North American Journal of Fisheries Management 23:376-384, 2003
© Copyright by the American Fisheries Society 2003

Using Sediment Core Samples to Examine the Spatial
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Abstract.—Studies of the whirling disease epizootic in the upper Colorado River drainage have
suggested that Windy Gap Reservoir is a source of the fish-infective actinospore of Myxobolus
cerebralis. We divided the reservoir into four quadrants (12 zones) and conducted a core-sampling
study to determine the spatial dynamics of actinospore production within the reservoir from late
June to early November 1998. Core samples of reservoir substrate containing aquatic oligochaetes
were collected, held for 24 h in filtered lake water, and then examined microscopically for acti-
nospore production. Actinospores were produced from core samples taken in every quadrant, but
the samples from one quadrant gave the overall highest estimates of actinospore production. This
quadrant was in anearly direct line between the reservoir’sinlet and outlet and encompassed parts
of the historic river channel. Of the four full months of the study (July—October), average acti-
nospore production tended to be highest in July, but the differences among months were not
statistically significant. We hypothesize that M. cerebralis myxospores are carried into thereservoir
by runoff eventsin the Fraser and Colorado River drainages and that once they arein the reservoir

they settle out and provide the basis for infection of the abundant Tubifex tubifex population.

Throughout most of the 20th century, the 40-
km reach of the upper Colorado River in Middle
Park, Colorado, supported a thriving wild trout
fishery. From the 1940s to the early 1990s, wild
rainbow trout Oncor hynchus mykiss were the dom-
inant species. Brown trout Salmo trutta accounted
for the remainder of the salmonid population.
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Myxobolus cerebralis, the myxosporean parasite
that can cause salmonid whirling disease, was de-
tected during routine inspections of state and pri-
vate fish hatcheries in Colorado in late 1987. In
acute infections, whirling disease is a debilitating
malady that can affect susceptible salmonids.
Young rainbow trout are particularly vulnerable to
the parasite (O’ Grodnick 1979; Markiw 1991).

In 1988, the Colorado Division of Wildlife
(CDOW) implemented a statewide testing program
to determine the extent of the dissemination of M.
cerebralis among captive and free-ranging trout
species. During this investigation, the parasite was
first detected in the upper Colorado River drainage
in Middle Park. Stocked rainbow trout obtained
from private ponds at two separate locations up-
stream from Windy Gap Reservoir tested positive
for the parasite (Walker and Nehring 1995). One
collection came from the Willow Creek drainage
1 km upstream of Willow Creek Reservoir (lo-
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FIcure 1.—Map of the upper Colorado River basin study area. The area covered by the map is approximately
820 km?. The upstream boundaries of the study area, denoted by 1s, are the Colorado River at the base of Granby
Dam and the Fraser River near the town of Tabernash, Colorado. The downstream boundary of the study area,
denoted by 2, is approximately 2 km west of the confluence of Corral Creek and the Colorado River. Privately
cultured stocked rainbow trout collected at location A in 1988 were found to be infected with the Myxobolus
cerebralis parasite. This is the most probable point from which M. cerebralis became enzootic in Windy Gap
Reservoir and subsequently throughout much of the Colorado and Fraser River basins. Location B is the reach of
the Colorado River from which wild adult rainbow trout infected with M. cerebralis were first collected in April

1992.

cation A in Figure 1); the other collection wasfrom
the Colorado River drainage upstream of Granby
Reservoir. It is highly unlikely that the actino-
spores of the M. cerebralis parasite that were pro-
duced upstream of Granby Reservoir would sur-
vive entrapment in the lake and escape into the
Colorado River. The reservoir is deep, oligotro-
phic, and more than 2,900 ha in area. Therefore,
location A is the most likely point from which the
parasite spread into the Colorado and Fraser River
drainages. Adult wild rainbow trout in the river
downstream of Windy Gap Dam have been tested
annually since 1983 during annual spawning op-
erations. The parasite was first detected in such
fish in April 1992 at a point 15 km downstream
of Windy Gap Dam (location B in Figure 1).
Intensive research in the upper Colorado River
drainage in 1994 implicated whirling disease as a
major factor (and possibly the decisive factor) in
the disappearance of three year-classes of wild
rainbow trout beginning in 1991 (Walker and

Nehring 1995). The downstream boundary of the
study area was 2 km west of the confluence of
Corral Creek and the Colorado River. The up-
stream boundaries were Granby Dam on the Col-
orado River and the Fraser River near Tabernash,
Colorado (Figure 1).

