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Abstract

Acanthocephalan parasites are known to alter the reproductive biology and physiology of their hosts in various ways. In this

study we investigated the influence of two acanthocephalan parasites, Pomphorhynchus laevis and Polymorphus minutus, on the

fecundity and pairing success of female Gammarus pulex. The results show that P. laevis and P. minutus affect female intermediate

host reproduction in different ways. Females infected with P. minutus were totally castrated, whereas those infected with P. laevis

only showed reduced fecundity. The oocytes of P. laevis-infected females showed a similar structure to those of uninfected females,

although infected females had a higher proportion of oocytes that had failed to reach complete maturity. In comparison, the oocytes

of P. minutus-infected females demonstrate a clearly altered structure that suggests a major disruption to the process of vitello-

genesis. In the field, males paired more frequently with uninfected females than with infected ones, and is a stronger effect for P.

minutus-infected females than P. laevis-infected females. We suggest that the difference in pairing success of P. minutus-infected and

P. laevis-infected females is a direct result of the different effects that the two parasites have on female fecundity. � 2002 Elsevier

Science (USA). All rights reserved.
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1. Introduction

Intra-specific variation in female fecundity can be
linked to various internal factors such as size, body
condition, age, experience, or social rank (Cooke et al.,
1995, Holekamp et al., 1996; Roff, 1992), or can be as-
sociated with the prevalence or the intensity of parasitic
infection (Hudson, 1986; Møller, 1997, Thomas et al.,
1999). Indeed, parasites can affect the mating success of
infected females in several ways, for instance through a
total or partial castration (Baudoin, 1975) or by reduc-
ing their attractiveness or responsiveness to males
(Barnard, 1990). Parasites can also manipulate specific
aspects of host behaviour, such as spatial distribution
and activity, thus reducing their probability of encoun-
tering potential mates and, hence, their pairing success
(Rasmussen, 1959; Thomas et al., 1995). Although the
influence of parasites on sexual selection and mate

competition has received considerable attention on both
theoretical and empirical grounds, most studies have
focused on the influence of male parasite load on fe-
males’ mating preferences or males’ competitiveness
(Andersson, 1994; Read, 1988), whereas the effects of
female parasite load on male mating preference has re-
ceived less attention. Besides, male mate choice can be
an important component of pairing patterns, particu-
larly in species in which there is considerable variation in
potential female fecundity (Andersson, 1994). A com-
bination of the negative effects of parasites on the mat-
ing success of both males and females may, under
certain circumstances, promote assortative pairing with
respect to parasite prevalence or intensity (Møller, 1994;
Thomas et al., 1995, 1999).
Several acanthocephalan species are known to alter

the physiology and behaviour of their intermediate
gammarid (Crustacea, Amphipoda) hosts (Bethel and
Holmes, 1973, 1974; Brown and Thompson, 1986;
C�eezilly et al., 2000; Marriott et al., 1989), in ways that
apparently enhance trophic transmission to their defin-
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itive hosts (Bakker et al., 1997; F. C�eezilly, unpublished
results). In addition, acanthocephalan parasites are
known to alter the reproductive biology of their am-
phipod hosts through reducing male competitiveness
and inclination to pair (Bollache et al., 2001), or by
decreasing female fecundity (Le Roux, 1933; Poulton
and Thompson, 1987; Ward, 1986). In this study we
investigated the influence of two acanthocephalan par-
asites, Pomphorhynchus laevis and Polymorphus minutus,
on the fecundity and pairing success of female Gamm-
arus pulex.
Knowledge of the effects of both P. laevis and P.

minutus on the reproductive biology of their female
hosts remains limited and fragmentary. Le Roux (1933)
and Ward (1986) reported total castration of all G. pulex
females infected with P. minutus. In addition, infected
females were significantly less likely to be paired in the
field compared to uninfected ones. Unlike P. minutus, P.
laevis induces only ‘‘partial castration’’ of G. pulex fe-
males. Poulton and Thompson (1987) found that the
fecundity of females infected with P. laevis was reduced
by about 50% compared to uninfected ones, indepen-
dent of female size. However, they also reported that, in
a laboratory study, male G. pulex chose to guard the
females with the higher egg gain rate regardless of
whether the female was infected with P. laevis or not.
There is so far no information on how P. laevis and

P. minutus ‘‘castrate’’ their hosts. Particularly, no com-
parative study has been done to discriminate between
gonad degeneration or an effect on oocyte maturation.
There is also no information on the pairing probability
of P. laevis-infected females in the field compared to
uninfected ones. Here, we compare the effects of both P.
laevis and P. minutus on their female host gonads and on
the pairing probability of females G. pulex in the field,
using data from three large samples of paired and un-
paired individuals collected at different dates.

