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INTRODUCTION

Amphipod species of Diporeia are found in abun-
dance in northern proglacial lakes of North America.
They are benthic detritivores that occur in the top 1 to
2 cm of sediment and feed on organic material freshly
settled from the water column. In turn, amphipods are
fed upon by many fish species and are a major food-
web link between pelagic production and upper
trophic levels (Gardener et al. 1990). Declines in Di-
poreia spp. were first observed in Lake Michigan in
1992, 3 yr after the non-indigenous zebra mussel
Dreissena polymorpha was first reported in the lake
(Nalepa et al. 1998). Diporeia spp. numbers have
diminished each subsequent year and have now disap-
peared from 30% of the southern Lake Michigan
basin. In some locations, Diporeia spp. declined from
10 000 to 20 000 m–2 to near 0 m–2 in just 6 mo, while

in other locations, numbers of amphipods declined to 0
over a period of 4 yr. Declines first occurred at shallow
sites close to shore, but have subsequently spread
to depths of ca. 70 m (Nalepa et al. 1998, Nalepa
unpubl. data). Declines have also occurred in Lakes
Erie (Dermott & Kerec 1997) and Ontario (Lozano et al.
2001). Fish species that relied heavily on Diporeia
spp. as a food source, such as lake whitefish Core-
gonus clupeaformis, bloater Coregonus hoyi and slimy
sculpin Cottus cognatus, are declining in abundance or
shifting feeding patterns (Pothoven et al. 2001, Hon-
dorp et al. unpubl.). It has been suggested that the
decline in Diporeia spp. may be due to the non-
indigenous zebra mussel D. polymorpha intercepting
the algal diet before it settles to the bottom, thus
decreasing the amount available to these amphipods
(Nalepa et al. 1998, 2000). However, sampling efforts
indicate that sufficient food is still available to support
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the benthic amphipod populations, and that lipid con-
tent and body condition (weight per unit length) of
Diporeia spp. remain high (Nalepa unpubl. data).
Furthermore, rates of decline are greatest in areas with
no zebra mussels and with the highest sedimentation
rates. 

An important factor to consider is whether or not
pathogens are playing a significant role in the decline.
Epizootic diseases in amphipods have been reported to
greatly reduce (Pixell Goodrich 1929) or limit popu-
lations (Johnson 1986). Endemic pathogens of amphi-
pods that have been present for years may now be
affecting amphipods due to unrecognized new stres-
sors. Alternatively, newly introduced zebra mussels or
other sources may harbor non-indigenous organisms
that are pathogenic to amphipods in the Great Lakes.
To investigate whether or not a pathogen may be influ-
encing the decline in numbers of amphipods, a histo-
logical survey of amphipods was conducted. This
paper reports characteristics of disease and parasitism
in Diporeia spp. from Lakes Michigan and Huron, and
compares the prevalence of these findings over a
broad spatial and temporal sampling series within
these 2 lakes. Our purpose was to survey the preva-
lence of parasites, to examine host responses, and to
determine whether or not infections may influence
declines in Diporeia spp.

MATERIALS AND METHODS

The taxonomy of Diporeia spp. has not been fully de-
fined. One species of amphipod Pontoporeia hoyi was
thought to occur in North America until Bousfield (1989)
recognized as many as 8 North American species and
placed them in a new genus, Diporeia. Five of these spe-
cies, D. hoyi, D. kendalli, D. brevicornis and 2 that have
not yet been named, occur in the Great Lakes. Since the
entire population (i.e. all species) has declined to zero
over time in some areas, we can assume that declines are
not species specific. Due to this consistent decline pat-
tern, and the uncertainty in the taxonomy, this study uses
Diporeia spp. and Diporeia to refer to all species of this
genus that have been found in the Great Lakes. Never-
theless, specimens in our collection may include what
was previously called Pontoporeia affinis and P. hoyi.
To assay for temporal variation in disease prevalence,
550 amphipods were randomly subsampled from
archived specimens collected during 1986, 1987, and
every year between 1992 and 1999. This time-series rep-
resents the period before (1986 and 1987) and after the
introduction of the zebra mussel Dreissena polymorpha.
These amphipods were collected from 3 sites in south-
eastern Lake Michigan (Fig. 1) during 21 sampling peri-
ods and preserved and stored in 5% buffered formalin.

Presently, Diporeia spp. are rare or no longer present at
these sites (Nalepa unpubl. data). To assay for spatial
variation in the prevalence of parasites, 1165 amphipods
were collected from sediments in July and August 2000
from 85 sites in Lakes Michigan and Huron (Fig. 1). Sed-
iment samples were collected using a Ponar grab and
washed on-board through an elutriation device fitted
with a 0.5 mm mesh net (Nalepa et al. 1998). The re-
tained animals were immediately picked from the sam-
ple (10 to 20 animals per site) and placed in Bouin’s fluid
(Howard & Smith 1983). After 12 to 16 h, animals were
transferred to 70% ethanol. All specimens were sent to
the Cooperative Oxford Laboratory, Maryland, for his-
tological analysis. 