Systematic sampling of rainbow and brown trout
fry populations in the river during 1994—-1996
showed an increasing incidence and severity of
whirling disease in samples taken closer to Windy
Gap Dam (Schisler 1999). This strongly suggested
a source of high infectivity near Windy Gap Res-
ervoir. Water filtration studies throughout 1997
and 1998 revealed high levels of actinospores of
M. cerebralis in the outflow of the reservoir
(Thompson and Nehring 2000). Sentinel fish ex-
posures also confirmed higher infectivity at ex-
posure sites closer to Windy Gap Reservoir than
at sites upstream and further downstream (Thomp-
son et al. 2002). Zendt and Bergersen (2000) es-
timated the mean oligochaete density in Windy



378

Gap Reservoir to be 47,539 worms/m?, 73% of
which were Tubifex tubifex, the oligochaete host
of M. cerebralis (Wolf and Markiw 1984). About
1.2% of the T. tubifex they sampled were infected
with M. cerebralis.

These lines of evidence led us to conclude that
Windy Gap Reservoir was afocus of M. cerebralis
infectivity. We hypothesized that this shallow res-
ervoir provided excellent habitat for T. tubifex and,
in particular, that the large shallow flats on the
southern end of the reservoir were the areas of
most intense infection.

Study Site

Windy Gap Reservoir is a 42-ha impoundment
on the upper Colorado River 0.5 km downstream
from its confluence with the Fraser River near the
town of Granby, Colorado. Completed in 1985, the
reservoir has a maximum volume of 5.49 X 10°
ms. Average depth at full pool isabout 1.3 m, with
a maximum depth of about 6 m. Because of the
reservoir's small volume and shallow depth, its
total volume is exchanged one to three times per
day, depending on the rate of inflow.

Windy Gap Reservoir has never been stocked
with trout and is closed to fishing. Brown trout is
the predominant salmonid species in both the Col-
orado and Fraser rivers above the reservoir. Brook
trout Salvelinus fontinalis and rainbow trout have
occasionally been encountered during sampling
surveys in these streams. The CDOW has not
stocked any trout that tested positive for Myxo-
bolus cerebralisin the upper Colorado River drain-
age, either upstream or downstream of Windy Gap
Reservoir.

In 1998, we initiated an investigation with the
objective of documenting the spatial pattern of the
production of actinospores of M. cerebralis in
Windy Gap Reservoir.

Methods

We used core samples to study the spatial dy-
namics of M. cerebralis actinospore production in
Windy Gap Reservoir. We did not attempt to de-
scribe or quantify the agquatic oligochaetes con-
tained in these core samples. Average oligochaete
abundance data in Zendt and Bergersen (2000)
suggested that each core sample would contain
several hundred T. tubifex. We hypothesized that
T. tubifex infected with M. cerebraliswould release
actinospores when placed in a container with an
overlying layer of water. In previous laboratory
experiments, small populations of T. tubifex in-
fected with M. cerebralis have been shown to re-
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lease actinospores continuously for more than a
year (Nehring et al. 2002). We began sampling on
June 18, 1998, and continued through November
5, when ice cover prevented further sampling.

We constructed several shallow-water core sam-
plers similar in design to that described by Gale
(1971). The inside diameter of the iron core sam-
pling tube was 8.26 cm, and its cross-sectional area
was 53.52 cm?. Handle lengths ranging from 1.0
to 6.4 m allowed sampling of virtually all locations
in the reservaoir.

We divided the lake into 12 zones of approxi-
mately equal surface area. Core sampling followed
a stratified systematic protocol, with three samples
drawn from three different zones in the lake each
sampling day. Sampling locations in each zone
were determined visually and the proximate lo-
cation noted with the aid of a handheld global
positioning system (GPS) device. We made no cor-
rections for satellite selective availability. At each
sampling location, four cores were drawn from the
substrate, resulting in a total cross-sectional area
for each composite core sample of 214 cm?. The
typical substrate depth collected for the core sam-
ples ranged from 5 to 20 cm, depending on the
degree of compaction. Tubifex tubifex respire by
waving the posterior portion of the body in the
water column; therefore, they were largely found
in the upper 3-5 cm of sediment nearest the mud—
water interface.

