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COMMUNITY STRUCTURE AND DYNAMICS OF MONOGENEA AND
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Alaine Kathryn Knipes, Ph.D.

University of Nebraska, 2010

Advisor: John Janovy, Jr.

An investigation was made of the communities of gill monogene genus
Dactylogyrus (Platyhelminthes, Monogenea) and the populations of blackspot parasite
(Platyhelminthes, Trematoda) of Pimephales promelas, Notropis stramineus, and
Semotilus atromaculatus in 3 distinct sites along the 3 converging tributaries in
southeastern Nebraska from 2004 to 2006. This work constitutes the first multi-site,
multi-year study of a complex community of Dactylogyrus spp. and their reproductive
activities on native North American cyprinid species. The biological hypothesis that
closely related species with direct lifecycles respond differently to shared environmental
conditions was tested. It was revealed that in this system that, Cyprinid species do not
share Dactylogyrus species, host size and sex are not predictive of infection, and
Dactylogyrus community structure is stable, despite variation in seasonal occurrence and
populations among sites. The biological hypothesis that closely related species have
innate differences in reproductive activities that provide structure to their populations and
influence their roles in the parasite community was tested. It was revealed that in this

system, host size, sex, and collection site are not predictive of reproductive activities, that



egg production is not always continuous and varies in duration among congeners, and
that recruitment of larval Dactylogyrus is not continuous across parasites’ reproductive
periods. Hatch timing and host availability, not reproductive timing, are the critical
factors determining population dynamics of the gill monogenes in time and space. Lastly,
the biological hypothesis that innate blackspot biology is responsible for parasite host-
specificity, host recruitment strategies and parasite population structure was tested. Field
collections revealed that for blackspot, host size, sex, and collection month and year are
not predictive of infection, that parasite cysts survive winter, and that host movement is
restricted among the 3 collection sites. Finally, experimental infections of hosts with
cercaria isolated from 1* intermediate snail hosts reveal that cercarial biology, not

environmental circumstances, are responsible for differences in infection among hosts.
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INTRODUCTION:

Dactylogyrus Diesing, 1850 (Platyhelminthes; Monogenoidea), is a highly diverse
genus with more than 900 described species that are parasitic primarily on gills of
cyprinid fishes, the largest and widest continuously distributed fish family in the world’s
fresh waters (Gibson et al., 1996; Nelson, 2006). More than 131 Dactylogyrus species
have been reported from North America (Gibson et al., 1996), however many of the
ecological and reproductive studies have been conducted on European and Asian
representatives in their native ranges and in laboratory.

The life cycle of Dactylogyrus is direct. Adult worms, living on the gills of
cyprinids. They produce one egg at a time, which is deposited into the water. After a
period of development, each egg hatches releasing one swimming oncomiracidium stage.
The oncomiracidia swim and encounter a potential fish host, at which point they move to
the gill filaments. Larval worms use developing hamuli, or posterior hooks, to hold on to
the filaments, at which point the sclerotized copulatory structures and posterior anchors
grow and harden. Once fully matured, adults reproduce on the gills and the life cycle
repeat itself. In order to broaden our understanding of the biology, distribution and
reproductive activities of the North American representatives of the genus, Dactylogyrus
communities were investigated on 3 North American cyprinid species (Pimephales
promelas, Notropis stramineus, and Semotilus atromaculatus), between 2004 and 2006,
at 3 sites along converging streams (Fig 1).

Blackspot infections on the 3 cyprinid species in this 3 stream system were also
investigated between 2004 and 2006. The life cycle of blackspot parasite is indirect

(Olsen, 1986). Adult worms, living in the small intestine of kingfisher birds, release



unembryonated eggs into the intestine whereupon they are passed in the host feces. Hosts
must defecate in water for the life cycle to proceed. Eggs develop in the water, wherein
they hatch releasing one free-swimming miracidium stage. The miracidium swims and
penetrates a Helisoma snail 1% intermediate host. Inside the snail, the miracidia develop
into sporocysts within which are developing daughter sporocysts. Cercaria develop inside
the mature daughter sporocysts and escape from the snail into the water. The forked-tail
cercaria hang, tail-up in the water, anterior end characteristically bent upward. When
disturbed, cercaria wriggle towards the water surface. Upon contact with a potential fish
2" intermediate host, the cercaria penetrates, dropping its tail in the process. Larva encyst
in the skin, fins and muscles of the fish intermediate host, whereupon the parasite remains
until the fish is consumed by a fish-eating bird definitive host. Fish tissue is digested by
the definitive host, releasing parasite cysts from the fish tissue. Digestive juices in the
intestine of the definitive hosts release the metacercaria from its cyst, allowing it to move
to the proper site in the intestine, where it will develop to sexual maturity, and reproduce.
The identification of the trematodes to species based on cercaria and metacercaria
stages is difficult, if not impossible, due to lack of sufficient characters. In the event that
adult worms are impossible to obtain authors are able to make use molecular data as
additional evidence for species identification. The identity and ecology of the trematode
species responsible for blackspot in this system is addressed using field collected data,
experimental laboratory infections, and molecular phylogenetics. Unfortunately, there is
currently a deficiency in the published molecular data for blackspot-causing trematodes.
Therefore the molecular component of this study will not allow for identification of the

parasites to species; however this work will reveal for the blackspot in this system, to



which trematode group they are most closely related, the degree of variation among
blackspot from 3 sites, and whether cercaria used in experimental infections are the same
as those producing blackspot at the three sites.

This dissertation is divided into four parts. The goals of these four parts are:
Chapter One: To explore communities of Dactylogyrus spp. in an effort to understand
how, despite variations in transmission conditions, the parasites are maintained in the
environment. This chapter explores host specificity and the role of host demographics in
parasite occurrence. I describe the seasonal population dynamics and community
structure of 3 Dactylogyrus spp. on Pimephales promelas in 3 distinct sites on converging
streams in southeastern Nebraska over a period of 3 yr.

Chapter Two: To explore the communities of Dactylogyrus spp. on two additional host
species in the same system to determine the extent to which co-occurring congeners
maintain host specificity and persist across time and space. I describe the seasonal
population dynamics and community structure of 4 Dactylogyrus spp. on Notropis
stramineus and Semotilus atromaculatus in 3 distinct sites on converging streams in
southeastern Nebraska over a period of 3 yr.

Chapter Three: To examine egg output and immature occurrence for 7 species of
Dactylogyrus. Reproduction in this group has been explored in a handful of species,
primarily in laboratory settings; however there is a gap in our knowledge of reproductive
output as it actually occurs in nature over time. This chapter explores parasite life history
traits through the use of field collected data on egg production in adults and host

recruitment by free-swimming immature stages.



Chapter Four: Examines occurrence and transmission of blackspot among 3 sites in
Lancaster County, Nebraska. Previous studies used blackspot as a marker to determine
host movement through this system. Also, previous studies reveal difficulty in identifying
blackspot metacercaria parasites to species and suggest related hosts are not equally
susceptible to infection with blackspot. This chapter explores the stability of the non-
uniform distribution of the blackspot parasite in this system, and determines parasite
infectivity among 3 host species using field collected data and experimental infections in

the laboratory.
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CHAPTER ONE: COMMUNITY STRUCTURE AND SEASONAL DYNAMICS OF
DACTYLOGYRUS SPP. (MONOGENEA) ON THE FATHEAD MINNOW
(PIMEPHALES PROMELAS) FROM THE SALT VALLEY WATERSHED,

LANCASTER COUNTY, NEBRASKA

ABSTRACT: The gill monogene communities of Pimephales promelas (fathead
minnow) in 3 distinct sites on converging streams were investigated from 2004 to 2006 in
3 different seasons. Thirty collections of P. promelas were made in southeastern
Nebraska along 3 converging tributaries: Elk Creek (40.88534°N, 96.83366°W), West
Oak Creek (40.9082°N, 96.81432°W) and Oak Creek (40.91402°N, 96.770583 *W),
Lancaster County, Nebraska. In all, 103 P. promelas were collected from Elk Creek, 115
from West Oak Creek, and 78 from Oak Creek, and examined for gill monogenes.
Among the P. promelas collected, 93.5% were infected with up to 3 species of
Dactylogyrus including: D. simplex Mizelle, 1937; D. bychowskyi Mizelle, 1937; and D.
pectenatus Mayes, 1977. Mean intensities at Elk Creek, West Oak Creek, and Oak Creek
were 17.6, 22.8, and 25.1, and prevalences 88%, 95%, and 97%, respectively. At these 3
sites: (1) P. promelas is not sharing Dactylogyrus species with Semotilus atromaculatus
(Creek chub) or Notropis stramineus (Sand shiner); (2) fish size and sex are not
predictive of Dactylogyrus infection; (3) Dactylogyrus spp. vary (not always predictably)
in their seasonal occurrence; (4) populations of Dactylogyrus spp. respond to
environmental differences among sites; and (5) the community structure of Dactylogyrus

spp. (order of abundance) is independent of environment.



INTRODUCTION

Dactylogyrus Diesing, 1850 (Platyhelminthes; Monogenoidea), is a highly diverse
genus with more than 900 described species that are parasitic primarily on gills of
cyprinid fishes, the largest and widest continuously distributed fish family in the world’s
fresh waters (Gibson et al., 1996; Nelson, 2006). More than 131 Dactylogyrus species
have been reported from North America (Gibson et al., 1996). The fathead minnow,
Pimephales promelas Rafinesque, 1820, is a North American cyprinid commonly reared
for fishing bait, and has a parasite fauna that is well-documented (Hoffman, 1999;
Weichman and Janovy, 2000). This minnow occurs in streams with diverse
characteristics, and thus is a good candidate for use in studies aimed at discovering the
roles environment and fish distribution play in structuring monogene populations and
communities.

Weichman and Janovy (2000) described the gill monogene community of
Pimephales promelas in 2 converging 1* order streams in Lancaster County, NE, from
April to October 1998. They found 3 species of Dactylogyrus occurring on fathead
minnows, including: D. simplex, Mizelle, 1937; D. bychowskyi, Mizelle, 1937; and D.
pectenatus, Mayes, 1977. The distribution of larval trematodes (“blackspot”) on these
same hosts indicated that fish were more or less restricted to certain tributaries of the
drainage (Weichman and Janovy, 2000), suggesting that their monogene communities
might also reveal differences attributable to isolation and habitat effects. Unpublished
blackspot data from the present study are consistent with those of the Weichman and

Janovy (2000).



Dactylogyrus spp. are ectoparasites with direct life cycles. Each individual
monogene on the gills is the result of a separate encounter with an infective stage and,
when that individual monogene dies, it will fall off. It is generally accepted that the
lifespans of Dactylogyrus spp. are shorter than those of their fish hosts. Therefore,
individual fish will continually lose and gain gill monogenes so that seasonal occurrence
data may be indicative of the abundance of the infective stage in the environment.

A high degree of host specificity, characteristic of Dactylogyrus spp., reveals
opportunities for, and suggests mechanisms of, parasite dispersal through the
environment because those parasites are bound by their particular host’s movements
through that habitat. When a host’s movement is restricted, the movements of its
Dactylogyrus species should be similarly restricted. Although stable environmental and
host conditions might be expected to yield stable parasite populations, variations in
environmental conditions, namely site or seasonal differences in water temperature and
flow rate might be expected to have important impacts on the behavior of fish and the
distribution of their parasites in lotic systems. Thus, a study of the ways in which 3
congeneric species of parasites distribute themselves among fish of a single species at 3
abiotically different, but geographically proximate, streams will provide insight into the
ways in which populations of parasite species respond to environmental conditions and
distribute themselves in nature.

The purpose of this study was to explore communities of Dactylogyrus spp. in an
effort to understand how, despite variations in transmission conditions, the parasites are
maintained in the environment. I describe seasonal population dynamics and community

structure of 3 Dactylogyrus spp. in 3 distinct sites on converging streams in southeastern
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Nebraska over a period of 3 years. The study sought to determine: (1) host specificity of
Dactylogyrus spp. infecting Pimephales promelas within the 3-stream system; (2) the role
of host demographics (size, sex) in providing structure to populations of Dactylogyrus
species; (3) seasonal and yearly dynamics of Dactylogyrus spp. populations within sites;
(4) population structure differences of Dactylogyrus spp. within sites; and (5) population
and community structure (order of abundance) of Dactylogyrus spp. among sites. In
particular, this study tested the following null hypotheses: (1) no difference in abundance,
intensity, and prevalence among 3 congeners coexisting within sites; and (2) no
difference in community structure (order of abundance) of 3 congeners among 3 distinct
sites. Rejection of the null hypotheses would reveal innate parasite species differences in
fecundity and transmission mechanisms, thus providing insight into factors contributing
to species diversification within a genus of monogenes. This study of seasonal dynamics
constitutes the first multi-site, multi-yr study of a complex community of Dactylogyrus
spp. on a native North American cyprinid species.

This study, therefore, tests the biological hypothesis that closely related species,
with direct aquatic life cycles, respond differently to shared environmental conditions.
Substantial fluctuations in stream flow and stable differences between streams provide
the abiotic conditions necessary for testing such a hypothesis (Janovy et al., 1997).
MATERIALS AND METHODS

A total of 296 Pimephales promelas was examined. Minnows were collected by
seine from Elk Creek (Elk) (40.88534°N, 96.83366°W), West Oak Creek (West Oak)
(40.9082°N, 96.81432°W) and Oak Creek (Oak) (40.91402°N, 96.770583 W), Lancaster

County, Nebraska. between July 2004 and October 2006. Sample sizes were dictated by
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the number of fish captured and by the number that could be examined within 48 hr of
capture. Fish were brought to the laboratory at the University of Nebraska-Lincoln in
buckets with aerators and dissected within 48 hr of collection. All fish were identified
according to Pflieger (1997). Host standard length (STL) from nose to base of tail fin,
and total length (TTL) from nose to end of tail fin, were recorded for each individual. The
STL alone was statistically deemed to be the best measure of host size. All values are
reported as mean + 1 standard deviation (SD). Fish were sexed, and the gills removed
and placed in 1:4,000 formalin/water (Kritsky et al., 1986).

Monogenes were brushed from the host gills and preserved in alcohol-formalin-
acetic acid according to Pritchard and Kruse (1982). They were then washed in 70% ethyl
alcohol (ETOH), stained with Semichon’s acetocarmine, dehydrated through an ETOH
series, cleared in xylene, and permanently mounted on slides with Damar’s balsam
(Spectrum Chemical; Gardena, California). Living worms also were studied and recorded
using video and digital photography. Monogene identification was based on comparison
of copulatory structures and on measurements of scelerotized hamuli, hooks, and
connective bars of the haptor (Murith and Beverley-Burton, 1985), as found in original
species descriptions (Mizelle, 1937; Mayes, 1976, 1977).

Population structure was described as prevalence (PR), mean abundance (MA)
and mean intensity (MI), using terminology of Bush et al. (1997). Community structure
was described as order of abundance and species richness. Richness is the number of
Dactylogyrus species occurring on an individual fish. Host STL and TTL were measured
for each fish, and STL alone was statistically deemed to be the best measure of host size.

All values are reported as mean + 1 standard deviation (SD).
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The Chi-square test was used to compare PR within and among Dactylogyrus spp.
among seasons, and among sites. The Chi-square test was also used to compare PR of
Dactylogyrus spp. between male and female hosts. Student’s t-test was used to compare
differences in mean abundance among Dactylogyrus spp., among seasons, and among
sites. Total MA and MI of the 3 Dactylogyrus spp. were compared among sites using
ANOVA. Approximate t-tests were calculated when variances were heteroscedastic
(Sokal and Rohlf, 1995). Bonferroni corrections based on number of comparisons were
used, i.e,. testing at significance level of 0.05/3=0.017, to safeguard against false
significances due to multiple tests on the same data. Pearson’s correlation was used to
determine relationships among host STL and Dactylogyrus abundance, as well as to
determine relationships among host STL and species richness per individual host.

Environmental data were recorded 4 times in 2005 and twice in 2006, at all 3
collection sites. Air and water temperatures were measured using a Fisherbrand® glass
thermometer. Depth and width at collection sites were measured using a tape measure.
Flow rate was measured using a standard USGS Top Setting Wading Rod with a Pygmy
Current Meter. The pH of water was measured using a pocket-sized pHep® meter. The
electrical conductivity (EC) of water was measured using a DiST WP conductivity/TDS
meter. Water samples were brought back to the University of Nebraska-Lincoln in sterile
32 oz Nalgene® containers. In the lab, heterotrophic plate count (HPC) was measured
using the IDEXX SimPlate for HPC method. Following the 48hr incubation period,
SimPlates were examined for fluorescing wells, each of which corresponded to Most

Probable Number (MPN) of total waterborne bacteria in the water sample.
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RESULTS

A total of 5,976 monogenes of Dactylogyrus was removed from the gills of 276
infected Pimephales promelas examined between July 2004 and October 2006. In total,
3,525 worms from 210 P. promelas were identified to species; 40 of those worms were
immature and identifiable only to the generic level. At all 3 collection sites, the gill
parasite community was comprised of 3 species, including Dactylogyrus simplex, D.
bychowskyi, and D. pectenatus. The 3 Dactylogyrus species found on P. promelas were
never found on either of the 2 other fish species examined (Notropis stramineus, n=129;
Semotilus atromaculatus, n=109) in 3 yr of collections. One species (D. rubellus) was
found on Notropis stramineus and 3 species (D. microphallus, D. attenuatus, and D.
tenax) were found on Semotilus atromaculatus. In 3 yr, none of the 4 species from N.
stramineus and S. atromaculatus was ever found on P. promelas.

Overall Dactylogyrus species richness on P. promelas was 2.10 = 1.08 species per
fish. Overall PR (based on n =210 P. promelas) was 92.1%, mean abundance (MA) was
20.40 + 22.82, and mean intensity (MI) was 22.20 + 22.95. Overall, P. promelas were
infected with zero (9.1%), 1 (19.1%), 2 (28.6%) or 3 (43.3%) species of Dactylogyrus.
The order of abundance of Dactylogyrus spp. was stable in all collections at all sites, with
the exception of summer 2004 at Elk and fall 2004 at West Oak.

Site Data

The three collection sites differ in their average air and water temperature, pH,
width and depth, flow rate, HPC, turbidity and EC (Table I). All 3 sites are located in an
agricultural area approximately 16 km outside Lincoln city limits, though they differ in

their surrounding land use. Elk is narrow, tree-lined and well-shaded; West Oak is
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narrow, among farmed fields and exposed; and Oak is wide, among farm fields and
depressed with steep banks. Although the 3 sites are within the same watershed, they
differ in their ability to tolerate storm related water level changes. Overall, Elk has the
least variable flow rate, while both West Oak and Oak are subject to highly variable flow
rates.

Host sex and size

Overall, male fish (mean STL 4.99 cm + 1.06) were larger than females, (4.90 cm
+ (0.77). In some collections, males were significantly larger than females; however, the
differences were not consistent and, in 1 collection, females were significantly larger than
males (Table II). In some collections, fish at Elk were significantly smaller than fish at
Oak and West Oak, though the differences were not consistent and sometimes even
reversed (Table III).

There were no significant differences in PR or MA of D. simplex, D. bychowskyi,
or D. pectenatus between male and female fish in any collection at any site, except at Elk
in summer 2005 when females had a significantly higher MA of D. pectenatus than males
(t=1.83, P < 0.05) (Table IV).

At all 3 sites, larger fish had greater total Dactylogyrus abundance than smaller
fish. There were significant positive correlation between STL and abundance of D.
bychowskyi and D. pectenatus at Elk and West Oak, and between STL and abundance of
D. simplex at West Oak (Figs. 1, 2). There were no significant correlations between STL
and abundance of any of the 3 Dactylogyrus spp. at Oak (Fig. 3). Although the null
hypothesis of no relationship was rejected in the cases mentioned, the r* values were all

less than 0.10.
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There were no significant correlations for STL and Dactylogyrus spp. richness at
Elk or Oak (r = 0.002, P > 0.05; and r = 0.196, P > 0.05; respectively), but there was a
significant positive correlation at West Oak (r = 0.203, P < 0.05), although again the r
value was less than 0.10.
Within site comparisons

Elk Creek: Seventy-five (85.23%) of 88 Pimephales promelas collected at Elk
were infected with Dactylogyrus spp. A total of 709 D. simplex, 261 D. bychowskyi, and
132 D. pectenatus was collected from the gills of 67, 56 and 53 P. promelas, respectively.
Overall, Dactylogyrus spp. MA and MI at Elk were 16.36 £ 17.45 (range 0-122) and
19.20 £ 17.41, respectively.

In all yr, D. simplex occurred on P. promelas in all seasons at Elk (Table V).
There were no significant seasonal differences in PR, MA, or MI of D. simplex, except
for MA and MI in 2005. At Elk there were no significant between-yr differences in PR,
MA, or MI of D. simplex, except for PR in fall, and for MA and MI in spring and
summer. In all yr, D. bychowskyi occurred on P. promelas in all seasons at Elk, except in
fall 2004. There were no significant seasonal differences in PR, MA, or MI of D.
bychowskyi, except for PR and MA in 2005. At Elk there were no significant between-yr
differences in PR, MA, or MI of D. bychowskyi, except for PR and MA in spring and
summer. In all yr, D. pectenatus occurred on P. promelas in all seasons at Elk, except in
fall 2004. There were no significant seasonal differences in PR, MA, or MI of D.
pectenatus, except for PR and MA in 2005. At Elk there were no significant between-yr

differences in PR, MA or MI of D. pectenatus, except for PR in spring and summer.
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At Elk there were no significant differences in PR, MA, or MI among
Dactylogyrus spp. except in spring 2005, summers 2004, 2005, and 2006, and spring
2006 (Table VIII).

The MA and MI of D. simplex peaked in summer in all years at Elk. The PR of D.
simplex peaked in summer in 2004, in fall in 2005, and in spring in 2006. The PR of D.
bychowskyi peaked in summer in all yr. The MA of D. bychowskyi peaked in summer in
2004 and 2005, and in spring in 2006. The MI of D. bychowskyi peaked in summer in
2004, in fall in 2005, and in spring in 2006. The PR of D. pectenatus peaked in summer
in all yr. The MA of D. pectenatus peaked in summer in 2004 and 2005, and peaked in
the spring in 2006.

West Oak Creek: Seventy-four (96.10 %) of 77 Pimephales promelas collected at
West Oak were infected with Dactylogyrus spp. A total of 1020 D. simplex, 282 D.
bychowskyi, and 142 D. pectenatus was collected from the gills of 69, 59, and 48 P.
promelas, respectively. Overall, Dactylogyrus spp. MA and MI at West Oak were 24.19
+ 23.05 (range 0-107) and 25.18 £+ 22.98, respectively.

In all yr, D. simplex occurred on P. promelas in all seasons at West Oak (Table
VI). There were no significant seasonal differences in PR, MA, or MI of D. simplex in
any yr. At West Oak, there were no significant between-yr differences in PR, MA, or MI
of D. simplex, except for PR and MA in summer, and MI in fall. In all yr, D. bychowskyi
occurred on P. promelas in all seasons at West Oak. There were no significant seasonal
differences in PR of D. bychowskyi, except in 2005 and 2004. At West Oak, there were
no significant between-yr differences in PR, MA or MI of D. bychowskyi in any season.

In all yr, D. pectenatus occurred on P. promelas in all seasons at West Oak. There were
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no significant seasonal differences in PR, MA, or MI of D. pectenatus, except in 2004
and 2005. At West Oak, there were no significant between-yr differences in PR, MA, or
MI of D. pectenatus in any season.

At West Oak, there were no significant differences in PR, MA, or MI among
Dactylogyrus spp. except in fall 2005, summers 2004, 2005, and 2006, and springs 2005
and 2006 (Table IX).

The PR of D. simplex peaked in fall in 2004, in summer in 2005, and in spring in
2006 at West Oak. The MA and MI of D. simplex peaked in summer in 2004 and 2005,
and in spring in 2006. The PR of D. bychowskyi peaked in summer in 2004 and 2005, and
in spring in 2006. The MA and MI of D. bychowskyi peaked in summer in all yr. The PR
and MA of D. pectenatus peaked in summer in all yr. The MI of D. pectenatus peaked in
fall 2004, and in summer 2005 and 2006.

Oak Creek: Sixty-one (96.83%) of 63 fathead minnows collected at Oak were
infected with Dactylogyrus spp. A total of 692 D. simplex, 203 D. bychowskyi, and 44 D.
pectenatus was collected from the gills of 58, 44, and 24 P. promelas, respectively.
Overall, Dactylogyrus spp. MA and MI at Oak were 21.51 & 28.52 (range 0-145) and
22.29 £ 28.73, respectively.

In all yr, D. simplex occurred on P. promelas in all seasons at Oak (Table VII).
There were no significant seasonal differences in PR, MA, or MI of D. simplex, in any yr.
At Oak, there were no significant between-yr differences in PR, MA, or MI of D.
simplex, except for MA and MI in spring. In all yr, D. bychowskyi occurred on P.
promelas in all seasons at Oak. There were no significant seasonal differences in PR,

MA, or MI of D. bychowskyi except PR and MA in 2004, PR in 2005, and MA in 2006.
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At Oak, there were no significant between-yr differences in PR, MA, or MI of D.
bychowskyi in any season. In all yr, D. pectenatus occurred on P. promelas in all seasons
at Oak, except in fall 2005. There were no significant seasonal differences in PR, MA, or
MI of D. pectenatus, except for PR in 2005, and for PR and MA in 2006. At Oak, there
were no significant between-yr differences in PR, MA, or MI of D. pectenatus, except for
PR and MA in summer, and PR in fall. There were no significant between-yr differences
in MI of D. pectenatus in any season. At Oak, there were significant differences in PR,
MA or MI among Dactylogyrus spp. in all collections. (Table X).

The PR of D. simplex was 100% in all seasons in 2004 and 2006, and peaked in
summer 2005. The MA and MI of D. simplex peaked in summer in all yr. The PR of D.
simplex peaked in summer in 2004 and 2006, and in spring in 2005. The MA and MI of
D. bychowskyi peaked in summer in all yr. The PR of D. pectenatus peaked in fall in
2004, spring in 2005, and summer in 2006. The MA and MI of D. pectenatus peaked in
fall in 2004, spring 2005, and summer 2006.

