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ABSTRACT.~Hosts for Strophitus unduleius (Bivalvia: Unienidae) were identified through
laboratory infestations. Strophitus undulatus had a low degree of host specificity, ransforming
on 15 of 22 species examined, including three non-native species and ome anadromous spe-
cies. Suiable hosts included five cyprinid species, two salmonids, two centrarchids, two per
cids and Acifenser oxyrhynchus (Atlandc sturgeon), Ameduris natalis (yeilow bullhead), Cottus
cognatus (slimy sculpin) and Notophthaltmus viridescens wividescens (red-spotted newt). Ten
hosts were previously unknown, No metmorphosis was observed in a control meamment
without & potential host. Recovery of juveniles occurred 12-41 d after infestation at 18-
18 C. Duration of glocidial atachment 1o the hosts declined with increasing water temper-
amare,

INTRODUCTION

Freshwater mussels of the families Margaratiferidae and Unionidae are the most imper-
iled North American aquatic group, with oniy 24% of 297 species considered stable (Bogan,
1993; Williarns et af., 1993). Conservation efforts for this group continue to be hampered
by lack of specific life history information, particularly knowledge of host relationships.
Freshwater mussels have a highly specialized life history in which larvae (glochidia), brood-
ed by females in modified gill chambers {marsupia} and released when mature, undergo a
brief period as obligate ectoparasites on fish or amphibians, This life cycle is followed with
vare exceptions {Kondo, 1990; Leliis and King, 1998). Host specificity varies widely across
species however, with some unionids parasitizing a wide variety of unrelated host species
(Trdar and Hoeh, 1982; Hove e al,, 1997}, and others using only a few host species, often
closely related (Yeager and Neves, 1986; Michaelson and Neves, 1995}, Inappropriate hosts
shed attached glochidia, usually within a few days, whereas appropriate hosts carry glochidia
untit transformation inte the juvenite form, which exeysts and becomes free-living, Hosts
for only one quarter of the North American mussel species have been reported (Hoggarth,
1992; Watters, 1994). We identified hosts of Strophitus undulatus, the creeper, in the upper
Susquehanna River basin, Pennsybvania, through laboratory studies. Despite early reports
that 8. wndwlates transforms without the use of a host (Lefevre and Curts, 1911; Howard,
1914a), subsequent studies have shown § wndulaius uses fish hosts (Baker, 1928; Hove et
al., 1997, Watters ot al, 1998, Wicklow and Beisheim, 1998).

METRODS

Laboratary experimenis were conducted to identify suitable hosts for Strophifus wnduda-
fus. When possible, potential hosts were coliected from areas devoid of mussels o avoid
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using fish with acquired immunity to glochidia (Arey, 1923}, Most fishes were collected
from Pine Creek, Tioga County, Pennsylvania, a tributary to the West Branch of the Sus-
gquehanna River. Coftus cognatus (stimy sculpin) were collected from Straight Run, and
Bthesstoma zonale (banded darter) from Little Pine Creek, both gributaries to Pine Creek.
Bufo americanus tadpoles (American toad) and adult Notophthalmus viridescens wvividescens
(red-spotted newt) were collected from local ponds. Acipenser axyrhynchus (Atlantic stur
geon}, Sabmo salor {Adantic salmon) and Salvelinus fontinalis {brook charr), were taken
from captive bred populations at the USGS Northern Appalachian Research Laboratory in
Wellshoro, Pennsylvania, Ameiurus natalis (yellow bulthead), Micropterus salmoides (large-
mouth bass) and Perca flavescens (yellow perch} were collected from Tamarack Lake, Craw-
ford County, Pennsylvania. We attempted to expose S, wndulatus glochidia to a variety of
aquatic species, including those likely to be present during glochidial release by S. wndu-
Lty as well as several non-native species {Oneorhynchus mykiss (rainbow trout), Ambloplites
rupestris (vock bass), M. salmoides, £. zonale) and anadromous species (A, oxyrhynohus, S.
salar) that may have been present historically {Cooper, 1983; Lee o al, 1980).