Preserved amphipods were dehydrated through
increasing concentrations of ethanol, infiltrated with
paraffin, embedded, sectioned sagittally at 4 to 5 µm
thickness, and stained in Mayer’s hematoxylin and
eosin (MHE) (Luna 1968). Selected amphipods were
stained with special stains to better elucidate certain
parasites (Table 1). Prepared slides were observed
with a light microscope and data recorded on host tis-
sue response and the presence of parasites. 

Data from amphipods collected from Lakes Michi-
gan and Huron were analyzed using factorial ANOVA
techniques (SAS 1999). The analyses tested temporal
effects: collection date, year, season, and period before
or after the introduction of the zebra mussel as well as
spatial effects: lake, north versus south versus Grand
Traverse Bay and water depth on the prevalence of
host response or parasites. The large number of collec-
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Fig. 1. Location of sampling sites for the complex of species of
Diporeia in Lakes Michigan (left) and Huron (right) in 2000.
Additional archived specimens were examined from the 3 

encircled sites ( dS)



Messick et al.: Parasites in Great Lakes amphipods

tions at numerous stations resulted in reasonable sam-
ple sizes, which allowed for estimates of mean preva-
lence for ANOVA. Observations with missing data
were omitted from the statistical analyses and preva-
lence values were arcsine-root transformed to meet
required criteria. Effects were considered significant at
p < 0.05; ± indicates the standard error of measure-
ments. For data analyses, amphipods collected before
or during 1987 were categorized as having been col-
lected before the introduction of zebra mussels; all
others were categorized as collected after the introduc-
tion. For analysis, Lake Michigan was divided into
north (above 44° latitude), south (below 44° latitude)
and Grand Traverse Bay. Water depth at all collection
sites was divided into 7 categories: <25, 26–50, 51–75,
76–100, 101–125, 126–150 and >150 m. For statistical
analysis, nodules were considered a category of host
response induced by various species of known and
unknown etiological agents. Three different unidenti-
fied species of ciliate were grouped within a single cat-
egory called ciliates. Both categories, ciliates and nod-
ules, consist of more than one species or etiological
agent; thus, statistical analysis of these categories is
not equivalent with that of individual components.
Since amphipod numbers have greatly decreased, we
felt it justified to include prevalence data on all the

parasites we found rather than focusing solely on the
most prevalent parasites, and also to provide baseline
data on the relatively large sample number of Diporeia
spp. sampled.

RESULTS

Several parasites and host response to parasites
and unknown agents were found in assayed amphi-
pods (Table 2; also see Table 2 for definitions to all
stain abbreviations from this point). Nodules are the
histological manifestation of a host response in which
tissue debris or an injurious agent is sequestered
within a sheath of differentiated host hemocytes
(Fig. 2). Many observed nodules contained obvious
parasites within the encapsulating layers of hemo-
cytes (Fig. 2), while others had no discernible para-
sites. Intranuclear basophilic bodies, often associated
with virus infections, caused infected nuclei to be
hypertrophied with a thin rim of darkly staining
chromatic material (Fig. 3). 

Histologically, rickettsia-like infections (Table 2)
appeared as basophilic masses of a small intracellular
gram-negative bacterium. Infections were confined
within the cytoplasm and cells were greatly hyper-
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Table 1. Special stains, acronyms, target tissues, stain results and stain references used in study of parasites in Diporeia spp. from Lakes 
Michigan and Huron

Stain Acronym Target tissues Stain results Source

Ziehl-Neelsen and AFB Acid-fast substances Basophilic structures: blue; acid-fast Luna (1968)
Harris’ hematoxylin substances, including mature haplosporidians 

and acid-fast bacteria: bright red

Feulgen picro-methyl FPM DNA; collagen, DNA: red; nucleoli, muscle, acidophilic Farley (1969)
blue connective tissue substances: yellow; connective tissue: blue; 

cytoplasmic protein: green

Grocott’s methenamine GMS Fungi Fungi: delineated in black; mucin: taupe Luna (1968)
silver to dark grey; mycelia inner parts and 

hyphae: old rose; background: pale green

Giemsa Giemsa General tissue Nuclei and basophilic substances: blue; Luna (1968)
cytoplasm and acidophilic substances: pink

Periodic acid Schiff PAS Glycogen, fungi, neutral Glycogen: magenta; PAS+ substances: pink to Lillie (1965)
mucopolysaccharides magenta; basophilic substances: blue-black

Pierce Van der Kamp PVK Rickettsia-like organisms Rickettsiae: bright red; background: green Andersen (1998)
adapted Machiavello stain

Gram for bacteria Gram Bacteria Nuclei: blue-violet; cytoplasm: shades of light Brown & Hopps 
blue or pale pink; muscle: bright pink; bacteria: blue (1973)

Mayer’s hematoxylin MHE General tissue Nuclei and basophilic substances: blue; cytoplasm Luna (1968)
and eosin and acidophilic substances: pink
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trophied with parasites (Fig. 4). Infections in epithelial
cells of gut and hemocytes appeared to be of a focal
nature, whereas infections in adipose cells were sys-
temic (Fig. 4).