Among site comparisons

In all yr, the PR, MA, and MI of D. simplex did not differ significantly among
sites in any season except in summer 2004, when PR was significantly higher at Oak than
at Elk (x* = 6.30, P < 0.017), in fall 2004 when PR was significantly higher at West Oak
than at Elk (x* = 6.23, P < 0.017), and in spring of 2006 when MA was significantly
higher at West Oak than at Elk (t's=2.44, P < 0.017). Total MA and MI of D. simplex did
not differ significantly among Elk, West Oak and Oak (F3, 226 =2.57, P=0.08; and F;, 19;

= 1.34, P=0.26, respectively).
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The PR, MA, and MI of D. bychowskyi did not differ significantly among sites in
any season except in spring 2005 when PR was significantly higher at Oak than at Elk (x°
=10.65, P <0.017), in summer of 2004 when MA was significantly higher at Oak than at
Elk (t'=2.74, P < 0.017), and in spring 2006 when MA and MI were significantly higher
at Elk than at Oak (t's=2.94, P < 0.017; and t'= 2.74, P < 0.017, respectively). Total
MA and MI of D. bychowskyi did not differ significantly among Elk, West Oak and Oak
(F2.226=0.42, P=0.66; and F», 156=0.01, P=0.99, respectively).

The PR, MA, and MI of D. pectenatus did not differ significantly among sites in
any season except in summer 2005 when PR and MA were significantly higher at West
Oak than Oak (x2 =8.65,P <0.017; and t15= 2.97, P <0.017, respectively), significantly
higher at Elk than Oak (x2 =8.65,P <0.017; and tl= 5.65, P <0.017, respectively), and
in summer 2004 when MA was significantly higher at West Oak than at Oak (t's<=2.39, P
< 0.017). Total MI of D. pectenatus did not differ significantly among Elk, West Oak and
Oak (F, 120=1.25, P=0.29), however MA did differ significantly (F; 206=4.15 P =
0.017).

Community structure

At Elk, abundance of D. simplex was significantly positively correlated with
abundance of D. bychowskyi and D. pectenatus. Abundance of D. bychowskyi was
significantly positively correlated with abundance of D. pectenatus (Table XI). At West
Oak, abundance of D. simplex was significantly positively correlated with abundance of
D. bychowskyi and D. pectenatus. Abundance of D. bychowskyi was significantly
positively correlated with abundance of D. pectenatus. At Oak, abundance of D. simplex

was significantly positively correlated with abundance of D. bychowskyi and D.
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pectenatus. Abundance of D. bychowskyi was significantly positively correlated with
abundance of D. pectenatus.
DISCUSSION

The major contribution of this paper is the demonstration that host sex, size, and
collection site are secondary to that of innate parasite species differences in fecundity and
transmission in the structuring of Dactylogyrus populations and communities. This study
is the first to demonstrate that among a community of Dactylogyrus spp., on a single host
species, order of abundance (community structure) remained unchanged over time and
space in a watershed.

The results lead to a failure to reject the null hypothesis of no difference in
community structure (order of abundance) of 3 congeners coexisting within sites. In the
present study, D. simplex was the most commonly occurring species of gill parasite on P.
promelas, followed by D. bychowskyi and D. pectenatus. Koskivaara et al., (1991) found
2 Dactylogyrus spp. dominated a complex community in 3 Finnish lakes, though the
order of PR of the less common species varied. The low MI of D. pectenatus in the
present study is consistent with a low MI found by King and Cone (2009). The results
thus reveal inherent differences between congeners infecting the same host species,
differences that must be related to reproduction, development, and parasite contributions
to transmission.

The community of gill parasites found on P. promelas in the present study also
was consistent with previously published reports from Elk and West Oak (Weichman and
Janovy, 2000) and with parasite fauna in its native range (Hoffman, 1999). These results

add to the Weichman and Janovy (2000) work, by the addition of a third study site and 2



21

additional yr, thus strengthening the contention that in this system, order of abundance of
Dactylogyrus spp. remained stable over time and space. Thus, some facet of the biology
of D. simplex contributes to its high abundance and prevalence when compared to other
Dactylogyrus spp. on the same hosts in the same environments.

In the first order streams, Elk and West Oak, larger P. promelas had somewhat
higher abundances of Dactylogyrus spp. than smaller P. promelas. At West Oak, larger P.
promelas had somewhat higher species richness than smaller P. promelas. At Oak, there
were no correlations between STL and Dactylogyrus spp. abundance or richness. These
results suggest that host size plays a somewhat greater role in determining Dactylogyrus
abundance at first order streams than in second order streams. Relationships between host
size and Dactylogyrus spp, abundance (Oztiirk, 2002; Aydogdu, 2003; Oztiirk and
Altunel, 2006), and richness (Guégan et. al., 1992) have been demonstrated in some
systems. In other systems, however, no relationship between host size and Dactylogyrus
spp. abundance was demonstrated (King and Cone, 2009). However, the generally
inconsistent and weak nature of these correlations, indicate that Dactylogyrus spp.
infections in this system are independent of host STL. There are also no consistent,
significant differences between male and female fish in PR or MA of D. simplex, D.
bychowskyi, or D. pectenatus, indicating infection of P. promelas with Dactylogyrus spp.
is independent of host sex. Barse (1998) also found no relationship between host sex on
Salsuginus sp. prevalence or density. Indeed, there is virtually no previous work with
dactylogyrids demonstrating significant abundance or prevalence differences according to

host sex. For the present, the general rule probably should be that Dactylogyrus spp. do
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not discriminate between host sexes, regardless of potential secondary sexual characters
in those hosts.

Previous population studies examined seasonal occurrence of a Dactylogyrus spp.
(Aydogdu et. al., 2003; Lamkova et. al., 2007), but few examined seasonal changes over
more than 1 yr (Oztiirk and Altunel, 2006). Dzika (1987) studied a community of 4
Dactylogyrus spp. for a 2-yr period and found that prevalence and abundance was lowest
between October and November, and increased in early spring, with the particular
dynamics being species specific. Pojmanska (1995) confirmed Dzika’s work, and
observed relationships between occurrence and reproductive dynamics of Dactylogyrus
spp., and the long-term climate conditions of the species’ region of origin. The present
study, to our knowledge, is the first to examine seasonal dynamics of a complex
Dactylogyrus community on a Native North American host species at multiple sites, over
multiple yr.

The results lead to the rejection the null hypothesis of no difference in abundance,
intensity, and prevalence among 3 congeners coexisting within 3 sites. They show no
consistent patterns of seasonal fluctuations in either abundance or prevalence in any of
the sites or for any of the 3 Dactylogyrus spp. studied, although abundances and
prevalences tend to be highest in summer collections. The elevated parasite infections in
summer agree with other studies, which note the favorable influence of the warmer
season on reproduction and survival of Dactylogyrus spp. (Pojmanska, 1995). In the
present study, the 3 streams are subject to periodic flooding with major changes in flow
rates and water levels, although snail populations suggest that Elk, with both Helisoma

trivolvis and Physa sp. populations, is in some way abiotically different from the West
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Oak and Oak, both of which have only Physa sp. populations. Annual precipitation
evidently influences transmission dynamics, however, because between-yr differences,
within a particular site, are generally greater than within-yr differences at those same
sites. Dactylogyrus species populations at West Oak were the most stable between-yr,
followed by Oak, and Elk.

In every collection at West Oak, PR of all 3 Dactylogyrus spp. was greater than
zero. For all 3 Dactylogyrus spp., total PR, MA and MI were highest at West Oak. The
observed differences in Dactylogyrus spp. populations among sites were not consistent
over 3 yr; however, there was an important, though not statistically significant trend in
which total MA and MI of all 3 species was highest at West Oak. Total PR of D.
bychowskyi and D. pectenatus was also highest at West Oak, though total PR of D.
simplex was highest at Oak, the fastest flowing and most variable of the 3 sites. The
trend, in which species are more abundant and in higher PR at West Oak, indicates that
some aspect of the environment at West Oak is more conducive to infection with
Dactylogyrus spp. than it is at the other sites. Dactylogyrus simplex differs in some
fundamental way from its congeners, highlighting the importance of studying multiple
population parameters in order to understand congeneric species’ biology. Further
investigation of abiotic site differences will be necessary to determine the particular role
of site in forming the Dactylogyrus spp. populations.

Rohde (1989) asserted that host-parasite systems are good models for
investigating evolutionary and ecological mechanisms that contribute to biological
diversity. Dactylogyrus spp. and their cyprinid hosts are particularly good systems for

this work because both are exceedingly diverse and widely distributed, and multi-species
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infections are common. For example, Simkova et al., (2004), using molecular techniques,
determined that much of the diversification within the Dactylogyrus sp.-cyprinid fishes
model was a result of intrahost speciation, a phenomenon they noted had rarely been
recognized in host-parasite associations, thereby highlighting the power of this system in
the study of evolution and biological diversity. The current small-scale, ecological study
provides evidence of population and community dynamics in nature reveals congeners
differ in their ability to infect thereby supporting the conclusions of intrahost speciation
based on molecular phylogenetic data by Simkova et al. (2004).
ACKNOWLEDGMENTS

I thank Dr. Matthew Bolek, Oklahoma State University, for assistance in fish
collection and invaluable discussions on the topic. This work was supported by grants
from The School of Biological Sciences, University of Nebraska-Lincoln, Lincoln,
Nebraska. The authors would like to thank Dr. Gerald Esch and two anonymous

reviewers for improvements on an earlier draft of this manuscript.



25

LITERATURE CITED

AYDOGDU, A., A. KOSTADINOVA, AND M. FERNANDEZ. 2003. Variations in the
distribution of parasites in the common carp, Cyprinus carpio, from Lake Iznik,
Turkey: population dynamics related to season and host size. Helminthologia 40:
33-40.

BUSH, A. O., K. D. LAFFERTY, J. M. LOTZ, AND A. W. SHOSTAK. 1997.
Parasitology meets ecology on its own terms: Margolis et al. revisited. Journal of
Parasitology 83: 575-583.

DZIKA, E. 1987. Annual occurrence dynamics of common monogeneans on the gills of
bream from lake Goslawskie (Poland). Acta Parasitologica Polonica 32: 121-137.

GIBSON, D. I, T. A. TIMOFEEVA, AND P. I. GERASEV. 1996. A catalogue of the
nominal species of the genus Dactylogyrus Diesing, 1850 and their host genera.
Systematic Parasitology 25: 3-48.

GUEGAN, J-F., A. LAMBERT, C. LEVEQUE, C. COMBES, AND L. EUZET. 1992.
Can host body size explain the parasite species richness in tropical freshwater
fishes? Oecologia 90: 197-204.

HOFFMAN, G. L. 1999. Parasites of North American freshwater fishes, 2™ ed.
Comstock Publishing Associates, Ithaca, New York, 539 p.

JANOVY, JR.,J.,S. D. SNYDER, AND R. E. CLOPTON. 1997. Evolutionary
constraints on population structure: the parasites of Fundulus zebrinus (Pisces:
Cyprinodontidae) in the South Platte River of Nebraska. Journal of Parasitology

83: 584-592.



26

KING, S. D., AND D. K. CONE. 2009. Infections of Dactylogyrus pectenatus
(Monogenea: Dactylogyridae) on Larvae of Pimephales promelas (Teleostei:
Cyprinidae) in Scott Lake, Ontario, Canada. Comparative Parasitology 76: 110-
112.

KOSKIVAARA, M., E. T. VALTONEN, AND M. PROST. 1991. Dactylogyrids on the
gills of roach in central Finland: features of infection and species composition.
International Journal for Parasitology 21: 565-572.

KRITSKY, D. C., V. E. THATCHER, AND W. A. BOEGER. 1986. Neotropical
Monogenea. 8. Revision of Urocleidoides (Dactylogyridae, Ancyrocephalinae).
Proceedings of the Helminthological Society of Washington 53: 1-37.

MAYES, M. 1976. The adult platyhelminth parasites of Nebraska fished. Ph.D.
Dissertation. University of Nebraska-Lincoln, Lincoln, Nebraska, 207 p.

_ .1977. New species of Gyrodactylus and Dactylogyrus Trematoda Monogenea
from fishes of Nebraska, USA. Journal of Parasitology 63: 805-809.

MIZELLE, J. D. 1937. Ectoparasites of the blunt-nosed minnow (Hyborhynchus notatus).
American Midland Naturalist 18: 612-621.

MURITH, D. AND M. BEVERLEY-BURTON. 1985. Salsuginus Beverley-Burton, 1984
(Monogenea: Ancyrocephalidae) from Cyprinodontoidei (Atheriniformes) in
North America with descriptions of Salsuginus angularis (Mueller, 1934)
Beverley-Burton, 1984 from Fundulus diaphanous and Salsuginus heterocliti n.
sp. from F. heteroclitus. Canadian Journal of Zoology 63: 703-714.

NELSON, J.S. 2006. Fishes of the world, 4™ ed. John Wiley & Sons, Inc. Hoboken, New

Jersey, 601 p.



27

OZTURK, M. O. 2002. Metazoan parasites of the tench (Tinca tinca L.) from Lake
Uluabat, Turkey. Israel Journal of Zoology 48: 285-293.

_ ,ANDF.N. ALTUNEL. 2006. Occurrence of Dactylogyrus infection linked to
seasonal changes and host fish size on four cyprinid fishes in Lake Manyas,
Turkey. Acta Zoologica Academiae Scientiarum Hungaricae 52: 407-415.

PFLIEGER, W. L. 1997. The fishes of Missouri. Missouri Department of Conservation,
Jefferson City, Missouri, 372 p.

POJMANSKA, T. 1995. Seasonal dynamics of occurrence and reproduction of some
parasites in four cyprinid fish cultured in ponds. II. Monogenea. Acta
Parsitologica 40: 79-84.

PRITCHARD, M. H. AND G. O. W. KRUSE. 1982. The collection and preservation of
animal parasites. University of Nebraska Press, Lincoln, Nebraska, 141 p.

ROHDE, K. 1989. Simple ecological systems, simple solutions to complex problems.
Evolutionary Theory 8: 305-350.

SIMKOVA, A., S. MORAND, E. JOBET, M. GELNAR, AND O. VERNEAU. 2004.
Molecular phylogeny of congeneric monogenean parasites (Dactylogyrus): a case
of intrahost speciation. Evolution 58: 1001-1018.

SOKAL, R. R. AND F. J. ROHLF. 1995. Biometry: The principles and practice of
statistics in biological research. 3™ ed. W. H. Freeman and Company, New York,
New York, 887 p.

WEICHMAN, M. A., AND J. JANOVY JR. 2000. Parasite community structure in
Pimephales promelas (Pisces: Cyprinidae) from two converging streams. Journal

of Parasitology 85: 654-656.



28

Table I. Site data: air, water temperature, pH, depth, width, flow rate, heterotrophic plate
count (HPC), turbidity, and electrical conductivity (EC). *

air  water pH depth width flow rate HPC turbidity EC
Collection Site  (°C) (°C) (ft) (ft) (ft/sec) (MPN/ml) (NTU) (uS/cm)
Elk Creek
2005 May - 16.0 77 08 4.5 0.7 1.1x 10 21.7 0.7
Tune 185 180 82 15 6.5 0.5 - 76.0 0.7
July 225 210 78 13 6.8 0.2 51x10* 477 0.9
August 250 230 84 12 6.3 0.7 1.4x 10 234 0.9
2006 May 230 200 84 17 7.3 03 2.1x10° 16.7 0.7
July 250 210 87 25 - 0.1 1.8 x 10° 11.8 0.9
Total 228 198 82 15 6.3 03 2.3x 10" 32.9 0.8
West Oak Creek
2005 May 240 190 78 06 4.0 0.6 1.1x 10 29.8 0.6
Tune 185 175 80 03 4.0 1.6 - 901.0 0.4
Tuly 200 195 82 08 8.4 0.2 1.4x 10 30.8 0.6
August 270 21.0 &1 07 8.3 0.1 1.2 x 1o 23.3 0.6
2006 May 225 180 82 08 5.0 0.1 2.9x 10" 21.1 0.6
Tuly 230 200 82 08 2.7 0.1 1.7 x 10" 39.5 0.6
Total 225 191 81 07 54 0.5 1.7x 10 1743 0.6
Oak Creek
2005 May 270 175 79 18 300 0.7 76x 10° 74.9 1.1
June 185 185 &0 1.5 30.0 21 - 679.0 0.8
Tuly 290 230 82 10 295 0.8 74x10° 20.9 1.2
August 320 255 82 14 30.8 03 2.6 x 10" 29:9 21
2006 May 255 200 85 12 10.7 0.7 2.4x 107 258 1.4
July 250 220 87 13 - 0.6 22 x 10! 48.8 1.1
Total 262 21.1 83 14 26.2 0.9 3.1x 10" 146.6 1.3

Ed

MPN/ml = most probable number of microorganisms/milliliter; NTU = nephelometric
turbidity units; puS/em = microSiemens/centimeter.



Table 1. Collections of Pirmephales promelas: sites, dates, STL (cm) and significance tests. *
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Male

Female

n

STL + 1SD (range)

n

STL + 15D (range)

Male vs. Female

Tests of significance:

Collection Dates
Elk Creek
2004  Summer
Fall
2005  Spring
Summer
Fall
2006  Spring
Summer

West Oak Creek

2004  Summer
Fall
2005  Spring
Summer
Fall
2006  Spring
Summer
QOak Creek
2004  Summer
Fall
2005  Spring
Summer
Fall
2006  Spring
Summer

Sy ON = NN

—_
o]

G S o=

GO Lh GO D O\ = Uh

4.5+0.2(4.3 - 4.6)
6.0 = 0.4 (5.7 - 6.2)
4.0
4.2+0.7(3.5-5.3)
3.2+ 0.4(2.9-3.7)
5.8+ 0.5(5.2-6.4)
4.3+ 0.6 (3.1-5.5)

5.7+ 1.5(4.6-6.7)
6.7

6.5+ 0.8(5.9-7.0)

43+ 1.3(2.8-6.8)

45+0.9(3.2-3.7)

5.7+0.7(4.7-6.5)

5.0+ 0.9(3.2-6.4)

57+0.1(5.6-5.9)
3.3

6.4+ 0.3(6.1-7.0)

50+ 1.0(3.0-6.2)

4.9+ 0.8(3.8-6.1)

59+ 0.4(5.3-6.2)

524 0.5(4.1-5.6)

— [
BN

O 0 =

(¥

h L) Oy —

49+ 0.6 (4.2 - 6.0)
51+05(4.5-57)
4.9+ 0.6 (4.0 - 5.6)
43+0.7(3.1-5.6)
3.7+0.9(2.8-5.0)
534 0.4 (4.7-6.0)
4.4+ 1.0 (3.6 - 6.8)

53+0.7(4.2-62)

59+07(52-6.8)

5.7+03(53-63)

54+ 1.0(4.5-72)

4.0+ 0.4 (3.3-4.5)
4.3

47 +0.5 (4.0 -5.2)

52+ 0.4 (4.6 -5.6)

4.4+0.6(3.9-5.0)

52403 (4.6-56)
5.1

5.0+ 0.8(3.9-6.0)

45102 (4.3-4.7)

48103 (4.5-5.2)

t=1.13, p>0.05
t=230,p<0.05

£=0.22, p>0.05
£=0.84, p > 0.05
=239, p <0.05
=032, p>0.05

1= 0.64, p>0.05

=138, p> 0.05
t= 196, p <0.05
t=133,p>0.05

1=0.82,p>0.05

t=12.85,p<0.05
=726, p<0.05
£=0.18, p > 0.05

t=6.03, p <0.05
t=1.58,p>0.05

*  STL = standard length; SD = standard deviation.



30

€€ =1 DY uey) 1ojeald Apueoyrusis LS DO

1€ =1 DM UeY) 12JBaIS APUBOHIUSTS [IS DO L0 =1 DH ULy} 10)Ea18 AQUedHIusts ILS DO
“66°C =1 *DH ueyy 109e018 APuesHIUSIs 115 DO

"€F'y =1 DI ULy 1912218 APURSHIUSTS LS DO

¢ =1 "DF uey) 129ea1s APURLHIUSTS TLS DM

'91°¢ =1 ‘DO UrY) 103e0Is AJUESYIUSIS LS DM

'89°¢ =1 DO UeY) 129ea1s A[JUedHIuss T1S O

'T0°€ =7 "D uey) 19jee1s AQuesyiusts ILS DO

L10°0 > d [9A9] 90URDIJIUSIS (ISUS] PIEPUE]S = "[[.S SUOIIBIASD PIEPUE]S = ([S

- * o=
# o b O T %

(976 TF) SFOFS0S
(T9-€¥%)9L'0 FSE'S
+:(1°9-8°€)8L0TLEY
b(@9-0€) 760786+
#0°L-9F) €9°0 F65°S
(0667 IS0OFO8'E
H6°¢-9%) 0F'0 FSt'S

el

14!

01

81

01

(P 9-TE)6LOFE6'Y
(§°9-C'¥) SL'0 +85°S
(LSTETIY0FLI Y
(TL-€D8CTF6b Y
| (0L-€7¢) 1670 T 88°¢
§(8'9-7°S) L90F09
(L'9-TH)TLOF0L'S

0C
8
91
£
6
8

(80-T'€)LLOF8E Y
('9-L'¥) 0S0FS°S
(0S8 SLOFISE
(9°6-€7) 980 F 0¥
(9°6-6'7) 68°0 F9€'F
UZ9-$H) 090 F9T¢
(09T ¥S'0 F$8'F

| ¥4
14!
i

4!
6
¢l

@OON HDEESm
9007 Suridg
€00T 112
mOON .HDEESm
¢00g Buridg
£00C 1121
._MOON .HDEE—am

(sBuer) (IST T 'ILS

(98uer) (IST T 118

(oBuer) (IST T '1LS

u

AVO

AVO LSHM

qTH

2)1S UOLJO2[[0))

"$9]1s UOND0[[0d Suowe suostedwod :sujauio.ld sajpydaut J Jo (Wd) Y)SusT plepurls TII 2[qeL



31

(C-DTZFee (OT-DVDE6FCET BITODTFSF099 € (9D ITFTE (TZ-1) 68 F0'6  (LS-0T)8'8T F0'8T € 9007 Iouung
0 (1-0) 90T €0 (61-F) T8 F L6 € (0080780 (F-0)STF9T (PT-9)C8FF¥FL ¢ 9007 Sundg

0 F-0LTFOT (01-0) T+ F0€ S 0 (Z-0060F¥0 (L-0)0c+8CT ¢ S00T 118

0 ¢ Z1 1 (T-0¥0=xC0 (S-0)T1CFLT (QI-1)69F8L 9 €00 Pwwng
(1-0)s0Fc0 (L0 1TF6L (r1-0)zvsL¥ 2 (1-0)90F¢0 (¢-1)81F0¢€ (9-¢)90F¢¢c + $00g Sundg
T0TTFLO (0LTFOT (c-1ZFECE € 0T 0 0¥ I 00T T1ed
0 6-0) I T8¢ (6-€) LT T8¢ ¢ (I-0)907¢0 (ZI-1) 9o+ 89 (PE-1) 09T FOOI + 00T Pwwng

33D qeQ

F-0L1+6T  (BI-€)T9+88 (L9€)68TF0sT + (sT-0¢L+vt (€0 T0IF1L (SE-0)LTIF09T 6 900 Pwwng
01 0T 0€ I @OTT=FIT L-DyrTF1e @ LETF0vT L 900g Sundg
(€C-OTTFLO (COTTIFLO F-0)TLF6L 6 (I-0)90FS0 (€-0FTF0T (FEOLFIFOET ¥ S00Z 1181
(ZI-D9sFvs OE-DITIF96 (96T F¥8C S  (9-0)TTF8T (C1-0)ctFss  (LT-C)C6FLIL 9 €007 PWwwng
(Z-0)80+F80 (£0)TIFTT LeDeT =Tl 9 (TOFIF0T (€-0)TTF¢T (P-0)8TF0CT T 00T Sundg
(€-0Fr1F0T  (CT060F60 LI-D9sSF9+ L 0T 0 0¢ T £00T T1ed
F-OTTFIT (60 €TFYT (67-0)98F<sL T G0TrF0e  (TI-0)S8FO9 (8-0)LSFOF T 00T Powwng
HIAID) YR 1S

F-0STFOT (EI-0OTFF0E (C-0)99FL0T L (COTTFIT (TT-1)TEF9¢ -0 TSFI'6 6 900T Iourung
(Tt-0)zv LT (I-YDOFF09 (81-0)89F¢9 9 O1-0zz=81T (BI-OTLF09 (Z-0)68FTCTIT 9 9007 Sundg
(Z-0001+80 (6-0TTv+0¢ (91-20)99F 89 + (Z00OT=+80 (6-0) TS F0€ (¢-DTT+F¢€E € $00T T1ed
C-00s91F¢T (0Z-00€97F0¢ (ov)seT+#81 +1 (0001 FTI (9-0) 97 F¢T (ST-0)6'9F89 9 €OOT owwng
F-0091F80 (-00S0FLT (8-0)scFLE 9 0 0F 01 I ¢00T Sundg
0 0 (6-0)S'€F0T 9 0 0 0 I £00Z T1ed

(o1-0) L F0T (£-0)TT T80 60)1vFse o (1-00L0F0s0 (P-0)8TF0C (8-0)L'CF0¥ T +00T Powwng
smppusioad (7 1ysmoyodyg (7 xopduns (7 smppuagoad (] 1ysmoyodg (7 xapdus (7 ¥oaID) A
(e8uen) (IST ¥ VIN u (o8uen) (IST F VI u seje(]

opewa,J o[ uond2[o)D

"$2915 € 18 SOOIpUI uondejur ‘sozis ojdwes ‘sojep -dds snelSopdron g ypm pojooyul spfauiold sajpijdaig J oTetia] 29 ofew Jo suosuedwo)) "AT o[qe],



32

‘S0°0 > d [9A9] PUBIYIUSIS "UOTIRTADP pIEpue)s = (IS ‘9dULPUNGE ULSW = YN

ou ou ou Iowwng 2007
- ou ou gundg
- ou ou el
- - - Iowwng 5002
ou ou ou Sundg
g - 3 ed ¥00¢
- ou ou Iowung
A3 HEO
ou ou ou Iowwng 2007
- = - Sundg
ou ou ou ed
ou ou ou Iowung S00Z
ou ou ou Sundg
- - - [ed 00T
ou ou ou Iowwng
HAID Je O 1S9
ou ou ou ournng 2007
ou ou ou sundg
ou ou ou el
<A ou ou owung c00T
< ’ = Sundg
- - - Ired 00T
ou ou ou owung
da ad s 931D A
S[BWD) ‘SA 2[R W §97B(] UOIO2[[0))