A total of 86 Sirophitus undulatus ranging in size from 41-8G¢ mm and 8-50 g (mean 62
£ 8 mm, 27 * 9 g} were collected from Pine Creek, Tioga County, Pennsylvania
(41°44.099'N, 077°25.857'W) between 15 April and 13 May 1999 and wansported in coolers
without water {o the USGS Northern Appalachian Research Laboratory in Wellsboro, Penn-
sylvania for experimentation. Unionid nomenclature follows Turgeon e ol {1988) and
voucher specimens were deposited in the American Museum of Natural Flistory, New York,
At the laboratory, mussels were cleaned and measured, then divided equally into two glass
aquaria {122 X 46 X 51 cm, L X W X D) containing 10 cm of sand substrale. Aquaria were
supplied with 1 liter/min well water (4.8 G ambient) heated or chilled with a submerged
stainless steel hearexchanger connected to an external refrigerated circulator (Model 675,
Fisher Scientific, Pittsburgh, Pennsylvania). Water was civculated within each aguariam by
aeration from a 31 cm airstone set opposite the drain end of the tank. Each aquarium was
illwminated with two 40W #ourescent lamps (Cool White Deluxe, Osram Sylvania, Inc.,
Versailles, Kentucky) set 50 cm above the water surface and controlled by a prograrmmable
digital timer (Model 810030, Sper Scientific, Ltd., Scottsdale, Arizona). Photoperiod and
temperature were systematically adiusted in one aquarium to match 206 y average conditicns
for Pine Creek at Cedar Run, Pennsylvania (1944-1970 period of record; Flippo, 1975). In
the second aquarium, photoperiod and temperature were held constant at average 2¢ April
conditions (8 G, 13.5 h Hght) for 4 wk before resuming normal seasonal patterns to delay
glochidial release. Mussels were fed twice daily a mixture of cultured microalgaes that in-
cluded Nanochloropsis sp. (Florida Aqua Farms, Inc., Dade City, Florida) and Neochloris
oleoabundans, Braclegeoceus grandis and Bracteacoccus gigantens (University of Texas, Austin,
Texas),

Naturally released glochidia and conglutinates were removed with a pipette from the
Strophitus undulaius agquaria for use in laboratory infections. Glochidia were considered
viable if they snapped shut upon exposure to salt (Zale and Neves, 1982). Potental hosts
were examined for existing glochidial infections prior to experimentation., Small fishes,
tadpoles and Noiephthalmus vividescens (1-24 individuals/species) were exposed to S, un-
dulatus glochidia in a 600 ml beaker aerated with an airstone at 12-19 C. Larger fishes (2-
5 individuals/species; Acipenser oxyrhynchus, Ameiurus natalis, Salmo saler, Salvelinus fon-
tinalis, Micraplerus salmoides, Perca flavescens) were exposed to glochidia in buckets aerated
by an airstone at 13-15 G Glochidia were maintained in suspension by frequent agitation.
Duration of exposure varied from 15-75 min, depending on the size of the container and
the susceptibility of the host to glochidial attachment, Potential hosts were placed in aer-
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ated, flow-through, 88-76 liters aquaria by species at 13-18 C and fed chopped squid, fish
or frozen brine shrimp daily. Uncaten food was removed promptly. No substrate was placed
in the tanks, however potential hosts were provided with PVC pipe halves (10 om long X
5 em wide X 2.5 cm high) for cover and newts were provided with a smail board held just
below the waler surface. We conducted only one replicate for each species due to spatial
limitations. A control treatment was included in which glochidia were added w a 76-liters
aguarium in the absence of a potential host in order to determine if ransformation could
accur without the use of a host. In addition, 50-100 conglutinates were placed in each of
27 sterile plastic petri dishes (100 X 15 mm, Plasta-Medic, Carson, California) containing
either distilled water {(n = 13) or boiled well water (n = 14). Dishes were cultured in an
incubator {(Model 5430, Precision Scientific, Chicago, Minois) at 10 = 1 C for 8-49 d and
checked periodically for viability and development.

Glochidial attachiment was verified for each species 2 d after exposure to glochidia. After
a species carried glochidia for 4 d, we inspected material on the bottom of the tank three
times a week for glochidia and transformed juveniles, The tank bottorn was siphoned into
a 100 pm mesh sieve, washed into a gridded petri dish and examined under a microscope,
Juveniles were distinguished from glochidia by the presence of a foot, and were usually
crawling on the bottom of the petri dish or in debris. Number of glochidia and juveniles
were tabulated and a subsample preserved. Siphoning continued for at least 10 d after the
iast juveniles were found. A species was considered a host if encystment and metamorphosis
o the juvenile stage occurred.