At least 5 fungi infected the amphipods. The yeast-
like fungus measuring 2.2 ± 0.2 µm (width) × 5.0 ± 6 µm
(length) had budding characteristics (Fig. 5). Fungus
density and host response resulting in hemocytic nod-
ules were so heavy in a few infections that some hemal
spaces were occluded. Another yeast with needle-
shaped spores (Table 2) (range = 21.4 to 25.6 µm long ×
1.6 to 3.3 µm wide; n = 16, Fig. 6) had putative budding
in smaller forms. The spores had interior refringent
bodies that were arranged randomly as well as in rows.
The amphipod heavily infected with a filamentous,
branching, saprophytic-like fungus (Table 2) had many
hemocytes with pyknotic nuclei and tissues that were
slightly degenerate, indicating that the animal was
either dead or moribund when collected. Additionally,
one amphipod had a GMS+ coelozoic filamentous fun-
gus-like organism within the lumen of gut ceca and
another was found with epibiotic fungi infesting gills.

The sporoplasm of the haplosporidian (Table 2)
measured 5.0 ± 0.1 µm long by 4.3 ± 0.1 µm wide
(n = 21). When stained with AFB, certain stages of the
spore had a prominent bar-shaped structure, which

extended 1.3 ± 0.1 µm (n = 21) beyond the sporoplasm
but was contained within the spore and may be a col-
lapsed portion of the spore wall (Fig. 7). Developed
spores had an external hinged cover or operculum
(Fig. 8). Plasmodia in various stages of schizogony
were observed throughout hemal sinuses (Fig. 9). 

The microsporidian (Table 2) filled or replaced in-
fected muscle tissues (Fig. 10). Spores, including
immature ones, occurred in groups of 8 within the
sporophorous vesicle, indicating that the species is a
member of the Thelohaniidae. Morphological details
were difficult to determine in histological sections, but
spores measured 1.9 ± 0.1 µm long × 1.5 ± 0.1 µm wide
(n = 40).

At least 3 species of ciliates were present on 37.0%
of the amphipods (Table 2). One species was oval with
an easily discernible macro- and micronucleus.
Another morphologically distinct type was a stalked
peritrich which was present on the gills and pereio-
pods either individually or in small groups (Fig. 11).
The least prevalent type appeared integrally associ-
ated with host tissues and may have been internal. 

A gregarine apicomplexan (Table 2) was observed as
free within the midgut. The gregarine occurred in clus-
ters or individually within ceca (Fig. 12). Some indi-
viduals in histological sections revealed a septum sep-
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Table 2. Diporeia spp. Prevalence, tissues infected, staining qualities and host response to parasites found in 1715 amphipods collected from
85 sites within Lakes Michigan and Huron from 1986 to 2000. See Table 1 for definitions of stain acronyms; –: negative; +: positive

Condition Prevalence Tissues Staining Host
agent % infected qualities response

Nodules 6.9 Hemal sinuses and connective tissues MHE: basophilic or brownish Yes

Intranuclear basophilic 0.2 Cuticular and gill epithelial cells MHE: basophilic, FPM: faintly+ No
bodies

Rickettsia-like organism 1.6 Lipid cells, epithelial cells of MHE: basophilic, gram–, FPM+, Giemsa: pink, Yes
digestive ceca, or hemocytes PVK: bright red

Yeast-like organism 0.5 Hemal sinuses MHE: basophilic, GMS+, PAS+, AFB– Yes
2.2 × 5.0 µm 

Yeast 24 × 2.5 µm 0.06 Hemal sinuses MHE: faintly basophilic, GMS+, PAS+, AFB–, Yes
Feulgen–, Gram–

Fungus 1.8 ± 0.30 µm diameter 0.06 Hemal sinuses and connective tissues MHE: basophilic, GMS+, PAS+ Saprophytic

Haplosporidian 0.7 Hemal sinuses MHE: basophilic, GMS+, AFB+, PAS+ ?
8.1 × 6.1 µm spores

Microsporidian 3.8 Muscle MHE: basophilic, AFB+, Gram +, Giemsa: blue ?

Ciliates 37.0 Gills and pereiopods MHE: basophilic macro and micronucleus No

Gregarine 3.1 Midgut PAS+, Giemsa: blue No

Worms 1.3 Hemocoel MHE: nuclei basophilic, cytoplasm eosinophilic No
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arating the protomerite and deutomerite, indicating
that the species is in the suborder Septatorina. Due to
sectioning technique, sagittal sections of whole speci-
mens were not obtained to provide accurate biometric
data or complete morphological details. 