Each composite core sample was placed into a
19-L bucket and covered with 10-13 L of filtered
lake water. Atmospheric air was bubbled into the
water through an air stone to provide aeration and
circulation. After 24 h, the entire volume of water
covering the composite core sample was filtered
and the concentrate examined for the presence of
actinospores. Filtrate volumes averaged 61 mL
over the course of the study. The minimum filtra-
tion volume was 28 mL. The maximum filtration
volume was 252 mL, but most filtrates were be-
tween 30 and 90 mL.

We subsampled each filtrate by drawing ten 2-
mL aliquots, which were each stained with 60 pL
of crystal violet biological stain. From each aliquot
of the stained filtrate we pipetted 84.8 pL of water
(80.0 pL in actual sample volume) onto a gridded
petri dish, placed a 24-mm X 40-mm cover slip
over the water, and examined the entire volume
for actinospores. Stained actinospores were iden-
tified and enumerated using a variable magnifi-
cation (40—100x) stereozoom microscope. The
total number of actinospores found in each of the
10 subsamples was recorded, and the mean number
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Ficure 2.—Map of Windy Gap Reservoir showing the locations of islands, the historic river channel, and the
spillway. Each of the four quadrants comprised three zones designated by common letters (A—D). Circles, triangles,
and squares mark sample locations; also shown are temperature monitor locations, which are labeled A1 through

D3.

per slide was used to estimate the total number of
actinospores contained in the concentrated filtrate
by the formula

(actinospores/80 wL) X (1,000 pL/mL)
X (mL filtrate) = actinospores in filtrate.

The result was the estimate of the number of ac-
tinospores produced from each composite core
sample in the 24-h period. Each estimate was stan-
dardized according to the formula

actinospores/214 cm? X (10 cm?/m?)
= actinospores/m?.

We report the results as actinospores/m?.

Actinospores of M. cerebralis were easily dif-
ferentiated from the other actinospores observed
during the study based on their overall confor-
mation and general size and shape as shown in El-
Matbouli and Hoffmann (1998). For identification
of the non—-M. cerebralis actinospores, we used a
dichotomous key provided by Michael Kent
(Oregon State University) that was in draft form
at the time of the study. The key is now available
in published form (Kent et al. 2002).

On 42 occasions, we pipetted 0.8-mL samples

from the concentrated filtrates for testing by asin-
gle-round modification of the polymerase chain
reaction (PCR) test developed by Andree et al.
(1998). The intensity of the PCR band was sub-
jectively rated on a five-point scale ranging from
0 (PCR negative) to 4 (avery intense signal). Rat-
ings were assigned independently by two evalua-
tors, and the rare discrepancies were resolved by
mutual consultation. The primary purpose of the
PCR testing was to provide quality assurance that
the actinospores identified by stereozoom micros-
copy were actually M. cerebralis.

Temperature monitors were deployed in each of
the 12 sampling zones to record water temperature
at 2-hintervalsfrom Juneto early November 1998.
The devices were in contact with the substrate,
thereby monitoring the water temperatures expe-
rienced by the aquatic oligochaetes.

For analysis, the 12 zones were converted to 4
quadrants parallel to the direction of water flow
through the reservoir (Figure 2). Quadrant A was
adjacent to the north shore of the reservoir. Quad-
rant B was roughly superimposed on the old river
channel and adjacent to quadrant A. Quadrant C
was south of and adjacent to quadrant B, while
quadrant D was the southernmost quadrant adja-
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TaABLE 1.—Numbers of samples obtained each month in
each quadrant of Windy Gap Reservoir, Colorado, from
June 18 to November 5, 1998. The numbers of samples
yielding nonzero estimates are in parentheses.

NEHRING ET AL.

TaBLE 2—Mean monthly temperature (°C) in each
quadrant from June 18 to November 5, 1998. Data are
from three temperature monitors deployed within each
quadrant.

