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Abstract Variation among body sizes of adult parasitic
worms determines the relative genetic contribution of individuals to the next generation as it affects the effective parasite
population size. Here, we investigate inequalities in body size
and how they are affected by intensity of infection in Mermis
nigrescens (Mermithidae: Nematoda) parasitizing the
European earwig Forficula auricularia in New Zealand.
Among a population of pre-adult worms prior to their
emergence from the host, we observed only modest inequalities in body length; however, among worms sharing the same
individual host, inequalities in body sizes decreased with
increasing intensity of infection. Thus, the more worms occurred in a host, the more the second-longest, third-longest
and even fourth-longest worms approached the longest worm
in body length. This pattern, also known from another
mermithid species, suggests that worms sharing the same host
may have infected it roughly simultaneously, when the host
encountered a clump of eggs in the environment. Thus, the life
history and mode of infection of the parasite may explain the
modest inequalities in the sizes achieved by pre-adult worms,
which are lower than those reported for endoparasitic
helminths of vertebrates.
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Introduction
In most helminth parasites, size matters since larger worms
produce more eggs than smaller ones (Poulin 1996). Among
parasites from the same population, body size can vary dramatically from one individual to another (Poulin 2007),
reflecting a high degree of phenotypic plasticity. Examples
of such inequalities in body size among adult worms are
common in the literature (Shostak and Dick 1987; Szalai
and Dick 1989; Poulin and Latham 2002; Hanelt 2009), and
this phenomenon may result in a reduction of the effective
parasite population size and limit their genetic variability
(Dobson 1986; Criscione and Blouin 2005). With size determining fecundity, genes in one generation may come mostly
from a small proportion of individuals (the largest ones) in the
previous generation. However, we still do not fully understand
the consequences of this phenomenon, which has been mainly
studied in helminth parasites in vertebrates.
In invertebrate hosts, growing parasites have to deal with
restricted space and a limited amount of resources. When
several worms are simultaneously developing in the same
host, their growth may be even more affected by competition,
and inequalities in body size may be more likely to occur.
Assuming that juvenile size correlates with adult size (see
Poulin and Latham 2003), these inequalities in body size
among juvenile helminths can be transferred to the adult stage
with the consequences on genetic variability described above.
Here, we investigated whether higher intensity of infection
results in more pronounced inequalities in body size in
Mermis nigrescens (Mermithidae: Nematoda) parasitizing
the European earwig Forficula auricularia. Mermithid nematodes are parasites of insects, but have also been reported from
other arthropods like spiders, scorpions and crustaceans. Once
they complete their growth and just prior to their emergence
from the host, they typically occupy all available space inside
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their host and can reach impressive sizes. Unlike other nematodes that parasitize their hosts by penetrating through their
cuticle, M. nigrescens infects host via passive infection: freeliving gravid female worms deposit their eggs on vegetation to
be eaten by herbivorous insects (Presswell et al. 2015). As
eggs are commonly found in masses, arthropod hosts are likely to ingest more than one parasite at a time; thus, we may
expect intraspecific competition within a shared earwig host to
be quite common in this species. Moreover, the fact that an
insect is infected does not prevent it from acquiring additional
parasites later in life. When several worms share the same
host, the emergence of one worm almost inevitably causes
the death of the host; thus, if other worms have not yet completed their growth, they are forced to abandon the host at a
suboptimal size. This may have severe consequences for the
uniformity of body sizes among emerging pre-adult worms.
Our objectives were to (i) quantify inequalities in body
sizes among mermithids inside their earwig hosts and draw
comparisons with previously published estimates for other
helminths and (ii) determine whether differences in body sizes
among worms sharing the same host change as a function of
increasing intensity of infection.
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but as G tends toward 1, inequalities in body lengths become
more pronounced, with few large worms accounting for an
increasing proportion of total worm length. The index was
computed following Dobson (1986).
To determine how the number of parasites per host
influences the growth and the size of worms, we categorized hosts based on their levels of infection by pooling
different individual hosts according to the number of parasites they harboured. This was necessary because we
obtained relatively few infected earwigs. We created the
following infection classes: 1 worm only, 2–3 worms and
4–6 worms per host. We also found an individual
harbouring 16 worms; although this individual is included
in our figures for illustrative purposes, it was not included
in our statistical analyses. To compare host length among
the different classes, we used an ANOVA. To test the
effect of infection level on total worm length, length of
the alpha-worm and relative lengths of second- and thirdlongest worms, we conducted ANCOVAs using host
length as a covariate in each model. Length data were
log-transformed to meet the assumption of normality of
the error terms.