2. Methods

2.1. Field data

We collected paired and unpaired G. pulex in the
River Tille in Burgundy (eastern France) at different
dates (August 1997, March 1999 and June 1999) fol-
lowing the method of kick-sampling described by Hynes
(1954). The pairing status of G. pulex individuals can be
directly assessed in the field as the mating system of
gammarid species is characterized by a phase of pre-
copulatory mate guarding, or amplexus, during which
the male holds the female beneath his ventral surface for
some hours up to several days before she can be fertil-
ized, immediately after moulting (Conlan, 1991). Upon
collection, each precopula pair was removed, and placed
into a separate tube. All unpaired individuals and all

pairs were preserved in 70% alcohol. In the laboratory
all paired and unpaired individuals were sexed, mea-
sured by linear dimensions (distance from fourth coxal
plate basis to individual dorsal limit) using a steroscopic
microscope Nikon SMZ-10A and a video-measure sys-
tem VT0 232 from Linkam Scientific Instruments
(Bollache et al., 2000), and dissected to count the exact
number of acanthocephalans of each species present.
Following Margolis et al. (1982), we estimated preva-
lence (proportion of infected individuals) and intensity
(the number of parasites per infected host) for each
parasite species and for each sample. We first used a
logistic regression (Logistic procedure; SAS, 1989) to
assess the overall effects of parasitic infection on female
mating status. The specific effects of the prevalence and
intensity P. laevis and P. minutus were then investigated
using Fisher exact tests (Sokal and Rohlf, 1995).
The effects of the two parasite species on the pro-

portion of females G. pulex with eggs or embryos were
investigated from the sample of infected and uninfected
females collected in June 1999. However, because only a
small proportion of infected females was carrying eggs
at that time (see results), an additional sample of P.
laevis-infected females was collected in the same river
one week later to examine the relationship between body
size and fecundity. We determined the presence or ab-
sence of eggs or juveniles in the brood pouch of each
female and, when possible, counted the number of eggs.
The effects of the two parasites on G. pulex female fe-
cundity were analysed using Analysis of covariance and
Fisher exact tests (Garcia-Berthou, 2001; Sokal and
Rohlf, 1995). Females infected with other macro-para-
sites (e.g., cestodes, nematodes) were removed from the
analysis.

2.2. Effect of parasites on oocyte maturation

Oocyte development was checked to evaluate how
parasites affect female fecundity. P. Laevis-infected fe-
males and uninfected ones were collected in August 2001
in the river Ouche (Burgundy) while females infected
with P. minutus were collected in the river Suzon (Bur-
gundy). Females were maintained alive until dissection.
Within 48 h following collection, they were measured
and dissected in Ringer solution under a stereoscopic
microscope. Female body size was measured as de-
scribed above. After dissection, parasite species were
determined and the general state of the ovary was
checked. Again, females infected with other macro-
parasites were removed from the analysis. Oocytes were
counted and their diameter was estimated by the mean
of measures made on five different oocytes. Oocyte
measurements were made using the video-measure sys-
tem previously described. Females with freshly laid eggs
in the marsupium had white-transparent oocytes in their
ovaries (diameter< 100lm), showing no traces of vitel-
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logenesis. Such females were discarded from the analy-
sis, to take into account only females in which oocytes
were in secondary vitellogenesis (i.e., maturating oocytes
that will be laid during the next moult; Le Roux, 1933).
Results were analysed using multi-factor analysis of
variance following stepwise regression (backward elim-
ination procedure, p ¼ 0:05) for data fitting normality.
A Kruskal–Wallis non-parametric test was used where
data were not normally distributed. Analyses were made
with JMP 3.2.2 software (SAS Institute, 1997).

3. Results

3.1. Female fecundity

In the June 1999 sample, P. minutus-infected females
were always found to have empty brood pouches. The
proportion of uninfected females found with eggs or
juveniles (48.33%; n ¼ 1403) was significantly higher
than that of P. laevis-infected females (14.14%; n ¼ 91)
(Fisher exact test, P < 0:0001) or P. minutus infected
females (0%; n ¼ 44) (P < 0:0001). P. laevis infected
females were more likely to have eggs or juveniles than
P. minutus infected ones (P ¼ 0:0158). For P. laevis-in-
fected females, there was no significant difference in the
relationship between the number of embryos per brood
and female body size between the first sample (n ¼ 12)
collected in June 1999 and the second sample (n ¼ 22)
collected one week later. Data from the two samples
were therefore pooled for further analysis. There was a
linear relationship between the number of eggs per
brood and the female body length in both uninfected
(r2 ¼ 0:78, N ¼ 136, P < 0:0001) and P. laevis-infected
females (r2 ¼ 0:51, N ¼ 34, P < 0:0001) (Fig. 1). Anal-

ysis of covariance of the regression lines revealed no
significant difference between the slopes of P. laevis-in-
fected and uninfected females (F1;165 ¼ 0:687, P ¼
0:4094) but uninfected females were more fecund than
P. laevis-infected females of the same size (comparaison
of intercepts, F1;165 ¼ 122:21, P < 0:001).
The screening of maturing ovaries first revealed a

qualitative singularity in oocyte maturation in P. minu-
tus-infected females. While the maturating oocytes in
uninfected females and those infected by P. laevis were
similar (regular shape and a purple-brown colour, Fig.
2a–c), those in females infected by P. minutus were a
deep-blue colour, and were generally of irregular shape,
surrounded by white or orange ovarian tissues hard to
identify (Fig. 2d). These irregular blue oocytes will never
be laid (see results above), but we nevertheless consid-
ered them as developing oocytes since a yolk accumu-

Fig. 1. Fecundity (number of eggs per brood pouch) in G. pulex fe-

males of different body sizes, P. laevis-infected individuals denoted by

filled circles and uninfected ones by open circles.