:20ueoIJIUSIS JO 852,

ponuUnuO) ATSqEL



33

TTFOT 1TFS1 009 9€EFLY SEFOE 9'€9 STIF90T TIIFIS8 1oL 88 [B10],
0TF1C £eTF91 0¢L VveEFCE Hivesee 486 sl 9FTT bheL+86¢ €18 91 900¢ Iowung
CEFVE  TEFET  #L99 +s¥99  |fec=09 8816 HerLFgor HogFos  £E8 Tt 900 Sunidg
90Tl 80790 6y FrFES crF0e LS CETES CTCFES #0001 L cooc 1red
LN B i e b¢1v1T #S'L8  ESFLS [Ts+1¥ §T6L 661 FP91 T6IF9ET  €€8 ¥e ¢00¢ Jewung
L'CFEC £LF90 ¢ 1TCFSET £E1F90 e fres1e ATEFRT 688 6 €00z Suudg

00 00 00 00 00 00 vy FOY EEFL] 6°Cr L P0O0T 1184
L AR o FET8I LTy ETF+C STF0T LTy 9T TTL It T9¢ 0°0¢ 4! FO0C ewung
st =N  dSI FVIA dd ST ¥ IN asi ¥ vIN Ud ASTFTIN dSTTVIN  dd  YStLJo'ON  2IE(] Uona9f[oy)

smypuapoad snidSosioncy 1ysmoryodg snad3opdiony xajduns snidSopdiong

« P01 NI e sppawoad sappydau g wo *dds snidSopdion(7 Jo soo1pu UOTIOAJUT 2 soz1s afdures ‘sojep :suosiiedurod 1eod-usam1aq 1 [BUOSEDS " A 2[qR,



34

N+'T =4 F00T UeY} 00T Ul 19jea18 AJUBDLIUBIS g7 JO YN “Jewns u]

‘116 = X F00T URY) 900T UT 1218218 A[JURSTIUTIS (7 JO ¥ “IoUuns uf

8T =, $OOT URY} 900T UT 12eaId AQURDIFIUSIS 5(7 JO [N “IPUmUnS uf

8T =4 F0O0T Ueys 900 ul JojealS Auedtyiuis s Jo YN “Jewuns uf

(00 >4d) ‘Lot = X "g00T uryl 900T ur piears Ajpuesyrudis de7 jo ¥ Suuds ug

€T =2 ‘S00T ULyl 90T UT 18jealld AQURDdIIUSTS ¢(7 Jo VN “Sutids uJ

1601 = X "C00T Uryl 9007 Ul 12jeaiB Ajuesyiudis g7 Jo ¥ d Sutids uf

€67 =1 SO0T ULy} 90T UT 1ejears ATJUeOTIIUSTS (7 JO I “Sutids uf

9% = 7 600T UrY) 900T Ul 101ea1d Ajuesijiudis s¢7 Jo VN ‘Suuds ug

(00> 4d)"9°¢ = X 00T U} OOZ UT 19eaId APUROTIIUSIS S(7 JO VJ TIeY Ul

2067 = 7 “T[BF UL} JoWWINS UT 1218218 ATIUeotfiudis d(7 JO VN SO0 UT %97 =7 “Sunids uey) Iowmuns Ul 1218218 AQUed1fTusdts d¢7 7o VIAL “S00Z Ul
18€'8 = X P0OT UBY) 00T Ul 101821 AJURDIJIUTIS d(T JO ¥ “Ioumuns uj

1R1°9 = X T[T UBY) IDUMUNS UT 12818 AQURDIIIUSIS d(7 JO ¥ "C0NZ UT 11£'Z1 = X “Sutrds uet) Joununs ur 10)eaIs A[UedtIusts d¢7 3o ¥d “600Z Ul
LT = FOOT URy) GOOT UT IejeeId A[JUeDIIIUSIS g7 JO YN Teuruns ul - Q[ '¢ = 4 Furids uey) saununs ur 1ejeard Apuestfiusis g7 Jo VIN “$00T Ul
1L1'6 = X ‘Sutids uey) owuns ul 191e218 A[URILIUDIS g7 JO ¥ S00T U]

19T T = 4 IeF UBY} ISWUNS UT I18jeaId AQUeOIIUBIS S(7 JO IIN 'S00Z Ul ‘887 = 4 Surids uey) sownuns ur 18jeaIs AQUesIfIUSIs S(7 3O IIN “$00Z Ul
9t =, $00T UeY} SOOT UT 12jeaId AQuesTiuss §¢7 Jo YN “Pumns u 1§97 = 7 “Sutids uety Jeuruns ut 1a3eard Auedniuds S(7 Jo VIN “S00T Ul
*£10°0 > d [9A9] aduedIuSI§ TOTRIASD PIRPURIS = (]S SAIISULIUI UBDWI = [ (90URPUNQE URSW = YA "9ous[esald = J

gt
bk
bt
bb
iitd
I
55
21
i

B

% b o —

‘panunuo)) A S[qe,



35

$L8°C = 7 ‘d(7 uey] I)poIS APUEDIJIUSIS 5¢7 JO [N 80F = 7 ‘g¢7 uey) 10218 Apueoryudis sc7Jo N 1
LY = 7 ‘deT uet)) 1918018 A[JUBDIJIUSIS $¢7 JO VN S€7°€ = 7 ‘g(7 UBY) 1218215 A[JURDIIUSIS §(7 JO VI 44
$LC°7 = 7 ‘d¢7 uey) 1018018 AJIUBDOIIUSTS S(7JO N sene
STL°T = 1 ‘d(7 uey] 10180158 A[JUBDIJTUSIS S(7JOVIN b
‘c1€ = 1 ‘d7 ue) 121218 AQJURSIIUSTS §¢7 JO [N 2T = 7 ‘G¢7 UeY) 1218018 A[JUESJIUSIS S(7JO [N #

6T = 1 “de7 uey) 101813 A[JUBDIFIUSIS $(7 JO VN S0€°7 = 7 ‘(7 Uel]) 19]80I8 AJUBDIIUSIS S(7 JO VIN

‘€6 = 7 “d(7 uey) 1218213 A[JUEDIJIUSIS §¢7 JO VN S€6'1 = 7 ‘(7 UeY) 12)8015 A[JUedIjlusis S(7JOVIN 3§

'8 = A 'd(g uey) w0jears Apuesyruds s¢7 Jo ¥qd 1§ = X ‘G uey) 103018 Apjueoiudis sz Joyd I

SCL°C =1 ‘g7 UBY[} 12]B215 A[JUEOIJIUSIS S(7JO N 4

L10°0 > d [3A9] 3duBdYIUSIS “UOTIRIASP PIEPUR]S = ([ “AJISUSIUL UBSW = [\ ‘S0UBpUN(E ueaul = Y ‘cousjeasrd = 4 .

CTFOT TTFET 009 9EFLTY ESEFOE 9'¢9 STLF901 T'TIF18 19 88 [LEUN

OLFIT €I1F9T 0SL +veEFSE +veFge 86  Ifroxru HELF86 18 91 900¢ Bumung

CeETre TeTeT L9 +ET99 ECx09 LT6  #:SLT80I bogr06 £'e8 4! 900 Surdg

90F€l 8B0F90 6T PFrFesl CrT0e T1LS CETFES CEFES 0001 L c00z 1red

FIT¥e CTTIC €L8 ¢€6TCE s+t <6l #6601 T191 __N.mﬁ T9°¢l £'e8 ¥e €00¢ Jurung

[CFeT €I1F90 ¢ 1CF¢EC eI F90 TTC Iexle ST'EF8T 1688 6 §00¢ Suudg

00 00 00 00 070 00 ¥y +0v g8 Tl 6'cly L F00¢ 118A

Fr=cty V¥ex81 L1y €I1FvT  STF00T LIF L9TFTL It T9¢ 00 (4! F00¢ Png

ASIFIN ASIFVIN ¥d  ASIFIN ASIFVN dd  ASIFIN ast ¥ VIN Ma  'PHEIOTON SIRATORSENe0
smpuagoad (] uwysmoyodg (7 xopduars (]

« 221D NI 1 svjauiodd sappydaui g uo "dds snidSojd1on (7 2501 JO $201pul UoNdaJUI pue sazZIs o[dures ‘sojep :

aImonng Arunwuro)) ‘A S[qe].



36

(60°0 > d) ¢L'T =7 FOOT ULy SOOT UT 1918215 ATJURSIIUSTS 5¢7 JO WIN ‘[[eJ ul L]
ST = 4 ‘1B uey) Jowwns Ul 10)esid APUedHIuBTs d¢f Jo VIN “S00T U 44+

0€°C = ‘[[BJ URY) ISUWIUINS UT 13)eaI8 APUBOYTUSIS G(7 JO VIN ‘SO0T UI 4

“98°01 = X “[[ey uey) Joununs ul 3010013 AJUESIIIUBLS ¢(7 JO Ud ‘SO0 VT |y

¥ = A 00T vyl 00T Ut 1018243 A[JUROLIUSIS §¢(7 JO VN ‘JoWwns U] #

(500> d) ‘50t = X 00T UEY) SOOT U IIESIT APUESYIUSTS 5¢7 Jo ¥ “owums uf ||

(S0°0 > d) ¥1°s = X [Iey uey) Joununs ul 10)eaid APUEOHIUSIS 47 Jo {d ‘F00T U1 §

(S0°0 > d) *pT'T = TIJ ULY) JOUIUNS UT I5]L2IS ATJURSIUSTS ¢(7 JO TN “v00T UT |

H€0°0 > d) ‘65T = 7 ‘[Iey Uy Jowwns ul 10jea13 APUBSYIUSIS G(7 JO VIN F00T UL 4

‘L10°0 > d PA3[ 92UDJIUSIS UOTIRIADD PILPUE)S = (IS AJTSUSIUT ULDUI = [\ 20UepUNqe Ueswl — Y "oousfeassd = qJ
EFOE E£CFQT  €T9 T9F8F  LSTFLE  99L THIF8FL  THIFECEL 968 LL [e0L
0LFTS T9FSE TG9 G/FES 88FOL €76 T8I F€0T €81 F88I €76 €1 900¢ Jowrumng
COF8T  OTFIT €79 TTFOE  TTFOE 0001 LPIF+IC  LPIFFIT 0001 8 900g Suridg
60F9T  OTF90 S8 O0IF0T  TIF80 s8¢ IloeFxTil  L6=¢6 98 €1 00T 1ed
IvFtr  MIPFLE €68 €8T89 4£87F89 b000l 6LIF80T #6LIF80C | 0001 il €00 Touwrumg
90FFT  80F80 9  SOFLT  PIFSI L99  TILF6IL  TILF90L 688 6 €00¢ Sundg
0TFE€T FIFIT 005 90FCT 60F80 008 TSFOY TEFOY 0°001 8 00T Med
L1561  LTFvT  §'1L fge+8¢ MesTe  L68  08FT0I TRFTL tIL 1 £00T Jowumg
ASIFIN dSIFVIN dd  JASIFIN  dSIFVIN Ad ASI=IN  dSIFVIN Ad  UYSLIJo ON  ere(q Uonos[[o)

smpua109d (7 1ysmoody (7 xaydusts (J

x P[RR PO 189

ye sppauiosd sappydaui g uo dds snidSopiop T Jo soorpur uonosyur pue sozis sjdwes ‘sajep suosuedwoo JEoA UsoM]Dq puR [RUOSEIS TIA O[E]



37

'§0'7 = } ‘d(7 uet)) 01e218 AQJURSIIIUSIS §(7 JO TN sesese
$R'7 =1 ‘d7 uey) 121es18 APURSIIUSIS ST IO VIN b
L€ = 1 'de7 uey) 1298018 APUeOITUSIS $(7 JO A S0$°S = 7 ‘G(7 UeY) 1218218 A[JUedITUSTS s(7 Jo N ##
(68 = J ‘d¢y ueyy 1oyesaS APuesiusIs s¢7 JOo VI S05°S = 4 ‘Q¢7 uey) 1018218 AJuesijiusis s¢7 Jo VIN __ __
97 € = 1 ‘d¢7 ueyy 1912438 ApUROHIUSIS §(7 JO [N €1°E = 7 ‘G(7 uey) 1218213 Appuesipusis sc7Jo N 88
f97°¢ = J ‘d¢7 ueyy 19yesad APUesIpusIs s¢7 JO VIA S07°€ = 4 ‘Q¢7 ueyy Jo1eaad Ajueopiudis sy jo viN o I
€8¢ = NN ‘d¢7 uey) 1218013 A[JUBOLJIUSTS 5¢7 JO J C]'C = NR ‘G(7 uey) 1918213 AJUEOIIUSIS 57 JO {d 14
SL0°E = 7 ‘d(7 uey) 1018218 AQUEIIFIUSIS 5¢7 JO TN Fi'C = 7 ‘G(7 URY] 1918018 AJJUBDIJTUSTS (7 JO TN sene
fe7€ =} ‘de7 uey) 1oyecas AQyuestrusts $¢7 JO VIN bF'C = 1 ‘Q(7 ue) 1016018 AJuesiiusis s JoVIN b
b6'c =} ‘d7uey) ojeas ApuestpuSIs g7 Jo N #

%97 = 1 ‘d(7 uey] 1018218 A[JURSIIUSIS S¢7 JO [N

{197 =1 ‘d¢7 ueyy o1e2i8 Appueoliudis sc7 JOVIN &

‘Q1°¢ = 7 ‘d(7 uey) Jo1e0IB8 Apjueolusis sc7 Jo [N I

€9°7 = ‘d(7 uey) w1015 AQJUEOHIUSTS ST JO VN 4

‘L10°0 > d [9A3] 92UBDIIUSIS "UOTIRIASD pIEpUR)S = (S SAJISUSIUT URDUI = [N ‘20URPUN]R URSWE = YN aousfeadtd = ¥qJ .

BEFO0E €€F8T €79 T9F8Y LEFLE 99L TP F8FI ItIF €€l 9'68 LL [e10],

OLF1°C COFCE TO9 68FES 88 FI9L £T6  saxC'8LFE0T  bhe8T F881 £'Co £l 900¢ uung

0781 OTFIT §C9 TCT0¢ ¢ccT0e 0001 ALY TPIC __ __ LI F¥IC 0001 8 900g Sundg

60F9T 0T*¥90 68 0TF0C T T80 ¢8¢ 8896 71T flrescs +49°18 €l c00c 11ed

It T+t I't+L€ €£€¢8 ¢E8+89 £8F89 0001 w6’ LT T80T  b6LT F8°0T 0001 cl €00¢ ewumg

90T VI 80+80 96 #C0FLT F1781 L99 __N.: FO'11L §TITF901 688 6 00z Sutidg

OTFeC VYIFIT 005 90F¢ST 60F80 0°0¢ CSFOF CSFOY 0001 8 00T 11ed

LTF6'T LTFPT VvIL CcF8E FeFle LS8 log=r101 18 FTL PIL 14! 00T owuung

AST+DON dSIFVIN dd dSI+IN  dSI+FVIN  ¥dd st ¥ IN st T VN ud USLIJO "ON  91B(J UOTDST[O))
smipuaioad (7 1ysmoyodg “(f xapduars “(J

w2910 e 1M 1 sufatuo.d sappydau 7 uo "dds snidSopd1on 7 55M) Jo $o0IpUT UOT)ooTUT puk $oZIs s[duies ‘sajep :01onng Ajunwwio)) TIIA 2[9E]



38

e =,
‘c07 ueyl 9Oz W 1ojea1d Apueopiusis Je7 Jo YN “laumuns uf 86 'f =7 F00T uey) 900T ut 1opea1s AJjuesijiusis d¢7 Jo v ‘ouruns mﬂ __ __
€6'9 = A p00T ueyl 9007
ur 123218 APUeSIJIusts d(7 Jo JJ “Iowmuns uf L €01 = NR ‘S00T uel 9O UT 1)eard APUestusts d¢7 Jo ¥J ‘Touruns uj ‘¢€8'7 = ‘Surrds
UBL[} JOUWWINS UT 12213 APUedIJIusts di7 JO VI ‘9007 UI  LTL = A “Sunids uey) rowuns ur 10jeals Apueoyiusts dey 3o {d ‘900 I §8
“00°€ = ‘Sunids uey) rourwns ur 1ojesls APJUESIUSIS ¢(7 30 VIN '900Z U LI
(S0°0 > d) FET = ‘SOOT ULy} 900T UT 19)e015 AQuedTuSIs s¢7 Jo [N “Suttds u - L4
"LS'T =, 'S00T UBY) 900T Ut 121015 AUESLIIUBIS 57 JO VI “Sutids uf
6€°T =7 [[eF wey) Jowwns ul 101eald A[UedlIusis g7 JO VIN 'S00Z UI b

TT'L = A Tey uey) Suds up 1o)eal8 APURSLIUSTS d(7 JO U "CO0T UI  #

(070 > d) “66°8 = X TIey uey) Iourwns ur wyeald APuesyruss ¢z o ¥d ‘ooz ul ||

197 = A °5007 uey $007 ut w21ea1s Apuesijiudis dg Jo qd TEI UL 8§

06°T =, ‘T[eY Uey} Jourwns ul 1o3ears AJUedIusts ¢(7 Jo VN 7007 vI  §

(S0°0 > @) "§€'p = A T[¥F ULy} IOWWNS UL J2)8ars APUESTIIUSIS ¢¢7 JOd FO0T VT 4

‘LT0°0 > d [9A9] 32ULIYIUSIS “UOTILIASD PIEPUL)S = ([ ‘AJNSUDIUT ULSW = [N D0ULpUNge ULoW = YN “oousfeasrd = YJ

F1F81 TLFLO '8¢ TSEF9Fr 8FFTE 869 161F6'1L 98LFO01L 17T6 €9 [e10L
crree ||flerres 880001 68F90I 68T 901 0001 LLETETY LLETETY 0001 8 9007 Jowrung
GOFET 80FS0 CLE ETF8T  TTFUT ST9 HISFOTL «I'8F9TL 0001 8 900g Suridg
0 0 0 STFET CIFLD 008 SEFIY CEFO6TC 0°0L 01 €00T 11eq
0F0T1 FOFT0 €l LTF0E b6T1+9T LS8 S9OF+78 CO+1'8 0°001 L £00¢ Pwumg
0F01 COF<0 #0005 0TFST  0TFCT |[sL8 €eF9%¢ LETOT ¢'L8 ol 00z Sundg
LOFET 6°0F90 Soor 0F0¢€ ETF¥90 00 STFOE ETF0E 0°001 ¢ ¥00C 1181
0701 FOFCO TEL LEF99 I€PF1C I8LL TOIFLL COLFLL 07001 6 7007 Jowuing

dst *ON  dSI ¥ VIN Ad dSTFIN dSTIFVIN dd dSIFIN  dSIFVIN Ad  YsLI{Jo 'ON 9] UOLRS[[0])
smipuagoad (7 1AYSMOY24q (] xajduns snidsoidiong

# 12940 O
ye spjauiold seppydaus g uo “dds sne(Sopdion T Jo seotpur uonosyul pue sozis ajdures “sejep isuostreduroo 1eaf usamiaq pue euosesq ¥ 2[qel,



39

PIF8T TIFLO I8 TSF9F 8FPFTE 869 I6IF6IL  9SLFOLI 176 £9 [#10L
LIFEE  LTFEE 0000 687901 687900 0001 Iffrcereny ddrrevezy 0001 8 900 owwng
90F€T  §0FS0 §80001 €IFS8T  TTFIT  ST9 +xl'8FOCT  bbIgsozr 0001 8 900z Surrdg
0 0 0 STFET €TFLO  00€ SE=TH $EF6T #4#0°0L 0T 00T T1ed
0F0T  FOFT0 evT L1+0¢  ||let+*9z  Ls8 SOF8 §§¢co=¢8  Iiooor L $00T owung
0FO0T  SOFSO 00§ O0TFST H0TFTT L8  wE€EF9C beeser L8 91 §00¢ Sudg
LOFST  60F90  00F 0F0¢ €1F90 00T $T+9¢ #ss1+9¢  Jooor S AILE|
0FO0T ¥0FT0 TTT L€¥99 §evFUs  I8LL  TOIFLL TOL=LL 40001 6 00T Pwwng

st =IN  dST FVIN ad st =N dST ¥ VN ad ast FIN ast = VIN ad USI4 Jo 'ON  S1B(T UORHOS[OD)

smppuagoad (7 1ysmonodg (7 xajduns (7

Maa1D) e 18 svjauwold sajpydaui g uo “dds snidSoidjon g 9211 Jo seotpul uoroajul pue sazis sjdwes ‘sajep UOND2[[0 :2INPNNS AJIUNWWOY) "X S[qe],



40

LTL = NR ‘d7 ueyy 1218013 ApueoIjIusIs s¢7 Jo Nd

76T = 1 ‘de7 ueyy 1018018 ATJueoLtuSIs s¢7 Jo [N S1€°7 = 4 ‘Q¢7 uey} 1218218 Auesrusis s¢7 Jo N
26'7 =1 ‘d(7 uey 1018213 AQUBIIUSIS 57 JO VN (T€°T = 1 ‘G(7 UBY) 198015 A[JUBDIJIUSIS §¢(7 JO VI
‘06'€= 1 ‘d¢7 ueyy 1018218 AJJuBSIIUSIS 5¢7 JO [N ‘69°€ = 1 ‘G(¢7 UeY} 1218013 APUBOIIIUSIS S¢7 JO [N
071 = 2 ‘d¢7 ueyy 1018208 APJUEdLIUSIS $¢7 JO VN Sb6°S = 1 ‘Q(7 uey) 121eal8 A[Juediusis s¢7 Jo VIN
ILL0T = X 'dq uey) 109018 APURSIUSIS 5¢7 JO d

‘1€°¢ = 7 ‘de7 ueyy wiea1d Apueopiudis g7 Jo VN

ig¢¢ = 2 ‘d7 uey 1018215 AJIUEDIIIUSIS $¢7 JO VN

CoT = NR ‘d(7 ueY} 1218013 A[JUEIIJTUSIS S(7 JO Wd

‘97'¢ = 7 ‘d¢7 uey) wiea1d Apueolpiusis g7 Jo VN

61°F = 1 ‘g7 ey 1218218 AueoLpIuSIs s¢7 Jo N

5Ly = 1 ‘de7 ueyy 191e0a8 ATIueoLjIusis (7 Jo VN (8€°7 = 7 ‘Q(7 uey) 11ea18 A[jueoyiusis s¢7 Jo VN
18°¢ = 1 ‘d¢7 ueyy Joye213 Apueoljiudis s¢7 Jo VN (1€°€ = 7 ‘g7 uey) 197ea15 AQUeoIjiusdis s¢7 Jo VN
£9°9 = X ‘g7 uey) 169e015 APUROYTUSTS 5T JO I

ige e = 7 ‘dey ueyy a2ea1S AJjueorjiusis g7 Jo VN

WL = X 'deq uey 101e018 Apuesyiusis g7 Jo ¥dd

OF 1T = NR ‘d(7 ueY} 1018013 A[JUEIITUSIS S(7 JO Wd

L1070 > d [943] 22uedIuSI§ "UOIEIASD PIEPUR]S = ([§ SAJISUSIUL UPSW — [\ ‘20UBpuUnge uesw — YN ‘aous[easld = yq

§88
11
b
W
iid
LIl
88
It
W

S

* e WO/

"PONUI0)) "X J[qe],



41

Table XI. r-Values of abundance correlations for three
Dactylogyrus spp. at three sites in southeastern Nebraska.
D. simplex D. bychowskyi D. pectenatus

Elk Creck
D. simplex 1.00 0.57* 0.37*
D. bychowskyi 1.00 0.39%
D. pectenatus 1.00
West Oak Creek
D. simplex 1.00 0.63* 0.83%*
D. pectenatus 1.00 0.45%
D. pectenatus 1.00
Oak Creek
D. simplex 1.00 0.74* 0.72%
D. bychowskyi 1.00 0.79%
D. pectenatus 1.00

* Significance level at P < 0.017.
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Figure 1. Scatter plots of parasites per Pimephales promelas versus host standard length
(cm) at Elk Creek. Dactylogyrus simplex, y=1.90x - 0.41, R*=0.02, P > 0.05; D.
bychowskyi, y = 1.28x - 2.68, R*=0.07, P < 0.05; D. pectenatus, y = 0.43x - 0.40, R?=

0.03, P <0.05.
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Figure 2. Scatter plots of parasites per Pimephales promelas versus host standard length
(cm) at West Oak Creek. Dactylogyrus simplex, y=3.43x - 5.41, R*=0.06, P < 0.05; D.
bychowskyi, y = 1.74x - 5.55, R*=0.09, P < 0.05; D. pectenatus, y = 0.85x - 2.62, R?=

0.07, P <0.05.
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Figure 3. Scatter plots of parasites per Pimephales promelas versus host standard length
(cm) at Oak Creek. Dactylogyrus simplex, y =-0.33x - 12.54, R*=0.0002, P > 0.05; D.
bychowskyi, y = 0.51x - 0.43, R*=0.01, P > 0.05; D. pectenatus, y = 0.52x - 0.49, R?=

0.001, P > 0.05.
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CHAPTER TWO: COMMUNITY STRUCTURE AND SEASONAL DYNAMICS OF
DACTYLOGYRUS SPP. (MONOGENEA) ON SAND SHINERS (NOTROPIS
STRAMINEUS) AND CREEK CHUB (SEMOTILUS ATROMACULATUS) FROM THE

SALT VALLEY WATERSHED, LANCASTER COUNTY, NEBRASKA

ABSTRACT: The gill monogene communities of Notropis stramineus (sand shiner) and
Semotilus atromaculatus (creek chub) in 3 distinct sites on converging streams were
investigated from 2004 to 2006 in 3 different seasons. Thirty collections were made in
southeastern Nebraska along 3 converging tributaries: Elk Creek (40.88534°N,
96.83366°W), West Oak Creek (40.9082°N, 96.81432°W), and Oak Creek (40.91402°N,
96.770583°W), Lancaster County, Nebraska. In all, 117 N. stramineus were collected
from Elk Creek, 83 from West Oak Creek, and 74 from Oak Creek, and examined for gill
monogenes. Among the N. stramineus collected, 48.2% were infected with a single
species, D. rubellus Mueller, 1938. Mean intensities at Elk Creek, West Oak Creek, and
Oak Creek were 16.5, 12.4, and 14.1, with prevalences of 17.1%, 33.7%, and 86.5%,
respectively. In all, 34 S. atromaculatus were collected from Elk Creek, 50 from West
Oak Creek, and 15 from Oak Creek, and examined for gill monogenes. Among the S.
atromaculatus collected, 58.7% were infected with up to 3 species of Dactylogyrus,
including D. microphallus Mueller, 1938, D. attenuatus Mizelle, 1937, and D. tenax
Mueller, 1938. Mean intensities at Elk Creek, West Oak Creek, and Oak Creek were 5.5,
9.6, and 2.5, with prevalences of 50.0%, 66.0%, and 13.3%, respectively. At these 3
sites: (1) N. stramineus does not share Dactylogyrus species with S. atromaculatus or

Pimephales promelas (fathead minnow); (2) S. atromaculatus does not share
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Dactylogyrus species with N. stramineus or P. promelas; (3) fish size and sex are not
predictive of Dactylogyrus infection; (4) Dactylogyrus spp. vary (not always predictably)
in their seasonal occurrence; (5) populations of Dactylogyrus spp. respond to
environmental differences among sites; and (6) the community structure of Dactylogyrus

spp. (order of abundance) on S. atromaculatus is independent of environment.
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INTRODUCTION

Dactylogyrus Diesing, 1850 (Platyhelminthes; Monogenoidea), is a highly diverse genus
with more than 900 described species that are parasitic primarily on gills of cyprinid
fishes, the largest and widest continuously-distributed fish family in the world’s fresh
waters (Gibson et al., 1996; Nelson, 2006). More than 131 Dactylogyrus species have
been reported from North America (Gibson et al., 1996). The sand shiner, Notropis
stramineus Cope, 1868, is a minnow that occurs in clear, sandy bottom streams of all
sizes, and is most abundant in shallow, sandy pools of medium-sized creeks and small
rivers (Pflieger, 1997). The creek chub, Semotilus atromaculatus Mitchell 1818, is a
minnow that is most abundant in small headwater creeks with gravelly bottoms and
where turbidity and flow rate are low to moderate (Pflieger, 1997). Notropis stramineus
and S. atromaculatus are each common in southeastern Nebraska and hosts for several
Dactylogyrus species, making them good candidates for use in studies aimed at
discovering the roles environment and fish distribution play in structuring monogene
populations and communities.