Quadrant

Month A B C D Total
Jun 5(3) 9(9) 2(0) 5(5) 21(17)
Jul 13(11) 12(12) 14(10) 11(4) 50 (37)
Aug 14(12) 16(15) 11(9) 10 (5) 51 (41)
Sep 5(5) 14 (13) 8(8) 1(1 28 (27)
Oct 12(12) 15(15) 9(9) 11 (8) 47 (44)
Nov 2(2) 5(4) 2(2) 0(0) 9(8)
Total 51(45) 71(68) 46(38) 38(23) 206 (174)

cent to the dike on the southern edge of the lake.
We used SAS PROC GLM (SAS Institute 1989)
to examine the influence of quadrant and month
on the production of actinospores by two-way
analysis of variance (ANOVA). The numbers of
actinospores per square meter were log, trans-
formed to stabilize variances. To further ensurethe
normality of the data, only those samples that
yielded actinospores were included in the ANO-
VA. The proportion of positive samples in each
quadrant was tested by chi-square contingency
analysis. An a level less than or equal to 0.05 was
considered statistically significant. As preliminary
analysis of mean temperature data indicated that
temperatures were not significantly different
among quadrants, temperature was not included as
a factor in the ANOVA.

Results

The actual numbers of samples drawn each
month varied among quadrants (Table 1). A total
of 206 samples were collected and analyzed; 174
produced detectable numbers of actinospores of M.
cerebralis. Statistical analysis was limited to 149
positive samples collected from July 1 to October
31 because of incomplete quadrant sampling cov-
erage for June and November. Discrepancies be-
tween visual and GPS placement of samples in
quadrants resulted for six samples; all of these
were collected near boundaries between quadrants.
We maintained visual zone placement for the pur-
poses of data analysis but used GPS coordinates
to place the points on the map (Figure 2).

For the entire sampling period, 88% of the sam-
ples from quadrant A were positive, as were 96%
from quadrant B, 83% from quadrant C, and 61%
from quadrant D (Table 1). Chi-square analysis
indicated that the proportions of positive samples
were different among quadrants (x? = 24.191, df
= 3, P < 0.001). Quadrant D accounted for most

Quad-
rant Jun Jul Aug Sep Oct Nov
A 10.5 14.4 153 13.7 7.0 4.9
B 10.0 13.2 135 119 6.4 5.0
C 9.3 114 129 12.6 6.9 51
D 10.1 12.7 141 135 7.3 52

of this effect, as it clearly had a lower proportion
of positive samples. An analysiswithout that quad-
rant showed no significant differences (x? = 5.538,
df = 2, P = 0.063). Water temperature did not
vary greatly among quadrants (Table 2), with a
maximum spread of 3.0°C in July. Some of the
temperature monitors becameimbedded in the lake
substrate within a month of deployment and
showed less daily variation than those that did not
become imbedded. Most of the monitors that be-
came imbedded were deployed in quadrants C and
D. Mean monthly temperature from June through
September was 10—-15°C, arange that is conducive
to parasite development (EI-Matbouli et al. 1999).

Individual estimates of the number of actino-
spores per square meter for every core sample col-
lected were plotted on a surface map of the res-
ervoir (Figure 2). The overall ANOVA model in-
dicated that actinospore production was a dynamic
phenomenon (F = 3.24, df = 15, P = 0.0001).
The quadrant of collection was the only variable
of importance in the model (F = 11.56, df = 3,
P = 0.0001). Quadrant B was the source of the
highest average actinospore production (Table 3).
Least-squares means comparisons indicated that
the differences between quadrant B and quadrants
A and C were highly significant (P = 0.006) and
that that between quadrant B and quadrant D were
almost significant (P = 0.0636). In contrast, month
of collection was not a significant factor in the
model (F = 0.94, df = 3, P = 0.422), and acti-
nospore production did not differ among months

TaBLE 3.—Estimated average number of actinospores
per square meter by quadrant from core samples yielding
actinospores from July 1 to October 31, 1998.

Average Confidence limits
Positive actino-
Quadrant samples  sporessm?2 Lower Upper
A 40 188,400 104,200 340,500
B 55 549,700 342,200 883,100
C 36 64,900 36,200 116,500
D 18 113,400 37,800 340,000
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TABLE 4—Estimated average number of actinospores
per square meter by month from core samples yielding
actinospores from July 1 to October 31, 1998.