Three worm species occurred in the hemocoel of the
amphipods (Table 2). These were the spathebothri-
idean cestode (Acrobothriidae) Cyathocephalus trun-
catus (Fig. 13) and cystacanths of 2 acanthocephalan
(Palaeacanthocephala, Echinorhynchidae) species,
probably including Acanthocephalus dirus and Echi-
norhynchus salmonis. 

Prevalence of nodules and ciliates varied signifi-
cantly among individual sampling periods in the tem-
poral assay, but there was no significant variation in

prevalence of host response or parasites among years
sampled (Table 3), season (Table 4), or before and after
the introduction of the zebra mussel (Table 5). Among
locations sampled, the prevalence of nodules, intranu-
clear basophilic bodies, a yeast-like organism, a haplo-
sporidian, a microsporidian, ciliates, and gregarine
and worm infections varied significantly. The pre-
valence of nodules and worms was significantly higher
in amphipods from Lake Huron than from Lake
Michigan (Table 6). The prevalence of the intranuclear
basophilic bodies and the gregarine was significantly
higher in northern Lake Michigan than in southern
Lake Michigan (Table 7). There was no significant
variation between these infections occurring in Grand
Traverse Bay and the rest of Lake Michigan.
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Table 3. Yearly prevalence of parasites in Diporeia spp. from Lakes Michigan and Huron, with number sampled, mean prevalence and ANOVA 
results among years sampled. There was no significant variation (p < 0.05) in prevalence among years

Year No. Nodules Intranuclear Rickettsia- Yeast and Fungi Haplosporidian Micro- Ciliates Gregarine Worms
sampled (%) body (%) like (%) yeast-like (%) (%) (%) sporidian (%) (%) (%) (%)

1986 61 3.3 0.0 0.0 0.0 0.0 0.0 4.9 52.5 3.2 0.0
1987 66 1.5 0.0 0.0 1.5 0.0 1.5 1.5 43.9 3.0 1.5
1992 88 1.1 0.0 0.0 1.1 1.1 0.0 2.3 44.3 1.1 2.3
1993 132 2.3 0.8 0.0 0.0 0.0 0.8 5.3 42.4 0.7 3.0
1996 29 6.9 0.0 0.0 0.0 0.0 0.0 3.4 27.6 0.0 0.0
1997 45 6.7 0.0 0.0 0.0 0.0 0.0 6.7 35.6 2.2 2.2
1998 45 8.9 0.0 0.0 4.4 2.2 0.0 8.9 24.4 4.4 2.2
1999 84 0.0 0.0 0.0 1.2 0.0 0.0 2.4 20.2 1.2 0.0
2000 1165 8.8 0.3 2.3 1.5 0.3 0.0 3.6 36.6 3.7 1.2

Total 1715 mean 6.9 0.2 1.6 1.3 0.3 0.7 3.8 37.0 3.0 1.3
ANOVA p = 0.06 0.95 0.65 0.70 0.18 0.68 0.93 0.12 0.90 0.09

Table 4. Seasonal prevalence of parasites in Diporeia spp. from Lakes Michigan and Huron, with number sampled, mean prevalence and 
ANOVA results among seasons. There was no significant variation (p < 0.05) among seasons

Season No. Nodules Intranuclear Rickettsia- Yeast and Fungi Haplosporidian Micro- Ciliates Gregarine Worms
sampled (%) body (%) like (%) yeast-like (%) (%) (%) sporidian (%) (%) (%) (%)

Spring 286 2.1 0.3 0.0 0.0 0.3 1.0 3.8 37.1 2.1 0.7
Summer 1265 8.4 0.2 1.9 0.6 0.4 0.6 3.6 37.1 3.6 1.3
Autumn 164 3.0 0.0 0.0 0.6 0.6 0.6 5.6 36.4 1.2 2.5

Total 1715 Mean 6.9 0.2 1.6 1.3 0.3 0.7 3.8 37.0 3.0 1.3
ANOVA p = 0.19 0.87 0.35 0.62 0.17 0.68 0.98 0.12 0.23 0.97

Table 5. Prevalence of parasites in Diporeia spp. from Lakes Michigan and Huron, with number sampled, mean prevalence and ANOVA
results between samples taken before and after zebra mussel introduction. There was no significant variation (p < 0.05) between amphipods 

sampled before (<) or after (>) the introduction of zebra mussels

Category No. Nodules Intranuclear Rickettsia- Yeast and Fungi Haplosporidian Micro- Ciliates Gregarine Worms
sampled (%) body (%) like (%) yeast-like (%) (%) (%) sporidian (%) (%) (%) (%)

