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ABSTRACT: Plerocercoids of the cestode Schistocephalus solidus are
reported for the first time from the body cavity of anadromous threespine
stickleback inhabiting Mud Lake, Alaska. Most infected stickleback
harbored a single large plerocerciod (mean weight 5 0.447 g, range 5
0.228–0.716 g). The overall prevalence of plerocercoids across genders and
2 yr of samples was 1.4%, but prevalence was significantly greater in males
than in females. Because of the large size of the plerocercoids, anadromous
stickleback were probably infected as juveniles before leaving the lake,
suggesting that plerocercoids can live in the body cavity of oceanic
stickleback for several years.

Schistocephalus solidus is a cestode with a complex life cycle that uses
the threespine stickleback Gasterosteus aculeatus (hereafter referred to as
stickleback) as its intermediate host (reviewed in Hopkins and Smyth,
1951; Wooton, 1976; Barber and Scharsack, 2010). Briefly, a free
swimming coracidium is ingested by a copepod where it becomes a
procercoid. If the copepod is ingested by a stickleback, the worm enters
the plerocercoid stage and migrates to the peritoneal cavity of the
stickleback. This is the longest and primary growth phase; plerocercoids
can grow to enormous sizes, with the mass of the worms exceeding that of
the host in extreme cases (Arme and Owen, 1967; Wooton, 1976). The life
cycle is completed when infected stickleback are consumed by a bird. Once
the stickleback is ingested, S. solidus matures sexually, and eggs are
released in as little as 36–48 hr (Hopkins and Smyth, 1951).

Stickleback populations infected with S. solidus have been commonly
reported in the literature, but most are resident lake populations (e.g.,
Hopkins and Smyth, 1951; LoBue and Bell, 1993; Bergersen, 1996; Heins
and Baker, 2008) or less frequently brackish water populations (e.g.,
Morozı́nska-Gogol, 2011). Published reports of plerocercoids in oceanic
stickleback are rare, even though oceanic stickleback populations are
relatively common. This may be because freshwater environments,
especially lakes, are more suitable habitat for completion of the entire S.
solidus life cycle, given the abundance of cyclopoid copepods and the
importance of bird predation on stickleback. Here the occurrence of large
plerocercoids of S. solidus in anadromous stickleback breeding in Mud
Lake, Alaska, is reported for the first time.

Mud Lake (61u33946.80N, 148u56956.40W) is a small, shallow freshwater
lake occurring in the Cook Inlet region between the Matanuska and Knik
rivers approximately 62 km northeast of Anchorage, Alaska. It is
connected to the Knik River via Jim Creek and has an area of 1.73 km2

(Alaska Department of Fish and Game, pers. comm.). Mud Lake is
inhabited by a large resident freshwater stickleback population through-
out the year and by anadromous stickleback that come to the lake from
the ocean during the breeding season, as well as several other fish species
(Karve et al., 2008). The anadromous and resident stickleback in Mud
Lake are highly divergent morphologically (Fig. 1). Based on previous
morphological and genetic surveys, there is no evidence of significant
hybridization between anadromous and resident stickleback in Mud Lake
(Karve et al., 2008; Bell et al., 2010; Drevecky, 2011). As a result,
anadromous and resident individuals are easily identifiable based on their
morphology.

Anadromous stickleback were collected 29 May and 6 June 2008 (total n
5 815; males 5 150, females 5 664) and 4 June 2010 (total n 5 437; males
5 85, females 5 352) using unbaited minnow traps set overnight. The fish
were killed with a lethal dose of MS-222. A slit was made on the right side
of the abdomen of preserved specimens to score sex by internal
examination of gonads and probe the visceral cavity for S. solidus
plerocercoids. Data on standard length (SL), measured to tenths of a mm
from the tip of the snout to the end of the caudal peduncle, and body
weight, measured to thousands of a gram after blotting using a Denver

Instruments TP-214 analytical balance, were collected for all infected
specimens. Standard length was also measured from samples of 100
uninfected male and female stickleback from 2008 and 2010 (except for
males from 2010, for which only 83 uninfected individuals were available)
to compare the size of infected and uninfected fish. To examine whether
individuals infected with S. solidus exhibited lower body condition than
uninfected individuals, body condition was compared between infected
2008 anadromous males (the largest single sample of infected individuals)
and a sample of 30 uninfected 2008 male anadromous stickleback. Body
condition for each sample was estimated as the linear regression of body
weight on standard length (Jakob et al., 1996), and divergence in body
condition between samples was tested using ANCOVA as implemented in
R version 2.14.0 (R Development Core Team, 2011). The relationship
between standard length and body weight was linear over the size range
examined, so data were not transformed and the slopes of the relationship
were homogeneous between samples (F 5 2.88, df 5 1,37, P 5 0.098).
Prevalence of plerocercoids in stickleback was expressed as the percentage
of stickleback infected relative to the number examined in a sample.
Parasite index was calculated following Arme and Owen (1967) by
dividing the weight of the plerocercoids by the weight of the host fish plus
the plerocercoids and multiplying by 100.

