357

Intestinal distribution and fecundity of two species
of Diplostomum parasites in definitive hosts
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SUMMARY

This paper investigated the intestinal distribution and fecundity of 2 species of Diplostomum parasites, D. spathaceum and
D. pseudospathaceum, in 2 species of definitive hosts, herring gull (Larus argentatus) and common gull (L. canus), using both
empirical field data and experimental infections. At the level of individual hosts, the parasite species occupied different
parts within the intestine, but the fecundity of the worms, measured as the number of eggs in the uterus, did not differ
between the parasite species except in wild common gulls. Interestingly, egg numbers in individual hosts were positively
correlated between the parasite species suggesting that some birds provided better resources for the parasite species. At the
host population level, fecundity of the worms did not differ between the host species or between adult birds and chicks.
Both parasite species were also aggregated to the same host individuals and it is likely that aggregation is transferred to gulls
from fish intermediate hosts. Individual differences in suitability and parasite numbers between hosts provide important
grounds and implications for epidemiological model-based parasite prevention strategies.
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INTRODUCTION

Complex parasite life-cycles continue to elicit wide
interest focusing on processes underlying their
evolution (Brown et al. 2001; Choisy et al. 2003;
Parker et al. 2003) and epidemiological dynamics
(e.g. Brooker et al. 2004 ; Galvani, 2005). One of the
prerequisites for comprehensive understanding of
these processes is that information is received from
each step in the multiple host life-cycle. This may be
particularly important in species with commercial or
medical significance where dynamics at each step
in the life-cycle must be explored for the design of
effective preventative strategies. In many species
of trematodes, much of the evidence comes from
detailed studies on intermediate hosts but often
relatively little is known about the infections in the
definitive hosts or general life-history differences
between related species (see Schleppe and Goater,
2004). One such group of species belongs to the genus
Diplostomum, which infects the eyes of fish causing
problems at fish farms and where patterns of infec-
tion in the avian definitive hosts are poorly known.
This study investigated the intestinal distribution
and fecundity of 2 species, D. spathaceum (Rudolphi,
1819) and D. pseudospathaceum (Niewiadomska,
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1984), at individual and population levels of their
2 definitive host species, herring gull (Larus argen-
tatus) and common gull (L. canus). Both parasite
species have similar complex life-cycles, which
include snail, fish and bird hosts (Niewiadomska,
1986). Snails release high numbers of asexually
produced cercariae (Karvonen et al. 2004 a), which
penetrate the fish second intermediate hosts and
settle in the lens of the eye. While in the lens,
parasites transform to metacercariae and cause
cataracts (Shariff, Richards and Sommerville, 1980;
Karvonen, Seppild and Valtonen, 2004b), which
may increase parasite transmission to avian definitive
hosts (Seppéld, Karvonen and Valtonen, 2005).
Diplostomids are also found in fish culture where
they cause serious problems (Stables and Chappell,
1986; Field and Irwin, 1994). Despite of extensive
literature on Diplostomum infections in intermediate
hosts, fish in particular, very few data exist on the
infections in definitive hosts as previous studies
have focused mainly on parasite species diversity in
gulls (Pemberton, 1963; Simkova et al. 2003) and
maintenance of the parasite life-cycle in the labora-
tory (Field, McKeown and Irwin, 1994). However,
individual and population level patterns of infection
in definitive hosts may have important practical im-
plications for the control of Diplostomum infections.

The aim of the present work was first to examine
the intestinal distribution and fecundity of the
2 Diplostomum species in their definitive hosts. We
used both empirical field observations and infection
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Fig. 1. Distribution of 2 Diplostomum species, D. spathaceum (open bars) and D. pseudospathaceum (filled bars), in
the intestine of their definitive hosts. Each part represents 10% of the total length of the intestine. Bars (mean % of
worms *S.E.) indicate combined data from 9 wild herring gulls and 5 wild common gulls shot from a commercial

fish farm.

experiments, which essentially represented different
patterns of parasite exposure: gradual and single
high-level, respectively. Second, we determined the
distribution of the parasites on host population level
and discussed the results in relation to parasite
aggregation, prevention and transmission from fish
intermediate hosts.