< Mussels 134 1.5 0.0 0.0 0.7 0.0 0.7 3.7 47.8 0.7 0.7
> Mussels 1581 7.3 0.2 1.7 1.4 0.4 0.7 3.8 36.0 3.3 1.4
Total 1715 Mean 6.9 0.2 1.6 1.3 0.3 0.7 3.8 37.0 3.1 1.3

ANOVA p = 0.09 0.62 0.29 0.75 0.58 0.75 0.87 0.08 0.25 0.72
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Among the 7 depth categories, the prevalence of
nodules, rickettsia-like organism, microsporidian and
ciliates varied by depth. Nodules were significantly
more prevalent at 51 to 75 m than at 26 to 50, 76 to
100 and >150 m. Microsporidian infections were sig-
nificantly more prevalent at <25 m than at 26 to 50
or 51 to 75 m (Table 8). There was no clear relation-
ship between depth and prevalence of any other
infection. 

DISCUSSION

Several different parasites infected samples of
amphipod species of Diporeia from Lakes Michigan
and Huron. This study documents the presence of sev-
eral parasites not previously reported in Diporeia spp.,
although the worms found in this study have been
reported in Diporeia spp. (e.g. Degiusti & Budd 1959,
Amin 1978). The scope of this paper is not to describe
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Figs. 2 to 13. Diporeia spp. Histological manifestations of parasites in the complex of Diporeia spp. from Lakes Michigan and
Huron. Fig. 2. Differentiated host hemocytes encapsulating parasites (arrow) forming a hemocytic nodule within a hemal sinus of
amphipod. Mayer’s hematoxylin and eosin (MHE) stain. Fig. 3. Feulgen-positive large intranuclear bodies in epithelial cells of gill
of amphipod causing cell hypertrophy. Note the thin rim of darker staining chromatic material (arrow). Feulgen picromethyl blue.
Fig. 4. Masses of small intracellular granular rickettsia-like organisms within hypertrophied adipose cells throughout body of am-
phipod (arrows). Pierce Van der Kamp stain for rickettsia. Fig. 5. Clusters of a yeast-like fungus in a hemal sinus of amphipod.
Note the budding characteristic (arrow). Grocott’s methenamine silver stain for fungus. Fig. 6. A yeast with needle-shaped spores
within muscle tissue (arrow) of amphipod. Grocott’s methenamine silver stain for fungus. Fig. 7. Haplosporidian with prominent
protrusions beyond sporoplasm but within spore (arrows) infecting amphipod. Acid-fast bacteria stain. Fig. 8. Haplosporidian
with external hinged operculum (arrows) infecting amphipod. Acid-fast bacteria stain. Fig. 9. Plasmodia of haplosporidian in
various stages of schizony (arrows) infecting amphipod. Acid-fast bacteria stain. Fig. 10. Microsporidian (arrow) filling or re-
placing skeletal muscle tissue (m) of amphipod. MHE stain. Fig. 11. Unidentified ciliates among gills and pereiopods of
amphipods; note the basophilic macronucleus (large arrow) and a smaller micronucleus (small arrow) in photo on left; c = host
cuticle. Right photo: colonial peritrich ciliate attached to the host via a stalk (arrows). MHE stain. Fig. 12. Apicomplexan
gregarine species free in lumen of digestive ceca of amphipod (arrows). Note the septum separating the protomerite and
deutomerite (longer arrow). Heidenhain’s hematoxylin. Fig. 13. Spathebothriidean cestode (Cyathocephalidae) Cyathocephalus

truncatus within body cavity of a Diporeia spp. amphipod. MHE stain
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parasite species but to report the presence and preva-
lence of parasites in the amphipods surveyed. 

Rickettsia-like infections have been reported in 3
amphipod species (Frederici et al. 1974, Larsson 1982,
Graf 1984). Infection characteristics of rickettsia-like
organism infections in Crangonyx floridanus (Frederici

et al. 1974), and Rivulogammarus pulex (Larsson 1982)
are similar to infections in adipose cells and hemocytes
in this study. Epizootic mortalities in freshwater C.
floridanus were caused by a rickettsia-like organism
(Frederici et al. 1974); similar infections could have
affected Great Lake amphipod numbers, if stressors
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Table 6. Prevalence of parasites in Diporeia spp. from Lakes Michigan and Huron, with number sampled, mean prevalence and ANOVA 
results between lakes. p ≤ 0.05 = statistically significant variation

Lake No. Nodules Intranuclear Rickettsia- Yeast and Fungi Haplosporidian Micro- Ciliates Gregarine Worms
sampled (%) body (%) like (%) yeast-like (%) (%) (%) sporidian(%) (%) (%) (%)

Lake Michigan 1519 6.4 0.3 1.4 1.3 0.3 0.7 3.6 37.1 3.0 1.1
Lake Huron 196 10.7 0.0 3.1 1.5 1.0 1.0 5.6 35.7 4.1 3.1