Fig. 2. Maturating ovaries dissected from uninfected G. pulex female

(a, at the beginning of secondary vitellogenesis; b, at the end of sec-

ondary vitellogenesis, just before laying), P. laevis-infected females (c);

P. minutus-infected females (d). do: developing oocyte; deo: degener-

ating oocyte; ov: oviduct; bo: blue oocyte. Bar¼ 1mm.
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lation (probably of a different composition) occurred. In
one particular case we observed an infected female with
normal ovaries and seven maturing oocytes. Further
dissection revealed a dead parasite.
Within the maturating ovaries, oocytes with the sec-

ondary vitellogenesis stage were often associated with a
number of smaller, white oocytes (Fig. 2c). The latter
were degenerating oocytes, a phenomenon often leading
to oosorption in crustaceans (Adiyodi and Subramo-
nian, 1983). The proportion of these unsuccessful oo-
cytes greatly differed between females according to their
infection status (Kruskal–Wallis test: v22 ¼ 22:67,
p < 0:0001) (Fig. 3). A Tukey–Kramer post hoc test
revealed that uninfected females produced a lower pro-
portion of unsuccessful oocytes than infected ones
ðp ¼ 0:005Þ, while the difference observed between in-
fection types was not significant ðp ¼ 0:10Þ, mostly due
to a great variation in P. minutus-infected females. These
unsuccessful oocytes were discarded for the following
analysis.
The number of maturating oocytes differed according

to the female infection status (F2;75 ¼ 12:34; p < 0:0001).
Uninfected females matured 13.00 oocytes� 1.01
(mean� SEM), while females infected by P. laevis ma-
tured 12:64� 0:83 and those infected by P. minutus
6:57� 0:88 oocytes. Post hoc comparisons (Tuckey–
Kramer test) showed that P. minutus-infected females
produced significantly less maturating oocytes than the
two other groups ðp ¼ 0:001Þ, whereas there was no
difference between females infected by P. laevis and
uninfected females ðp > 0:95Þ. However, the number of
maturating oocytes was negatively related with the
oocyte diameter, i.e., the maturation stage (y ¼ 16:73�
0:02x, r2 ¼ 0:10; F1;74 ¼ 7:36; p ¼ 0:008), which indi-
cates that females begin to mature more eggs than they
will lay. This can be related to the unsuccessful devel-
opment of a number of oocytes, as described above.
Furthermore, we found that mean oocyte diameter dif-

fered according to female infection status (Anova:
F2;74 ¼ 5:33; p ¼ 0:007). To remove the effect of oocyte
maturation stage, the residuals of the regression between
oocyte diameter and oocyte number were used for fur-
ther analysis. The number of maturating oocytes cor-
rected for the maturation stage was positively correlated
with female size, but also depended on female infection
status (Fig. 4, Table 1). This analysis confirmed that
females infected with P. minutus matured fewer oocytes
than other female types (Table 1). The difference be-
tween females infected by P. laevis and uninfected fe-
males was also significant, as was their interaction
(Table 1). The P. laevis infection therefore affected the
number of developing oocytes differently according to
its host size.

3.2. Parasitic infection and female pairing status

Female pairing success was calculated only for fe-
males of reproductive size (the length of the smallest
female in precopula in each sample; Ward, 1988). A few
individuals harbouring both parasite species (n ¼ 16
across the three samples) were removed from the anal-
ysis.
There were significant and consistent differences in

both prevalence and intensity between the two parasite
species in the three samples (Table 2). The results of the
logistic regression analysis showed a strong effect of
samples in the general model (Table 3), mainly due to
large differences between the three samples in both
prevalence (P. laevis v2 ¼ 16:56, P ¼ 0:0003, P. minutus

Fig. 3. Proportion of degenerating oocytes in maturating ovaries, ac-

cording to female infection status. Numbers in the bars refer to sample

sizes (number of females).