Average Confidence limits
Positive actino-
Month samples  spores/m? Lower Upper
Jul 37 440,000 233,500 829,000
Aug 41 238,900 130,200 432,700
Sep 27 246,900 87,600 695,700
Oct a4 213,800 124,100 368,200

(Table 4; all P > 0.096). The interaction between
quadrant and month was not significant (F = 1.07,
df = 9, P = 0.389).

Actinospore Counts

Actinospores of M. cerebralis accounted for
more than 96% of the actinospores observed in the
microscope counts; over the course of the study
we counted 15,988 actinospores, of which 15,354
were identified as M. cerebralis. Thirty-two fil-
trates from the 206 sediment samples contained no
actinospores. Actinospores of M. cerebralis were
detected in filtrates from 174 samples.

Actinospores that did not fall within the size
range or conformation of M. cerebralis were de-
tected in 29 of 206 filtrates. Five different non—
M. cerebralis actinospores of various configura-
tions were encountered in the filtrates. Two were
of the triactinomyxon type. One of these was ap-
proximately 50% smaller than the M. cerebralis
actinospore and more robust in conformation, with
a bulbous swelling at the terminal end of the style.
The tip-to-tip distance across the caudal processes
was 200—240 pm, compared with a distance of
approximately 400 um for the actinospore of M.
cerebralis (EI-Matbouli and Hoffmann 1998). The
other unidentified triactinomyxon was approxi-
mately 50% larger than M. cerebralis, measuring
approximately 600 wm across the caudal process-
es. Moreover, the caudal processes for this acti-
nospore were straighter, thinner, and more rigid
than those of M. cerebralis.

Three other actinospores were rarely encoun-
tered and very distinct in appearance compared
with the triactinomyxon of M. cerebralis. These
actinospores were of the echinactinomyxon, raa-
beia, and hexactinomyxon types (Kent et al. 2002).
Over the course of the study, individual examples
of all five actinospores were micropipetted out of
the samples and tested by PCR. None of the tests
were positive for the DNA of the M. cerebralis
parasite (Andree et al. 1998).

Forty-two 0.8-mL samples containing actino-
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spores of M. cerebralis were tested by PCR for the
DNA of the parasite over the course of study. All
samples tested positive. Nine filtrates that had
originally contained actinospores were refiltered
and tested by PCR to determine whether or not
actinospores had passed through the 20-p.m-mesh
filtration screen on the first filtration. Four of the
nine samples tested positive, indicating that acti-
nospores can pass through the filtration screen in
some instances. No attempts were made to cor-
relate microscope actinospore counts and relative
PCR signal strength since we only tested 23% of
the samples collected. M oreover, sampleswith low
actinospore counts and those where none were de-
tected were not tested by PCR because of bud-
getary restrictions. However, in a much larger
study involving more than 1,300 samplesthere was
a strong positive relationship between the relative
PCR gel-banding pattern score and the number of
actinospores of the M. cerebralis parasite enu-
merated by microscope count (see Table 37 in
Nehring and Thompson 2001 for details).

The variance in the number of actinospores
counted among the ten 2-mL aliquots decreased as
the number of actinospores counted per sample
filtrate increased. For filtrates in which the total
number of actinospores counted in 10 aliquots
ranged from 2 to 10, the mean coefficient of var-
iation (CV, defined as 100 - SD/mean) was 50.2%.
Among samples in which the total number of ac-
tinospores ranged from 11 to 99, the mean CV was
17.5%. And among samples in which the total
number of actinospores was at least 100, the mean
CV was 8.0%.

Discussion

This study demonstrates that many actinospores
are produced in Windy Gap Reservoir, a fact that
is corroborated by water filtration studies in the
Colorado River above and below the reservoir
(Thompson and Nehring 2000). The temperatures
observed in the reservoir from June through Sep-
tember were 10-15°C, arange considered ideal for
the development and release of the actinospore of
M. cerebralis (EI-Matbouli et al. 1999). Without a
substantial trout population in the reservoir, and
no history of trout stocking, the question arises,
““Where do the myxospores required for infecting
the oligochaete host come from?”’