Total 1715 Mean 6.9 0.2 1.6 1.3 0.3 0.7 3.8 37 3.1 1.3
ANOVA   p = 0.0015a 0.51 0.28 0.82 0.22 0.93 0.6 0.9 0.66 0.03b

aPrevalence of nodules in Lake Huron significantly higher than in Lake Michigan
bPrevalence of worms in Lake Huron significantly higher than in Lake Michigan

Table 7. Prevalence of parasites in Diporeia spp. from northern Lake Michigan, southern Lake Michigan and Grand Traverse Bay in northern 
Lake Michigan, with number sampled, mean prevalence and ANOVA results among areas. p ≤ 0.05 = statistically significant variation

Location No. Nodules Intranuclear Rickettsia- Yeast and Fungi Haplosporidian Micro- Ciliates Gregarine Worms
sampled (%) body (%) like (%) yeast-like (%) (%) (%) sporidian (%) (%) (%) (%)

Northern 305 6.6 1.0 1.3 2.0 0.0 2.0 3.6 34.4 4.6 1.0
Lake Michigan

Southern 1145 6.2 0.1 1.3 1.0 0.3 0.3 3.8 37.7 2.7 1.0
Lake Michigan

Grand Traverse Bay 69 8.7 0.0 2.9 0.0 0.0 1.5 0.0 39.0 0.0 1.0
in northern Lake Michigan

Total 1519c Mean 6.4 0.3 1.4 1.3 4.2 0.7 3.5 37.1 3.0 1.3
ANOVA    p = 0.8 0.02a 0.7 0.46 0.52 0.12 0.4 0.76 0.048b 0.98
aPrevalence of intranuclear basophilic bodies significantly higher in amphipods from northern Lake Michigan than southern Lake Michigan
bPrevalence of gregarine significantly higher in amphipods from northern Lake Michigan than southern Lake Michigan
cSome samples were not designated as coming from either northern Lake Michigan, southern Lake Michigan or Grand Traverse Bay, so total is less
than the 1715 animals which were examined during the entire study

Table 8. Prevalence of parasites in Diporeia spp. collected from different depth categories of Lakes Michigan and Huron, with number 
sampled, mean prevalence and ANOVA results among depth categories.  p ≤ 0.05 = statistically significant variation

Depth (m) No. Nodules Intranuclear Rickettsia- Yeast and Fungi Haplosporidian Micro- Ciliates Gregarine Worms
sampled (%) body (%) like (%) yeast-like (%) (%) (%) sporidian (%) (%) (%) (%)

<25 37 5.4 0.0 0.0 0.0 0.0 0.0 10.8 21.6 0.0 0.0
26–50 911 6.0a 0.1 1.7 1.0 0.5 0.4 3.6 36.8 3.1 1.2
51–75 360 11.4b 0.6 3.6 2.5 0.0 1.1 1.4 36.9 3.9 1.9
76–100 260 5.8 0.4 2.3 1.9 0.0 1.1 6.9c 40.8 2.7 1.5
101–125 46 4.3 0.0 0.0 0.0 0.0 2.2 6.5 39.1 0.0 0.0
126–150 61 4.9 0.0 3.3 0.0 1.6 0.0 3.3 36.1 4.9 1.6
>150 40 0.0 0.0 0.0 0.0 0.0 0.0 5.0 30.0 2.5 0.0

Total 1715 Mean 6.9 0.2 1.6 1.3 0.3 0.7 3.8 37.0 3.1 1.3
ANOVA   p = 0.005 0.61 0.33 0.42 0.21 0.32 0.007 0.93 0.57 0.73
a26–50 m significantly higher in nodules than >150 m depth category
b51–75 m significantly higher in nodules than 26–50, 76–100 and >150 m depth categories
c76–100 m significantly higher in microsporidian infections than 26–50 and 51–75 m depth categories
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were high enough (Johnson 1986). Although only
1.6% of the amphipods were infected in this study,
infection prevalence was 2.3% in 2000. 

The yeast Cryptococcus gammari was reported as
a pathogen in the amphipods Gammarus pulex and
G. duebeni, infecting up to 50% of the individuals
sampled from a stream near Oxford, England (Pixell
Goodrich 1929). In these hosts, large numbers of
spores apparently caused death by occluding the
circulatory system. In chronic infections, those amphi-
pods appeared speckled due to ‘melanized’ hemocytic
encapsulations in response to the yeast. The declines
of the amphipod Corophium volutator in 1929/1930
from Finland was attributed to C. gammari. Again,
death was caused by the yeast blocking the circulatory
system, and brownish or black spots often were ob-
served on the legs and gills of specimens (Segerstrale
1937, 1960). In the present study, a few animals had
dark spots on external surfaces and some animals with
heavy yeast infections had ‘melanized’ nodules in tis-
sues and partially occluded hemal sinuses, indicating
that these yeast infections could cause mortalities. 