Fig. 4. Number of maturating oocytes in G. pulex ovaries (corrected

for oocyte diameter, see text) as a function of female body size. Filled

circles and solid line denote P. laevis-infected females, open circles and

dashed line denote uninfected females, crosses and dotted line denote

P. minutus-infected females.
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v2 ¼ 41:55, P < 0:0001) and in the ratio of paired and
unpaired females (v2 ¼ 108:46, P < 0:0001). Thus, the
effects of parasite prevalence and intensity on pairing
status were analysed within each sample.
For each sample separately, the proportions of in-

fected and uninfected females found in precopula are
shown in Fig. 5. The proportion of P. minutus-infected
females found in precopula remained low and stable
through time (v2 ¼ 1:81, P ¼ 0:4045), varying only from
0% to 5%. Comparison of the proportions of paired
females between the three samples revealed strong dif-
ferences for both uninfected females (varying from
22.17% to 40.20%, v2 ¼ 113:78, P < 0:0001), and P. la-
evis-infected ones (varying from 6.59% to 22.51%,
v2 ¼ 14:74, P < 0:001). However, variation in the pro-
portion of P. laevis-infected females found in precopula
through time paralleled that of uninfected females (Fig.
5, logistic regression, interaction between parasitic sta-
tus and sample, v2 ¼ 2:563, P ¼ 0:1094).
Uninfected females were found to be paired more

often than P. laevis-infected females in August 1997
(Fisher exact test, P < 0:0001), March 1999 (P <

0:0001), and June 1999 (P ¼ 0:0002). Similarly, unin-
fected females were more likely to be paired compared
to P. minutus-infected females in August 1997 (Fisher
exact test, P < 0:0001), March 1999 (P < 0:0001), and
June 1999 (P ¼ 0:0017). The proportions of individuals
found in precopula among P. laevis-infected females and
P. minutus-infected ones within the three samples were
more varied (see Fig. 5). There was no difference be-
tween two samples (Fisher exact test, August 1997,
P ¼ 0:1612 and June 1999, P ¼ 0:7175), whereas, for the
March 1999 sample, P. laevis-infected females were
significantly more likely to be paired than P. minutus-
infected females (P ¼ 0:0007). Parasite intensity had no
effect on the pairing success of infected females for either
P. laevis (Fisher exact test, August 1997, P ¼ 0:0633,
March 1999, P ¼ 0:6636, June 1999, P ¼ 5883) or P.
minutus (August 1997, P ¼ 0:3509, March 1999, P ¼ 1,
June 1999, P ¼ 1). Furthermore, for each sample, there
was no evidence of assortative pairing with respect to
infection status (August 1997: v2 ¼ 0:5883, P ¼ 0:9150;
March 1999: v2 ¼ 0:26, P ¼ 0:9668; June 1999: v2 ¼
2:16, P ¼ 0:5385).

Table 1

Analysis of covariance following a stepwise regression (backward elimination procedure) testing the effect of female size and infection status on the

number of maturing oocytes (corrected for oocyte diameter, see text and Fig. 2)

Source df Sum of squares F ratio P

Female size 1 208.58 16.56 0.0001

Infection type 1 (P. minutus vs. others) 1 872.56 69.26 < 0:0001

Infection type 2 (P.laevis vs. uninfected) 1 63.45 5.04 0.0280

Female size � infection type 2 1 83.06 6.59 0.0124

Error 70 881.87

Global model: F4;74 ¼ 19:49; p < 0:0001.

Table 3

Logistic regression (backward elimination procedure) for pairing success in female G. pulex in the field as a function of body size, parasitism and

samples

Variables df Wald v2 P

Sample 2 26.14 < 0:0001

Parasitism 2 109.01 < 0:0001

Size 1 258.48 < 0:0001

Interaction size � sample 2 13.96 ¼ 0.0009
Interaction parasitism � sample 4 7.56 ¼ 0.1089
Interaction size � parasitism 2 1.69 ¼ 0.4296

Table 2

Numbers of females (n), prevalence (% hosts infected) and range infection in the different samples of G. pulex

Samples n P. laevis P. minutus

Prevalence Range Prevalence Range

August 1997 1262 9.27 1–3 6.50 1–3

March 1999 1640 8.72 1–4 2.38 1–3

June 1999 1532 5.55 1–4 2.61 1–4

106 L. Bollache et al. / Journal of Invertebrate Pathology 79 (2002) 102–110



4. Discussion

Overall, our results on the fecundity of infected fe-
males largely confirm the previous observations of Ward
(1986) and Poulton and Thompson (1987). Females in-
fected with P. laevis only showed reduced fecundity,
whereas those infected with P. minutus were totally
castrated. However, P. laevis and P. minutus disrupt
their host reproduction in different manners. The ovaries
of P. laevis-infected females had the same structure as
those of uninfected females, but a higher proportion of
the oocytes failed to reach complete maturity. The P.
laevis effect is thus a quantitative effect only. Plaistow
et al. (2001) showed that reproductive P. laevis-infected
females had lower lipid contents than reproductive un-
infected females or non-reproductive infected ones.
Since lipids are important components of yolk in crus-
taceans (e.g., Lubzens et al., 1997), the P. laevis effect
could be interpreted as an appropriation of host re-
sources previously assigned to female reproduction. In
comparison, the ovaries of P. minutus-infected females
showed a similar quantitative effect as well as traces of
vitellogenesis disorder. Since vitellogenesis does not oc-
cur normally, the castration could be due to a disruption
of hormonal processes leading to oocyte maturation (see
Souty-Grosset, 1997 for a review of these processes).
The change in colouration in the rare maturating oo-
cytes probably reflects a critical chemical change in yolk
composition, since these oocytes will not be laid. Car-
otenoids are an important component of vitellus in
crustaceans (e.g., Mantiri et al., 1996) and P. minutus is
known to get its carotenoids from its host (Barrett and
Butterworth, 1968). Disruption of carotenoid storage in
oocytes could lead to change in colouration. The effect
of P. minutus on oocyte development fits more with a