For comparative purposes, anadromous populations from Rabbit
Slough (61u329.90N, 149u1693.660W) approximately 17 km west of Mud
Lake sampled 4 June 2010, and Anchor River (59u46923.520N,
151u51957.60W) on the Kenai Peninsula sampled 13 June 2008, were also
surveyed for S. solidus plerocercoids. The sample sizes were 477 (males 5

154, females 5 323) and 490 (males 5 187, females 5 303), respectively.
Mud Lake resident freshwater fish collected in 2007 (males 5 126, females
5 160) and 2010 (males 5 280, females 5 521) were also surveyed for the
presence of S. solidus.

Of 1,251 Mud Lake anadromous stickleback surveyed, 17 specimens
were infected with large plerocercoids, for a prevalence of 1.4% across
year and sex. Of the 17 infected fish, 16 had a single plerocercoid, and 1 (a
male) had 2 plerocercoids. The plerocercoids were relatively large in size
(Fig. 1), with an average (standard deviation, SD, in parenthesis) weight
of 0.447 g (SD 5 0.127) and an average parasite index of 9.0% (SD 5 2.3).
Plerocercoids tended to be more common in males than in females both
years. Prevalence of S. solidus plerocercoids in males was 7.3% and 2.4%
for 2008 and 2010, respectively, but just 0.3% and 0.6% for the same year
in females. Pooled across years, this difference in prevalence between sexes
was significant (x2 test of independence, x2 5 37.65, df 5 1, P , 0.001).
The average weights for plerocercoids in 2008 male, 2008 female, 2010
male, and 2010 female infected stickleback were 0.485, 0.419, 0.447, and
0.528 g, respectively. Plerocercoid weight did not differ significantly
between infected male and female stickleback pooled across years (t 5

0.392, df 5 15, P . 0.05). Infected stickleback were comparable in size to
uninfected specimens. The average standard lengths of infected 2008 male,
2008 female, 2010 male, and 2010 female stickleback were 68.9, 72.9, 68.8,
and 72.0 mm, respectively. The average standard lengths (SD in
parentheses) from the samples of 100 uninfected fish measured were
68.7 mm (3.0) for 2008 males, 72.6 (3.3) for 2008 females, 65.9 (4.2) for
2010 males, and 70.5 (2.5) for 2010 females, which is similar to that of
neighboring anadromous populations (Aguirre et al., 2008). The largest
sample of infected fish (2008 males) was tested statistically for size (SL)
divergence from the sample of 100 uninfected 2008 males stickleback and
did not differ significantly (t 5 0.076, df 5 109, P . 0.05). Body condition
did not differ significantly between infected and uninfected males collected
in 2008 either (ANCOVA, F 5 0.027, df 5 1,38, P . 0.05). Nor was there
a significant relationship between the SL of the infected fish and
the weight of the plerocercoids (Pearson product-moment correlation
analysis, r 5 0.176, n 5 17, P . 0.05; weight of the plerocercoids was
summed for the fish with 2 plerocercoids). No plerocercoids were foundDOI: 10.1645/GE-2968.1

J. Parasitol., 98(3), 2012, pp. 676–678

F American Society of Parasitologists 2012

676



among the 477 anadromous fish surveyed from Rabbit Slough or the 490
Anchor River fish.

The prevalence of S. solidus in the Mud Lake resident freshwater
population was comparable to that of the anadromous population in the
lake. Of the 1,087 resident fish surveyed, 20 were infected with
plerocercoids, for an overall prevalence of 1.8%. This was slightly higher
than for anadromous Mud Lake stickleback (1.4%) but did not differ
significantly when data were pooled across years and sexes (x2 test of
independence, x2 5 0.86, df 5 1, P . 0.05). Prevalence in the resident
population was similar across sexes for the 2 yr sampled. The prevalence
of S. solidus infection in 2007 and 2010 was 2.5% and 2.4% in males and
1.2% and 2.6% in females. As with the anadromous fish, male stickleback
(n 5 396) were less frequent than females (n 5 671) in the samples but had
a higher prevalence of S. solidus (2.5%) than females (1.5%). However, the
difference was not statistically significant when data were pooled across
years (x2 test of independence, x2 5 1.39, df 5 1, P . 0.05). When
prevalence in the anadromous and resident populations was examined
separately by sex, prevalence in male anadromous stickleback was
significantly greater than in resident male stickleback pooled across years
(x2 test of independence, x2 5 4.05, df 5 1, P . 0.05). Prevalence also
differed significantly between anadromous and resident female stickleback
(x2 test of independence, x2 5 5.76, df 5 1, P . 0.05), although prevalence
was significantly lower in anadromous females than in resident females.