Metschnikowia-type yeasts are similar in morphol-
ogy to the organism found in a single amphipod from
this study. Metschnikowia (Monospora) bicuspidata,
characterized as having needle-shaped spores, caused
mortalities within 2 wk in the laboratory-maintained
cladoceran Daphnia magna (see Metchnikoff 1893).
Metschnikowia-type yeasts have not been reported
before in amphipods but Metschnikowia spp. have
been reported in wild populations of D. magna, the
anostracan Artemia salia (see Codreanu & Codreanu-
Balcescu 1981), copepods Eurytemora velox, Calanus
plumcrus (see Unestam 1973) and C. plumchrus (Seki
& Fulton 1969). Interestingly, Metschnikowia sp. was
isolated from sporocysts of the parasitic diplostomoid
digenean trematode Diplostomum flexicaudum inhab-
iting the digestive gland of the freshwater snail Lym-
naea (Stagnicola) emarginata angulata from Douglas
Lake in Michigan (Wickerham 1964). Perhaps other
zooplankton or snail hosts in Lake Michigan are capa-
ble of transmitting the parasite to species of Diporeia
and causing mortality.

There are few reports of haplosporidians infecting
freshwater animals. One was found in amphipods from
Louvain, Belgium (Ryckeghem 1930); it lacks an oper-
culum and has been placed in the genus Claustro-
sporidium within the family Claustrosporidiidae (Lars-
son 1987). Another is Haplosporidium pickfordi, which
was found in freshwater snails from the Douglas Lakes
region of northern Michigan (Barrow 1961, 1965, Bur-
reson 2001). The haplosporidian observed in Diporeia
spp. in this survey has an operculum (Fig. 10), but
additional study is needed to assess any ornamentation
to identify the species, even to the generic level of

Haplosporidium or Minchinia (see Perkins 1991, 2000,
Burreson 2001). The morphology of H. pickfordi is sim-
ilar to the morphology of the haplosporidian observed
in amphipods from this study (Barrow 1961, Burreson
2001). 

Microsporidians are among the most common and se-
rious pathogens affecting crustacean hosts (Sindermann
1971, Meyers 1990). Several have been reported in var-
ious amphipod species (e.g. Sprague 1970, 1977,
Bulnheim 1975, Johnson 1985, Meyers 1990). Different
microsporidians from amphipods are known to be trans-
mitted orally and transovarially (Bulnheim 1975, Dunn &
Rigaud 1998), as well as through an intermediate host or
under specific environmental or host conditions. 

Numerous helminth species use crustaceans as their
intermediate host (Jackson et al. 1997). Helminth-
infected crustaceans frequently show altered behav-
iors such as increased motor activity, positive photo-
taxis and a greater propensity to drift in streams
(Maynard et al. 1998), which can make them more
susceptible to predation (Overstreet 1983, Bakker et
al. 1997). The prevalence of amphipods infected with
helminth species may have been higher than reported
in this study due to this phenomenon, or infections
may have been much more common in non-sampled
specific habitats. 

The present study did not assay for possible disease
vectors, and we found no temporal variation in preva-
lence of parasites in relation to the introduction of
zebra mussels. Although zebra mussels have greatly
reduced the amount of food available to the amphi-
pods, enough food was present to support at least a
minimal population (Dermott 2001, Nalepa unpubl.
data). Zebra mussels have been reported with ricket-
tisia-like and chlamydia-like infections from Greece
(Molloy et al. 2001), and a putatively lethal infection of
a haplosporidian protozoan was reported in zebra
mussels from The Netherlands (Bowmer & Van der
Meer 1991, Molloy et al. 1997). The relationship, if any,
between parasite infections in the zebra mussel and
amphipods is unknown. Exotic species such as zebra
mussels can directly affect viability of native species
through competition and habitat alteration (Nalepa et
al. in press). They can also potentially pose an added
threat if they harbor parasites and pathogens that
infect native species, such as Diporeia spp. Lack of her-
itable genetic diversity within an endemic population
could hamper its ability to quickly evolve a capable
response to an exotic parasite, making the amphipod
particularly vulnerable to extinction (Leberg & Vrijen-
hoek 1994). Perhaps the decrease in Diporeia spp.
populations in Lakes Michigan and Huron could have
been influenced detrimentally by zebra mussels intro-
ducing a pathogen such as a rickettsia-like organism
or haplosporidian.
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Parasitism is a principal biological force that controls
zooplankton community structure (Yan & Larsson
1988) and can substantially alter basic food-web prop-
erties (Marcogliese & Cone 1997). Several studies of
experimental and natural populations have shown that
parasites can reduce host density and even induce
extinction of host populations. Parasites can regulate
host populations, some being more capable of doing so
than others (see Ebert et al. 2000). Horizontally trans-
mitted parasites that greatly reduce host survival and
host fecundity are predicted to have low equilibrium
prevalences of infection (Anderson & May 1991,
McCallum 1994). A study which compared the effects
of various parasites, including microsporidian spp. and
the fungus Metschnikowiella biscuspidata, on host
fecundity and survival to their effects on density and
risk of extinction of host Daphnia populations showed
that in nature, the more virulent parasites were found
in low prevalences, and that the most prevalent para-
sites were the ones that were found to be the least
harmful to their hosts (Ebert et al. 2000). Ciliates, as a
group, were by far the most prevalent infective agents
found in our survey but, presumably, the least detri-
mental to the health of the amphipods, while the more
virulent parasites such as a virus, a rickettsia-like
organism, fungi, a haplosporidian, a microsporidian-
like organism, and worms had relatively low preva-
lences. The reduced number of Diporeia spp. from
Lakes Michigan and Huron may be explained by one
or more virulent parasites driving Diporeia spp. and
themselves to near extinction. Due to the inverse rela-
tionship between pathogenicity and prevalence of
infection in host populations, some parasites can
contribute significantly to host regulation, even though
their actual prevalences remain low (Anderson & May
1981). 