Weichman and Janovy (2000) described the gill monogene community of
Pimephales promelas Rafinesque, 1820 in 2 diverging 1* order streams in Lancaster
County, Nebraska, from April to October 1998. Knipes and Janovy (2009) added to this
work by describing the gill monogene community of P. promelas in 3 converging streams
in Lancaster County, Nebraska, in spring, summer, and fall 2004-2006. Both studies
found 3 species of Dactylogyrus occurring on fathead minnows, including D. simplex,
Mizelle, 1937, D. bychowskyi, Mizelle, 1937, and D. pectenatus, Mayes, 1977. The

distribution of larval trematodes (“blackspot’) on these same hosts indicated that fish
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were more or less restricted to certain tributaries of the drainage (Weichman and Janovy,
2000), suggesting that their monogene communities might also reveal differences
attributable to isolation and habitat effects. Unpublished blackspot data from 2004-2006
(A. Knipes, pers.obs.) are consistent with those of the Weichman and Janovy (2000).

Within the tributaries, certain fish species tend to occupy different portions of the
stream, or niches. Cloutman (1974) noticed a connection between stream current and
parasite populations, where fish that inhabited pools and calm waters had higher parasite
prevalence and intensity than fish in stronger currents in the main stream. Hypothetically,
one might predict a threshold for flow rate, where fish species that typically exist in
stream channels, will be forced to take refuge in side pools to conserve energy. Larval
Dactylogyrus spp., that hatch from eggs released in the channel of faster moving streams,
are likely to be washed downstream and unsuccessful in finding and attaching to a new
host, whereas those free-swimming Dactylogyrus spp. stages that hatch from eggs in side
pools should have a greater likelihood of survival and contact with susceptible fish,
particularly those fish seeking refuge in the pools away from the current.

The purpose of the present study was to extend the research of this system to 2
additional host species, N. stramineus and S. atromaculatus, and 4 additional
Dactylogyrus species in an effort to understand how, despite variations in transmission
conditions, the parasites are maintained in the environment. The study sought to
determine: (1) host specificity of Dactylogyrus spp. infecting N. stramineus and S.
atromaculatus within the 3-stream system; (2) the role of host demographics (size, sex) in
providing structure to populations of Dactylogyrus spp. infecting N. stramineus and S.

atromaculatus; (3) seasonal and yearly dynamics of Dactylogyrus spp. populations
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infecting N. stramineus and S. atromaculatus within sites; (4) population structure of D.
rubellus on N. stramineus among sites; (5) population structure differences of
Dactylogyrus spp. on S. atromaculatus within sites; (6) population and community
structure (order of abundance) of Dactylogyrus spp. on S. atromaculatus among sites; and
(7) whether host niche and refuge-seeking behavior affects parasite load.

In particular, this study tested the following null hypotheses: (1) no difference in
abundance, intensity, and prevalence of Dactylogyrus spp. on N. stramineus or S.
atromaculatus within sites; (2) no difference in abundance, intensity, or prevalence of
Dactylogyrus spp. on N. stramineus or S. atromaculatus among sites; (3) no difference in
abundance, intensity, or prevalence among 3 coexisting congeners on S. atromaculatus
within sites; and (4) no difference in community structure (order of abundance) of 3
congeners on S. atromaculatus among 3 distinct sites. Rejection of the null hypotheses
would reveal innate parasite species differences in fecundity and transmission
mechanisms, thus providing insight into factors contributing to species diversification
within a genus of monogenes. This study of population and community dynamics
constitutes the second multi-site, multi-yr study of a complex community of
Dactylogyrus spp. on 2 native North American cyprinid species, the first being Knipes
and Janovy (2009).

This study, therefore, tests the biological hypothesis that closely related species,
with direct aquatic life cycles, respond differently to shared environmental conditions.
Substantial fluctuations in stream flow and stable differences between streams provide

the abiotic conditions necessary for testing such a hypothesis (Janovy et al., 1997).
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MATERIALS AND METHODS

A total of 313 Notropis stramineus and 109 Semotilus atromaculatus was
examined. All minnows were collected by seine from Elk Creek (Elk) (40.88534°N,
96.83366°W), West Oak Creek (West Oak) (40.9082°N, 96.81432°W), and Oak Creek
(Oak) (40.91402°N, 96.770583 W), Lancaster County, Nebraska, between July 2004 and
October 2006. Sample sizes were dictated by the number of fish captured and by the
number that could be examined within 48 hr of capture. Fish were brought to the
laboratory at the University of Nebraska-Lincoln in buckets with aerators and dissected
within 48 hr of collection. All fish were identified according to Pflieger (1997). Host
standard length (STL) from nose to base of tail fin, and total length (TTL) from nose to
end of tail fin, were recorded for each individual. The STL alone was statistically deemed
to be the best measure of host size. All values are reported as mean + 1 standard deviation
(SD). Fish were sexed, and the gills removed and placed in 1:4,000 formalin/water
(Kritsky et al., 1986).

Monogenes were brushed from the host gills and preserved in alcohol-formalin-
acetic acid according to Pritchard and Kruse (1982). They were then washed in 70% ethyl
alcohol (ETOH), stained with Semichon’s acetocarmine, dehydrated through an ETOH
series, cleared in xylene, and permanently mounted on slides with Damar balsam
(Spectrum Chemical; Gardena, California). Living worms also were studied and recorded
using video and digital photography. Monogene identification was based on comparison
of copulatory structures and on measurements of scelerotized hamuli, hooks, and
connective bars of the haptor (Murith and Beverley-Burton, 1985), as found in original

species descriptions (Mizelle, 1937; Mueller, 1938).
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Population structure was described as prevalence (PR), mean abundance (MA),
and mean intensity (MI), using terminology of Bush et al. (1997). Community structure
was described as order of abundance and species richness. Richness is the number of
Dactylogyrus species occurring on an individual fish. Host standard length (STL) from
nose to base of tail fin, and total length (TTL) from nose to end of tail fin, were recorded
for each individual. The STL alone was statistically deemed to be the best measure of
host size. All values are reported as mean + 1 standard deviation (SD).

The chi-square test was used to compare PR within and among Dactylogyrus spp.
among seasons, and among sites, and to compare PR of Dactylogyrus spp. between male
and female hosts. Student’s t-test was used to compare differences in mean abundance
among Dactylogyrus spp., among seasons, and among sites. Total MA and MI of
Dactylogyrus spp. were compared among sites using ANOVA. Approximate t-tests were
calculated when variances were heteroscedastic (Sokal and Rohlf, 1995). Bonferroni
corrections based on number of comparisons were used, i.e., testing at significance level
0f 0.05/3=0.017, to safeguard against false significances due to multiple tests on the
same data. Pearson’s correlation was used to determine relationships among host STL
and Dactylogyrus abundance, as well as to determine relationships among host STL and
species richness per individual host.

Environmental data were recorded 4 times in 2005 and twice in 2006, at all 3
collection sites. Air and water temperatures were measured using a Fisherbrand® glass
thermometer (Fisher, Pittsburg, Pennsylvania). Depth and width at collection sites were
measured using a tape measure. Flow rate was measured using a standard USGS Top

Setting Wading Rod with a Pygmy Current Meter. The pH of water was measured using a
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pocket-sized pHep® meter. The electrical conductivity (EC) of water was measured
using a DiST WP conductivity/TDS meter. Water samples were brought back to the
University of Nebraska-Lincoln in sterile 32-0z Nalgene® containers. In the lab,
heterotrophic plate count (HPC) was measured using the IDEXX SimPlate for HPC
method. Following the 48-hr incubation period, SimPlates were examined for fluorescing
wells, each of which corresponded to Most Probable Number (MPN) of total waterborne
bacteria in the water sample. All environmental data are reported in Knipes and Janovy
(2009) (Chapter 1, Table I).
RESULTS
General observations - Notropis stramineus

A total of 2,430 monogenes of genus Dactylogyrus was removed from the gills of
151 infected Notropis stramineus Cope 1865, examined between July 2004 and October
2006; 1,581 of these worms were identified to species and 11 were immature and
identifiable only to generic level. A total of 296 worms was lost prior to species
determination. At all 3 collection sites, the gill parasite community comprised a singe
species, Dactylogyrus rubellus Mueller, 1938. The Dactylogyrus species found on N.
stramineus was never found on either of the 2 other fish species examined (Pimephales
promelas, n=296; Semotilus atromaculatus, n=109) in 3 yr of collections. Three species
(D. simplex, D. bychowskyi, and D. pectenatus) were found on Pimephales promelas and
3 species (D. tenax, D. microphallus, and D. attenuatus) were found on Semotilus
atromaculatus. In 3 yr, none of the 6 species from P. promelas and S. atromaculatus was

ever found on N. stramineus.
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Dactylogyrus species richness on N. stramineus was 0.51 & 0.50 species per fish.
Overall PR (based on n =313 N. stramineus) was 48.2%, overall mean abundance (MA)
was 7.92 + 17.58, and mean intensity (MI) was 16.42 +22.42. In total, N. stramineus
were infected with zero (51.8%), or 1 (48.2%) species of Dactylogyrus.

Host sex and size

Overall, female N. stramineus (mean STL 4.91 cm + 0.62) were larger than males,
(4.81 cm #+ 0.73). In 1 collection, females were significantly larger than males; however,
the differences were not consistent and, in 2 collections, males were significantly larger
than females (Table I). Overall, fish were largest at Elk, followed by West Oak and then
Oak. In several collections, fish at Elk and West Oak were significantly larger than fish at
Oak, though the differences were not consistent in all collections and in one collection,
differences were reversed (Table II).

There were no significant differences in PR or MA of D. rubellus between male
and female fish in any collection at any site, except for MA at Elk in spring 2005, PR at
West Oak in summer 2005, and MA at Oak in summer 2004 (Table III). Total PR was
greater on females than males at Elk, and greater on males than females at West Oak and
Oak. Total MA was greater for females than males at Elk and Oak, and greater for males
than females at West Oak. The differences between males and females were not
consistent for all collections or among locations.

At all 3 sites, larger fish had greater abundance of D. rubellus than smaller fish.
The correlation between STL and mean abundance of D. rubellus was significant at West

Oak and Oak (r=0.274, P = 0.006; r = 0.244, P = 0.018, respectively), but not at Elk (r
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=0.078, P = 0.202) (Fig. 1). Although the null hypothesis of no relationship was rejected
in the cases mentioned, the r* value was less than 0.10.
Within site comparisons

Elk Creek: Twenty (17.1%) of 117 sand shiners collected at Elk were infected
with D. rubellus. A total of 333 D. rubellus was collected from the gills of 20 N.
stramineus. Overall, D. rubellus MA and MI at Elk were 2.9 £+ 17.0 (range 0-176) and
16.5 + 39.1, respectively.

In all yr, D. rubellus occurred on N. stramineus in all seasons at Elk (Table V),
except in fall 2005. There were no significant seasonal differences in PR, MA, or MI of
D. rubellus, except for PR in 2005. The PR of D. rubellus peaked in fall 2004, in spring
2005, and in summer 2006. The MA of D. rubellus peaked in fall in 2004, and in summer
2005 and 2006. The MI of D. rubellus peaked in summer in all yr. Overall, PR at Elk was
highest in spring and lowest in fall; while MA at Elk was highest in summer and lowest
in fall.

At Elk, there were no significant between-yr differences in PR, MA, or MI of D.
rubellus, except for PR in fall and summer. At Elk, there were no significant differences
between total PR, MA, or MI and any one collection, except MI in summer 2005.

West Oak Creek: Twenty-eight (33.7%) of 83 sand shiners collected at Oak were
infected with D. rubellus. A total of 348 D. rubellus was collected from the gills of 28 N.
stramineus. Overall, D. rubellus MA and MI at West Oak were 4.2 £+ 10.0 (range 0-54)
and 12.4 £+ 14.0, respectively.

In all yr, D. rubellus occurred on N. stramineus in all seasons at West Oak (Table

IV), except in spring 2006. There were no significant seasonal differences in PR, MA, or
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MI of D. rubellus, except for PR and MA in 2004 and 2005. The PR of D. rubellus
peaked in fall 2004, and in summer 2005 and 2006.The MA of D. rubellus peaked in fall
in 2004, and in summer 2005 and 2006. The MI of D. rubellus peaked in summer in all
yr. Overall, PR at West Oak was highest in summer and lowest in spring, while MA was
highest in summer and lowest in fall.

At West Oak there were no significant between-yr differences in PR, MA, or MI
of D. rubellus, except for PR and MA in fall, and PR and MA in summer. At West Oak,
there were no significant differences between total PR, MA, or MI and any one
collection, except for PR and MI in fall 2004, PR and MA in summer 2005, and MA in
fall 2005.

Oak Creek: Sixty-four (86.5%) of 74 sand shiners collected at Oak were infected
with D. rubellus. A total of 900 D. rubellus was collected from the gills of 64 N.
stramineus. Overall, D. rubellus MA and MI at Oak were 12.2 + 16.7 (range 0-67) and
14.1 + 17.2, respectively.

In all yr, D. rubellus occurred on N. stramineus in all seasons at Oak (Table IV).
There were no significant seasonal differences in PR, MA, or MI of D. rubellus, except
for PR in 2005, and MA and MI in 2006. The PR of D. rubellus peaked in summer 2004,
in spring 2005, and was 100% in spring and summer 2006. The MA and MI of D.
rubellus peaked in summer in all yr. Overall, PR at Oak was highest in summer and
lowest in fall, while MA was highest in spring and lowest in fall.

At Oak, there were no significant between-yr differences in PR, MA, or MI of D.

rubellus, except for MA and MI in summer. At Oak, there were no significant differences
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between total PR, MA, or MI and any one collection, except for MI in spring 2005, PR
and MA in fall 2005, and MA in summer 2006.
Among site comparisons

In all yr, the PR, MA, and MI of D. rubellus did not differ significantly among
sites in any collection except for MA and MI in summer 2004, MA in fall 2004, PR and
MA in spring 2005, PR in summer and fall 2005, PR in spring 2006, and MA in summer
2006 (Table V). Total PR of D. rubellus was significantly greater at Oak than at Elk and
West Oak and significantly greater at West Oak than at Elk. In spring, summer, and fall
collections, PR at Oak was significantly greater than at West Oak and Elk. Total MA
differed significantly among Elk, West Oak, and Oak (F,271=9.23, P=0.0001); and total
MA at Oak was significantly greater than at Elk or West Oak. In spring summer and fall
collections, MA at Oak was significantly greater than at Elk in most collections. Total MI
did not differ significantly among sites (F2,100= 0.21, P=0.807). In general, PR, MA, and
MI were generally greater at West Oak than at Elk, though the differences were not
significant.
General observations- Semotilus atromaculatus

A total of 592 monogenes of genus Dactylogyrus was removed from the gills of
64 infected Semotilus atromaculatus examined between July 2004 and October 2006; 415
of the worms were identified to species; 14 were immature and identifiable only to the
genus level. A total of 163 worms was lost prior to species determination. At all 3
collection sites, the gill parasite community comprised 3 species, including Dactylogyrus
microphallus Mueller, 1938, D. attenuatus Mizelle, 1937, and D. tenax Mueller, 1938.

The 3 Dactylogyrus species found on S. atromaculatus were never found on either of the
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2 other infected fish species examined (Notropis stramineus, n=129; Pimephales
promelas, n=276) in 3 yr of collections. In 3 yr, none of the 4 species from N. stramineus
and P. promelas was ever found on S. atromaculatus.

Dactylogyrus species richness on S. atromaculatus was 0.82 + 0.97 species per
fish. Overall PR (based on n = 109 S. atromaculatus) was 58.7%, mean abundance (MA)
was 5.43 + 11.02, and mean intensity (MI) was 9.25 + 13.13. In total, S. atromaculatus
were infected with zero (51.4%), 1 (22.0%), 2 (20.2%), or 3 (6.4%) species of
Dactylogyrus. The order of abundance of Dactylogyrus spp. was stable in all collections
at all sites, with the exception of the summer of 2004 at Elk and fall 2004 at West Oak.
Host sex and size

Overall, male S. atromaculatus (mean STL 8.94 cm + 3.08) were larger than
females, (7.91 cm £ 3.06), although in all collections, males and females did not differ
significantly in size (Table VI). Overall, fish were largest at West Oak, followed by Elk
and then Oak (Table VII). The STL at West Oak and Elk was significantly greater than at
Oak, though there were no significant differences in size when compared among sites by
collection.

There were no significant differences in PR of D. microphallus, D. attenuatus, or
D. tenax between male and female fish in any collection at any site, except in summer
2004 at West Oak where PR of D. microphallus was significantly higher in females than
males (Xz = 5.44, P=0.0197) (Table VIII). There were no significant differences in MA of
D. microphallus, D. attenuatus, or D. tenax between male and female fish in any

collection at any site, except total MA of D. attenuatus was greater for females than
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males at Elk. The differences between males and females were not consistent for all
collections or among locations.

At all 3 sites, larger fish had greater Dactylogyrus spp. abundance than smaller
fish. The correlation between STL and mean abundance of D. microphallus was
significant at Elk and Oak (r = 0.309, P = 0.046 and r = 0.646, P = 0.006, respectively)
but not at West Oak (r =0.132, P = 0.1788) (Figs. 2-4). The correlation between STL
and mean abundance of D. attenuatus was significant at Oak (r = 0.5515, P = 0.0205),
but not at Elk or West Oak (r =0.219, P = 0.1183; r=0.196, P = 0.084, respectively).
The correlation between STL and mean abundance of D. tenax was significant at Oak (r =
0.646, P = 0.006), but not at Elk or West Oak (r =0.245, P = 0.092; and r = 0.058=
0.342, respectively). The null hypothesis of no relationship was rejected in the cases
mentioned.

There was no significant correlation for STL and Dactylogyrus spp. richness at
Elk (r=0.1507, P > 0.05); but there were significant positive correlations at West Oak
and Oak (r=0.2623, P > 0.05 and r = 0.8504, P < 0.05, respectively) (Fig 5).

Within site comparisons

Elk Creek: Seventeen (50.0%) of 34 creek chubs collected at Elk were infected
with Dactylogyrus spp. A total of 69 D. microphallus, 20 D. attenuatus, and 5 D. tenax
was collected from the gills of 17, 9, and 4 S. atromaculatus, respectively. Overall,
Dactylogyrus spp. MA and MI at Elk were 2.8 + 4.0 (range 0-17) and 5.5 = 4.0,
respectively.

In all yr, D. microphallus occurred on S. atromaculatus in all seasons at Elk

except in fall 2004 and fall 2005 (Table IX). There were no significant seasonal or
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between-yr differences in PR, MA, or MI of D. microphallus, except in summer. There
were no significant differences between total PR, MA, or MI of D. microphallus and any
one collection. The PR, MA, and MI of D. microphallus peaked in summer in 2004 and
2006, and in spring 2005.

In all yr, D. attenuatus occurred on S. atromaculatus in all seasons at Elk except
in fall 2004, fall 2005, and spring 2006 (Table IX). There were no significant seasonal or
between-yr differences in PR, MA, or MI of D. attenuatus. There were no significant
differences between total PR, MA, or MI of D. attenuatus and any one collection. The PR
and MA of D. attenuatus peaked in summer in 2004 and 2006, and in spring 2005. The
MI of D. attenuatus peaked in summer in 2004, 2005, and 2006.

Dactylogyrus tenax occurred on S. atromaculatus at Elk in summer 2004 and
summer 2006 (Table IX). There were no significant seasonal or between-yr differences in
PR, MA, or MI of D. tenax. There were no significant differences between total PR, MA,
or MI of D. tenax and any one collection. The PR, MA, and MI of D. tenax peaked in
summer in 2004 and 2006.

At Elk, there were no significant differences in PR, MA, or MI among
Dactylogyrus spp. in any collection. There were significant differences in Total PR, MA,
and MI as compared among Dactylogyrus spp.

West Oak Creek: Thirty-three (66.0%) of 50 creek chubs collected at West Oak
were infected with Dactylogyrus spp. A total of 248 D. microphallus, 58 D. attenuatus,
and 9 D. tenax was collected from the gills of 33, 16, and 7 S. atromaculatus,
respectively. Overall, Dactylogyrus spp. MA and MI at West Oak were 6.3 + 13.1 (range

0-67) and 9.6 &+ 15.2, respectively.
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In all yr, D. microphallus occurred on S. atromaculatus in all seasons at West Oak
except in fall 2004 (Table IX). There were no significant seasonal or between-yr
differences in PR, MA, or MI of D. microphallus. There were no significant differences
between total PR, MA, or MI of D. microphallus and any one collection. The PR of D.
microphallus peaked in summer in 2004 and 2005, and was 100% in spring and summer
2006. The MA of D. microphallus peaked in summer in all years, while MI peaked in
summer in 2004 and 2006, and in spring 2005.

In all yr, D. attenuatus occurred on S. atromaculatus in all seasons at West Oak
except in fall 2004 and fall 2005 (Table IX). There were no significant seasonal or
between-yr differences in PR, MA, or MI of D. attenuatus. There were no significant
differences between Total PR, MA, or MI of D. attenuatus and any one collection. The
PR of D. attenuatus peaked in summer in 2004 and 2005, and in spring 2006, while MA
and MI peaked in summer in all yr.

Dactylogyrus tenax occurred on S. atromaculatus in summer 2004, and spring and
summer 2006 at West Oak (Table IX). There were no significant seasonal or between-yr
differences in PR, MA, or MI of D. tenax. There were no significant differences between
total PR, MA, or MI of D. tenax and any one collection. The PR of D. tenax peaked in
summer in 2004 and spring 2006. The MA and MI of D. tenax peaked in summer in 2004
and summer 2006.

At West Oak, there were no significant differences in PR, MA or MI among
Dactylogyrus spp in any collection, except in spring 2005 and summer 2006. There were

significant differences in Total PR, MA, and MI as compared among Dactylogyrus spp.
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Oak Creek: Two (13.3%) of 15 creek chubs collected at Oak were infected with
Dactylogyrus spp. A total of 2 D. microphallus, 2 D. attenuatus, and 1 D. tenax was
collected from the gills of 1, 1, and 1 S. atromaculatus, respectively. Overall,
Dactylogyrus spp. MA and MI at Elk were 0.3 + 0.9 (range 0-2) and 2.5 £ 0.7,
respectively.

Dactylogyrus microphallus only occurred on S. atromaculatus in summer 2006 at
Oak (Table IX). There were no significant seasonal or between-yr differences in PR, MA,
or MI of D. microphallus, except in summer. There were no significant differences
between total PR, MA, or MI of D. microphallus in any one collection, except for PR in
summer 2006. The PR, MA, and MI of D. microphallus peaked in summer in 2006.

Dactylogyrus attenuatus only occurred on S. atromaculatus in fall 2005 at Oak
(Table IX). There were no significant seasonal or between-yr differences in PR, MA, or
MI of D. attenuatus. There were no significant differences between total PR, MA, or MI
of D. attenuatus and any one collection. The PR, MA, and MI of D. attenuatus peaked in
fall 2005.

Dactylogyrus tenax only occurred on S. atromaculatus in summer 2006 at Oak
(Table IX). There were no significant seasonal or between-yr differences in PR, MA, or
MI of D. tenax. There were no significant differences between total PR, MA, or MI of D.
tenax and any one collection. The PR, MA, and MI of D. tenax peaked in summer 2006.

At Oak, there were no significant differences in PR, MA, or MI among
Dactylogyrus spp in any collection. There were no significant differences in total PR,

MA or MI among Dactylogyrus spp.
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Across all sites, PR of D. microphallus was highest in spring and lowest in fall;
while MA was highest in summer and lowest in fall. Overall, PR and MA of D.
attenuatus were highest in spring and lowest in fall. Overall, PR and MA of D. tenax
were highest in summer and lowest in spring and fall.

Among site comparisons

In all yr, the PR, MA, and MI of D. microphallus did not differ significantly
among sites in any collection, except for PR in summer 2005. Total PR of D.
microphallus differed significantly among Elk, West Oak, and Oak (x> = 16.50, P =
0.0003), with PR significantly greater at Elk and West Oak, than at Oak (Table IX). Total
MA of D. microphallus was significantly greater at Elk and West Oak than at Oak. Total
MI of D. microphallus did not differ significantly among Elk, West Oak and Oak (F;, 93 =
2.50, P=0.09; and F, 49=0.53, P=0.59, respectively).