real castration, as observed in other invertebrates
(Baudoin, 1975; Thompson and Kavaliers, 1994). The
ovaries of P. minutus-infected females were nevertheless
not completely degenerated, and the parasite effect is
reversible, since the inhibition of reproduction was re-
laxed in the presence of a dead P. minutus (one case
observed, see results).
As observed by Poulton and Thompson (1987), there

was no significant difference between the slopes of the
regression between the number of eggs per brood and
female body size, but there was a significant difference
between the intercepts. However, the difference in mean
fecundity between P. laevis-infected females and unin-
fected ones was less important in the present study than
in that of Poulton and Thompson (1987). The fecundity
of infected females was reduced by only 22% in the
present study, compared to 55% in the study of Poulton
and Thompson (1987). In addition, the fecundity of
uninfected females was also weaker and less variable in
the study of Poulton and Thompson (10:71� 0:46 eggs
per brood; n ¼ 100) compared to the present study (see
results). Although various factors may explain these
differences, it would be interesting to consider in the
future the extent of variation, both between and within
host populations.
It has previously been shown that male gammarids

are able to make complex decisions about mate choice
(Dick and Elwood, 1989; Dunham and Hurshman,
1990; Elwood et al., 1987; Iribarne et al., 1995; Poulton
and Thompson, 1987; Ward, 1984). In particular, male
gammarids appear to be able to optimize their invest-
ment through selecting females that offer the highest
return in terms of number of eggs fertilized divided by
the time spent in precopula (Elwood et al., 1987; Poul-
ton and Thompson, 1987; Ward, 1984). Therefore, the
ability of males to discriminate between infected females
and those with no parasite may be associated with the
regular assessment of female quality. Given the extent of
parasitic castration induced by each parasite species,
male G. pulex, should always avoid to pair with P.
minutus-infected female whereas, their pairing decisions
concerning P. laevis-infected females should vary ac-
cording to environmental conditions such as the density
and size distribution of available females, and the extent
of male–male competition (Dick, 1996; Jormalainen,
1998).
In the field, males pairings with P. minutus-infected

females occurred at low frequency. When pooling data
from a yearly survey, Ward (1986) found that, overall,
only 8% (n ¼ 63) of P. minutus-infected females was
found to be paired compared to 23% of uninfected
females (n ¼ 2337). Our results are very similar, with
about 5% of paired individuals among P. minu-
tus-infected females. Ward (1986) considered that
males that choose to guard P. minutus-infected females
made a ‘‘mistake’’ as their investment in time and

Fig. 5. Proportion of females in precopula for uninfected G. pulex and

G. pulex infected with P. laevis or P. minutus. Numbers above bar refer

to sample sizes.
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energy will be wasted on a sterile female. However, it
is possible that males captured in precopula with a P.
minutus-infected female were actually in the process of
assessing her quality. It has, for instance, been shown
(Ducruet, 1976) that male G. pulex will guard females
with no eggs for a brief period if they have been ex-
perimentally injected with ecdysone (the crustacean
moult hormone).
In the present study, male G. pulex were significantly

more likely to pair with uninfected females rather than
with P. laevis-infected ones. The proportion of paired
infected females relative to that of uninfected ones seems
to be fairly constant across time, with the highest pro-
portions of paired females, both infected and uninfected
occurring in March. This could be related to environ-
mental conditions. Indeed, the time intervals between
moults, and the duration of both incubation and pos-
thatch periods also depends largely on water tempera-
ture (Hynes, 1955; Steele and Steele, 1973), such as, in
winter conditions, there are less females in breeding
condition than in summer period. Ward (1986) found
that the guarding duration in the field varied from just
over 7 days in the summer, when most females were
breeding, to almost one month in January and February
when males were less likely to find a female in breeding
condition. This longer guarding time under winter
conditions could explain the fact that, in March 1999 the
proportions of both P. laevis-infected and uninfected
females found in precopula increased.
At first our field results appear to contrast with those