MATERIALS AND METHODS

Samples of wild gulls were obtained from a com-
mercial fish farm where birds were shot by the farm
staff (with permission from the local game district)
during the open water period 2003. These samples
included 9 herring gulls (L. argentatus) and 5 com-
mon gulls (L. canus). The intestine of each bird was
frozen immediately after shooting to ensure the
preservation of the parasites. Intestines were then
brought to the laboratory, divided in 10 parts of
equal size (i.e. each part represented 10 % of the total
length of the intestine; see Bush and Holmes, 1986)
and dissected for parasites under a microscope.
Diplostomum parasites were preserved in ethanol.
Other parasite species were encountered only
occasionally and they were excluded from sub-
sequent analysis. A sample of worms (consisting of,
on average, 41:6+5-8% (s.E.) of the total number
of specimens) was haphazardly selected from each of
the 10 parts of the intestine of each bird, and
the worms were stained using Mayer’s paracarmine
and mounted in Canada balsam. Two species,
D. spathaceum and D. pseudospathaceum, were
encountered and they were identified to the species
according to the description of Niewiadomska
(1984). The proportion of each species in the samples
was used to extrapolate the numbers in the 10 parts of
the intestine of each bird. The number of developed
eggs in the uterus of each stained parasite individual
was also determined and used as an indirect measure
of parasite fecundity (see Loker, 1983; Goater,
Goss-Custard and Kennedy, 1995; Poulin, 1997).
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Although the number of uterine eggs in trematodes is
known to correlate positively with egg production
(Loker, 1983), our purpose was not to consider the
total reproductive output of these parasites. Instead,
we used the number of uterine eggs at one particular
time as an instantaneous measure of parasite
fecundity reflecting possible differences between the
parasite species and the host species.

We also exposed naive gull chicks to simultaneous
infection by D. spathaceum and D. pseudospathaceum.
Five chicks of herring gull and 5 of common gull
were obtained from nesting sites just prior to
hatching, brought to the laboratory and placed into
the hatchery. This ensured that chicks had not yet
been exposed to parasites. After hatching, chicks
were maintained for 14 days in the laboratory and fed
with fish, previously frozen to kill any parasites. On
day 14 post-hatching, each chick was given a dose of
approximately 300 metacercariae (range 280-316)
containing both parasite species (proportion of each
species was not known, see below) and originating
from the same fish farm where the wild gulls were
shot. The exposure was done by administering
several eye lenses of rainbow trout (Oncorhynchus
mykiss), from which the number of metacercariae had
been counted under a microscope, to each bird.
Infection was then allowed to develop for 7 days,
which is sufficient time for Diplostomum parasites to
reach maturity (Chappell, Hardie and Secombes,
1994). After this, birds were euthanized using carbon
dioxide. Based on the parasite distributions in the
wild birds (Fig. 1), laboratory-infected birds were
dissected by dividing the intestine in 2 parts of
equal size; anterior and posterior (see details of the
statistical analysis below). Haphazardly selected
24-4+0-6% of the individuals were then stained from
each part, and parasites were identified and their
uterine eggs counted as described above.

To simplify the statistical analysis, we combined
parts 1-5 of the intestine of each wild bird as anterior
part and parts 6—10 as posterior part. This was done
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Table 1. Mean abundance (+S.E.), range and variance to mean ratio of Diplostomum spathaceum and
D. pseudospathaceum infection in 2 species of wild gulls, and in gull chicks exposed to approximately
300 metacercariae in the laboratory
D. spathaceum D. pseudospathaceum
n Mean abundance Range Var/mean Mean abundance Range Var/mean

Field samples

Herring gull 9 149-6 +48-0 6—428 4319 1556 +44-2 13-404 112-9

Common gull 5 3474121 8-79 60-5 90-7+49-0 22-283 1323
Experimental infection

Herring gull 5 45-34+8-1 24-74 7-2 126-3+10-9 99-164 4.7

Common gull 5 52-44+18-1 25-119 31-1 116:8+5-9 97-133 1-5

because the distribution of the 2 parasite species
resembled a 2-peak distribution between the anterior
and posterior parts (Fig. 1) and our aim in this
particular study was to determine larger-scale
patterns in the species distribution. Percentages of
parasite distribution between the 2 parts of intestine
were calculated and analysed using paired-samples
t-test on arcsine transformed data. When analysing
differences in parasite fecundity between the para-
sites species, host species and data sets, mean parasite
egg numbers for each bird were used for the analy-
ses. This was done because numbers of eggs within
individual worms were not considered independent
although the mean egg numbers were not affected
e.g. by parasite numbers (see the Results section).
Parasite numbers and egg numbers were log trans-
formed to meet the assumptions of parametric tests
and the significance levels were Bonferroni corrected
when needed.