ResULTS

Strophitus undulatus released glochidia 26 April to 2 June (8.5-16.9 () when held at a
photoperiod and temperature regime that mimicked average natural conditions for Pine
Creek (Fig. 1}, The majority of conglutinates were released hetween 12 May and 27 May
{13.6-15.6 (). Mussels subjected to a 4 wk seasonal delay released glochidia from 4 May to
18 June (8.0-15.6 C) with the majority released from 26 May o 18 June {133-15.8 ),
There were two large release events within the delayed season tank on 9 June (15.5 C) and
I8 June (15.6 C). We could not determine how many mussels contributed to any single
release. Laboratory infestations were begun on 26 April 1999 and were completed by 26
Judy 1999,

Strophitus undulaius suceessfully metamorphosed on 15 of 22 potential hosts, inciuding
five cyprinid species, two salmonids, two centrarchids and two percids, as well as Acifenser
oxyrisynehus, Ameiwrus nafalis, Cottus cognatus and Nowphthalmus vividescens (Table 1)
Three host species are nen-native to the Susquehanna River drainage: Oncorhynchus mykiss,
Amnbloplites rupestris and Micropterus salmoides, while one anadromous species, A. oxyriyn-
chus, also acted as a host (Table 1), Hosts produced 1-36 juveniles with transformation rates
varying from 2-51% (Table 1}. The weighted average number of days until metamorphosis
and mean temperature were related. Duration of glochidial attachment to the hosts de-
clined with increasing temperature (Fig. 2}, Seven species did not act as hosts, including
two cyprinid species, one sucker, one ictalurid, one saimonid and one percid (Table 1), No
transformation of glochidia was observed in the control treatment. Glochidia incubated in
petri dishes remained viable for as long as 9 d postrelease, but no development was ohserved
among individuals that were either free, attached to, or contained within conglutinates.

Conglutinate stability varied, but some held in distilled water remained intact in excess of
14 .
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Fic., 1.—Release of glochidia by Sirophitis wndulatus held in tanks under a natural photoperiod and
temperature regime ("natural conditions’) or a “delayed season,’ in which temperature and photepe-
riod were held constant for 4 wk ar 3 €, 13,5 h light before resurning normal seasonal patterns. Release
events are indicated by diamonds for natural conditions and by wiangles for delayed seasonal conditons

Drscussion

We identified 15 hosts for Sirophitus undulatus, ten of which were previously unknown,
bringing the total number of reported hosts to 29 for this species (Baker, 1928; Hove of 2l
1997; Watters et ol, 1998; Wickiow and Beisheim, 1998; Wicklow, pers. comm. ——velluw
perch). Acipenser oxyrliynchus, Campostoma anomalom, Luxilus corrutus, Nocomis micropo-
gon, Rhinichthys atratulus, Oncorlynchus mykiss, Salvelinus fontinalis, Ambloplites rupesivis,
Etheastoma olmstedi and Notophthalmus viridescens are all reported as hosts for S, undulatus
for the first time. Two species that have been previously identified as hosts for S. wndwlatus,
Etheostowma zonale and Pimephales notatus, did not metamorphose glochidia in this study.
Pimephales notatus shed all attached glochidia in the first 8 d. Ftheostoma zonale shed most
glochidia in the first 10 ¢, however after a period of inactivity, shed two more glochidia
after 20 d and one more on day 29. As reporied by Watters and O'Dee (1998), this may
represent acquired immunity, although further studies are needed o test this hypothesis.
Early reports that 8. undulatus did not require a host (Lefevre and Curds, 1911; Howard,
1914a) were not corroborated by this study. Duration of metamorphosis and temperature
were significantly related in this study and others, with fewer days until metamorphosis
occurring at higher temperatures (FHoward and Anson, 1922; Zale and Neves, 1982; Weaver
et al, 1991}, In addition, there was a trend towards a shorter interval of metamorphosis al
higher temperatures.

Hoggarth (1992) summarized known host relationships for unionids and his data reveal
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Fic. 2.-Rekationship between weighted average number of days untll metamorphosis and temper
ature for Strophitus undulatus. Each peint represents an identfied host for 8. undulutus

a mean nuraber of 4.4 host/species. Strophitus undulatus is therefore a host generalist, using
more than the average number of taxonomically diverse host species. Only Pyganedon gran-
dis, the giant floater, has more reported hosts (32) (Hoggarth, 1992). In addition to S
wndudatus and P grandis, many other species in the subfamily Anodontinae are also host
generalists (Trdan and Hoeh, 1982; Barnhart and Roberts, 1997, Haag and Warren, 1997,
Watters and O'Dee, 1998}, Use of such a large number of host species should protect these
unionid species against population decline as well as facilitate dispersal and recolonization
{Trdan and Hoeh, 1982; Kat, 1984,