Any form of stress, including thermal, can increase
parasite-induced host mortality (Esch et al. 1975).
Many parasites of aquatic organisms are sensitive to
temperature change. Temperature affects the viru-
lence of parasitic worms in fish (Marcogliese 2001), the
survival and excystment of cercariae of digeneans in
snails (Shostak & Esch 1990) and the infectiveness of
microsporidians (Overstreet 1990). Climate change
due to global warming may affect parasite transmis-
sion and, potentially, virulence (Marcogliese 2001).
Higher infection levels and parasite-induced mortality
in the amphipod Corophium volutator were due to
increasing temperature (Mouritsen & Jensen 1997).
This phenomenon was most likely governed by a
similar temperature-dependent emergence of larval
trematodes from first intermediate hosts, Hydrobia
spp. snails (Shostak & Esch 1990, Mouritsen & Jensen
1997). With the prospect of global warming and cli-
mate change, we can expect some species to become

locally extirpated and encounter range contractions,
while introductions of other species, including poten-
tially harmful pathogens, can be expected. Host–
parasite systems are intricately interwoven with the
environment (Marcogliese 2001). 

The genus Diporeia consists of cold-water
stenotherms, thus densities in nearshore areas of the
Great Lakes are limited by the warmer water tempera-
tures found in shallower areas above the thermocline.
Recent trend analysis suggests that nearshore water
temperatures in the Great Lakes are increasing
(McCormick & Fahnenstiel 1999), which may increase
stress in Diporeia spp. and lead to increased suscepti-
bility to parasites. 

Other potential causes for the decline in Diporeia
spp. populations that have been considered include
food limitation, preference/avoidance response, fish
predation, contaminants and oxygen deprivation
(Nalepa et al. in press). Piscine population dynamics
can have an effect on lower trophic levels such as zoo-
plankton and amphipods. A study which examined the
elimination of a normal piscine community with
replacement by a planktivore-dominated fish assem-
blage on the diversity and abundance of the zooplank-
ton community found that crustacean zooplankton spe-
cies-composition remained unchanged, but the
densities of various individual species decreased sig-
nificantly (Marcogliese et al. 1992). Although past
declines in Diporeia spp. were attributed to increased
numbers of some species of fish, populations were
never extirpated, and it is unlikely that predation pres-
sure would systematically lead to a total loss of the
amphipod population as presently observed (Nalepa et
al. in press). Additionally, decreased food availability
to Diporeia spp. due to Dreissena may have forced
Diporeia spp. to more actively search for food and,
thus, become more susceptible to predation (Lomnicki
1978). In a recent study, Diporeia spp. disappeared
rapidly and completely in depositional regions where
bottom substrates consisted of fine-grained materials
(Nalepa et al. in press). The fine-grained particles are
easily resuspended and, during storms, brief periods of
reduced oxygen could occur in these regions of high
deposition. Low oxygen levels at the sediment surface
can affect the health and behavior of amphipods and
even cause mortality (Eriksson & Weeks 1994).

Many factors can decrease the rate of survival and,
thus, population numbers in marine organisms. Micro-
sporidosis by Thelohania contejeani, which was en-
hanced by increased lake acidity, is believed to have
contributed to a reduction in annual crayfish Orco-
nectes virilis survival rates in a glacially-formed
precambrian Shield lake (France & Graham 1985).
That study found that neither lake acidification nor mi-
crosporidosis alone would have caused the reduction
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in survival rates, but that lake acidification exacted an
additive mortality for crayfish populations and that
microsporidosis exacerbated the decline of crayfish
exposed to lake acidification before the level of toxic-
ity, due to acidification, became directly toxic to the
crayfish (France & Graham 1985). It may be that inter-
relationships and dynamics of more than one physical
or biological factor, such as high sedimentation, pre-
dation, food limitation, oxygen deprivation or virulent
parasites, synergistically induced the decline in Dipor-
eia spp. populations in Lakes Michigan and Huron. 
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