RESULTS

In wild gulls, the prevalence of infection was 100 %
for both parasite species (Table 1). Numbers of
D. spathacewm in individual gulls ranged from 6 to
428 and those of D. pseudospathaceum from 13 to 404.
Numbers of the 2 parasite species within individual
hosts were positively correlated (Pearson correlation:
r2=0-881, n=14, P<0-001), but the mean abun-
dances did not differ between the gull species [t-test
on log transformed data: t;3=1-527, P=0-153
(D. spathaceum), t;5=0-820, P=0-428 (D. pseudos-
pathaceum), Table 1]. Both parasite species were
highly aggregated at host population level as
indicated by the variance to mean ratios (Table 1).
All gull chicks became infected following the
experimental exposure in the laboratory and
the mean percentage of parasite establishment was
58:4+3-0 in herring gulls and 56-7 + 67 in common
gulls (t-test on arcsine transformed data: tg=0-18,
P=0-86). Mean abundances did not differ between
the gull species [t-test on log transformed data:
tg=—0-014, P=0-989 (D. spathaceum), tg=0-706,
P=0-500 (D. pseudospathaceum), Table 1].
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In wild gulls, the percentage of D. pseudospatha-
ceum encountered from the anterior part of the
intestine was higher compared to D. spathaceum
whereas the opposite was true for the posterior part
[paired-samples t-test on arcsine transformed
data: tg=7-594, P<0-001 (herring gulls), t,=7-570,
P<0-01 (common gulls), Fig. 2]. The pattern of
infection was also similar for the experimental
infection where D. pseudospathaceum had a higher
percentage in the anterior part [paired-samples t-test
on arcsine transformed data: t;=5-848, P<0-001
(herring gulls), ty=4-634, P<0-01 (common gulls),
Fig. 2]. Furthermore, the degree of parasite diver-
gence between the anterior and posterior part was not
affected by the number of individuals of the other
species either in D. spathaceum (Pearson correlation:
r’=—0-282, n=24, P=0-182) or D. pseudospatha-
ceum (r’=—0-363, n=24, P=0-081).

Mean fecundity of D. spathaceum was not affected
by the number of conspecifics (Pearson correlation:
r?=—-0139, n=24, P=0-518) or the number of
D. pseudospathaceum in the intestine (r2=0-094,
n=24, P=0662). The same was true for mean
fecundity of D. pseudospathaceum (12=0-048, n=24,
P=0-824 and r2=0-020, n=24, P=0-927, respect-
ively). The patterns were also similar when analysed
separately for both wild and experimentally infected
gull species. Thus, effect of worm burden on
parasite fecundity was not considered in subsequent
analyses. However, mean parasite fecundity within
individual hosts was strongly correlated between
the parasite species in both wild gulls (r?=0-818,
n=14, P<0-001) and experimentally infected
gulls (r?=0-678, n=10, P<0-05). In the latter case,
parasite fecundity did not correlate with the
percentage of parasite establishment (r>= —0-194,
n=10, P=0-592).

Fecundity was higher in D. spathaceum compared
to D. pseudospathaceum in wild common gulls
(paired-samples t-test on log transformed data:
ty=11-332, P<0-001), but no such difference
was observed in wild herring gulls (tg= —1:334,
P=0-219), experimentally infected herring gulls
(t4=1-939, P=0-124) or experimentally infected
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Fig. 2. Distribution of 2 Diplostomum species, D. spathaceum (open bars) and D. pseudospathaceum (filled bars), in the
anterior and posterior parts of the intestine of their definitive hosts: wild herring gulls (A), wild common gulls (B),
experimentally infected herring gulls (C) and experimentally infected common gulls (D). Bars indicate mean % of

worms *S.E. Sample sizes are given in Table 1.
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Fig. 3. Mean number of uterine eggs of 2 Diplostomum species, D. spathaceum (open bars) and D. pseudospathaceum
(filled bars), in the anterior and posterior parts of the intestine of their definitive hosts: wild herring gulls (A), wild
common gulls (B), experimentally infected herring gulls (C) and experimentally infected common gulls (D). Bars

indicate mean +s.E. Sample sizes are given in Table 1.

