein).

Brattey and Stenson (1993) proposed for anisakids of seals
that such discrepancies might partly result from differences in
the criteria used to estimate sex ratios, considering all sexable
worms or adult worms only. In the former case, sex ratios
would tend to be biased toward females, whereas they would
be approximately even in the latter. Evidence from our study
did not conform to this expectation because the difference be-
tween sex ratios of adult and sexable worms was not significant
and because both sex ratios were close to 1:1. This result adds
to the contradictory evidence of anisakid sex ratios accumul ated
in the literature, but we believe that the confused situation can
be remedied by setting standards for criteria to estimate sex
ratios and for statistical inference.

Differences in mortality rates between the sexes have been
proposed as a factor contributing to heterogeneities in anisakid
sex ratios between hosts (Brattey and Ni, 1992; Brattey and
Stenson, 1993). Note also that differences in maturity rates be-
tween parasite genders can also contribute to sex ratio hetero-
geneity between infrapopulations. Although we cannot rule out
the intervention of differential mortality (or maturity) rates be-
tween sexes of A. simplex, our results do not provide evidence
for any factor other than chance accounting for sex ratio dif-
ferences between porpoises. The sex ratios of subadult and
adult worms were close to 1:1 and did not differ significantly
from each other. In addition, when a higher mortality in 1 of
the genders occurs, a monotonic increase or decrease in sex
ratios with intensity of infection is often observed (Helle and
Valtonen, 1980). However, in the present study, PMs were not
correlated with infrapopulation size.

By focusing on the infrapopulation structure of A. simplex,
our study provides new data on the population ecology of this
nematode in the definitive host. The present study suggests that
it is difficult to draw conclusions about the population ecology
of A. simplex and other anisakids partly because current evi-
dence is based on observational data, often on small sample
sizes, and also because of differences in categorization criteria
of development stages and in statistical methods for data anal-
ysis. We hope that this article serves as a plea for consensus
on the methodology to address these issues.
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