How were the anadromous Mud Lake fish infected with S. solidus?
Stickleback in this anadromous population are unusual in that they most
likely migrate annually into a lake, a habitat that is highly suitable for the
completion of the entire life cycle (most anadromous populations migrate
into streams). The lake also harbors a large resident stickleback
population that can serve as the typical (second) intermediate host,
allowing the persistence of S. solidus in the lake to infect the anadromous
fish that enter. The plerocercoids inhabiting anadromous Mud Lake
stickleback were large relative to previously reported values from wild-
caught freshwater stickleback (e.g., Hopkins and McCaig, 1963; Bell and
LoBue, 1993; Heins et al., 2002). Given the large size of the plerocercoids
and the date of collection of the infected fish (during the breeding season
in late May/early June), the anadromous stickleback were probably
infected as juveniles in the lake and then carried the plerocercoids with
them until returning to the lake to breed. In conjunction with the absence
of plerocercoids in other anadromous populations, this suggests that a

significant proportion of the anadromous stickleback in Mud Lake return
year after year. Most anadromous fish in Alaska breed in their second year
(Baker et al., 2008); the uninfected and infected stickleback were similar in
size, suggesting that the plerocercoids are about 2-yr-old. This is consistent
with the findings of Heins et al. (1999) and Heins and Baker (2008). They
noted that plerocercoids may adapt a ‘‘waiting strategy’’ for transmission
to the final host in long-lived Alaskan stickleback, such that 2- or 3-yr-
old stickleback that reside continuously in freshwater may have plero-
cercoids that are 2- or 3-yr-old. The alternative, that the stickleback were
infected as adults when they returned to the lake, is highly unlikely
because it would require biologically unrealistic growth rates for the
plerocercoids. Lakes in Alaska are often covered by ice until May (Heins
and Baker, 2008). It takes approximately 1 mo for S. solidus eggs to
embryonate and enter copepods to become infective for stickleback
(Dubinina in Heins and Baker, 2008), and 6 wk to 3 mo at 18–19 C to
reach 50 mg wet weight (Orr et al., 1969; Barber and Svensson, 2003), the
minimum size for maturation in the final host (Tierney and Crompton,
1992). Development of S. solidus is likely slower in Mud Lake because
water temperatures are lower (in mid-June 2010 shallow waters were
approximately 12.6 to 13.6 C), and the plerocercoids collected in the
anadromous Mud Lake stickleback were about 9 times larger on average
than the 50 mg minimum size of infectivity, indicating that they are
substantially older than 6 wk.

It is unclear why the prevalence of plerocercoids was greater in male
than female stickleback in the anadromous population, and why
prevalence differed between sexes in the anadromous and resident Mud
Lake populations. Differences in prevalence and infectivity based on sex
and ecology have been documented previously (Tierney et al., 1996;
Reimchen and Nosil, 2001; Jäger and Schørring, 2006; MacColl, 2009),
and it is possible that parasite recruitment differs between sexes in
anadromous stickleback based on differences in feeding ecology or
propensity for infection. Alternatively, female reproductive ability may be
more impacted than that of males in anadromous stickleback, resulting in
infected females disproportionally failing to return to freshwater to breed.
The negative impact of S. solidus plerocercoids on the reproductive
abilities of stickleback has been well documented (e.g., Hopkins and
Smyth, 1951; Arme and Owen, 1967; Macnab et al., 2009; Heins and
Brown-Peterson, 2010; Heins et al., 2010), and there is some evidence
indicating that the impact on females may be more severe (McPhail and

FIGURE 1. Threespine stickleback from Mud Lake, Alaska. Scale bars are 10 mm in length. (A) 2008 anadromous male stickleback with 0.716 g
Schistocephalus solidus plerocercoid. (B) 2010 anadromous female with 0.436 g S. solidus plerocercoid. (C) Uninfected anadromous male (top) and
female (bottom) Mud Lake stickleback. (D) Resident freshwater male (top) and female (bottom) Mud Lake stickleback.
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Peacock, 1983). If true for Mud Lake stickleback, this could explain the
sexual dimorphism in prevalence in anadromous fish. Migrating from the
ocean to freshwater is energetically demanding, and if the cost of S. solidus
infection is greater for reproductive females, they may be returning to
fresh water at a lower rate than infected males. The greater prevalence of
S. solidus in anadromous male stickleback than in resident lake male
stickleback may reflect a greater rate of infection of anadromous fish. This
could result from differences in feeding ecology or resistance to infection
between populations. Given the lack of data on feeding habits of Mud
Lake stickleback and the variation in how stickleback populations are
impacted by plerocercoids (Heins et al., 1999; Macnab et al., 2009), more
data are needed to decipher why prevalence differs between sexes and
populations.

This is the first report of anadromous Alaskan stickleback infected
with S. solidus plerocercoids. The Mud Lake anadromous population
presents an interesting opportunity to study the stickleback–S. solidus
interaction in an ancestral stickleback population. In addition, the present
study suggests that at least some anadromous stickleback can carry
plerocercoids for several years and migrate back to freshwater to breed.
This adds a new dimension to the study of stickleback–S. solidus
interactions.
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