Material and methods
Results
We collected a large number of adult earwigs (F. auricularia)
between February and April 2015 from two nearby garden
sites in Dunedin, New Zealand. Earwigs were maintained in
a terrarium between 18 and 20 °C at 16:8 L:D until dissection.
Earwigs were individually measured for body length (from the
head to the base of the forceps) and sexed. The number of
worms, if any, inside the abdomen of each earwig was recorded, and each worm was straightened without stretching and
measured to the nearest millimetre. The longest worm per host
is hereafter referred to as the alpha-worm.
We used a Lorenz curve and the Gini coefficient to
quantify the degree of inequality in body lengths among
all mermithid worms collected, to allow comparison with
the few previously published studies that examined size
inequalities among parasites. The methods are described
in detail by Weiner and Solbrig (1984) and Dobson
(1986). Briefly, a Lorenz curve is obtained by ranking
individuals in a sample from the smallest to the largest
and plotting the cumulative total worm length against the
cumulative number of worms when they are added in
order. The more concave the curve, the greater the degree
of inequality in body lengths among worms. The Gini
coefficient, G, is an index measuring this inequality. In
essence, it quantifies the discrepancy between the concave
Lorenz curve and the hypothetical straight line that would
correspond to a situation in which all individuals have the
same length. When G = 0, all worms have the same length,

We found a total of 64 mermithid nematodes, ranging in
length between 4 and 132 mm, from 24 infected earwig hosts.
Most worms measured between 20 and 80 mm though several
were considerably longer (Fig. 1). Both the Lorenz curve for
these worms, which was only slightly concave (Fig. 2), and
the Gini coefficient (G = 0.308) indicate that there is no substantial inequality in body sizes among worms in this
population.

Fig. 1 Frequency distribution of body lengths among 64 mermithid
nematodes, Mermis nigrescens, recovered from 24 infected earwigs
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Fig. 2 Cumulative total worm length plotted against the cumulative
number of individual worms, for 64 mermithid nematodes, Mermis
nigrescens. The worms were ranked from shortest to longest prior to
being cumulated. The broken line represents the hypothetical case in
which all worms would have the same length

The number of mermithid nematodes per earwig ranged
from 1 to 16 (mean intensity 2.6 ± 0.4) and was not correlated
with the host’s length (ANOVA: F2,20 = 0.21, P = 0.81;
Fig. 3). However, the total worm length (i.e. cumulative length
of all worms from the same host) increased significantly with
the number of worms per host (ANCOVA: F 2,19 = 28,
P < 0.0001), reaching over 45 cm in the one earwig
harbouring 16 different worms (Fig. 3).
This increase could not be explained by the growth of a
single, dominant worm (i.e. the longest worm or Balphaworm^), as the size of the alpha-worm tended to decrease as
a function of the number of worms per host, though not significantly (ANCOVA: F 2,19 = 2.59, P = 0.10; Fig. 3).
Considering only earwigs harbouring more than one worm,
we found positive correlations between the length of the
alpha-worm and that of the second-longest worm (Pearson
correlation coefficient, r = 0.565, N = 12, P = 0.0556) and between the lengths of the second-longest and third-longest
worms (r = 0.913, N = 7, P = 0.0041). Additionally, when
comparing relative sizes of worms infecting the same host,
the inequality between the alpha-worm and the others was
reduced as the level of infection increased. Indeed, the relative
size of the second-longest (ANCOVA: F1,8 = 5.93, P = 0.041)
and the third-longest (ANCOVA: F1,3 = 14.57, P = 0.032)
worms was positively correlated with the number of worms
per host (Fig. 4).

Discussion
Resource and space constraints often cause competition
among growing helminth parasites. While in vertebrate
hosts the resulting size hierarchy typically consists of a

Fig. 3 Length of earwig hosts, total worm length per host and length of
the alpha-worm (longest worm) per host as a function of the number of
mermithid nematodes, Mermis nigrescens, per earwig. Values shown are
means ± standard errors; sample sizes are shown on bars in the top panel

few large worms and many small ones, this phenomenon
is still poorly documented in invertebrates (Poulin and
Latham 2002; Hanelt 2009; Saldanha et al. 2009). Here,
we investigated the effect of intraspecific competition on
worm growth among mermithid nematodes parasitizing an
insect host, the European earwig F. auricularia. We found
that pre-adult worms prior to emergence from their host
display only modest inequalities overall, but that among
worms sharing the same host, inequalities in body sizes
decrease with increasing intensity of infection. The worms
we measured were probably at various stages of development. However, because the emergence of one worm from
the host kills the host and prevents further growth by
other worms, this snapshot of variation in worm sizes
pre-emergence probably reflects that seen in the much
harder to sample, free-living adult population.