Data collected by CDOW biologists provide lit-
tle support for the hypothesis that salmonid fishes
living and dying in Windy Gap Reservoir are the
primary source of myxospores. Using daily dis-
charge records and estimated densities of M. cer-
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ebralis actinospores in the effluent of Windy Gap
Reservoir derived from water filtration studies,
Nehring et al. (2002) estimated that 9.6 X 10** and
1.8 X 102 actinospores were released from the
lake during 12-month periods in 1997-1998 and
1998-1999, respectively. At the same time, given
a population proportion of 73% for T. tubifex in
the lake (Zendt and Bergersen 2000), an estimate
of 27,000 myxospores per brown trout in the lake,
and 457 as the maximum estimated number of ac-
tinospores produced by each myxospore (Nehring
et a. 2002), 107,000—200,000 trout would be re-
quired each year in this42-hareservoir to maintain
the level of actinospore production estimated in
the effluent for 1997-1998 and 1998-1999. A trout
density of 2,548-4,761/hais far above the density
that this small reservoir could sustain biotically.
A 1992 gill-net survey of the fish population in
the lake indicated that the numerical abundance of
trout was low and that suckers Catostomus spp.
dominated the fish population. That catch included
305 catostomids, 18 rainbow trout, and 24 brown
trout. Another gill-net survey completed in Sep-
tember 2001 yielded 3 rainbow trout, 14 brown
trout, 3 kokanee O. nerka, 5 longnose suckers C.
catostomus, and 150 white suckers C. commer soni.

Assessment of the prevalence and severity of
infection by M. cerebralis among brown and rain-
bow trout in Windy Gap Reservoir and the rivers
upstream from the lake was not part of this study.
However, salmonids were collected from the lake
and the streams above it between 1998 and 2001
during other investigations on the impact of whirl-
ing disease in the upper Colorado River basin (R.
B. Nehring, unpublished data). These fish were
tested for the prevalence and concentration of cra-
nial myxospores as determined by the pepsin—
trypsin digest method (Markiw and Wolf 1974).
These data indicate that the prevalence and se-
verity of infection is greater in salmonids collected
from the Colorado and Fraser rivers immediately
upstream of the lake than in those collected in the
reservoir. Six of 12 brown trout collected during
the September 2001 gill-net survey in the lake test-
ed positive for myxospores of M. cerebralis. The
estimated mean cranial myxospore burden was
10,896. The maximum myxospore burden among
the brown trout tested was 40,467. Similarly, two
rainbow trout from the collection tested positive,
and their mean cranial myxospore burden was
224,300.

In contrast, the prevalence of infection among
age-1 brown trout collected from the Colorado
River 0.5 km upstream of Windy Gap Reservoir
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consistently ranged between 80% and 100%. The
mean cranial myxospore burden among brown
trout sampled at this location was 21,600 in the
fall of 1998 and 58,700 in the fall of 2000 (Nehr-
ing, unpublished data). The highest estimate of
cranial myxospores was 208,700. In the Fraser
River 1 km upstream of the reservaoir, the preva-
lence of infection was 100% among all collections
of age-1 rainbow and brown trout in 1998 and
1999. The mean cranial myxospore burden for
brown trout was 75,900 in 1998 and 50,700 in
2000 (Nehring, unpublished data). The maximum
spore levels among the brown trout tested were
341,000 in 1998 and 113,300 in 1999. Mean cra-
nial myxospore levels were 202,400 among age-1
rainbow trout in the Fraser River upstream of
Windy Gap Resevoir. The maximum cranial myxo-
spore burden among the age-1 rainbow trout tested
was 708,900.

We hypothesize that M. cerebralis myxospores
produced in salmonid populations in the Colorado
and Fraser River drainages upstream of Windy Gap
Reservoir are the primary source of infectivity em-
anating from the reservoir. Moreover, we suggest
that those myxospores are transported to the res-
ervoir during runoff events and deposited in those
areas of the reservoir receiving direct inflows from
the Colorado and Fraser rivers. Quadrant B in our
study encompasses most of the area receiving di-
rect inflows. Snowmelt in April, May, and June
accounts for the major runoff eventsin most years.