of Poulton and Thompson (1987). These authors ob-
served that in the laboratory study that male G. pulex
did not pair significantly more frequently with unin-
fected female than P. laevis-infected females, when given
a choice between the two. Instead, males appeared to
choose females providing the highest egg gain rate (eggs/
time spent in precopula), regardless of their parasitic
status. The apparent discrepancy between the results of
our study and their study may actually be due to a
protocol difference. For choice experiments, Poulton
and Thompson (1987) used only females that had been
collected in precopula in the field. In addition, choice
experiments were performed in small plastic cups and
females were matched for size. This experimental situa-
tion may not be representative of the situation that oc-
curs in the field where the ranges of female size and
female distance to the moult may be larger, and different
between infected and uninfected females. In the present
study, we directly investigated the pairing probability of
infected females in the field. Therefore, although male G.
pulex may directly assess female profitability and not
parasitic infection per se when making decision about
entering in precopula, overall, infection with P. laevis
strongly reduces the pairing probability of females.
However, at least two other phenomenon may con-

tribute to explain the observed lower pairing success of

infected female gammarids. Firstly, behavioural modi-
fications induced by the parasites (Bakker et al., 1997;
Brown and Thompson, 1986; C�eezilly et al., 2000) could
lead to habitat segregation between infected and unin-
fected individuals, explaining the reduction of pairing
success in infected individuals (Bollache et al., 2001;
Thomas et al., 1995; Zohar and Holmes, 1998). P.
minutus-infected individuals tend to swim close to the
surface, whereas uninfected ones tend to remain on the
bottom. P. laevis-infected individuals show altered re-
sponses to light, moving towards light, whereas unin-
fected ones remain in the shade (C�eezilly et al., 2000).
However, results from the present study lend no support
to the habitat segregation hypothesis. Indeed, there was
no evidence of assortative pairing in relation to infection
status, as would be expected if parasite-altered behav-
iour makes encounters between infected and uninfected
individuals less likely.
Another possibility is that males do not directly as-

sess female fertility but rely on particular cues that
would be modified by the parasitic infection. The
mechanisms by which male gammarids evaluate the fe-
males are still unclear, although it has been suggested
that chemicals cues play an important role for trans-
mission of information between conspecific gammarids
(Dahl et al., 1970; Hammoud et al., 1975). Acantho-
cephalan parasites can alter the physiology of their
hosts in various ways (Bentley and Hurd, 1993; Rumpus
and Kennedy, 1974). It is known that male gammarids
are attracted by female chemical cues that contain lipids
(see Hammoud et al., 1975), and lipid contents are
known to be altered by the parasites in G. pulex re-
productive females (Plaistow et al., 2001). Such changes
therefore could affect the attractiveness of infected fe-
males. Further analysis should thus be performed to
assess the effects of acanthocephalan parasites on both
the lipid reserves of their female hosts and on their
attractivity to males. Because our data are from surveys
in the field and not from experimentation, there is a
possibility that the reduced reproductive success ob-
served here was not a direct result of parasitism, but
rather that a female weakness (genetically impaired or
poor competitive) that has led to increased likelihood of
infection. However, previous studies showed that
physiological and behavioural modifications in the host
depends on the development stage of acanthocephalan
parasites (Bethel and Holmes, 1974; Rumpus and
Kennedy, 1974), suggesting that the alterations of re-
production are the consequence and not the cause of
infection.

Acknowledgments

We gratefully acknowledge financial support from the
Programme National Biodiversit�ee, volet ‘‘Interactions

108 L. Bollache et al. / Journal of Invertebrate Pathology 79 (2002) 102–110



Durables’’ and from the Contrat de Plan Elat-R�eegion
Bourgogne. L. Bollache was supported by a doctoral
grant from the Minist�eere de l’Education Nationale, de la
Recherche et de la Technologic. We thank Ang�eeline
Berlin, Laure Plantard, Vincent Pagnon, Fabien Laca-
ille, Sylvain Martineau, G�eerard Gambade, and Cather-
ine Cardinal-Legrand for assistance in the field and
Marie-Jeanne Perrot-Minnot and Stewart Plaistow for
helpful comments on a first draft.

References

Andersson, M., 1994. Sexual Selection. Princeton University Press,

Princeton.

Adiyodi, R.G., Subramonian, T., 1983. Arthropoda—Crustacea. In:

Adiyodi, R.G., Adiyodi, K.G. (Eds.), Reproductive Biology of

Invertebrates. I. Oogenesis, Ovoposition and oosorption. Wiley,

Chichester, pp. 443–495.

Bakker, T.C.M., Mazzi, D., Zala, S., 1997. Parasite-induced changes in

behavior and color make Gammarus pulex more prone to fish

predation. Ecology 78, 1098–1104.

Barnard, C.J., 1990. Parasitic relationship. In: Barnard, C.J., Behnke,

J.M. (Eds.), Parasitism and Host Behaviour. Taylor & Francis,

London, pp. 1–33.

Barrett, J., Butterworth, P.E., 1968. The carotenoids of Polymorphus

minutus (Acanthocephala) and its intermediate host, Gammarus

pulex. Comp. Biochem. Physiol. 27, 575–581.

Baudoin, M., 1975. Host castration as a parasitic strategy. Evolution

29, 335–352.