In all yr, the PR, MA, and MI of D. attenuatus did not differ significantly among
sites in any collection, except for PR in summer 2005. Total PR of D. attenuatus did not
differ significantly among Elk, West Oak, and Oak (y* = 3.83, P = 0.1477). Total MA of
D. attenuatus was significantly greater at West Oak than at Oak. Total MI of D.
attenuatus did not differ significantly among Elk, West Oak, and Oak (F, s =1.32, P=
0.29).

In all yr, the PR, MA, and MI of D. tenax did not differ significantly among sites
in any season. Total PR of D. tenax did not differ significantly among Elk, West Oak, and
Oak (* = 0.58, P = 0.75). Total MA and MI of D. tenax did not differ significantly
among Elk, West Oak, and Oak (F;, 93 = 0.35, P=0.71; and F», ;= 0.08, P=0.93,

respectively).
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Community structure

At Elk, abundance of D. microphallus was significantly positively correlated with
abundance of D. attenuatus and D. tenax (Table XI). Abundance of D. attenuatus was
significantly positively correlated with abundance of D. tenax. At West Oak, abundance
of D. microphallus was significantly positively correlated with abundance of D.
attenuatus and D. tenax. At Oak, abundance of D. microphallus was significantly
positively correlated with abundance of D. tenax.
Dactylogyrus spp. comparison

In a comparison of 1 Dactylogyrus sp. from N. stramineus, 3 Dactylogyrus spp.
from S. atromaculatus, and 3 Dactylogyrus spp. from P. promelas and reported in Knipes
and Janovy (2009), D. simplex was the most commonly occurring gill parasite species,
with the highest overall PR, MA and MI on any host in this system, from 2004 to 2006.
Dactylogyrus bychowskyi had the second highest PR of any gill parasite species on its
respective host, followed by D. pectenatus, D. microphallus, D. rubellus, D. attenuatus,
and D. tenax. Dactylogyrus rubellus had the second highest MA of any species on its
respective host, followed by D. bychowskyi, D. microphallus, D. pectenatus, D.
attenuatus, and D. tenax. Dactylogyrus rubellus had the second highest MI of any species
on its respective host, followed by D. microphallus, D. bychowskyi, D. attenuatus, D.
pectenatus, and D. tenax.
DISCUSSION

The major contribution of this study is the proposal that Dactylogyrus species’ use
of niches within a stream are dependent upon stream flow characteristics and fish

behavioral responses to those characteristics. Current and recent (Knipes and Janovy,
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2009) parasite, host, and site data from this system, suggest refuge-seeking behavior in
fish translates into predictable increases in the number of parasites per fish and
percentage of potential hosts that become infected in side pools of faster moving streams.

There is, undoubtedly, a combination of host and parasite factors influencing
parasite infection prevalence and recruitment in this system. Pimephales promelas occur
in streams of all size, where they tend to spend time in stream pools (Pflieger, 1997).
Knipes and Janovy (2009) found no marked differences in the extent of parasitism among
P. promelas from Oak, West Oak, and Elk, indicating increases in contact with other fish
and infective free-swimming Dactylogyrus spp. stages in pools was occurring to an
equally at all sites.

Notropis stramineus typically occurs in stream channels (Pflieger, 1997), taking
refuge in pools along streams with high flow rates. The present study found PR and MA
of D. rubellus to be consistently significantly higher at on N. stramineus at Oak, the
fastest flowing stream in the study. By seeking refuge in side pools in the faster flowing
stream, N. stramineus has more contact with other fish and infective, free-swimming
Dactylogyrus spp. stages that are able to avoid being washed downstream whilst in those
pools. Conversely, D. rubellus occur in the lowest PR and MA at Elk, the slowest moving
stream, where N. stramineus are not seeking refuge in side pools. In these slow moving
streams, parasite encounters with susceptible fish are taking place in the main channels,
meaning free-swimming Dactylogyrus spp. stages are surviving in the main channel. The
results lead to the rejection of the null hypothesis of no difference in abundance,

intensity, or prevalence for D. rubellus on N. stramineus among 3 sites. Therefore
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Dactylogyrus spp. infections on N. stramineus in this system are dependent on the
collection site.

Semotilus atromaculatus prefer smaller, slower moving streams, and adults are
solitary, spending daylight beneath, or near, cover (Pflieger, 1997). These preferences
account for the low collection numbers at Oak and, in the smaller streams, lead fish to
spend time in pools away from the stream’s main channel, where Dactylogyrus spp.
transmission potential is highest. There were only 2 instances in summer 2005 in which
significant differences existed among sites and those differences were not consistent over
3 yr. The results lead to the failure to reject the null hypothesis of no difference in
abundance, intensity, or prevalence for D. microphallus, D. attenuatus, or D. tenax on S.
atromaculatus among 3 sites. Therefore, Dactylogyrus spp. infections of S.
atromaculatus in this system are independent of collection site.

The present study demonstrates that host sex and size are secondary to D.
rubellus’ innate species characters in the structuring of their populations on N.
stramineus. In the case of D. microphallus, D. attenuatus, and D. tenax, host sex, size,
collection site and season, and yr are secondary to that of innate parasite species
differences for fecundity and transmission in the structuring their populations and
communities on S. atromaculatus.

The results lead to the failure to reject the null hypothesis of no difference in
community structure (order of abundance) of 3 congeners on S. atromaculatus among 3
distinct sites. In the present study, D. microphallus was the most commonly occurring
species of gill parasites on S. atromaculatus, followed by D. attenuatus, then D. tenax.

The present study is, therefore, the first to demonstrate that among the community of
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Dactylogyrus spp. on S. atromaculatus, the order of abundance (community structure)
remained unchanged over time and space in a watershed.

These results mirror the conclusions of Knipes and Janovy (2009), and strengthen
the contention that in this system, complex Dactylogyrus communities have, and
maintain, strict orders of abundance that reflect inherent differences in reproduction,
development, and parasite contributions to transmission between co-occurring congeners.

At all sites, larger hosts have higher abundances of Dactylogyrus spp. than
smaller individuals. The relationships between Dactylogyrus spp. abundance and N.
stramineus and S. atromaculatus size is most strongly positive at Oak, a second order
stream, followed by West Oak and Oak, the first order streams, suggesting host size is
playing a somewhat greater role in determining Dactylogyrus spp. abundance at the
larger stream than at the smaller streams. These results contradict the conclusions of
Knipes and Janovy (2009), which showed that in this system, host size played a
somewhat greater role in determining Dactylogyrus spp. abundance on P. promelas in
first order streams than in the second order stream.

At all sites, larger S. atromaculatus have higher species richness than smaller
hosts, though the positive relationship is only significant at Oak. Overall, the inconsistent
and weak nature of the Dactylogyrus spp. correlations with N. stramineus and S.
atromaculatus size, confirm the conclusions of the previous study (Knipes and Janovy,
2009), such that Dactylogyrus spp. infections in this system are independent of host STL.

There are no consistent significant differences in PR or MA of Dactylogyrus spp.
between male and female fish, indicating infection of N. stramineus and S. atromaculatus

is independent of host gender. Knipes and Janovy (2009) also found no relationship
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between host sex and PR or MA of Dactylogyrus spp. on Pimephales promelas;
therefore, their general rule for this system still holds, i.e., Dactylogyrus spp. do not
discriminate between host gender, regardless of potential secondary sexual characters in
those hosts.

The results lead to the rejection of the null hypothesis of no difference in
abundance, intensity, or prevalence for D. rubellus on N. stramineus within 3 sites. There
are significant within-yr differences at all sites, including sometimes inconsistent
seasonal fluctuations in which PR, MA, and MI had a tendency to be highest in summer.
There were significant between-yr differences in PR, MA, and MI at all sites, with D.
rubellus populations being most stable Oak, followed by Elk and Oak. Certain significant
between-yr differences are carry-overs from elevated infections in previous seasons, or
previous years, or both.

The results lead to the failure to reject the null hypothesis of no difference in
abundance, intensity, or prevalence for D. microphallus, D. attenuatus, or D. tenax on S.
atromaculatus within the 3 sites. There were no statistically significant within-yr or
between-yr differences for D. microphallus, D. attenuatus, or D. tenax at any of the 3
sites, except 1 instance each at Elk and Oak, though those differences were not consistent
for all yr. These results indicate, therefore, that Dactylogyrus spp. infections of S.
atromaculatus in this system are independent of collection season and yr.

In the present study, both hosts tend to have elevated Dactylogyrus spp. infections
in summer, which is consistent with 3 Dactylogyrus spp. on P. promelas from the same

collections (Knipes and Janovy, 2009), and indicates Pojmanska’s (1995) idea of the
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favorable influence of warmer season on parasite reproduction and survival also applies
to these 4 additional Dactylogyrus species.

The results lead to the failure to reject the null hypothesis of no difference in
abundance, intensity, or prevalence among 3 coexisting congeners on S. atromaculatus
within sites. There were no significant differences among the 3 Dactylogyrus spp. in any
collection at any site except West Oak. There were, however, significant, consistent
differences among species when collections were lumped across seasons and yr. The
differences among species were consistent with the previously described order of
abundance, in which D. microphallus occurs in higher prevalences and abundances than
D. attenuatus, and by D. tenax.

The present study builds on that of Knipes and Janovy (2009) with the additional
reporting on 2 host species and 4 Dactylogyrus spp. from the same collection sites. The
community of gill parasites found on S. atromaculatus was consistent with a previous
report from Nebraska (Mayes, 1976) and with parasite fauna in its native range
(Hoffman, 1999), while the gill parasite species found on N. stramineus was consistent
with previous reports from Nebraska (Mayes, 1976) and Ontario, Canada (Hanek et al.,
1975). These results add to the work of Mayes (1976; 1977), Weichman and Janovy
(2000) and Knipes and Janovy (2009) with 2 additional host species and 4 additional
Dactylogyrus spp., thereby contributing to our overall understanding of seasonal
dynamics of a complex Dactylogyrus community on a community of 3 native North

American hosts at multiple sites, over multiple yr.
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Table I. Collections of Notropis stramineus: sites, dates, STL (cm) and significance tests.

Collection Dates

Male

Female

Tests of significance:

n STL+18D (range) n STL +1SD (range) Male STL vs. Female STL
Elk Creek
Summer 2004 19 531+£063-67) 21 50+£07(41-6.8) t=047, p =005
Fall 2004 7 55+02(52-58) 6 52+33(47-596) t=149, p =005
Spring 2005 13 53+£06(39-62) 9 51+x04(47-6.0) t =083, p= 005
Summer 2005 21 45+407(32-55) 26 48+05(39-57) t=143, p=005
Fall 2005 9 44+11(125-54) 7 45+£05(38-52) t'=0.06, p > 0.05
Spring 2006 3 56+03(51-59) 8 51+06(43-57) t=1.66, p=0.05
Summer 2006 4 56+02(54-57) 5 50+03(46-53) t'=3.67,p<0.05
Total 78 50+£08@2.5-67) 82 49+0.6(3.8-6.8) t'=0.57,p>0.05
West Oak Creek
Summer 2004 6 49+05@1-55) 17 50x£06(41-6.0) t=030,p>=005
Fall 2004 2 46+090-52) 5 49x£05(5-57) t=059 p=005
Spring 2005 2 52+£01(51-52) 4 50x05(46-57) t'=051,p=0.05
Summer 2005 33 51406(3.7-59) 16 51x05(40-6.0) t=006,p=>=0.05
Fall 2005 11 39+£0727-50) 6 36x06(3.0-47) t=097 p=0.05
Spring 2006 2 5040 4 48+£0.6(42-56) -
Summer 2006 5 5144+03(46-55 7 44+£03(41-49) t=368, p<005
Total 61 48+£072.7-59 59 48+£0.7(3.0-6.0) t=0.31,p>0.05
Oak Creek
Summer 2004 4 53206(44-57) 9 55x05(45-61) t=059, p=>005
Fall 2004 7 44+£06(33-49) 10 49+£06(42-58) t=194 p<005
Spring 2005 10 533+£0346-57) 8 52+06(45-58) t=0289, p=0.05
Summer 2005 27 38+£07(30-54) 0 -
Fall 2005 24 41+405(34-54) 13 43+07(33-53) t=151, p= 005
Spring 2006 17 43+£05(35-54) 2 46+13(37-55) =077, p>003
Summer 2006 11 48+£03(43-53) 5 48+04(43-53) t=019,p>=0.05
Total 100 43+0.7(3.0-57) 47 48+0.7(3.3-61) t'=4.60,p <0.05

STL = standard length; SD = standard deviation.



Table II. Standard Length of Nofropis stramineus: comparisons among collection sites*.
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Collection date

Elk Creck

West Oak Creek

Oak Creck

n

Summer 2004 42

Fall 2004 13
Spring 2005 93
Summer 2005 48
Fall 2005 17
Spring 2006 13
Summer 2006 10
Total 166
*

—tn e —

H

ek

Tt

STL + 1812 (range)

5.0+0.6(4.1-68)
54403 (47 -538)}
53+0.5(3.9-6.2)
46+0.7(32-57)§
43+1.0(22-54)
53+0.5(43-59)%
50+07(32-5.7)
49+0.7 (2.2 - 6.8)*

n

23
i
6

50

17
6

12

121

STL £ 1812 (range)

50£05(4.1-6.0)
48=06(4.0-5.7)
51+04(46-5.7)
5.0+0.6(3.7-6.0)|
3.8+0.7(2.7-5.0)
4.9+0.5(42-5.6)]
47405 (4.1-5.5)
48£0.7 (2.7 - 6.0)11

n

13
17
18
27
43
19
16
153

STL £ 15D (range)

5.4£0.5(44-61)%

47+06(3.3-5.8)
53+04(45-5.8)
3.8+0.6(3.0-5.4)
41+06(2.5-5.4)
43+06(3.5-5.5)
48+03(43-5.3)
45+0.8(2.5-6.1)

STL = Standard Length in cm; SD = standard deviation; EC = Elk creek; WO = West Oak creek;

OC = Oak creek; Significance level p <0.017.
OC STL significantly greater than WO, ¢ = 2.44;
EC STL significantly greater than OC, ¢ = 3.78;
EC STL significantly greater than OC, ¢ = 5.44;
WO STL significantly greater than EC, ¢
EC STL significantly greater than OC, 7 = 4.94;
WO STL significantly greater than OC, 1= 2.27;

3.00; WO STL significantly greater than OC, ¢

EC Total STL significantly greater than OC, 7= 5.61;
WO Total STL significantly greater than OC, t = 3.65;

8.33;



Table III. Comparisons of male and female Notropis stramineus infected with
Dactylogyrus rubellus: dates, sample sizes, infection indices at three sites™.

) Male Female

Collection Dates

n PR MA £ 1SD (range) n PR MA £ 18D (range)
Elk Creek
Summer 2004 19 105 05+£15(0-06) 18 107 06+1.7(0-7)
Fall 2004 4 0 0 4 500 1.5+£24(0-5)
Spring 2005 10 10.0 0.1=03(0-1) 3 500 21+£29(0-8)F
Summer 2005 12 83 3.6+124(0-43) 11 9.1 16.5+£546(0-181)
Fall 2005 9 0 0 6 0 0
Spring 2006 4 250 10+20(0-4 2 500 1.0+£1.4(0-2)
Summer 2006 1 100 30.0 4 500 63+£105(0-22)
Total 59 102 1.5+6.8(0-43) 53 24.57 45+£24.3(0-176)
West Oak Creek
Summer 2004 6 167 1.0+£240-6) 15 133 0.7+£23(0-9)
Fall 2004 2 1000 50+£283-7) 5 80.0 28+£24(0-6)
Spring 2005 2 0 0 4 500 350+63(0-13)
Summer 2005 12 917§ 17.3x192(0-54) & 500 105+£122(0-28)
Fall 2005 9 0 0 6 16.7 08+2.0(0-5)
Spring 2006 1 0 0 3 0 0
Summer 2006 5 0 0 7 286 1.7+34(0-9
Total 37 378 61%x13.3(0-54) 46 30.4 2.7 £5.9(0-28)
Qak Creek
Summer 2004 4 1000 105+45(7-17) 7 1000 309+251(1 - 67)”
Fall 2004 4 750 40+43(0-10) 9 778 7.9+89(0-25)
Spring 2005 9 1000 59+48(2-17) 8 1000 74+£100(1-3D
Summer 2005 7 857 86+£62(0-19) 0 0 0
Fall 2005 8 500 41+£620-17 3 33.3 0.7+1.2(0-2)
Spring 2006 8 1000 69+£25(4-12) 1 0 0
Summer 2006 5 1000 408+247(2-63) 1 1000 67.0
Total 45 867 103+141(0-63) 29 862 15.1+20.0(0-67)

*  MA = mean abundance; PR = prevalence; SD = standard deviation; N.
stramineus = Ns

—_—r e —f

MA significantly greater on female than on male Ns, ' = 1.99,
Total PR significantly greater on female than on male Ns, y° = 4.1;
PR significantly greater on male than on female Ns, y° = 4.0,

MA significantly greater on female than on male Ns, ' =2.08;
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Table IV. Seasonal and between-year comparisons within sites: dates,
sample sizes and infection indices of Dactylogyrus rubellus on Notropis

stramineus™.
D. rubellus

Collection Date  No. of Fish PR MA £ 1SD MI £+ 18D
Elk Creek

Summer 2004 39 12.8 05+14 3624
Fall 2004 3 25.0% 08+£18 30£28
Spring 2005 19 31.63 1.53+3.1 48+£39
Summer 2005 24 8.3 8.8+357 106.0 £ 93.3§
Fall 2005 15 0 0 0
Spring 2006 6 333 08+1.6 25+2.1
Summer 2006 6 50.0]| 93+133 18.7+13.3
Total 117 171 2.9+17.0 16.5 £39.1
West Oak Creek

Summer 2004 21 143 08£273 53+£40
Fall 2004 7 85.7# 3.4 +2.359 40+£22
Spring 2005 6 333 33+55 100+4.2
Summer 2005 18 77 .8%* 151 =17.1%F 194+£17.1
Fall 2005 15 6.7 03+1.3 500
Spring 2006 4 0 0 0
Summer 2006 12 16.7 1.0+£27 6.0+42
Total 83 33.7 42 +10.03% 12.4 + 14.0§§
Oak Creek

Summer 2004 11 100.0 23.5+222 23.5+£222
Fall 2004 13 76.9 67+78 8779
Spring 2005 17 1000] | 6.6+7.5 6.6+ 7.5
Summer 2005 7 85.7 8.6+6.2 10.0+53
Fall 2005 11 455 3.1+£55 68+6.6
Spring 2006 9 100.0 87+59 R7+59
sSummer 2006 6 100.0 452 + 24 o## 45.2 £ 24.699
Total 74 86.5%%% 122+ 167711 141+ 17.231%
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Table I'V. Continued.

£

—LON g

dek

ft
1
5
I
##

M

PR = prevalence; MA = mean abundance; MI = mean intensity; SD = standard deviation;
EC =Elk creek; WO = West Oak creek; OC = Oak creek; Significance level p < 0.017.
At EC, fall PR significantly greater in 2004 than 2005, i’ = 4.10;

At EC, 2005 PR significantly greater in spring than fall, y* = 5.75;

At BEC, summer 2005 MI significantly greater than Total MI, ¢ = 2.77,

At EC, summer PR significantly greater in 2006 than 2004, o = 4.91,

At EC, summer PR significantly greater in 2006 than 2005, o = 6.0,

At WO, 2004 PR significantly greater in fall than summer, ° = 12.28;
At WO, fall 2004 PR significantly greater than Total PR, o = 7.42;

At WO, fall PR significantly greater in 2004 than 2005, y° = 13.75;

At WO, 2004 MA significantly greater in fall than summer, ¢ = 2.6;

At WO, fall MA significantly greater in 2004 than 2005, t'=3.08;

At WO, 2005 PR significantly greater in summer than fall, y° = 16.69;
At WO, summer PR significantly greater in 2005 than 2006, y° = 10.80;,
At WO, summer 2005 PR significantly greater than Total PR, ° = 11.81;
At WO, 2005 MA significantly greater in summer than fall, t'= 3.64;

At WO, 2005 MA significantly greater in summer than spring, t'= 2.54;
At WO, summer MA significantly greater in 2005 than 2004, "= 3.52;
At WO, summer MA significantly greater in 2005 than 2006, "= 3.43;
At WO, Total MA significantly greater than fall 2005 MA, ¢'=3.37,

At WO, Total MA significantly greater than summer 2005 MA, ¢t'= 2.85;
At WO, Total MI significantly greater than fall 2004 MI, ¢'= 3.02;

At OC, 2005 PR significantly greater in spring than fall, o = 11.80;

At OC, 2006 MA significantly greater in summer than spring, t'= 3.57;
At OC, summer 2006 MA significantly greater than Total MA, t'= 4.50;
At OC, summer MA significantly greater in 2006 than 2003, t'= 3.55;
At OC, 2006 MI significantly greater in summer than spring, ¢'= 3.57;
At OC, summer MI significantly greater in 2006 than 2005, t'= 3 43;

w3k At OC, Total PR significantly greater than fall 2005 PR, % = 10.55;
1T At OC, Total MA significantly greater than fall 2005 MA, ¢'=3.56;
TIT At OC, Total MI significantly greater than spring 2005 MI, t*= 2.66.
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Table V. Comparisons of infection indices among sites: dates, sample
sizes and mfection indices of Dactylogyrus rubellus on Notropis

stramineus™.

D. rubellus
Collection Date No. of Fish PR MA £ 18D MI £ 1SD
Elk Creek
summer 2004 39 12.8 05+14 3624
Fall 2004 8 250 08+1.8 3028
Spring 2003 19 316 1.53+3.1 48+3.9
sSummer 2005 24 8.3 8638 7 106.0+933
Fall 2005 15 0 0 0
Spring 2006 6 33.3 08+16 Disidd. g
Summer 2006 6 50.0 03+133 187+ 133
Total 117 171 29+17.0 16.5 £ 39.1
West Oak Creek
summer 2004 21 14.3 08+23 53+40
Fall 2004 7 85.7 ek 2.5 40+£2.2
Spring 2005 6 333 3.3£35.5 10042
Summer 2005 18 77.8% 15.1 #1791 194+ 17.1
Fall 2005 15 6.7 03+1.3 50+0
Spring 2006 4 0 0 0
Summer 2006 12 16.7 1.0+£27 6.0+42
Total 83 33.7§ 42 +10.0 12.4 £ 14.0
Oak Creek
Summer 2004 11 1000 235+222# 23.5+2229
Fall 2004 13 769 6.7+ 7.8%% 87+79
Spring 2005 7 100.0%F 6.6+ 7.5%% 6.6+75
sSummer 2005 7 85.78§ 8.6+62 100+5.3
Fall 2005 11 455 | 31455 6.8+6.6
Spring 2006 9 100.0## 8759 8.7+£59
Summer 2006 6 100.094 45.2+£246%%% 4521246
Total 74 865111 12.2+16.711F 141+17.2
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Table V. Continued.

.

= - —h

Aesfesk

Tt
i

PR = prevalence; MA = mean abundance, MI = mean intensity; SD = standard deviation;
EC =Elk creek; WO = West Oak creek; OC = Oak creek; Significance level p <0.017.
In fall 2004, MA significantly greater at WO than EC, t =242,

In summer 2005 PR significantly greater at WO than EC, »° = 21.03;
Total PR significantly greater at WO than EC, o = 7.37,

Tn summer 2004, PR significantly greater at OC than EC, = 29.97,
Tn summer 2004, PR significantly greater at OC than WO, ¢ = 21.55;
In summer 2004, MA significantly greater at OC than EC, t'= 3.40;
In summer 2004, MA significantly greater at OC than WO, ¢'= 3.40;
In summer 2004, MI significantly greater at OC than EC, ¢'=2.93;

In fall 2004, MA significantly greater at OC than EC, ¢' = 2.63;

In spring 2005, PR significantly greater at OC than EC, ¢’ = 18.21;
In spring 2005, PR significantly greater at OC than WO, y° = 13.73;
In spring 2005, MA significantly greater at OC than EC, t'= 2.61;

In summer 2005, PR significantly greater at OC than EC, i = 16.95;
In fall 2005, PR significantly greater at OC than EC, y° = 8.44;

Tn spring 2006, PR significantly greater at OC than EC, o = 8.18;

Tn spring 2006, PR significantly greater at OC than WO, ° = 13.00;
Tn summer 2006, PR significantly greater at OC than WO, y =11.25;
In summer 2006, MA significantly greater at OC than EC, t=3.15;
In summer 2006, MA significantly greater at OC than WO, ¢'= 4.39;
Total PR significantly greater at OC than EC, o* = 88.59;

Total PR significantly greater at OC than WO, i = 44.87,

Total MA significantly greater at OC than EC, ¢t =3.71,

Total MA significantly greater at OC than WO, ¢'=3.71.



Table VI. Collections of Semotilus atromaculatus: sites, dates, STL (cm) and significance tests™.

Male Female Tests of significance:
Collection Dates  n STL + 13D (range) n STL = 18D (range) Male STL vs. Female STL
Elk Creek
Summer 2004 13 994+15(76-122) 1 14.5 -
Fall 2004 1 8.5 0 - -
Spring 2005 0 - 2 109+£26(2.0-127) -
Summer 2005 2 55+£35(3.0-79) 4 49+24(28-79) =025 p>005
Fall 2005 0 - 0 - -
Spring 2006 2 52+1.1(44-6.0) 1 7.1 -
Summer 2006 7 86+1.7(7.0-114) 1 8.6 -
Total 25 87+223.0-122) 9 79+39(28-14.5) £ =0.59,p>0.05
West Oak Creek
Summer 2004 10 97+35(7.0-16.2) 8 11.0x27(73-14.6) t=03835p>0053
Fall 2004 1 10.8 2 9.0+02(88-91) -
Spring 2005 7 99+44(51-189) 4 95+23(8.1-13.0) f=020, p>0.05
Summer 2005 1 4.3 0 - -
Fall 2005 2 38+1.0(3.1-435) 0 - -
Spring 2006 9 58+£08(5.1-75) 1 10.1 -
Summer 2006 3 96+ 1.1(8.8-10.8) 6 8.9+0.6(79-9.06) t=1.0,p>005
Total 33 819+353.1-189 21 99+21(7.3-14.6) £=220,p<0.05
Oak Creek
Summer 2004 0 - 0 - -
Fall 2004 0 - 0 - -
Spring 2005 1 7.5 0 - -
Summer 2005 10 50£1.0(3.0-62) 0 - -
Fall 2005 1 95 2 3.7+£04(3.4-39) -
Spring 2006 0 - 0 - -
Summer 2006 1 10.2 0 5 -
Total 13 56+21(39-102) 2 3.7£0.4(3.4-3.9 £=3.0,p<005

*  STL = standard length; SD = standard deviation.
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Table VII. Standard length (cm) of Semotilus atromaculatus: comparisons among collection sites™®.