common gulls (t,=2-207, P=0-092; Fig. 3). Fur-
thermore, parasite fecundity did not differ between
the gull species [ANOVA on log transformed data:
F350=0992, P=0-331 (D. spathaceum), I;3)=
1-722, P=0-204 (D. pseudospathaceum), Fig. 3] or
between wild and experimentally infected gulls
[F5320=0-179, P=0-677 (D. spathaceum), Fjgsy=
1-116, P=0-303 (D. pseudospathaceum), Fig. 3].
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DISCUSSION

This study explored the intestinal distribution
and fecundity of 2 economically important parasite
species, Diplostomum spathaceum and D. pseudos-
pathaceum, in 2 definitive host species. Results from
wild hosts and those infected in the laboratory in-
dicated that the parasite species occupied different
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locations in the intestine. In general, site segregation
in parasites may be caused by factors such as negative
interspecific interactions (reviewed by Poulin, 2001).
However, our results indicate that the parasite
species did not affect the numbers, fecundity or site
selection of each other, which is consistent with
the idea of non-interactive community structure.
Specialization of parasite species to a more restric-
ted habitat may also ensure effective mate finding
and reproduction, or help to avoid reproductive
encounters with wrong species (Rohde, 1977, 1979;
Morand et al. 2002; Bagge et al. 2005). However,
in our data, parasite fecundity did not correlate
with the number of conspecifics at least in the
present infection intensities. In general, the detailed
nature of these interactions would have to be
untangled in experimental single-species infections,
which are currently impossible to perform, for
example, because the morphological characteristics
of the larval stages overlap between the species
(Niewiadomska, 1986).

The distribution of parasites in host populations
has important implications for parasite population
dynamics and epidemiological preventative strat-
egies (e.g. Hudson et al. 2002). Parasites typically
exhibit an aggregated distribution (Shaw and
Dobson, 1995), where few hosts harbour the
majority of the parasite population and thus maintain
a large proportion of the overall parasite trans-
mission. In our data on wild gulls, both Diplostomum
species were highly aggregated. They were also
concentrated to the same host individuals as
indicated by the positive correlations between the
numbers of individuals. This may reflect individual
differences between hosts in exposure to infected
fish or general predisposition to parasite infection.
Diplostomids are typically aggregated also in their
fish intermediate hosts (Pennycuick, 1971 ; Sweeting,
1974; Burrough, 1978; Karvonen et al. 2004¢)
and, although not studied here, it is likely that
D. spathaceum and D. pseudospathaceum tend to
accumulate to the same fish individuals from which
the aggregation transfers to definitive hosts. This
would seem reasonable because of similarity in the
life-histories between the species and their ability to
occur in the same fish individuals as suggested by our
experimental infections of gulls.

Another essential factor for parasite population
dynamics is the variation in parasite fecundity
between host individuals and species. As noted
above, both parasite species were aggregated in the
host populations, but parasite numbers did not affect
parasite fecundity. However, fecundity was strongly
correlated between the parasite species, which
suggests that parasites did better in some bird
individuals than in others in terms of reproduction.
Indirect evidence from experimental infections
suggests that gulls acquire some resistance against
D. spathaceum (Chappell et al. 1994) and the
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variation in parasite reproduction between hosts may
be related to the ability of hosts to resist the infection.
Interestingly, mean egg numbers did not differ
between the wild gulls that presumably had acquired
resistance, and naive, experimentally infected gulls,
suggesting that host resistance does not affect para-
site reproduction. No correlation was observed either
between parasite fecundity and percentage of para-
site establishment in experimentally infected hosts
although the latter could also reflect variation in
host resistance. This does not, however, exclude the
possibility that parasite establishment is decreased in
subsequent infections, but this could not be analysed
from the present data. At the level of host species,
parasite establishment and fecundity did not differ
between the host species suggesting that both gull
species are equally suitable hosts for the parasites.
In general, diplostomids are quite unspecific while
infecting the definitive hosts (Chappell et al. 1994),
but it is likely that the relative importance of the
potential host species for the parasite population
dynamics is different and also varies between popu-
lations.