Bentley, C.R., Hurd, H., 1993. Pomphorhynchus laevis (Acanthocep-

hala): elevation of haemolymph protein concentrations in the

intermediate host, Gammarus pulex (Crustacea: Amphipoda).

Parasitology 107, 193–198.

Bethel, W.M., Holmes, J.C., 1973. Altered evasive behavior and

responses to light in amphipods harboring acanthocephalan

cystacanths. J. Parasitol. 59, 945–956.

Bethel, W.M., Holmes, J.C., 1974. Correlation of development of

altered evasive behavior in Gammarus lacustris (Amphipoda)

harboring cystacanths of Polymorphus paradoxus (Acanthocep-

hala) with the infectivity to the definitive host. J. Parasitol. 60, 272–

274.

Bollache, L., Gambade, G., C�eezilly, F., 2000. The influence of micro-

habitat segregation on size assortative pairing in Gammarus pulex

(L,) (Crustacea, Amphipoda). Arch. Hydrobiol. 147, 547–558.

Bollache, L., Gambade, G., C�eezilly, F., 2001. The effects of two

Acanthocephalan parasites, Pomphorhynchus laevis and Polymor-

phus minutus on pairing success in male Gammarus pulex (Crust-

acea: Amphipoda). Behav. Ecol. Sociobiol. 49, 296–303.

Brown, A.F., Thompson, A.F., 1986. Parasite manipulation of host

behaviour: acanthocephalans and shrimps in the laboratory. J.

Biol. Edu. 20, 121–127.

C�eezilly, F., Gr�eegoire, A., Bertin, A., 2000. Conflict between co-

occurring manipulate parasites. An experimental study of joint

influence of two acanthocephalan parasites on the behaviour of

Gammarus pulex. Parasitology 120, 625–630.

Conlan, K.E., 1991. Precopulatory mating behavior and sexual

dimorphism in the amphipod Crustacea. Hydrobiologia 223, 255–

282.

Cooke, F., Rockwell, R.F., Lank, D.B., 1995. The Snow Geese of la

P�eerouse Bay. Oxford University Press, Oxford.
Dahl, E., Emanuelson, H., Mecklenburg, C., 1970. Pheromone

reception in the males of the amphipod Gammarus duebeni

Lilljeborg. Oikos 21, 42–47.

Dick, J.T.A., Elwood, R.W., 1989. Assessments and decisions during

mate choice in Gammarus pulex (Amphipoda). Behaviour 109, 235–

246.

Dick, J.T.A., Elwood, R.W., 1996. Effects of natural variation in sex

ratio and habitat structure on mate-guarding decisions in amphi-

pods (crustacea). Behaviour 133, 985–996.

Ducruet, J., 1976. Attraction et reconnaissance sexuelle chez les

Crustac�ees. Bull. Soc. Hist. Nat. Afrique du Nord 67, 57–80.

Dunham, P., Hurshman, A., 1990. Precopula mate guarding in the

amphipod Gammarus lawrencianus: effects of social stimulation

during the post-copulation interval. Anim. Behav. 39, 976–979.

Elwood, R.W., Gibson, J., Neil, S., 1987. The amorous Gammarus: size

assortative mating in G. Pulex. Anim. Behav. 35, 1–6.

Garcia-Berthou, E., 2001. On the misuse of residuals in ecology:

testing regression residuals vs. the analysis of covariance. J. Anim.

Ecol. 70, 708–711.

Hammoud, W., Compte, J., Ducruet, J., 1975. Recherche d’une

substance sexuellement attractive chez les Gammares du groupe

pulex (Amphipode Gammaridae). Crustaceana 28, 152–157.

Holekamp, K.E., Smale, L., Szykman, M., 1996. Rank and reproduc-

tion in the female spotted hyena. J. Reprod. Fertil. 108, 229–237.

Hudson, P.J., 1986. The effect of a parasitic nematode on the breeding

production of Red Grouse. J. Anim. Ecol. 55, 85–92.

Hynes, H.B.N., 1954. The ecology of Gammarus duebeni Lilljeborg and

its occurrence in freshwater in western Britain. J. Anim. Ecol. 23,

38–84.

Hynes, H.B.N., 1955. The reproductive cycle of some british freshwa-

ter gammaridae. J. Anim. Ecol. 24, 352–387.

Iribarne, O., Fernandez, M., Armstrong, D., 1995. Precopulatory

guarding time of the male amphipod Eogammarus oclairi: effect of

population structure. Mar. Biol. 124, 219–223.

Jormalainen, V., 1998. Precopulatory mate guarding in crustaceans:

male competitive strategy and intersexual conflict. Quarter. Rev.

Biol. 73, 275–304.

Le Roux, M.-L., 1933. Recherches sur la sexualit�ee des gammariens.
Bull. Biol. France Belgique (Suppl.) 16, 1–138.

Lubzens, E., Ravid, T., Khayat, M., Daube, N., Tietz, A., 1997.