Thelocations of the samplesyielding the highest
actinospore production in the lake (Figure 2) and
the seasonality and periodicity of peak actinospore
release from the reservoir lend credence to this
hypothesis. Originally, we expected the shallowest
portion of the reservoir (quadrants C and D on the
southern end) to be the primary zone of actino-
spore production based on its presumed superiority
as T. tubifex habitat. However, quadrant B dis-
played the highest production. This quadrant en-
compasses parts of the historic river channel (Fig-
ure 2) and at high flows receives much direct flow
around the south end of the large island that sits
in the reservoir inlet. Moreover, quadrant B lies
directly between the inflow and the spillway,
where most water is discharged during the snow-
melt runoff. This quadrant makes much sense as
a primary area of deposition if myxospores are
transported into the reservoir from points upstream
during runoff events. Zendt and Bergersen (2000)
present evidence indicating that the infection rate
(as determined by PCR testing) among tubificids
collected within the old river channel was 1.9 =
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0.5% (mean = SD), compared with 0.7 = 0.3%
in other areas of thereservoir. However, they found
no significant differences in oligochaete density
among sampling sites. Their results revealed that
infection rates among the T. tubifex in the reservoir
were highest in May (2.7 = 1.0%) and that they
declined appreciably by August (to 0.8 = 0.3%).
The results of Zendt and Bergersen (2000) are con-
sistent with our findings that the area of highest
actinospore production was quadrant B.

Intensive sampling of water at the outlet of
Windy Gap Reservoir from April 1997 to Decem-
ber 1998 revealed that the peak period of actino-
spore release was from July to December (Thomp-
son and Nehring 2000). This pattern has remained
consistent from 1997 to 2001. Tubifex tubifex held
at 12.5°C and exposed to myxospores of M. cer-
ebralis in a laboratory first released actinospores
104-113 d postexposure (Markiw 1986). In asim-
ilar experiment, positive control T. tubifex held at
15°C began releasing actinospores 78 d postex-
posure (Nehring et al. 2002). Mean water temper-
atures in Windy Gap Reservoir during late spring
and summer 1998 were 10-15°C (Table 2). At
those temperatures, T. tubifex that ingested myxo-
spores deposited in the reservoir in April and May
would begin releasing actinosporesin July and Au-
gust (Table 4), in synchrony with the onset of the
peak discharge of actinospores observed in the ef-
fluent of the reservoir (Thompson and Nehring
2000).

An alternative explanation is that the myxo-
spores were carried into the reservoir by fish-
eating birds (Taylor and Lott 1978). Piscivorous
birds that frequent the reservoir include the white
pelican Pelecanus erythrorhynchos, double-crested
cormorant Phalacrocorax auritus, common mer-
ganser Mergus merganser, great blue heron Ardea
herodias, California gull Larus californicus, bald
eagle Haliaeetus leucocephalus, and belted king-
fisher Ceryle alcyon. It is possible that they con-
tribute myxospores to the reservoir. However, the
potential contributions of bird predatorsfail to ac-
count for the concentration of core samples pro-
ducing the greatest number of actinospores in
quadrant B between the reservoir inlet and the
spillway. The fish-eating avian predators swim and
presumably defecate all over the lake, not just in
that area of thereservoir receiving inflowing water.

This study demonstrates that the numerous ac-
tinospores of M. cerebralis occurring in the Col-
orado River immediately below Windy Gap Res-
ervoir originatein thereservoir. The great majority
of those actinospores are produced during the pe-
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riod from the end of the spring runoff through late
fall (Thompson and Nehring 2000). The fishery in
the upper Colorado River downstream from Windy
Gap Dam continues to suffer the ill effects of the
whirling disease epizootic, with the rainbow trout
population in particular exhibiting much lower
levels of abundance and biomass than a decade
ago. This fishery might benefit greatly if a means
could be devised to sequester actinospores pro-
duced in Windy Gap Reservoir within the lake.

Acknowledgments

This work was funded in large measure by the
Chimney Rock Ranch Corporation and Colorado
Trout Unlimited. The Northern Colorado Water
Conservancy District provided access to Windy
Gap Reservoir. Without their cooperation the work
could not have been completed. D. Bowden pro-
vided advice on the ANOVA.

References

Andree, K. B., E. MacConnell, and R. P. Hedrick. 1998.
A nested polymerase chain reaction for the detection
of genomic DNA of Myxobolus cerebralis in rain-
bow trout Oncorhynchus mykiss. Diseases of Aquat-
ic Organisms 34:145-154.

El-Matbouli, M., and R. W. Hoffmann. 1998. Light and
electron microscopic studies on the chronological
development of Myxobolus cerebralis to the acti-
nosporean stage in Tubifex tubifex. International
Journal for Parasitology 28:195-217.