ELK

WEST OAK

OAK

Collection date

n STL + 18D (range) n STL + 18D (range) n STL + 18D (range)

Summer 2004 14 102+£19(76-145) 18 103+£31(7.0-16.2) 0 -

Fall 2004 1 8.5 3 96+1.1(88-10.8) 0 -

Spring 2005 2 109+260(.0-127) 11 9.8+3.6(51-18.9) 1 7.5
Summer 2005 9 42+23(22-79) 1 43 10 45+£06(39-56)
Fall 2005 0 - 2 3.8+1.0(3.1-45) 3 5.6+34(34-95)
Spring 2006 4 58+£14(044-71) 10 63+£1.5(51-10.1) 0 =

Summer 2006 8 86+15(7.0-114) 10 91+07(79-108) 1 10.2

Total 38 8.0+3.1(22-14.57F 56 89+3.1(3.1-18.9F 15 53+2.1(3.4-10.2)

* STL = standard length; SD = standard deviation;, EC = Elk creek; WO = West Oak creek;

OC = Oak creek; Significance level p <0.017.

+ Total STL significantly greater at EC than OC, ¢t = 3.12;
T Total STL significantly greater at WO than OC, 7 = 4.2;



85

Table VIII. Comparisons of male and female Semofilus airomacuiatus infected with Dactylogyrus
spp.: dates, sample sizes, infection indices at 3 sites™.
*  MA = mean abundance; SD = standard deviation; Dm = D. microphallus, Da = D. attenuatus,

Male

Collection Dates  n D. microphallus D. attenuatus D. tenax

PR MA+1SD (range) PR MA 13D (range) PR MA + 15D (range)
Elk Creek
Summer 2004 13 30.8 1.1£1.8 (04 231 03=+05(0-1) 15.4 02+04(0-1)
Fall 2004 1 0 0 0 0 0 0
Spring 2005 0 - - - - - -
Summer 2005 2 500 3.0+4.2(0-6) 0 0 0 0
Fall 2005 0 - - - - -
Spring 2006 2 0 0 0 0 0 0
Summer 2006 6 833 3.5+3.6(0-10) 333 1.0+£2.0 (0-5) 333 05+08(0-2)
Total 24 41.7 1.7 £2.6 (0-10) 20.8 0.4+1.1 (0-5) 16.7 0.2 £0.5 (0-2)
West Oak
Creek 10 200 0.6+1.2(0-3) 0 0 0 0
Summer 2004 1 0 0 0 0 0 0
Fall 2004 7 857 1.3+£1.0(0-3) 571 1.7+£2.2(0-6) 0 0
Spring 2005 1 100.0 20+0 100.0 5.0+0 0 0
Summer 2005 2 500 1.0+ 1.4(0-2) 0 0 0 0
Fall 2003 4 1000 3.5+£1.9(0-3) 50.0 1.8 +2.4(0-5) 50.0 0.5+0.6(0-1)
Spring 2006 3 667 200+£33.8(0-39) 333 1.7+£2.9(0-5) 333 1.0£1.7(0-3)
Summer 2006 28 571 33+£11.0(0-59) 28.6 1.0x£1.9 (0-6) 10.7 0.2 £0.6 (0-3)
Total
Oak Creek
Summer 2004 0 - - - - - -
Fall 2004 0 - - - - - -
Spring 2005 1 0 0 0 0 0 0
Summer 2005 10 0 0 0 0 0 0
Fall 2003 1 0 0 100.0 2.0+0 0 0
Spring 2006 0 - - - - - -
Summer 2006 1 1000 200 0 0 100.0 1.0£0
Total 13 7.6 0.2 £0.6 (0-2) 7.6 0.2 0.6 (0-2) 7.6 0.1 £0.3 (0-1)

Dt = D. tenax; MA = mean abundance; SD = standard deviation. Significance level p < 0.05.
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Table VIII. Continued.

Female

Collection Dates n D. microphallus D. attenuatus D. tenax

PR MA=£13D (range) PR  MA +1SD (range) PR MA = 15D (range)
Elk Creek
Summer 2004 1 0 0 0 0 0 0
Fall 2004 0 - - - : - =
Spring 2005 2 100.0 50+£42(2-8) 100.0 3.0+0 0 0
Summer 2005 4 3500 23+29(0-6) 25.0 1.0+£2.0(0-4) 0 0
Fall 2005 0 = & - = % =
Spring 2006 1 100.0 2040 0 0 0 0
Summer 2006 1 100.0 80£0 100.0 1.0+£0 0 0
Total 9 66.7 3.2 +£3.3(0-8) 44.4 1.2 +£1.6 (0-4) 0 0
West Oak
Creek 8 750 29+40(0-12) 25.0 0.5+£06(0-1) 250 0.5+ 06 (0-1)
Summer 2004 2 0 0 0 0 0 0
Fall 2004 4 750 23+£26(0-6) 25.0 1.3+2.5(0-5) 0 0
Spring 2005 0 - - - - - -
Summer 2005 0 - - - - - -
Fall 2005 1 100.0 80£0 100.0 1.0+£0 0 0
Spring 2006 6 1000 187+17.8(3-43) 667 35+£3.7(0-9) 333 0.3+05(0-1)
Summer 2006 21 762 7.2+12.0(0-43) 381 1.4 £2.6(0-9) 19.0 0.2 + 0.4 (0-1)
Total
Oak Creek
Summer 2004 0 - - - = - -
Fall 2004 0 2 B - - B E
Spring 2005 0 - - - - - -
Summer 2005 0 - - - - - -
Fall 2005 2 0 0 0 0 0 0
Spring 2006 0 - - - - - -
Summer 2006 0 - - - - - -
Total 2 0 0 0 0 0 0

*  MA = mean abundance; SD = standard deviation; Dm = D. microphallus, Da = D. attenuatus,
Dt = D. tenax, MA = mean abundance; SD = standard deviation. Significance level p < 0.05,
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Table XI. r-Values of abundance correlations for 3 Dactylogyrus spp.
on Semotilus atromaculatus at 3 sites in southeastern Nebraska.

Elk Creek D. microphallus  D. attenuatus D. tenax
D. microphalhis 1.00 0.56* 0.49*
D. attenuatus 1.00 0.50*
D. tenax 1.00
West Oak D. microphallus  D. aftenuatus D. tenax
D. microphalhis 1.00 0.59% 0.67*%
D. attenuatus 1.00 0.24
D. tenax 1.00
Oak Creek D. microphallus  D. attenuatus D. tenax
D. microphalhis 1.00 -0.07 1.00*
D. attenuatus 1.00 -0.07
D. tenax 1.00

* Significance level at P < 0.017.
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FIGURE 1. Scatter plots of Dactylogyrus rubellus per Notropis stramineus versus host
standard length (cm) at Elk Creek, West Oak Creek and Oak Creek. Elk Creek, y = 1.81x
- 6.04, R*=0.006, P = 0.20; West Oak Creek, y = 3.96x - 14.55, R*=0.075, P = 0.006;

Oak Creek, y = 6.03x - 17.22, R*=0.060, P = 0.018.
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FIGURE 2. Scatter plots of parasites per Semotilus atromaculatus versus host standard
length (cm) at Elk Creek. Dactylogyrus microphallus, y = 0.33x - 0.51, R*=0.095, P =
0.046; D. attenuatus, y = 0.11x - 0.23, R*=0.048, P = 0.118; D. tenax, y = 0.41x - 0.18,

R?=0.060, P = 0.092.
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FIGURE 3. Scatter plots of parasites per Semotilus atromaculatus versus host standard
length (cm) at West Oak Creek. Dactylogyrus microphallus, y = 0.16x - 0.74, R*= 0.418,

P =0.179; D. attenuatus, y = 0.14x - 0.61, R*= 0.304, P = 0.084; D. tenax, y = 0.08x -

0.37,R*=0.418, P = (.342.



# of Dactylogyrus sp. per host individual

97

12
10 ~
8 -
6 n
4
2 ¢ O
—-_—__d
0 = Ty "R e :
20 4.0 6.0 8.0 10.0 12.0
Host STL (cm)
O D. microphallus & D. attenuatus A D. tenax

14.0



98

Figure 4. Scatter plots of parasites per Semotilus atromaculatus versus host standard
length (cm) at Oak Creek. Dactylogyrus microphallus, y = 0.45x + 0.94, R*=0.017, P <
0.0001; D. attenuatus, y = 0.128x + 0.013, R*=0.038, P = 0.0007; D. tenax, y = 0.01x +

0.10, R?=0.003, P < 0.0001.
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Figure 5. Scatter plots of Dactylogyrus spp. richness per Semotilus atromaculatus versus
host standard length (cm) at Elk Creek, West Oak Creek, and Oak Creek. Dactylogyrus
microphallus, y = 0.45x + 0.94, R?=0.017, P < 0.0001; D. attenuatus, y=0.128x +

0.013, R*=0.038, P = 0.0007; D. tenax, y = 0.01x + 0.10, R*= 0.003, P < 0.0001.
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CHAPTER THREE: FIELD OBSERVATIONS ON REPRODUCTIVE OUTPUT
AND LARVAL OCCURRENCE IN A COMPLEX COMMUNITY OF
DACTYLOGYRUS SPP. (MONOGENEA) ON THREE NORTH AMERICAN

CYPRINIDS.

ABSTRACT: The reproductive output and larval occurrence of gill monogenes were
investigated among Dactylogyrus spp. communities on Pimephales promelas (fathead
minnow) Notropis stramineus (sand shiner) and Semotilus atromaculatus (creek chub) in
3 distinct sites on converging streams from 2004 to 2006 in 3 different seasons. Thirty
collections were made in southeastern Nebraska along 3 converging tributaries: Elk
Creek (40.88534°N, 96.83366°W), West Oak Creek (40.9082°N, 96.81432°W), and Oak
Creek (40.91402°N, 96.770583°W), Lancaster County, Nebraska. In all 3,495 worms
were collected from the gills of P. promelas (41 immature, 104 gravid); 1581 worms
were collected from the gills of 112 N. stramineus, (12 immature, 28 gravid); and 415
worms were collected from the gills of 52 S. atromaculatus (8 immature, 13 gravid). In
this study: (1) reproductive output and larval occurrence for the 7 Dactylogyrus spp. were
not determined by host species, host demographics (sex, size) or collection site; (2) egg
production is not continuous throughout the year and varies in duration among congeners;
(3) timing of egg production is more similar among co-occurring congeners than among
congeners among different hosts; and (4) larval recruitment is non-continuous across
parasites’ respective reproductive periods. Therefore, hatch timing and host availability,
not reproductive timing, are critical factors determining population dynamics in time and

space.
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INTRODUCTION

Dactylogyrus spp. have a direct life cycle. They reproduce on the gills of fish,
producing one egg at a time, which is deposited into the water. After some time the egg
hatches, releasing a free-swimming stage. The emerging larval stage is tiny, short-lived,
and a weak-swimmer that must encounter and attach to a fast-moving, uncooperative fish
host. The freely deposited, passive egg, drifting at the mercy of currents, seems to be a
particularly weak link in the transmission of monogenes between active hosts (Kearn,
1986), but the sinking eggs and their dissemination over the bottom of the water body is
of great importance for the spread of infection on the whole fish population (Prost, 1963).
Therefore, the growth of Dactylogyrus spp. populations, and the persistence of species in
time, depends upon the rate of egg output, egg development time, and the ability of newly
hatched larval stages to find and attach to a potential fish hosts. Monogeneans should be
of great interest to ecologists because their simple life cycle produces a tightly linked
ecological relationship between the eggs, larval stages, and definitive host (Chapman et

al., 2000).

Reproduction and egg deposition in Dactylogyridae takes place during the entire
life of the worm (Bychowsky, 1957), and at least in D. vastator on carp, egg deposition
has been shown to increase with the age of the parasite (Iziumova, 1956, from Kearn,
1986). Under average conditions Iziumova (from Bychowsky, 1957) found that D.
vastator deposits from 4-10 eggs in 24 hours, and that an increase in temperature caused

the number of eggs deposited to increase considerably.
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Temperature has a profound influence on egg output in dactylogyrid monogenes
(Kearn, 1986). A review by Kearn (1986) showed the influence of temperature on egg
output per adult per day for 4 species of Dactylogyrus. Dactylogyrus amphibothrium
adults from ruffe (Gymnocephalus cernuus) produce from 0.08 eggs per day at 0.5°C, to
as many as 10.7 eggs per day at 16.0°C (from Kashkovskii, 1982, from Kearn, 1986).
Dactylogyrus vastator adults from carp produce 1.5 eggs per day at 12°C (Paperna, 1963
from Kearn, 1986), and D. amphibothrium adults produce 4.6 eggs per day at 12°C
(Prost, 1963). Finally Whereas D. anchoratus adults from carp produce 2.13 eggs per day
at 28°C (Prost, 1963), D. lamellatus adults from grass carp produce 15.0 eggs per day at
28°C (Molnar, 1971 from Kearn, 1986), and D. vastator adults produce 29 eggs per day
at 28°C (Paperna, 1963 from Kearn, 1986). Egg output is a dynamic character/factor that

is variable both within and among Dactylogyrus species.

For Dactylogyrus spp. it has been shown that egg output increases with
temperature to a certain point, beyond which egg output decreases (Prost, 1963, Paperna,
1963). Paperna (1963, from Kearn, 1986) showed that egg output in D. vastator adults
increases from 1.5 eggs per day at 12°C to 29.0 eggs per day at 28°C, and then decreases
to 2.5 eggs per day at 37°C. While increased temperature causes increases in egg output,
colder temperatures have also been shown to slow production rates (Kashkovskii, 1982,

from Kearn, 1986) or to stop egg production all together (Prost, 1963, from Kearn, 1986).

Once eggs are released from the adult and fall to the stream bottom, egg
development and hatch timing play significant roles in an individual’s chances for
successful recruitment. Studies have shown egg development time, meaning interval

between egg laying and spontaneous hatching, is temperature dependent and variable
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within and among species. Egg development time in D. lamellatus ranges from 4 days at

18°C, to 1.5 days at 26°C, to 2.5-3.0 days at 32°C (Molnar, 1971, from Kearn, 1986).

Prost (1963) found the optimum temperature for egg development in 2 co-
occuring Dactylogyrus species on the same host species, carp, differed by 5°C. The
development of D. extensus eggs, while shortest at 22-26°C (3 days) with 20-30% of eggs
developing, was optimal at 16-17°C (8-9 days) with 70-80% of eggs developing. The
development of D. anchoratus eggs was shortest at 28-29°C (1.5-2 days) with 30-40% of
eggs developing, was optimal at 22 to 23°C (2.5-3 days) with 80-90% of eggs
developing. Prost (1963) found no difference in number of eggs laid and period of larval
development between species, and thus attributed D. anchoratus’ higher intensity of
infection in hosts in warm summer months to the higher optimal egg development
temperature. Conversely D. extensus’ lower intensity of adults on hosts was attributed to
the lower optimal egg development temperature and fewer eggs developing in warm

summer months.

Low water temperatures result in slowing or ceasing of egg development, for
example D. vastator eggs ceased developing below 4°C (Markevich, 1951 from Aydogdu
and Altunel, 2002), and eggs of D. anchoratus and D. extensus ceased developing below
3°C for (Prost, 1963). Upon transfer to an environment at 21-24°C, Prost (1963)
demonstrated that D. anchoratus and D. extensus larvae became active and most hatched,
though viability depended on the developmental stages of eggs when they were exposed
to cold temperatures. Bychowsky (1957) concluded that spring Dactylogyrus spp.

infections are the result of larvae emerging from eggs that survived over winter, having
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ceased development at low winter temperatures and become re-activated with warming

water in spring.

Gannicott and Tinsley (1998b) suggested egg-hatching rhythms as an adaptation
in monogeneans, particularly as a means of providing the short-lived free-swimming
infective stages with the maximum chance of contacting a host. They found larval
emergence in Discocotyle sagittata on the rainbow trout (Oncorhynchus mykiss) to be
restricted to periods of darkness, such that emergence corresponded to periods of host
inactivity. However, in D. vastator from carp, Iziumova (1956, from Kearn, 1986) found
no significant difference between numbers of eggs laid during the day and during the

night.

The duration of the free-swimming larval stage differs among Dactylogyrus spp.
and also depends on temperature. Iziumova (1956) found larval lifespan of D. vastator
apart from the host 4-8 hrs at 10-14°C and 10-19 hrs at 17-20°C. For D. extensus and D.
anchoratus, the period from attachment to the host to sexual maturity lasts 6-7 days
(Prost, 1963). For D. anchoratus, development from egg to sexual maturity took longer
than 15 days at 16-18°C (Prost, 1963), while development of D. extensus took only 9
days at 24-25°C (Prost, 1963) but as many as 16-18 days at 17-19°C (Bauer and

Nikolskaia, 1954, from Prost, 1963).

Under field conditions, many other variables could influence hatching of
monogenean eggs (Gannicott and Tinsley, 1997). In order to make sense of when and at
what rate adult worms actually reproduce, become gravid, and infect new hosts in nature,

field collections of gravid and larval worms must be made. Thus, a study of the gravid
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and larval worms obtained during the 2004-2006 collections of 7 congeneric parasite
species distributed among 3 fish species in 3 sites in Southeastern Nebraska, provides
insight into reproduction and transmission of various Dactylogyrus spp. in nature. The
population and community structure of the adult Dactylogyrus spp. from these collections
have already been described (Knipes and Janovy, 2009; Knipes and Janovy, in review),

and provide context for the current work.

The purpose of the present study was to explore the role of parasite reproductive
activities in the structuring of Dactylogyrus spp. populations and communities. We
describe fecundity (egg production) and presence of immature worms for 7 Dactylogyrus
spp. on 3 hosts at 3 distinct sites on converging streams in southeastern Nebraska over a 3
year period. The study sought to determine the roles of (1) host demographics (sex, size),
(2) collection site, (3) collection month and year, and (4) parasite species, in reproductive
activities of Dactylogyrus spp. In particular, this study tested the following null
hypotheses: (1) no difference in rates of fecundity or immatures for Dactylogyrus spp. on
male and female hosts, (2) no relationship between rates of fecundity or immatures for
Dactylogyrus spp. and host size, (3) no difference in rates of fecundity or immatures for
Dactylogyrus spp. among collection sites, (4) no difference in rates of fecundity or
immatures for Dactylogyrus spp. within collection yr, (5) no difference in rates of
fecundity or immatures for Dactylogyrus spp. among collection yr, and (6) no difference
in rates of fecundity or immatures among Dactylogyrus species. Rejection of the null
hypotheses would reveal species-specific reproductive activities which contribute to and
maintain diversity within an extremely species-rich genus of monogenes. This constitutes

the first multisite, multiyear study of reproductive activities of Dactylogyrus in nature for
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a complex community of Dactylogyrus spp. on three native North American cyprinid
species.

This study, therefore, tests the biological hypothesis that closely related species
have innate differences in reproductive activities that in turn provide structure to their

respective populations and influence their roles in the parasite community.

MATERIALS AND METHODS

A total of 296 Pimephales promelas, 313 Notropis stramineus and 109 Semotilus
atromaculatus were examined. All minnows were collected by seine from Elk Creek
(Elk) (40.88534°N, 96.83366°W), West Oak Creek (West Oak) (40.9082°N,
96.81432°W), and Oak Creek (Oak) (40.91402°N, 96.770583 W), Lancaster County,
Nebraska, between July 2004 and October 2006. Sample sizes were dictated by the
number of fish captured and by the number that could be examined within 48 hr of
capture. Fish were brought to the laboratory at the University of Nebraska-Lincoln in
buckets with aerators and dissected within 48 hr of collection. All fish were identified
according to Pflieger (1997). Host standard length (STL) from nose to base of tail fin,
and total length (TTL) from nose to end of tail fin, were recorded for each individual. The
STL alone was statistically deemed to be the best measure of host size. All values are
reported as mean + 1 standard deviation (SD). Fish were sexed, and the gills removed

and placed in 1:4,000 formalin/water (Kritsky et al., 1986).

Monogenes were brushed from the host gills and preserved in alcohol-formalin-
acetic acid according to Pritchard and Kruse (1982). They were then washed in 70% ethyl

alcohol (ETOH), stained with Semichon’s acetocarmine, dehydrated through an ETOH
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series, cleared in xylene, and permanently mounted on slides with Damar balsam
(Spectrum Chemical; Gardena, California). Living worms also were studied and recorded
using video and digital photography. Monogene identification was based on comparison
of copulatory structures and on measurements of scelerotized hamuli, hooks, and
connective bars of the haptor (Murith and Beverley-Burton, 1985), as found in original
species descriptions (Mizelle, 1937; Mueller, 1938). Gravid worms were identified and
recorded. Immature worms lacking fully formed sclerotized parts were identifiable to

generic level and recorded.

Reproductive output was described as the ratio of gravid Dactylogyrus to total
Dactylogyrus (G/T), and transmission success was described as the ratio of immature

Dactylogyrus to total Dactylogyrus (I/T).

The chi-square test was used to compare prevalence (PR) of Dactylogyrus spp.
between male and female hosts. The chi-square test was used to compare PR within and
among Dactylogyrus spp. among seasons, and among sites. Student’s t-test was used to
compare differences in mean abundance for larval and gravid Dactylogyrus spp., among
seasons, and among sites. Approximate t-tests were calculated when variances were
heteroscedastic (Sokal and Rohlf, 1995). Bonferroni corrections based on number of
comparisons were used, i.e,. testing at significance level of 0.05/3= 0.017, to safeguard
against false significances due to multiple tests on the same data. Pearson’s correlation
was used to determine relationships among host STL and G/T, as well as to determine

relationships among host STL and I/T.
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Environmental data were recorded 4 times in 2005 and twice in 2006, at all 3
collection sites. Air and water temperatures were measured using a Fisher brand® glass
thermometer (Fisher, Pittsburg, Pennsylvania). Depth and width at collection sites were
measured using a tape measure. Flow rate was measured using a standard USGS Top
Setting Wading Rod with a Pygmy Current Meter. The pH of water was measured using a
pocket-sized pHep® meter. The electrical conductivity (EC) of water was measured
using a DiST WP conductivity/TDS meter. Water samples were brought back to the
University of Nebraska-Lincoln in sterile 32-0z Nalgene® containers. In the lab,
heterotrophic plate count (HPC) was measured using the IDEXX SimPlate for HPC
method. Following the 48-hr incubation period, SimPlates were examined for fluorescing
wells, each of which corresponded to Most Probable Number (MPN) of total waterborne
bacteria in the water sample. All environmental data are reported in Knipes and Janovy

(2009) (Chapter 1, Table I).

RESULTS

General observations

A total of 8,998 monogenes of genus Dactylogyrus was removed from the gills of
376 infected minnows examined between July 2004 and October 2006. In total 5,521 of
these specimens were identified to species; 145 worms were gravid, and 59 worms were
immature and identifiable only to the generic level. At all three collection sites, the gill
parasite community on P. promelas comprised 3 species (D. simplex, D. bychowskyi and

D. pectenatus), on N. stramineus 1 species (D. rubellus), and on S. atromaculatus 3
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species (D. microphallus, D. attenuatus, and D. tenax). All 7 Dactylogyrus species

collected were always host specific.

Host sex and size

A total of 44 (2.3%) of 1899 worms on female P. promelas was gravid and 22
(1.2%) were immature. Fifty-nine (3.9%) of 1527 worms on male P. promelas were
gravid and 16 (1.0%) were immature. A total of 16 (2.0%) of 797 worms on female N.
stramineus was gravid and 4 (0.5%) of 801 was immature. Twelve (1.6%) of 773 worms
on male N. stramineus were gravid and 9 (1.2%) of 782 were immature. A total of 9
(4.0%) of 225 worms on female S. atromaculatus was gravid and 7 (3.0%) of 232 was
immature. Four (2.2%) of 185 worms on male S. atromaculatus were gravid and 1 (0.5%)
of 186 were immature. There were no significant differences in PR, G/T or I/'T between
male and female hosts at any site, except for PR at Elk and West Oak, and for G/T and

I/T at West Oak and Oak (Table I).

Overall, larger fish had a greater total abundance of adult Dactylogyrus than
smaller fish at all 3 sites. There were no significant correlations between host STL and
G/T at any site, except for positive correlations at Elk (D. pectenatus: r =0.18, P < 0.05),
and at Oak (D. simplex, r =0.28, P < 0.05; D. microphallus: r=0.27, P < 0.05); and a
negative correlation at Oak (D. attenuatus: r = 0.26, P < 0.05). Immature Dactylogyrus
were collected from P. promelas ranging from 2.3 to 7.2 cm (4.82 £ 1.0), on S.
atromaculatus that ranging from 7.1 to 14.6 cm (9.5 = 3.47cm), and on N. stramineus
ranging from 4.2 to 5.3 cm (4.9 £ 0.4). There were no significant correlations between

host STL and I/T at any site.
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Within community comparisons

Pimephales promelas: Overall, 212 (92.2%) of the 230 P. promelas were infected with a
total 3495 Dactylogyrus spp., of which 104 (3.0%) were gravid, and 38 (1.1%) were
immature. There were no significant differences in PR, G/T, or I/T among sites, except
for PR of D. pectenatus between Elk and Oak, and between West and Oak (Table II).
There were no significant differences in G/T or I/T within yr, except G/T for D. simplex
was significantly greater in May than October 2005, and I/T for Dactylogyrus spp. was
significantly greater in October than any other month in 2004, and significantly greater in
August than any other month in 2006 (Table III). There were no significant differences in
G/T or I/T among yr, except G/T for D. simplex was significantly greater in June 2006
than 2005, and I/T for Dactylogyrus spp. was significantly greater in October 2004 than

2005 and significantly greater in June 2005 than 2006.