4474

Fig. 4 Relative length (means ± standard errors) of the second-longest
(black bars), third-longest (open bars) and fourth-longest (grey bars)
worms per host as a function of the number of mermithid nematodes,
Mermis nigrescens, per earwig. Relative lengths are expressed as a
percentage of the length of the longest (alpha) worm in that host. See
Fig. 3 for the sample sizes

The mermithid population studied here had a slightly
skewed, unimodal body size distribution. Based on the Gini
coefficient, it showed weaker inequalities in body sizes
(G = 0.308 versus 0.431) than the only other mermithid population studied previously, that of Thaumamermis zealandica
parasitic in semi-terrestrial sandhoppers (Poulin and Latham
2002). It also showed lower inequalities in either individual
body sizes or actual reproductive output than what is seen in
most populations of helminths parasitic in vertebrate hosts
(Dobson 1986; Shostak and Dick 1987; Szalai and Dick
1989; Beck et al. 2015), with rare exceptions (Walker et al.
2010). Interestingly, the only published values of G for parasites that are distinctly lower than the ones observed here
come from a study of hairworms (phylum Nematomorpha)
parasitic in insects (Hanelt 2009). Mermithid nematodes and
hairworms have very similar life cycles and patterns of host
use: they are only parasitic as juveniles, grow to very large
sizes inside an arthropod host before emerging as free-living
adults and generally achieve only low prevalence and intensities of infection. These characteristics may limit intraspecific
competition and lead to more uniform body sizes among the
worm population than those seen in helminths endoparasitic in
vertebrates, where both prevalence and intensities of infection
are generally much higher.
We found that the total length of worms per host, i.e. the
sum of the lengths of all worms found in the same host,
increased with intensity of infection. A very similar pattern
was observed in a different species of mermithid nematode
(Poulin and Latham 2002). This is not a proportional relationship, however: for instance, total worm length in a host
harbouring four worms is not four times greater than that in
a host harbouring a single worm. In addition, we did not
take into account the diameter of worms, and it is possible
that a slight reduction in average worm diameter at higher
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intensities of infection would limit parasite biomass and
the overall burden on the host. Nevertheless, there appears
to be no strong crowding effects resulting in much smaller
worms at high intensities. This suggests a possible additive
cost of infection to the host, with each extra worm
extracting additional host resources.
The most interesting finding of our study is the increasing
homogeneity of body sizes among worms sharing the same
host as a function of increasing intensity of infection. The
more worms in a host, the more the second-longest, thirdlongest and even fourth-longest worms approach the alphaworm in body length. This parallels the findings of Poulin and
Latham (2002) on the mermithid T. zealandica and therefore
hints at an explanation that may apply generally to members
of this nematode family. One obvious way in which multiple
infections could be associated with similar lengths among
worms would be if they occurred more or less simultaneously,
i.e. the host acquires several parasites at the same time instead
of acquiring them one at a time over a long period of its life.
The latter scenario would allow the first worm to get a head
start and achieve considerable size before subsequent worms
enter the host; only the more or less simultaneous infection
pattern provides a parsimonious scenario leading to roughly
similar sizes. Given that female mermithids deposit their eggs
in distinct clumps on vegetation (Baylis 1944), multiple infection at the same time through the ingestion of several eggs
from the same clutch by a few unlucky earwigs appears plausible. Thus, the life history of the parasite may contribute to
the limited inequalities in the sizes achieved by pre-adult
worms. Testing this hypothesis would require the development of microsatellite markers to genotype worms sharing
the same earwig hosts; if they tend to originate from the same
egg clump laid by the same female, they should show greater
genetic relatedness than that seen among worms chosen at
random from the whole population.
Fecundity correlates strongly with body size in parasitic
helminths in general (Poulin 1996) and in nematodes specifically (e.g. Mössinger and Wenk 1986; Szalai and Dick 1989;
Sinniah and Subramaniam 1991). Inequalities in body sizes
among adult worms can therefore greatly influence the
effective population size, i.e. the proportion of individuals
contributing genes to the next generation (Criscione and
Blouin 2005; Poulin 2007). In this study, we found no strong
inequalities in body sizes among individuals of M. nigrescens
in their earwig hosts, as well as evidence suggesting that the
timing of multiple infections of the same host may help to
create more homogeneous worm sizes than would otherwise
result from intra-host competition. This may apply to
mermithid nematodes more broadly (see Poulin and Latham
2002) as a possible consequence of their particular life history
strategy. As further data become available on other helminth
species, it will become possible to assess how other life history
strategies influence the homogeneity of adult worm sizes.
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