Isolation and characterization of the high-density lipoprotein from

the hemolymph and ovary of the penaeid shrimp Penaeus

semisulcatus (de Haan): apoproteins and lipids. J. Exp. Zool. 278,

339–348.

Mantiri, D.M.H., N�eegre-Sadargues, G., Charmentier, G., Trilles, J.P.,
Milicua, J.C.G., Castillo, R., 1996. Nature and metabolism of

carotenoid pigments during the embryogenesis of the european

lobster Homarus gammarus (Linn�ee, 1758). Comp. Biochem. Phys-

iol. A 115, 237–241.

Margolis, L., Esch, G.W., Holmes, J.C., Kuris, A.M., Schad, G.A.,

1982. The use of ecological terms in parasitology. J. Parasitol. 68,

131–133.

Marriott, D.R., Collins, M.L., Paris, R.M., Gudgin, D.R., Barnard,

C.J., McGregor, P.K., Gilbert, F.S., Hartley, J.C., Behnke, J.M.,

1989. Behavioural modifications and increased predation risk of

Gammarus pulex infected with Polymorphus minutus. J. Biol. Edu.

23, 135–141.

Møller, A.P., 1994. Sexual Selection and the Barn Swallow. Oxford

University Press, Oxford.

Møller, A.P., 1997. Parasitism and the evolution of host life history.

In: Clayton, D.H., Moore, J. (Eds.), Host-Parasite Evolution

General Principles and Avian Models. Oxford University Press,

Oxford, pp. 105–127.

Plaistow, S.J., Troussard, J.P., C�eezilly, F., 2001. The effect of the
acanthocephalan parasite Pomphorhynchus laevis on the lipid and

glycogen content of its intermediate host Gammarus pulex. Int. J.

Parasitol. 31, 346–351.

Poulton, M.J., Thompson, D.J., 1987. The effects of the Acantho-

cephalan parasite Pomphorhynchus laevis on mate choice in

Gammarus pulex. Anim. Behav. 35, 1577–1578.

L. Bollache et al. / Journal of Invertebrate Pathology 79 (2002) 102–110 109



Rasmussen, E., 1959. Behaviour of sacculinized shore crabs (Carcinus

maenas Pennant). Nature 183, 479–480.

Read, A.F., 1988. Sexual selection and the role of parasites. Trends

Ecol. Evol. 3, 97–102.

Roff, D.A., 1992. The Evolution of Life Histories. Chapman & Hall,

London.

Rumpus, A.E., Kennedy, C.R., 1974. The effect of the acanthoceph-

alan Pomphorhynchus laevis upon the respiration of its intermediate

host, Gammarus pulex. Parasitology 68, 271–284.

SAS Institute, 1989. SAS/STAT User’s Guide, Version 6, vols. 1–2,

fourth ed., Cary.

SAS Institute, 1997. JMP Statistics and Graphic Guide. Cary.

Sokal, R.R., Rohlf, F.J., 1995. Biometry, third ed. Freeman, New

York.

Souty-Grosset, C., 1997. Vitellogenin synthesis in marine invertebrates.

In:Fingerman,M. (Ed.),RecentAdvances inMarineBiotechnology.

Oxford & IBH Publishing, New Daily, pp. 203–248.

Steele, D.H., Steele, V.J., 1973. The biology of Gammarus (Crustacea,

Amphipoda) in the northwestern Atlantic. VII. The duration of

embryonis development in five species at various temperatures.

Can. J. Zool. 51, 995–999.

Thomas, F., Renaud, F., Derothe, J.M., Lambert, A., De Me€eeus, T.,
C�eezilly, F., 1995. Assortative pairing in Gammarus insensibilis

(Amphipoda) infected by a trematode parasite. Oecologia 104,

259–264.

Thomas, F., Oget, E., Gente, P., Desmots, D., Renaud, F., 1999.

Assortative pairing with respect to parasite load in the beetle

Timarcha maritima (Chrysomelidae). J. Evol. Biol. 12, 385–390.

Thompson, S.N., Kavaliers, M., 1994. Physiological bases for parasite-

induced alterations of host behaviour. Parasitology 109, S119–

S138.

Ward, P.I., 1984. The effects of size on the mating decisions of

Gammarus pulex (Crustacea: Amphipoda). Z. Tierpsychol. 64, 174–

184.

Ward, P.I., 1986. A comparative field study of the breeding behaviour

of a stream and pond population of Gammarus pulex (Amphi-

poda). Oikos 46, 29–36.

Ward, P.I., 1988. Sexual selection, natural selection and body size in

Gammarus pulex (Amphipoda). Am. Nat. 131, 348–359.

Zohar, S., Holmes, J.C., 1998. Pairing success of male Gammarus

lacustris infected by two acanthocephalans: a comparative study.

Behav. Ecol. 9, 206–211.

110 L. Bollache et al. / Journal of Invertebrate Pathology 79 (2002) 102–110