To conclude, D. spathaceum and D. pseudos-
pathaceum occupied different parts of the intestine
but showed roughly equal fecundity in their defini-
tive hosts. Segregation in the place of infection may
be caused, for instance, by competition, but these
aspects require further work. Parasite aggregation
at host population level and their higher fecundity
in certain host individuals suggest that some hosts
are probably mainly responsible for maintenance of
the parasite populations. Diplostomum parasites have
received considerable attention in the literature
because of their economical importance to fisheries,
but studies at the level of definitive hosts are scarce.
The present results on parasite distribution in
host individuals and populations provide important
implications for preventative protocols based on
predictions from epidemiological modelling where
one of the main objectives is to identify the key
proportion of host individuals for the maintenance of
the parasite life-cycle.

We thank Miia Savolainen for help with data collection and
Jukka Jokela for comments on the manuscript. The study
was supported by the Finnish Cultural Foundation, the
Kone Foundation, the Chinese Scholarship Committee

(CSC) and the Academy of Finland.

REFERENCES

Bagge, A. M., Sasal, P., Valtonen, E. T. and Karvonen,
A. (2005). Infracommunity level aggregation in the
monogenean communities of crucian carp (Carassius
carassius). Parasitology 131, 367-372. DOI: 10.1017/
S0031182005007626.

Brooker, S., Whawell, S., Kabatereine, N. B.,
Fenwick, A. and Anderson, R. M. (2004). Evaluating
the epidemiological impact of national control


https://doi.org/10.1017/S0031182005009091

A. Karvonen and others

programmes for helminths. Trends in Parasitology 20,
537-545.

Brown, S. P., Renaud, F., Guégan, J.-F. and
Thomas, F. (2001). Evolution of trophic transmission
in parasites: need to reach a mating place? Journal of
Evolutionary Biology 14, 815-820.

Burrough, R. J. (1978). The population biology of two
species of eyefluke, Diplostomum spathaceum and
Tylodelphys clavata, in roach and rudd. Journal of
Fish Biology 13, 19-32.

Bush, A. O. and Holmes, J. C. (1986). Intestinal
helminths of lesser scaup ducks: an interactive
community. Canadian Journal of Zoology 64, 142—152.

Chappell, L. H., Hardie, L. J. and Secombes, C.J.
(1994). Diplostomiasis: the disease and host-parasite
interactions. In Parasitic Diseases of Fish (ed. Pike, A. W.
and Lewis, J. W.), pp. 59-86. Samara Publishing
Limited, Dyfed.

Choisy, M., Brown, S. P., Lafferty, K. D. and
Thomas, F. (2003). Evolution of trophic transmission
in parasites: why add intermediate hosts ? American
Naturalist 162, 172-181.

Field, J. S. and Irwin, S. W. B. (1994). The
epidemiology, treatment and control of diplostomiasis
on a fish farm in Northern Ireland. In Parasitic Diseases
of Fish (ed. Pike, A. W. and Lewis, J. W.), pp. 87-100.
Samara Publishing Limited, Dyfed.

Field,]. S.,McKeown, C. A. and Irwin, S. W. B. (1994).
A proposed standard method for the maintenance
of Diplostomum spp. (Digenea: Diplostomatidae) in
the laboratory. Parasitology Research 80, 253-254.

Galvani, A. P. (2005). Age-dependent epidemiological
patterns and strain diversity in helminth parasites.
Fournal of Parasitology 91, 24-30.

Goater, C. P., Goss-Custard, J. D. and Kennedy, C. R.
(1995). Population dynamics of two species of intestinal
helminth in oystercatchers (Haematopus ostralegus).
Canadian Fournal of Zoology 73, 296-300.

Hudson, P. J., Rizzolli, A., Grenfell, B. T.,
Heesterbeek, H. and Dobson, A. P. (2002). The
Ecology of Wildlife Diseases. Oxford University Press,
Oxford.

Karvonen, A., Kirsi, S., Hudson, P. J. and Valtonen,
E. T. (2004 a). Patterns of cercarial production from
Diplostomum spathaceum: terminal investment of bet
hedging? Parasitology 129, 87-92. DOI: 10.1017/
S0031182004005281.