Host species differed significantly in attachiment and metamorphosis rates, with 4 to 176
glochidia attaching to the hosts, and 2 o 51% of attached glochidia becoming juveniles.
Many factors may affect variation in attachment, including immune response, swimming
behavior and orientation of the host, although the role of these Factors in susceptibility to
attachment is unknown. Studies of other mussel species have also found a range of suitability
among identified hosts (Waller and Holland-Bartels, 1988; Haag and Warren, 1997; Watters
and O’Dee, 1998). Auachment rates in the field are typically significantly less than those
obtained in the laboratory (Zale and Neves, 1982; Weaver of al, 1991; Bruenderman and
Neves, 1993), therefore percent metamorphosed is an important variable in the reproduc-
tive success of unionid species. We hypothesized that species with metamorphosis rates
below 10% may be marginally suitable hosts for Strophitus undulaius, including Nocomis
micropogon, Oneorkynchus mykiss, Cottus cognaius and Micropterus salmoides. Future studies
should examine the importance of these hosts in the field. Nevertheless, loss of these hosts
is presumed to have vastly different effects upon 8. undulaius populations as compared to
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species such as Luxilus cornutus, Rhinichihys calaracae, Etheostoma obmstedi or Perca flaves-
cerns, which had metamorphosis rates of 15-51%.

Strophitus wndulatus was also able to use both non-native and anadromous fishes as hosts
inclading Asipenser oxyrhynchus, Oncorloynchus mykiss, Ambloplites rupestris and Microplers
salmardes. Oncorhynchus mykiss, A, rupestris and M. salmoides are present in Pine Creek and
could act as hosts in the upper Susquehanna basin. In areas in which M. safmoides is native,
it is also used as a host. Sturgeon are used as hosts for three other unionids: Lampsilis teves,
the yellow sandshell, Obovaria olivaria, the hickorynut and Quadrula pusiniosa, the pim-
pleback, all of which use the shovelnose sturgeon, Seaphirhynchus platorhynchus, aithough
transformation was not observed for L. teres or Q. pustulosa (Surber, 1913; Howard, 1914b;
Wilson, 1916; Coker ef @l, 1921}, Dams and other barriers to upstream movements can
drastically affect the distribution of unionids with anadromous fish as primary hosts, for
example in Anodonte implicata, the alewife floater, and its host, Alosa psendoharengus, the
alewife (Davenport and Warmuth, 1965: Smith, 1985).

ldentification of mussel hosts has traditionally focused on fish species, however many
studies have shown that amphibians act as hosts for unionids as well {(Howard, 1951; Ses-
haiya, 1941; Walker, 1981; Watters, 1997, Watters and O’ Dee, 1998; Wicklow and Beisheim,
1998). As yecommended by Watlers (1997), future studies need o expose a wider variety
of aquatic organisms to mussel giochidia, rather than focus solely on fishes. This is the fivst
case of a unionid capable of using newts as hosts. The red-spotted newt is unusual in that
Juveniles are completely terrestrial, whereas hoth the larval and adudt slages are aquatic
{Conant and Collins, 1991). Waters and O'Dee (1998) attempted infestations of Lampsilis
cardium and Ulterbackia imbecillis with decapod crustaceans hut no juveniles were produced.

Strophitus undulatus is 2 habitat generalist, and uses two strategies for targeling potential
hosts: first conglutinates are released into the water column that are attacked by fishes as
a potentiaf prey item, second, the conglutinates degrade, leaving glochidia on the stream
bottom that can attach to fins and other soft tissues of benthic species (Wicklow and Beish-
eim, 1998). Thus, characteristics of S, undulatus glochidial release and habitat use comple-
ment its ability to parasitize a wide varicty of aguatic species. Although host studies con-
ducted in the laboratory do not unequivocally determine hosts used in the feld, consid-
eration of ecological characteristics of potential hosts such as feeding mode, habitat use,
timing and habitats used in spawning can indicate which potential hosts are most likely to
encounter mussel glochidia in situ. In Pine Creek 8. undudatus generally releases giochidia
in April to June in runs or pools. Using this information, we predict that species that prey
on small drifting items in the water column or items on the subsirate, use these habitats in
spring monihs, and anstorm 10% or more S, undulatus glochidia would most likely be
hosts of .5, undwlatus in Pine Creek. Using these criteria, we predict that Campostoma an-
omaduin, Luxilus cormuins, Riinichthys atratulus, Rhin ichtliys cataractas, and Etheostoma olms-
wect are most likely hosts used by S, wndulatus in Pine Creek and should be wrgeted for
field studies,
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