El-Matbouli, M., T. S. McDowell, D. B. Antonio, K. B.
Andree, and R. P. Hedrick. 1999. Effect of water
temperature on the development, release, and sur-
vival of the triactinomyxon stage of Myxobolus cer-
ebralisin its oligochaete host. International Journal
for Parasitology 29:627-641.

Gale, W. F 1971. A shallow-water core sampler. Pro-
gressive Fish-Culturist 33:238-239.

Kent, M. L., M. Moser, A. Marques, and J. Lom. 2002.
Phylum Myxozoa Grasse, 1970. Pages 127-148 in
J. Lee, G. Leedale, and P. Bradbury, editors. An
illustrated guide to the protozoa, volume 1. Society
of Protozoology, Lawrence, Kansas.

Markiw, M. E. 1986. Salmonid whirling disease: dy-
namics of experimental production of the infective
stage—the triactinomyxon spore. Canadian Journal
of Fisheries and Aquatic Sciences 43:521-526.

Markiw, M. E. 1991. Whirling disease: earliest suscep-
tible age of rainbow trout to the triactinomyxon of
Myxobolus cerebralis. Aquaculture 92:1-6.

Markiw, M. E., and K. Wolf. 1974. Myxosoma cere-
bralis: isolation and concentration from fish skeletal
elements—sequential enzymatic digestions and pu-
rification by differential centrifugation. Journal of
the Fisheries Research Board of Canada 31:15-20.

Nehring, R. B., and K. G. Thompson. 2001. Impact
assessment of some physical and biological factors
in the whirling disease epizootic among wild trout



384

in Colorado. Colorado Division of Wildlife, Special
Report 76 DOW-R-S-76-01, Fort Collins.

Nehring, R. B., K. G. Thompson, K. A. Taurman, and
D. L. Shuler. 2002. Laboratory studies indicating
that living brown trout Salmo trutta expel viable
Myxobolus cerebralis myxospores. Pages 125-134
in J. L. Bartholomew and J. C. Wilson, editors.
Whirling disease: reviews and current topics. Amer-
ican Fisheries Society, Symposium 29, Bethesda,
Maryland.

O’ Grodnick, J. J. 1979. Susceptibility of various sal-
monids to whirling disease (Myxosoma cerebralis).
Transactions of the American Fisheries Society 108:
187-190.

SAS Institute. 1989. SAS/STAT user’s guide, version
6, volume 2, 4th edition. SAS Institute, Cary, North
Carolina.

Schisler, G. J. 1999. Effects of environmental stressors
on juvenile trout exposed to Myxobolus cerebralis.
Doctoral dissertation. Colorado State University,
Fort Collins.

Taylor, R. L., and M. Lott. 1978. Transmission of sal-
monid whirling disease by birds fed trout infected
with Myxosoma cerebralis. Journal of Protozoology
25:105-106.

NEHRING ET AL.

Thompson, K. G., and R. B. Nehring. 2000. A simple
technique used to filter and quantify the actinospore
of Myxobolus cerebralis and determine its seasonal
abundancein the Colorado River. Journal of Aquatic
Animal Health 12:316-323.

Thompson, K. G., R. B. Nehring, D. C. Bowden, and T.
Wygant. 2002. Response of rainbow trout Onco-
rhynchus mykiss to exposure to Myxobolus cere-
bralis above and below a point source of infectivity
in the upper Colorado River. Diseases of Aquatic
Organisms 49:171-178.

Walker, P. G., and R. B. Nehring. 1995. Aninvestigation
to determine the cause(s) of the disappearance of
young wild rainbow trout in the upper Colorado
River in Middle Park, Colorado. Colorado Division
of Wildlife, Research Report, Denver.

Wolf, K., and M. E. Markiw. 1984. Biology contravenes
taxonomy in the Myxozoa: new discoveries show
alternation of invertebrate and vertebrate hosts. Sci-
ence 225:1449-1452.

Zendt, J. S., and E. P. Bergersen. 2000. Distribution and
abundance of the aguatic oligochaete host Tubifex
tubifex for the salmonid whirling disease parasite
Myxobolus cerebralis in the upper Colorado River
basin. North American Journal of Fisheries Man-
agement 20:502-512.