Karvonen, A., Seppala, O. and Valtonen, E. T. (20045).
Eye fluke-induced cataract formation in fish:
quantitative analysis using an opthalmological
microscope. Parasitology 129, 473—478. DOI: 10.1017/
S0031182004006006.

Karvonen, A., Hudson, P. J., Seppala, O. and
Valtonen, E. T. (2004 ¢). Transmission dynamics of a
trematode parasite: exposure, acquired resistance and
parasite aggregation. Parasitology Research 92, 183-188.
DOI: 10.1007/s00436-003-1035-y.

Loker, E. S. (1983). A comparative study of the
life-histories of mammalian schistosomes. Parasitology
87, 343-369.

Morand, S., Simkova, A., Matejusova, 1.,

Plaisance, L., Verneau, O. and Desdevises, Y.
(2002). Investigating patterns may reveal
processes: evolutionary ecology of ectoparasitic

https://doi.org/10.1017/50031182005009091 Published online by Cambridge University Press

362

monogeneans. International Fournal for Parasitology 32,
111-119.

Niewiadomska, K. (1984). Present status of
Diplostomum spathaceum (Rudolphi, 1819) and
differentiation of Diplostomum pseudospathaceum nom.
nov. (Trematoda: Diplostomatidae). Systematic
Parasitology 6, 81-86.

Niewiadomska, K. (1986). Verification of the life-cycles
of Diplostomum spathaceum (Rudolphi, 1819) and
D. pseudospathaceum Niewiadomska, 1984 (Trematoda:
Diplostomatidae). Systematic Parasitology 8, 23-31.

Parker, G. A., Chubb, J. C., Ball, M. A. and Roberts,
G. N. (2003). Evolution of complex life cycles in
helminth parasites. Nature, London 425, 480—484.

Pemberton, R. T. (1963). Helminth parasites of three
species of British gulls, Larus argentatus Pont., L. fuscus
L. and L. ridibundus L. Journal of Helminthology 37,
57-88.

Pennycuick, L. (1971). Differences in the parasite
infections in three-spined sticklebacks (Gasterosteus
aculeatus L.) of different sex, age and size. Parasitology
63, 407-418.

Poulin, R. (1997). Egg production in adult trematodes:
adaptation or constraint? Parasitology 114, 195-204.
Poulin, R. (2001). Interactions between species and the
structure of helminth communities. Parasitology 122

(Suppl.), S3-S11.

Rohde, K. (1977). A non-competitive mechanism
responsible for restricting niches. Zoologischer
Anzeiger 199, 164-172.

Rohde, K. (1979). A critical evaluation of intrinsic and
extrinsic factors responsible for niche restriction in
parasites. American Naturalist 114, 648—671.

Schleppe, J. L. and Goater, C. P. (2004). Comparative
life histories of two diplostomid trematodes,
Ornithodiplostomum ptychocheilus and
Posthodiplostomum minimum. Fournal of Parasitology
90, 1387-1390.

Seppila, O., Karvonen, A. and Valtonen (2005).
Manipulation of fish host by eye flukes in relation to
cataract formation and parasite infectivity. Animal
Behaviour 70, 889-894.

Shariff, M., Richards, R. H. and Sommerville, C.
(1980). The histopathology of acute and chronic
infections of rainbow trout Salmo gairdneri Richardson
with eye flukes, Diplostomum spp. Fournal of Fish
Diseases 3, 455—465.

Shaw, D. J. and Dobson, A. P. (1995). Patterns of
macroparasite abundance and aggregation in wildlife
populations: a quantitative review. Parasitology 111
(Suppl.) S111-S133.

Simkova, A., Sitko, J., Okulewicz, J. and Morand, S.
(2003). Occurrence of intermediate hosts and structure
of digenean communities of the black-headed gull,
Larus vidibundus (L.). Parasitology 126, 69-78. DOI:
10.1017/50031182002002615.

Stables, J. N. and Chappell, L. H. (1986). The
epidemiology of diplostomiasis in farmed rainbow
trout from north-east Scotland. Parasitology 92,
699-710.

Sweeting, R. A. (1974). Investigations into natural and
experimental infections of freshwater fish by the
common eye-fluke Diplostomum spathaceum Rud.
Parasitology 69, 291-300.


https://doi.org/10.1017/S0031182005009091