Notropis stramineus: Overall, 112 (40.9%) of 274 N. stramineus were infected with a
total of 1581 Dactylogyrus rubellus, of which 28 (1.8%) were gravid, and 13 (0.8%) were
immature. There were no significant differences in PR, G/T, or I/T among sites, except
for PR of D. rubellus between West Oak and Elk, between Oak and Elk, and between
Oak and West Oak, and for I/T between Elk and West Oak (Table II). There were no
significant differences in G/T or I/T of Dactylogyrus sp. within yr, except G/T for D.
rubellus was significantly greater in July than November 2005 and I/T for Dactylogyrus
sp. was significantly greater in June and October 2005 than August (Table III). There
were no significant differences in G/T or I/T among yr except G/T for D. rubellus was

significantly greater in June 2006 than 2005.
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Semotilus atromaculatus: Overall, 52 (43.7%) of 119 S. atromaculatus were infected
with a total of 414 Dactylogyrus spp., of which 13 (3.1%) were gravid, and 8 (1.9%)
were immature. There were no significant differences in PR, G/T, or I/'T among sites,
except for PR of D. microphallus between Elk and Oak, and between West Oak and Oak
(Table IT). There were no significant differences in G/T or I/T within yr, except I/T for
Dactylogyrus was significantly greater in May 2006 than August (Table III). There were
no significant differences in G/T or I/T among yr for Dactylogyrus spp on S.

atromaculatus.

Among month comparisons

Gravid worms of all species were found except D. tenax (Table V). Gravid D.
simplex, D. pectenatus, and D. rubellus were found from May through August, gravid D.
bychowskyi from May through October, gravid D. attenuatus in May and July, and gravid
D. microphallus in May, July, and August. There were no significant differences in G/T
among collection months for any Dactylogyrus species, except G/T for D. simplex was

significantly higher in May than October or November.

Immature Dactylogyrus were found in all species of host (Table V). Immature
worms were found on P. promelas from May through October, on N. stramineus in June,
July and October, and on S. atromaculatus in May and July (Figs. 1-3). There were no
significant differences in I/T among collection months for Dactylogyrus spp., except I/'T
was significantly higher on P. promelas in August than May or July, on N. stramineus in
June, July, and October than August, and on S. atromaculatus in May and July than

August, and in July than June.
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Among species comparisons

There were no significant differences among Dactylogyrus species except G/T for
D. bychowskyi was significantly greater than D. simplex in October 2005 and July 2006,
and significantly greater than D. rubellus in July 2006, G/T for D. pectenatus was
significantly greater than D. simplex in August 2005 and May 2006, and significantly
greater than D. rubellus in August 2005, and G/T for D. attenuatus was significantly
greater than D. simplex, D. bychowskyi, and D. microphallus in July 2004 (Table IV).

The differences among species were not consistent in all months or in all yr.

There were no significant differences among Dactylogyrus species except I/T on
P. promelas was significantly greater than on S. atromaculatus in August 2006, and I/T
on S. atromaculatus was significantly greater than on P. promelas in July 2004, and
significantly greater than on N. stramineus in May 2005. The differences in I/'T of

Dactylogyrus spp. among hosts were not consistent in all months or in all yr.

DISCUSSION

The major contribution of this study is the demonstration that reproductive output
and occurrence of larval Dactylogyrus spp. on P. promelas, N. stramineus or S.
atromaculatus is not determined by host species, host demographics, or collection site.
This study is the first to demonstrate from field collected data, that among a community
of 7 Dactylogyrus species on 3 host species occupying the same environment, egg
production is not continuous throughout the year, and varies in duration among
congeners, with periods being more similar among co-occurring congeners than among

congeners on different host species. Collections of immature worms reveal larval
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recruitment is non-continuous across parasites’ respective reproductive periods.
Therefore, hatch timing and host availability, not reproductive timing, are critical factors

determining population dynamics in space and time.

The results lead to (1) failure to reject the null hypothesis of no difference in rates
of fecundity (G/T) or immatures (I/T) between male and female hosts, for any
Dactylogyrus spp.; (2) failure to reject the null hypothesis of no relationship between
rates of fecundity or immatures and host size, for any Dactylogyrus spp., leading to the
conclusion that reproductive output and larval occurrence for Dactylogyrus spp. is
independent of host sex and size and that larval worms are able to infect hosts at any life
stage; and (3) failure to reject the null hypothesis of no difference in rates of fecundity or
immatures among collection sites for any Dactylogyrus spp. Thus reproductive output
and larval occurrence for Dactylogyrus spp. is independent of collection site. These
results are in contrast to Paperna’s (1964) work with carp that showed that conspecifics
can have very different responses to environmental factors depending on collection site;
e.g., an increase in temperature for D. extensus collected in the former U.S.S.R. resulted
in a reduction in egg hatching as compared with D. extensus collected in Israel that

showed no decrease in egg hatching.

The results lead to a failure to reject the null hypothesis of no difference in rates
of fecundity or immatures within collection yr for any Dactylogyrus spp. Reproductive
output for Dactylogyrus spp. is independent of collection month, however there are non-
significant trends in egg output including greater egg production from May through

August and egg production going to zero by October and November.
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The spawning periods for P. promelas and N. stramineus, which last from May to
early August, and April through August, respectively (Pflieger, 1997), coincide with
parasite egg production and the occurrence of larval worms. For the solitary and secretive
S. atromaculatus, a brief spawning period from April to late May (Pflieger, 1997), might
constitute the only window of opportunity for emerging infective parasites to find and
attach to new (young-of-the-year) hosts. Host spawning provides opportunities for
emerging parasites to infect newly hatched fish (King and Cone, 2009), however current
results show adult fish are also commonly infected with immature Dactylogyrus,

indicating parasite recruitment is not occurring uniquely on host immature stages.

Finally, the results lead to a failure to reject the null hypothesis of no difference in
rates of fecundity or immatures among Dactylogyrus spp. Reproductive output and larval
occurrence are independent of Dactylogyrus spp. however there are non-significant

differences in timing of reproduction and egg output among species.

The reproductive periods for Dactylogyrus spp. on S. atromaculatus includes 1 or
2 discrete periods each year, during which time, eggs hatch (D. microphallus and D.
attenuatus) and larval worms appear on hosts simultaneously. Zitnane and Hanzelova
(1981) attributed population increases in spring and fall for D. extensus to invasions by
hatching overwintered eggs. In the present study, it is not known whether eggs hatch in
that same year they are deposited or in the following year, however the strict coincidence
of eggs and immature worms seems to be an adaptation to the limited accessibility to

potential hosts.
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The reproductive period for Dactylogyrus spp. on N. stramineus includes egg
production from May to August, with rates peaking in the coolest months investigated.
The larval worms, which are assumed to be of one species D. rubellus, based on the fact
that this species was the only one ever collected from N. stramineus during the study
(Knipes and Janovy, 2009), allow us to conclude that recruitment periods for this host are

not continuous throughout the parasite reproductive period.

The reproductive periods for Dactylogyrus spp. on P. promelas are May to
August (D. simplex, D. pectenatus) and May to October (D. bychowskyi), with D.
pectenatus producing eggs at the highest rates in the cool and hot months, and D. simplex
producing eggs slowly and steadily from May through August. Immature Dactylogyrus
spp. are present on P. promelas in all collections in all years except July, August and
November 2004. The first possible explanation for the continuous presence of immature
Dactylogyrus on P. promelas across multiple seasons, is that all 3 species have hatching
periods that extend from June through October. The second explanation for the
continuous presence of immature Dactylogyrus across multiple seasons, is that the 3
species are hatching at separate times, as was observed on N. stramineus (present study)

and our inability to distinguish the species keeps us from differentiating.

Occurrence of larval worms on hosts is evidence of successful recruitment. Lack
of larval stages throughout the reproductive period is not necessarily indicative of a lull in
hatching. If larval emergence occurs spontaneously following development (Kearn,
1986), then the lack of immature worms on hosts in certain months suggests either
development within eggs is being delayed in certain months, or more likely, larval stages

are continuously emerging but often “missing the mark”. Sudden floods may wash
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infective stages downstream, and consequent changes in fish distribution may keep
parasites from coming in contact with potential hosts. Any number of events could result
in larval worms failing to recruit a host. Such events may affect parasite population
structure temporarily and over the longer term. Persistence of all seven Dactylogyrus spp.
over the 3 yr period, at all 3 sites, suggests adult worms live long enough, and produce

sufficient eggs numbers of eggs, to survive any such event.

Variations in parasite reproductive output may be dependent on a number of
factors: environmental conditions (temperature and light regimes), between worm
differences (age or size) and host parameters including age, sex and immune status
(Gannicott and Tinsley, 1998a). This study, which constitutes the first multisite,
multiyear study of reproductive activities of Dactylogyrus in nature, reveals timing of egg
production and host recruitment by free-swimming larval stages for a complex
community of Dactylogyrus spp. on 3 native North American cyprinid species. Finally,
these data reveal life history differences in among Dactylogyrus spp., more so than host
and environmental factors, account for population and community structure within the

three stream system.
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FIGURE 1. Ratio of gravid worms per total worms, and ratio of immature worms/total

worms on Pimephales promelas in July 2004 through August 2006 (3 sites lumped).
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FIGURE 2. Ratio of gravid worms per total worms, and ratio of immature worms/total

worms on Notropis stramineus in July 2004 through August 2006 (3 sites lumped).
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FIGURE 3. Ratio of gravid worms per total worms, and ratio of immature worms/total

worms on Semotilus atromaculatus in July 2004 through August 2006 (3 sites lumped).
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CHAPTER FOUR: OCCURRENCE AND DETERMINATION OF BLACKSPOT
(PLATYHELMINTHES; TREMATODA) ON THREE NORTH AMERICAN

CYPRINIDS: FIELD OBSERVATIONS AND EXPERIMENTAL INFECTIONS.

ABSTRACT: The blackspot trematode occurrence on Pimephales promelas (fathead
minnow), Notropis stramineus (Sand shiner), and Semotilus atromaculatus (Creek chub)
was investigated in 3 distinct sites on converging streams from 2004 to 2006 in 3
different seasons. Thirty collections of P. promelas were made in southeastern Nebraska
along 3 converging tributaries: Elk Creek (40.88534°N, 96.83366°W), West Oak Creek
(40.9082°N, 96.81432°W) and Oak Creek (40.91402°N, 96.770583 “W), Lancaster
County, Nebraska. In all, 528 P. promelas, 446 N. stramineus, and 117 S. atromaculatus
were collected and examined for trematode metacercaria. Mean intensities of blackspot
for P. promelas at Elk, West Oak, and Oak Creeks were 44.7, 1.5, and 9.2, and
prevalences 78.1%, 21.8%, and 67.0%, respectively. Mean intensities of blackspot for N.
stramineus at Elk, West Oak, and Oak Creeks were 1.4, 0.1, and 0.02, and prevalences
18.6%, 1.6%, and 1.2%, respectively. Mean intensities of blackspot for S. atromaculatus
at Elk, West Oak, and Oak Creeks were 1.1, 1.3, and 7.6, and prevalences 33.3%, 26.2%,
and 81.3%, respectively. At these 3 sites: (1) blackspot infection of P. promelas, N.
stramineus, and S. atromaculatus were not determined by host demographics (size, sex),
collection month or collection yr; (2) spring infection rates reveal fish infected with
blackspot are able to survive winter; (3) movement of P. promelas, N. stramineus, and S.

atromaculatus populations is restricted among the 3 sites; and (4) cercarial biology, not
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environmental circumstances, are responsible for differences in infection among host

species in this system.
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INTRODUCTION

A number of species of trematode metacercaria are known to cause darkly
pigmented cysts (blackspot) on skin, muscles and fins of fish intermediate hosts.
Blackspot on cyprinids in southeastern Nebraska were referred to as Uvulifer ambloplitis
by Weichman and Janovy (2000). Bolbophorus confusus Kraus, 1914, and Crassiphiala
bulboglossa Van Haitsma, 1925, also cause blackspot, use similar first and second
intermediate hosts to U. ambloplitis and use fish-eating birds as definitive hosts.
Kingfishers are common in southeastern Nebraska, and according to Olsen (1986) serve
as definitive host for both C. bulboglossa and U. ambloplitis; pelicans however, the
definitive host for B. confusus as reported by Hoffman (1999), do not occur in the study
areas (personal observation).

Historically parasitologists have had difficulty identifying strigeid trematodes to
the level of species when they rely on characters only from the cercaria and metacercaria.
Without specimens of adult worms to examine, cercaria and metacercaria are limited in
the number of characters suitable for definitive species identification. Hughes (1927)
initially described Neascus ambloplitis from metacercaria from the rock bass
(Ambloplites rupestris) in Douglas Lake, Michigan. Cort and Brooks (1928) described
the Cercaria bessiae from cercaria, which Krull (1932) then experimentally exposed to
Lepomis gibbosus to produce metacercaria of Neascus ambloplitis. Hunter and Hunter
(1930) fed Neascus ambloplitis metacercaria to belted kingfishers, where they matured
into adults that Hunter and Hunter (1934) referred to as Crassiphiala ambloplitis. Hunter
and Hamilton (1941) experimentally completed the entire life cycle and elucidated the

morphology of the various developmental stages.
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Krull (1932) found infected Planorbella trivolvis (=Helisoma trivolvis) when kept
in the lab were capable of shedding cercariae daily for more than a year, and Hoffman
(unpublished data) found metacercariae live at least four yr in fishes at 12°C. Providing
intermediate and definitive hosts are available in a particular location, the enormous
productivity of Uvulifer ambloplitis in 1* intermediate hosts, combined with longevity in
2" intermediate hosts, gives this species very high potential for persistence over time.
Krull (1934) found that subjection of Lepomis gibbosus (pumpkinseed) fry to very high
numbers of cercaria at once caused death, whereas enormous infections can be built up
through exposure of cercaria in smaller doses. Lemly & Esch, (1984b) observed a
significant correlation between body condition and blackspot density in Lepomis
macrochirus (bluegill), indicating that as parasite densities increased, host body
conditions declined.

Krull (1934) explored host specificity of Cercaria bessiae (= Uvulifer
ambloplitis), which he was able to use to experimentally infect Lepomis gibbosus and
Lepomis cyanellus, but not Umbra sp. (mudminnows) or Carassius auratus (goldfish).
Hunter and Hunter (1934) experimentally infected Micropterus dolomieu (small-mouthed
bass), sunfish and rock bass. Krull (1934) also found infections involving repeated
exposures to thousands of Cercaria bessiae produced enormous infestations of cysts in
small and medium-sized (1.5 - 5.5cm) Lepomis gibbosus, and only a few cysts in larger
fish (12.5cm) of the same species, indicating there is host specificity and perhaps
differential ability to infect conspecifics.

The ecology of Uvulifer ambloplitis in natural populations of fishes remains

largely unknown (Lemly and Esch, 1984b). Much of what is known about U. ambloplitis
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is based on experimental recruitment of very large numbers of cercariae (hundreds) in a
very short time (hours), a situation which is highly artificial and which resulted in the
establishment of a much larger number of cysts (tenfold greater) than had ever been
observed in nature (Lemly and Esch, 1984b). Lemly and Esch (1984b) described the
population biology of Uvulifer ambloplitis in juvenile bluegill (Lepomis macrochirus)
and largemouth bass (Micropterus salmoides) in a North Caronlina pond. They found
differences in prevalence and intensity of blackspot between size classes of bluegill and
between fish species, and noted biology of first intermediate host, and breeding behavior
of definitive host as potential factors affecting parasite transmission and recruitment.

Weichman and Janovy (2000) found that within the Salt Valley Watershed,
restriction of fish movement between two sites on converging streams lead to
distinguishable parasite communities between sites due to lack of host mixing. The
purpose of the present study was to reassess host movement through the Salt Valley
Watershed, as well as to explore the role of host demographics, site differences and
parasite host-specificity in blackspot distribution in nature.

I describe blackspot populations on 3 host species at 3 distinct sites on converging
streams in southeastern Nebraska over a 3 year period to understand recruitment
strategies, and explore host specificity by exposing potential hosts to infective stages in
the laboratory. The study sought to determine the roles of (1) host demographics (sex,
size), (2) collection month and year, (3) collection site, and (4) host species in blackspot
distribution in nature, as well as (5) the susceptibility of 3 host species to blackspot in
laboratory exposure studies. This study also sought to (6) identify the species causing

blackspot on cyprinids in the Salt Valley watershed through examination of cercaria,
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metacercaria, and experimental infections of fish using field collected cercaria. Finally,
(7) DNA sequence data from experimentally produced and field collected metacercaria
will be generated and compared with published data for related species.

In particular, this field study tested the following null hypotheses: (1) no
difference in blackspot abundance or prevalence between male and female hosts, (2) no
relationship between blackspot abundance and host size, (3) no difference in blackspot
abundance or prevalence within or between collection yr, (4) no difference in blackspot
abundance or prevalence between collection sites, and (5) no difference abundance or
prevalence of blackspot between host species. Rejection of the initial 5 null hypotheses
would reveal host or environmental factors, rather than innate parasite biology, are
responsible for parasite population structure in the 3-stream system. The experimental
infection portion of the study tested the following null hypothesis: (6) no difference in
susceptibility of blackspot between host species. The phylogenetic analyses tested the
null hypothesis of: (7) no difference in species of trematode causing blackspot cysts on P.
promelas at 3 sites and in experimentally produced infections. Rejection of the final
hypotheses would reveal parasite host-specificity preference and innate parasite species
differences as a factors responsible for blackspot population structure.

This study, therefore, tests the biological hypothesis that innate parasite biology,
not environmental or host factors, is responsible for parasite host-specificity, which

influences host recruitment strategies and in turn provides structure to populations.
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MATERIALS AND METHODS
Study Sites:

Elk Creek (40.88534°N, 96.83366°W), West Oak Creek (40.9082°N, 6.81432°W)
and Oak Creek (40.91402°N, 96.770583 “W) are three convergent streams located in
Lancaster County, Nebraska. Environmental data were recorded 4 times in 2005 and
twice in 2006, at all 3 collection sites. Air and water temperatures were measured using a
Fisherbrand® glass thermometer (Fisher, Pittsburg, Pennsylvania). Depth and width at
collection sites were measured using a tape measure. Flow rate was measured using a
standard USGS Top Setting Wading Rod with a Pygmy Current Meter. The pH of water
was measured using a pocket-sized pHep® meter. The electrical conductivity (EC) of
water was measured using a DiST WP conductivity/TDS meter. Water samples were
brought back to the University of Nebraska-Lincoln in sterile 32-0z Nalgene® containers.
In the lab, heterotrophic plate count (HPC) was measured using the IDEXX SimPlate for
HPC method. Following the 48-hr incubation period, SimPlates were examined for
fluorescing wells, each of which corresponded to Most Probable Number (MPN) of total
waterborne bacteria in the water sample. All environmental data are reported in Knipes
and Janovy (2009) (Chapter 1, Table I).

Fish Collection:

Between July 2004 and October 2006, thirty-two collections were made of second
intermediate hosts, in which Pimephales promelas, Notropis stramineus, and Semotilus
atromaculatus were collected by seine and brought back to the laboratory at the
University of Nebraska-Lincoln in buckets with aerators. Within 48 hours of collection,

all fish were euthanized, and identified according to Pflieger (1997). Host standard length
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(STL) from nose to base of tail fin, and total length (TTL) from nose to end of tail fin,
were recorded for each individual. The STL alone was statistically deemed to be the best
measure of host size. All values are reported as mean = 1 standard deviation (SD). Fish
sex was recorded for each individual.

Each fish was placed under a stereomicroscope, and the external body surfaces,
including fins, were examined for metacercaria of blackspot parasites. Lemly & Esch
(1984b) noted that in centrarchid fishes the blackspot parasites were easily enumerated
without dissection due to the translucent nature of the tissue in combined with the large
size and black color of pigmented cysts. In addition to the body surface and fins, the inner
gill opercula, mouth, under surfaces of head, and body musculature were carefully
dissected and examined in all fish collected. Samples of blackspot metacercaria were
collected from representatives of all host species, from all sites, and from experimentally
produced infections, and were fixed in 95 % ethanol. Prevalence and mean abundance
terminology is consistent with Bush et al. (1997).

Snail Survey:

First intermediate host aquatic snails were surveyed by hand and dip net from
vegetation and substrate at Elk, West Oak, and Oak Creeks. Snails were returned to the
laboratory at the University of Nebraska-Lincoln, identified (according to Thorp &
Covich, 2001), and placed in small plastic containers in aged tap water to shed cercaria.
Snails shedding cercaria that matched the description of Uvulifer ambloplitis were
marked and maintained individually in containers, and fed fish food and fresh spinach.
Snails that were not immediately shedding cercaria were maintained in containers with

food and clean water, and checked daily for three weeks for evidence of shedding.
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Experimental Infections:

To determine the susceptibility of the different fish species to infection with
cercaria matching the description of Uvulifer ambloplitis, uninfected P. promelas, N.
stramineus, and S. atromaculatus were collected from Elk, West Oak and Oak creeks,
and allowed to acclimate for three weeks in laboratory tanks. Were fish infected with
blackspot prior to collection, pigmentation of developing parasites would have become
apparent and the infected fish removed from the experiment. After the acclimation
period, fish were divided into control and experimental groups. Shedding snails were
placed in 30cm across by 12cm deep clear glass dishes along with live cercaria shed in
the previous 24 hours. Each setup had an aerator, a lid, and a tight cover to eliminate light
and reduce fish stress. The fish in the experimental group were placed two at a time in the
exposure dishes for 12 hours. The exact set up and duration was conducted for the control
group, minus the shedding snails. After 12 hours fish were removed from the dishes and
placed in 10 gallon aquaria, where they were maintained for three weeks, the time
required for the parasite cysts to become pigmented. At the end of the three week period,
all fish were measured, sexed, and systematically examined for blackspot metacercaria.

The chi-square test was used to compare prevalence (PR) of Dactylogyrus spp.
between male and female hosts. The chi-square test was used to compare PR of blackspot
within and among yr, among collection sites, among host species, and between control
and experimentally infected hosts. Student’s t-test was used to compare differences in
mean abundance of blackspot within and among years, among sites and among hosts.
Approximate t-tests were calculated when variances were heteroscedastic (Sokal and

Rohlf, 1995). Bonferroni corrections based on number of comparisons were used, i.e,.
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testing at significance level of 0.05/3= 0.017, to safeguard against false significances due
to multiple tests on the same data. Pearson’s correlation was used to determine
relationships among host STL and blackspot abundance.

DNA extraction, amplification, and sequencing:

Genomic DNA was extracted using DNAeasy tissue kits (Qiagen, Valencia, CA,
USA) according to the manufacturers instructions from a single blackspot metacercaria
cyst from a naturally infected Pimephales promelas from each of the three collection sites
(Elk, West Oak and Oak Creeks), and from a single blackspot metacercaria cyst from an
experimentally infected P. promelas. Polymerase chain reaction (PCR) was used to
amplify the complete ITS1 region of rDNA using a 1851fn (-TTA CGT CCC TGC CCT
TTG TA), and a 58S2 (5' -AA GCC GAC CCT CGG ACA GG) digenean-specific
internal reverse primer.

The PCR product was cleaned using Qiagen’s QIAquick PCR purification kit, and
determined DNA concentrations using a spectrometer. Cleaned PCR product was
submitted for sequencing by technicians at the Genomics Core Research Facility at the
University of Nebraska-Lincoln, with the same primers as were used in PCR.

Sequence analysis:

Approximately 899 to 914 bp were determined from the complete ITS region of
the rDNA for 4 specimens of blackspot metacercaria, with 1 each collected from P.
promelas at Elk, West Oak, Oak Creeks, and 1 collected from an experimentally infected
P. promelas using cercaria shed from a snail from Elk Creek. Sequences for 4 individual
blackspot metacercaria were assembled using DNA baser sequence assembly software

(version 2.91 from www.dnabaser.com/) and initially aligned using ClustalX using
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default settings (Thompson et al., 1997). Sequences were subsequently manually aligned
and edited to remove ambiguous regions and to trim ends to match the shortest sequence
in the alignment yielding a 914 character alignment. Aligned sequences generated from
blackspot for this study were then aligned with 5 trematode species Ichthyocotylurus
erraticus, Diplostomum baeri, Tylodelphys sp., Bolbophorus confusus, and
Ornithodiplostomum sp. selected from GenBank based on highest percent query coverage
and highest percent maximum identification. The five species from GenBank and 4
blackspot samples from this study were used to create distance trees with the neighbor-
joining (NJ) algorithm based on Kimura two-parameter distances (Kimura, 1980),
Maximum parsimony (MP) and maximum likelihood (ML) analyses.
RESULTS
Study sites

All three collection sites are located downstream from a bridge, and differ in their
surrounding land use, flow rate, mean temperature, mean width, mean depth and flow
variability. Elk creek has the slowest and least variable flow rate, is the clearest, is
narrow, and is fairly heavily wooded with trees and brush along its length. West Oak
creek has a medium flow rate which is highly variable, the water is the most turbid, is
coolest in average temperature, and is the shallowest. Oak Creek is surrounded by
farmland and has treeless banks. Oak Creek has the fastest flow rate which can be highly
variable, and is the widest of the three sites.
General Observations

A total of 8,224 blackspot cysts were enumerated from the skin, muscle and fins

of 276 (52.3%) of 528 P. promelas examined between July 2004 and October 2006.
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Overall mean abundance (MA) was 15.4 + 48.7, and mean intensity (MI) was 29.5 +

64.3. A total of 232 blackspot cysts were enumerated on from the skin, muscle and fins of
34 (7.6%) of 446 N. stramineus examined between July 2004 and October 2006. Overall
mean abundance (MA) was 0.5 £ 3.5, and mean intensity (MI) was 6.8 + 11.2. A total of
241 blackspot cysts were enumerated from the skin, muscle and fins of 42 (35.9%) of 117
S. atromaculatus examined between July 2004 and October 2006. Overall mean
abundance (MA) was 2.1 £+ 7.4, and mean intensity (MI) was 5.7 + 11.6.

Host sex and size

Overall, female P. promelas and N. stramineus had greater total PR and total MA
of blackspot cysts than males, though differences were generally not significant, and
sometimes even reversed (Table I and Table IT). Overall, male S. atromaculatus had
greater total PR and total MA of blackspot cysts than females though differences were
generally not significant, and sometimes even reversed (Table III).

For all 3 hosts, larger fish had greater total blackspot cysts than smaller fish.
Blackspot cysts were found on P. promelas ranging in size from 4.3 to 6.2 cm, on N.
stramineus ranging in size from 2.2 to 7.2 cm, and on S. atromaculatus ranging in size
from 2.8 to 14.5 cm. There were significant positive correlations between STL and
abundance of blackspot cysts for P. promelas (r>= 0.014, P = 0.003) and N. stramineus
(r2: 0.011, P = 0.015). There were no significant correlations between STL and
abundance of blackspot cysts for S. atromaculatus (r*= 0.012, P = 0.125). Although the
null hypothesis of no relationship was rejected in the cases mentioned, the r* values were

less than 0.10.
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Within site comparisons

Elk Creek: One-hundred seven (78.1%) of 137 Pimephales promelas collected at
Elk were infected with a total of 6,122 blackspot on the skin, fins and muscles. Overall,
blackspot MA at Elk was 44.7 £+ 85.5 (range 0-560). In all yr, blackspot occurred on P.
promelas in all collections at Elk (Table IV). There were no significant within-yr
differences in PR or MA of blackspot, except for PR in 2005, and PR and MA in 2006.
At Elk there were no significant between-yr differences in PR or MA of blackspot, except
for PR and MA in May, July and October.

Thirty (18.6%) of 161 Notropis stramineus collected at Elk were infected with a
total of 221 blackspot on the skin, fins and muscles. Overall, blackspot MA at Elk was
1.4 + 5.8 (range 0-55). In all yr, blackspot occurred on N. stramineus in all collections at
Elk, except October 2005, and June and August 2006 (Table IV). There were no
significant within-yr differences in PR or MA of blackspot, except for PR in 2005. At Elk
there were no significant between-yr differences in PR or MA of blackspot, except for PR
in June and October.

Twelve (33.3%) of 36 Semotilus atromaculatus collected at Elk were infected
with a total of 39 blackspot on the skin, fins and muscles. Overall, blackspot MA at Elk
was 1.1 + 2.6 (range 0-13). In all yr, blackspot occurred on S. atromaculatus in all
collections at Elk when hosts were obtained, except October 2004 and May 2005 (Table
IV). There were no significant within-yr or between-yr differences in PR or MA of
blackspot on S. atromaculatus.

West Oak Creek: Forty-five (21.8%) of 206 Pimephales promelas collected at

West Oak were infected with a total of 300 blackspot on the skin, fins and muscles.
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Overall, blackspot MA at West Oak was 1.5 + 5.1 (range 0-55). In all yr, blackspot
occurred on P. promelas in all collections at West Oak, except August and October 2005
(Table IV). There were no significant within-yr differences in PR or MA of blackspot,
except for PR in 2005 and 2006. At West Oak there were no significant between-yr
differences in PR or MA of blackspot, except for PR and MA in August and PR in
October.

Two (1.6%) of 122 Notropis stramineus collected at West Oak were infected with
a total of 81 blackspot on the skin, fins and muscles. Overall, blackspot MA at West Oak
was 0.1 = 0.5 (range 0-4). Blackspot occurred on N. stramineus in only two collections at
West Oak including November 2004 and July 2005 (Table IV). There were no significant
within-yr or between-yr differences in PR or MA of blackspot at West Oak.

Seventeen (26.2%) of 65 Semotilus atromaculatus collected at West Oak were
infected with a total of 300 blackspot on the skin, fins and muscles. Overall, blackspot
MA at West Oak was 1.3 + 3.3 (range 0-6). In all yr, blackspot occurred on S.
atromaculatus in all collections at West Oak, except August 2005 and October 2005 and
2006 (Table IV). There were no significant within-yr differences in PR or MA of
blackspot, except for PR in 2006. At West Oak there were no significant between-yr
differences in PR or MA of blackspot, except for MA in May and August.

Oak Creek: One hundred twenty-four (67.0%) of 185 Pimephales promelas
collected at Oak were infected with a total of 1,710 blackspot on the skin, fins and
muscles. Overall, blackspot MA at Oak was 9.2 + 21.8 (range 0-136). In all yr, blackspot
occurred on P. promelas in all collections at Oak (Table IV). There were no significant

within-yr differences in PR or MA of blackspot, except for MA in 2006. At Oak there
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were no significant between-yr differences in PR or MA of blackspot, except for PR and
MA in October.

Two (1.2%) of 163 Notropis stramineus collected at Oak were infected with a
total of 4 blackspot on the skin, fins and muscles. Overall, blackspot MA at Oak was 0.03
+ 0.2 (range 0-3). Blackspot occurred on N. stramineus in only two collections at Oak
including November 2004 and July 2006 (Table IV). There were no significant within-yr
or between-yr differences in PR or MA of blackspot at Oak.

Thirteen (81.3%) of 16 Semotilus atromaculatus collected at Oak were infected
with a total of 121 blackspot on the skin, fins and muscles. Overall, blackspot MA at Oak
was 7.6 = 18.2 (range 0-72). In all yr, blackspot occurred on S. atromaculatus in all
collections at Oak (Table IV). There were no significant within-yr or between-yr
differences in PR or MA of blackspot at Oak.

Between site comparisons

The total PR and MA of blackspot on P. promelas was highest at Elk, followed by
Oak and West Oak (Table V). Total PR and MA of blackspot on P. promelas differed
significantly between Elk and West Oak and between Oak and West Oak, and total MA
differed significantly between Elk and Oak. There were no significant differences in
blackspot on P. promelas between sites in any collection except for PR in August 2004,
in May, August and October 2005, and in May, August, and October 2006. The MA of
blackspot on P. promelas did not differ significantly between sites in any collection,
except in August and November 2004, in July and August 2005, and in May and October

2006.
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The total PR and MA of blackspot on N. stramineus was highest at Elk, followed
by West Oak and Oak (Table V). Total PR and total MA of blackspot on N. stramineus
did differ significantly between Elk and West Oak and between Elk and Oak. There were
no significant differences in PR or MA of blackspot on N. stramineus between sites in
any collection except for PR in May 2005.

The total PR of blackspot on S. atromaculatus was highest at Oak, followed by
Elk and West Oak, while total MA was highest at Oak, followed by West Oak and
Oak(Table V). Total PR of blackspot on S. atromaculatus differed significantly between
Oak and Elk, and between Oak and West Oak. There were no significant differences in
PR or MA of blackspot on S. atromaculatus between sites in any collection except for PR
in October 2006.

Between host comparisons

At Elk, PR of blackspot was significantly greater for P. promelas than N.
stramineus in all collections, and was significantly greater for P. promelas than S.
atromaculatus in August and October 2004, and May 2005 (Table VI). The PR of
blackspot was significantly greater for S. atromaculatus than N. stramineus in May and
June 2006. The MA of blackspot was significantly greater for P. promelas than N.
stramineus in July, August and October 2004 and June 2005, and was significantly
greater for P. promelas than S. atromaculatus in August 2004, and June 2005. Total PR
and MA of blackspot were significantly greater for P. promelas than N. stramineus, and
were significantly greater for P. promelas than S. atromaculatus.

At West Oak, PR of blackspot was significantly greater for P. promelas than N.

stramineus in July, August and November 2004, and in July 2005, and was significantly
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greater for S. atromaculatus than N. stramineus in August 2006 (Table VII). The MA of
blackspot was significantly greater for P. promelas than N. stramineus in November
2004, and was significantly greater for P. promelas than S. atromaculatus in August and
November 2004. Total PR and MA of blackspot were significantly greater for P.
promelas than N. stramineus, and significantly greater for S. atromaculatus than N.
stramineus.

At Oak, PR of blackspot was significantly greater for P. promelas than N.
stramineus in August 2004, and in May, August, and October 2005, and in May, July,
and October 2006 (Table VIII). The PR of blackspot was significantly greater for S.
atromaculatus than N. stramineus in May, August, and October 2005, and in July and
October 2006, and was significantly greater for S. atromaculatus than P. promelas in
August 2005. The MA of blackspot was significantly greater for P. promelas than N.
stramineus in July 2006. Total PR and MA of blackspot were significantly greater for P.
promelas than N. stramineus, and total PR was significantly greater for S. atromaculatus
than N. stramineus.

Snail Collection

Helisoma trivolvis were never found at West Oak or Oak in any collection in any
year, and were common at Elk. Of the 88 Helisoma trivolvis collected at Elk during 2005
and 2006, 9 (10.2%) shed furcocercous cercariae matching the description of Uvulifer
ambloplitis. None of the 94 Physa spp. collected at Elk in 2005 and 2006, 14 collected at
Oak in 2006 , and 49 collected at West Oak in 2006 were ever infected with cercaria

matching the description of U. ambloplitis.
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Experimental infections

Twenty-one (91.3%) of 23 P. promelas exposed to cercaria matching the
description of U. ambloplitis became infected with blackspot metacercaria after 21 days
(Table IX). Four (100.0%) of 4 P. promelas exposed to U. ambloplitis cercaria became
infected with blackspot metacercaria after 14 days. Although 5 of 20 (25.0%) in the
control group were infected with 5, 4, 1, 1, and 1, metacercaria respectively, there was a
statistically significant difference in the PR and MA among the control and experimental
group. Zero of 16 N. stramineus exposed to U. ambloplitis cercaria became infected with
blackspot metacercaria after 21 days (Table IX). Although 2 of 14 (14.0%) N. stramineus
in the control group were infected with 4 and 2, metacercaria respectively, there was no
statistically significant difference in the PR or MA among the control and experimental
group.

One (100%) of 1 S. atromaculatus exposed to U. ambloplitis cercaria became
infected with blackspot metacercaria after 12 days (Table IX). Zero of 3 S. atromaculatus
in the control group became infected with metacercaria after 21 days.

There was no significant difference in PR among control groups for P. promelas,
N. stramineus and S. atromaculatus. The PR of blackspot for the S. atromaculatus
experimental group and PR and MA for the P. promelas experimental group were
significantly greater than for N. stramineus experimental groups. The results indicate the
cercaria obtained from H. trivolvis at Elk Creek are the species causing blackspot in fish
in this system, and the laboratory exposure regimes were successful. However, the results
also indicate N. stramineus is not susceptible to blackspot infection to the same extent as

P. promelas or S. atromaculatus
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Phylogenetic Analyses

Blackspot sequences were aligned with most closely related individuals from
NCBI Blast results, based on % query coverage and % max identification as compared
with the blackspot sequence data. The 5 species selected from GenBank included
Ichthyocotylurus erraticus, Bolbophorus confusus, Diplostomum baeri,
Ornithodiplostomum sp., and Tylodelphys sp. (Table X). Three preliminary phylogenetic
trees reveal blackspot individuals from Elk, West Oak and Oak Creeks, and from the
experimentally infected P. promelas, form a distinct clade compared with the nearest
relatives in GenBank (Figs 6-8). Blackspot is not more closely related to Bolbophorus
confusus, the only blackspot causing parasite with published molecular sequences, than to
the other strigeid trematodes based on available sequences.

DISCUSSION

The major contribution of this paper is the demonstration that the innate biology
of the trematode provisionally identified as Uvulifer ambloplitis, not host or
environmental factors, is responsible for parasite host-specificity, which is influencing
host recruitment and is providing structure to populations in this system.

Female P. promelas and N. stramineus had greater prevalence of blackspot than
males, and male S. atromaculatus had greater prevalence of blackspot than females,
however these differences were not generally significant and sometimes reversed. These
results lead to the failure to reject the null hypothesis (1) of no difference in blackspot
abundance or prevalence between male and females for any of the 3 host species, which
confirms Lemly and Esch (1984b) who found no differences in blackspot infection

between male and female bluegill. The results lead to a rejection the hypothesis (2) of no
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relationship between blackspot abundance and host size for P. promelas and N.
stramineus, and a failure to reject the same hypothesis for S. atromaculatus. The
conclusion therefore is that blackspot recruitment is independent of host sex and that a
degree of cyst accumulation in occurring in larger, older fish except in S. atromaculatus.

The results lead to failure to reject the null hypothesis (3) of no difference in
blackspot abundance or prevalence within or between collection yr, confirming the
results of Weichman and Janovy (2000) that found mean abundance did not vary
significantly among collection dates at Elk Creek. The conclusion therefore, is that H.
trivolvis are shedding cercaria continually and that fish are becoming infected more or
less equally throughout the year.

In the present study, May blackspot prevalences of 100% and intensities up to 245
cysts (Table IV) reveal infected fish are overwintering in this system, and that infections
accumulate over time. Fischthal (1949) counted blackspot (Neascus spp. metacercariae)
from 3 Perca flavescens (perch), 1 Ambloplites rupestris (rock bass), 6 Lepomis gibbosus
(pumpkinseeds), and 4 Lepomis macrochirus (blue gills), marked each fish and kept them
over winter at an outdoor Wisconsin fish hatchery. In the following spring (6 months
later), Fischthal found only 6 (3.0%) of 200 blackspot initially counted from among the
14 fish were lost, revealing over-winter loss of blackspot is negligible. Lemly and Esch
(1984b) suggested that the ability for overwintering of infected fish might be decreased
due to a parasite induced decline in host body condition. They found bluegill heavily
parasitized (>50 cysts/fish) by U. ambloplitis were very common in Reed’s Pond in the
fall but were absent in the spring, and determined heavily infected fish were not surviving

winter. Our field collections revealed infection PR and MA were generally higher later in
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the yr but that by that some individuals of P. promelas had already accumulated
infections as high as 245 cysts/fish by May. Further studies, including collections
between November and April, are needed to determine whether there is a threshold of
infection intensity, above which infected fish are not able to overwinter.

The snail survey data found the appropriate 1* intermediate host, H. trivolvis, at
Elk Creek, where approximately 10% collected were infected with, and shedding cercaria
matching the description of U. ambloplitis. Helisoma trivolvis were never found at West
Oak and Oak Creeks, revealing that fish with blackspot cysts at these sites were either
becoming exposed: (1) by moving some distance upstream or downstream to locations
where snails were shedding cercaria, (2) by cercaria being washed downstream into the
collection sites from snails shedding upstream, or (3) some combination of the two
scenarios. Therefore, host populations at the 3 collection sites are distinct, however some
movement probably occurs up- and downstream from each location.

The cercaria shed by H. trivolvis collected from Elk Creek were demonstrated
experimentally to produce blackspot metacercaria in all 3 fish species. Differences in
susceptibility between the 3 species were significant, accounting for the rejection of the
null hypothesis of (5) no difference abundance or prevalence of blackspot among 3 host
species. Various species of cercariae differ in their selection of the host, as well as the
host tissue in which they finally come to rest as metacercariae (Hunter and Hamilton,
1941). My field collections revealed differences in infection indices among the 3 host
species investigated. Finally, my standardized laboratory experimental exposures
confirmed that cercarial biology, not environmental circumstances, are responsible for

differences in infection among host species in this system.
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Experimental infections in the laboratory produced infection intensities 2.5 x
greater than were ever observed in natural infections. Though the heavily infected fish
survived several weeks in the lab with these infections, it is likely they would not survive
in the wild, or make through the winter. To test the above-mentioned “threshold of
infection”, it would be informative to produce varying degrees of infection in the lab,
above that which has been observed in natural infections, and to keep them in enclosures
in the streams overwinter.

The results lead to the rejection of the null hypothesis of (4) no difference in
blackspot abundance or prevalence among collection sites. Theses data confirm the
Weichman and Janovy’s (2000) conclusions based on U. ambloplitis data, that P.
promelas populations in Elk and West Oak were distinct, with little or no fish movement
between the tributaries. The current blackspot infection data suggests movement of P.
promelas, N. stramineus, and S. atromaculatus populations are restricted between the 3
sites.

Phylogenetic analysis has not determined the identification of blackspot, though it
has revealed that the species in the present study is not a species of Bolbophorus. It has
also been determined that the same species of trematode is causing blackspot infections
on Pimephales promelas at all three of the study sites. Finally, the molecular work has
determined that the species of trematode in naturally infected Pimephales promelas is the
same as is produced with the experimental infections performed using cercaria shed from
Helisoma trivolvis snails collected at Elk Creek. To know definitively the species causing
blackspot in this system it will be necessary to: (1) perform experimental infections of

Kingfishers using metacercariae to yield and identify adult worms; (2) collect and
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sequence all adult trematodes from fish-eating birds collected in close proximity to study
sites until matching species sequences are found; or (3) wait until sequences appear on
GenBank, in particular the additional species known to cause blackspot.

Lemly and Esch (1984a) pointed out gaps in literature on Uvulifer ambloplitis,
including information on seasonal population dynamics, precise identity of the species
causing blackspot cysts, and general ecological aspects of the parasite in natural
populations. The present study has made progress in these areas, and identified directions
which future studies might take to further our understanding of the parasite as it exists in
nature, as well as to provide genetic sequences for comparison and future final species

determination.
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Table IX. Blackspot experimental infections of Pimephales promelas, Notropis
stramineus, and Semotilus atromaculatus: sample sizes, infection indices *.

Pimephales promelas
Control Group
n PR MA = 15D (range)
=21 days exposure 20 250 0.6+ 1.4(0-5)
Experimental Group
n PR MA =+ 18D (range)
=21 days exposure 23 01.3% 469.1 £ 398.7 (0-1113)%
14 days exposure 4 100.0 1126.0 = 133.9 (1008-1294)
Notropis stramineus
Control Group
n PR MA =+ 18D (range)
=21 days exposure 14 14.0 0.4+12(0-4)
Experimental Group
n PR MA + 1SD (range)
=21 days exposure 16 0 0=+0
Semotilus atromaculatus
Control Group
n PR MA = 15D (range)
12 days exposure 3 0 0
Experimental Group
n PR MA =+ 18D (range)
=21 days exposure 1 100§ 629.0

won —k %

MA = mean abundance; SD = standard deviation. Significance level p <0.05.
PR for Pp significantly greater for experimental than control group, ¥* = 19.7,
PR in experimental group significantly greater for Pp than Ns, ¥* = 31.7

MA significantly greater for experimental than control group, t'= 5.6,

PR in experimental group significantly greater for Sa than Ns, y° = 16.9.
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Table X. Parasite taxa, hosts, GenBank accession numbers, query coverage (%) and max

identification (%o).

Trematode taxa Host species Genbank no. Query, . Max .
coverage identification

Bolbophoridae

Bolbophorus confusus Pelecanus onocrotalus AY242851 100 85
(pelican)

Diplostomatidae

Diplostomum baeri Perca fluviatilis AY123042 82 82
(perch)

Ornithodiplostomum sp.  Notemigonus crysoleucas FI469595 78 79
(golden shiner)

Strigeidae

Tvlodelphys sp. Clarias gariepinus FI1470401 82 82
( African Sharptooth catfish)

lehthyocotyiurus erraticus  Perca fluviatilis AY386161 50 83

(perch)
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FIGURE 1. Cercaria type used for blackspot trematode experimental infections of

Pimephales promelas, Notropis stramineus, and Semotilus atromaculatus.
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FIGURE 2. Blackspot metacercaria with host (Pimephales promelas) cyst, and blackspot

metacercaria popped out of host (Pimephales promelas) cyst.
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FIGURES 3-5. Experimental exposures of Blackspot parasite on Pimephales promelas in

laboratory: Control group, Experimental group (whole body and host tail detail).
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FIGURE 6. Phylogram for Blackspot parasite and related trematodes, based on Neighbor
Joining (NJ) based on Kimura two-parameter distances.
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FIGURE7. Phylogram for Blackspot parasite and related trematodes, based on Maximum
Parsimony analysis.
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FIGURE 8. Phylogram for Blackspot parasite and related trematodes, based on Maximum
Likelihood analysis.
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CONCLUSION
DACTYLOGYRUS SPP.

As with any biological system more than one or two factors are usually
responsible for phenomena as complex as species’ persistence; this is especially true in
the case of parasites. Therefore this work has tested several aspects of a system, including
those that are commonly thought to dictate population and community structures, in a
serious effort to elucidate the factors that make Dactylogyrus, as a genus, so incredibly
successful on a global scale. This work was performed keeping in mind that any attempt
to isolate any single factor as being responsible for the groups’ success, would be naive
on my part. Keeping this naiveté in mind, the work progressed to a focus on reproductive
activities, in particular egg release and the timing of egg hatching, as being of most
importance to the persistence of Dactylogyrus species in nature.

Recruitment is not continuous throughout the year in this system, and is not
predictable from year to year. Some studies suggest eggs released while hosts are
relatively non-motile in a geographic sense due to spawning, may provide enhanced
opportunities for transmission. Though host spawning periods coincide with parasite
reproductive periods and larval occurrence, adult fish are commonly infected with
immature Dactylogyrus indicating parasite recruitment is not occurring uniquely among
immature fish. Alternatively, hosts taking refuge in stream-side pools may have increased
likelihood for becoming infected, as eggs and larval stages in these pools also have a
lower likelihood of being washed away downstream than they do during floods.

Once eggs are released from adult worms on fish gills, they are flushed from the

gill chambers, then settle to the bottom where they develop and hatch, releasing an
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oncomiracidium. Tiny swimming oncomiracidia that hatch in side pools and in slower-
moving portions of streams are better able to successfully recruit a host than those
hatching in strong currents. In order for the parasite to encounter and recruit a host the
two must come into contact; in other words the fish need to slow down in a so-called
“zone of transmission”.

Slow-moving streams with relatively stable flow rates (e.g. Elk Creek) have a
large zones of transmission in which tiny parasite eggs and oncomiracidia can exist more
or less throughout the aquatic environment without being washed away. Fish also move
freely throughout these kinds of sites. In fast-moving streams (e.g. Oak Creek), and
streams that fluctuate greatly (e.g. West Oak Creek), fish seek refuge from currents in
side pools. These side pools serve as a resting place for fish and as zones of transmission
where small parasite eggs and oncomiracidium escape being washed downstream.
Though zones of transmission are smaller than the former in the two latter cases, fish
seeking their preferred habitat are more likely to congregate in these pools and become
exposed to infective stages.

Eggs are produced by adults in this system throughout a several-month-long
reproductive period which differs in duration among congeners. Eggs are likely hatching
throughout this period of reproductive activity; however, recruitment of immature worms
by fish is not continuous. These factors, including fish behavior and stream current are
dictating when fish are in “zones of transmission” and therefore parasite recruitment, and
by inference, population structure.

Among fish with Dactylogyrus spp. on their gills, infections tend to be greatest in

summer when warmer temperatures are stimulating shortened egg development time and
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higher oncomiracidia survival rates. With more eggs developing properly than in cooler
seasons, there are increased numbers of infective stages and adult worms. The optimum
temperature for egg development and larval survival has been shown in various systems
to differ by a couple degrees among Dactylogyrus species. Although it was not within the
scope of this study to determine optimal temperatures for 7 species of Dactylogyrus in
minnows of the Salt Valley Watershed, such differences are likely responsible for the
observed community structures as well as the seasonal differences in prevalence and
mean abundance among species.
BLACKSPOT

Years of field data, describing a parasite among three hosts species at three
collection sites, is not very useful without a specific name tied to that parasite. Without
the species name, the data are only good for the particular system for which they are
collected. There is no transference of the knowledge gained on how that species, if we’re
even sure it is only one species, applies to other systems. Without a clue as to what the
species in question is or are, there is no transferable contribution to the discipline.

Unfortunately, there is still no definitive identification for the trematode species
causing blackspot cysts on 52.3% of P. promelas, 7.6% of N. stramineus, and 35.9% of S.
atromaculatus, though it was determined that the same species of parasite was causing
blackspot on P. promelas at all three sites, as was produced by experimentally on all
three fish species using cercaria from Elk Creek snails.

The stable non-uniform distribution of blackspot among fish from Elk, West Oak

and Oak Creeks means hosts continued to be restricted in their movement among the
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three sites throughout the study period. Were fish able to move freely among the three
sites, there would be no difference in blackspot infection rate.

Restriction of hosts to particular streams among the three collection sites allowed
for testing of differences in parasite infection resulting from environmental differences
among parts of the watershed. Although sites were close enough to experience similar
temperature and precipitation variations, they differed in morphology, specifically in size
and surrounding land use. Elk Creek is tree-lined, has a more stable flow rate than the
other sites, and was fairly resistant to flooding events. Whereas West Oak and Oak
Creeks are surrounded by agricultural fields, have faster flow rates, and are less resistant
to flooding than Elk Creek. These three sites provided a perfect opportunity for a small-
scale study of environmental effects on a complex community of parasites.

In the pursuit of understanding the nature of the blackspot parasites on minnows
in the Salt Valley Watershed, specific questions about their biology and distribution were
answered. The most important outcome of the blackspot work however, has been the
development of new, answerable questions concerning differences in susceptibility of
different fish intermediate host species, and the importance of habitat preference among
snail and definitive hosts. The individual parasites successfully complete their lifecycle
only when first intermediate (snail), second intermediate (fish), and definitive hosts (fish-
eating bird) are available. If the right graduate student came along, he or she could pick
up the blackspot project, employ the various methods initiated here (field collections,
experimental infections, molecular phylogenetics), and focus on those unanswered
questions. Such a project, involving field, experimental and molecular techniques, would

present a serious physical, organizational, and intellectual challenge for a graduate
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student, but would prepare him or her well, for future scientific endeavors and new-
faculty positions.
BROADER IMPACTS
"Seen in the light of evolution, biology is, perhaps, intellectually
the most satisfying and inspiring science. Without that light it
becomes a pile of sundry facts - some of them interesting or
curious but making no meaningful picture as a whole"

Theodosius Dobzhansky, 1973

When we move to put the ideas gleaned from this small-scale study into a greater
biological context, it inevitably leads to a consideration of phylogenetic context. For
example, in the Salt Valley Watershed we make observations, interpret interactions, and
draw reasonable conclusions about how the system functions. When do we know that we
have learned something about the world beyond our immediate environment? The answer
to this question is: when we have enough understanding of a given system that we are
able to predict outcomes of events that have not yet occurred. When we have discovered
rules that apply for a group, we have an ability to take information from our system, and
to transfer that knowledge to related systems.

Evolutionary relationships within and among groups of organisms are
fundamentally important to all aspects of their existence. Species relatedness dictates
opportunities for, and limitations on, lifecycle, host specificity, and reproductive
activities. By developing an evolutionary phylogenetic hypothesis, one is providing a

historical context from which to develop explanations of species distributions, and
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perhaps equally importantly learning to make predictions on future movement and
diversification of species.

It is evident that an organism’s evolutionary history is paramount to our
understanding of their persistence in nature, it becomes obvious that progress in this
direction requires sampling, molecular sequencing, and time. Funding for such a project
is the first of many hurdles that may or may not be overcome. Pursuit of such a project,
particularly one involving a group that is neither glamorous nor a culprit of mass
destruction, is going to be a serious challenge. To secure funding one must focus on the
overarching goal of scientific inquiry, namely gaining a better understanding of the
organisms and environment with which we coexist. More realistically, however one must
cater to the specific objectives of the funding sources.

Thus a large challenge of scientific endeavor becomes developing ones ability to
write reasonable and well-written project proposals. Choosing to pursue research
involving a group of organisms that is unglamorous is my prerogative. Life is too short,
and freedoms of academic positions are too precious, to not pursue ones legitimate

scientific directions, regardless of how well they are traveled.
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