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Role of ecological factors and reproductive
strategies in structuring freshwater mussel

Wendell B. Haag and Melvin L. Warren, Jr.

Abstract: Freshwater mussel community composition within two drainage basins in Alabama, U.S.A., was better explained
by patterns of variability in the fish community and the type of strategy used by mussels for infecting host-fishes than by
patterns of variability in microhabitat. Mussel species richness increased in a downstream direction, and large-stream sites
were characterized by a distinctive faunal assemblage that was similar between drainages. In contrast, faunal composition of
headwater sites varied widely between drainages. Patterns of mussel community variation were correlated with patterns of fish
comimunity variation but not with habitat. Densities of host-specialist mussels with elaborate host-atiracting mechanisms and

host-generalist mussels were independent of host-fish densities, and (hese mussels were present throughout the drainages.

. Densities of host-specialist mussels without elaborate host-atiracting mechanisms were correlated positively with host-fish

densities and were absent or rare in headwater and midreach streams. We propose that mussel species dependent on host-fish
density are restricted to sites with stable numbers of hosts. but mussels not dependent on host-fish density are able to persist in
areas with more unstable fish assemblages, such as headwaters,

Résumé : Nous avons constaté que la composition des communautés de moules d’eau douce de deux bassins hydrographiques
de 1" Alabama (Erats-Unis) s"expligue mieux par Ja variabilité de la communauté ichtyenne et par le mécanisme par tequel les
moules infectent leurs espéces hdtes que.par la variabilité du microhabitat. La diversité taxinomique des moules augmentait
quand on descendait les cours d’eau; le$ grands cours &ean se caractérisaient par une communauté faunique particeligre
gu’on a retrouvée dans les deux bassins. Par contre, dans les eaux d"amont, la composition taxinomique des communauies
variait beaucoup 4'un cours d'eau A I'aatre. Nous avons constaté que la variation taxinomique des communautés de moules
Stait en corrélation avec celle des communautés ichtyennes, mais son avec ’habitat. La densité des populatons de moules
spécialisées ayant recours  des mécanismes complexes pour attirer lears espéces hotes et celie des populations de moules
généralistes étaient indépendantes de V'abondance des poissons hites; ces deux types de moules étaient présentes partout dans

les deux bassins versants, Quant  la densité des populat

ions de moules spécialisées chez lesquelles aucun mécanisme

complexe destiné 4 attirer les espéees holes n'a &té mis en évidence, elle était en cosrélation positive avec la densité des
populations de poissons hétes; ces moules Staient absentes ou rares dans ies eaux d amont et dans le cours moyen des cours
d’eau. Nous pensons que les espéces de moules dont I’abondance dépend de la densité des populations de poissons hotes sont
confindes anx zones ol les populations d’espices hotes sont numériquement stables, mais que les moules dont I"abondance est
indépendante de la densité des populations de poissons iidtes peuvent persisier dans les zones oll les communautés ichtyennes

sont instabies, comme ¢’est le cas des eaux d’amont.
[Traduit par la Rédaction]

Introduction

Increasingly, community structure of aquatic organisms is
seen as the result of complex interactions of biotic and abiotic
factors (Power et al, 1988). This view has grown from a large
body of literature showing specific examples of deterministic
and stochastic processes affecting a particular species or group
of species at various spatial and temporal scales. Recent stud-
ies have begun to elucidate multifactorial mechanisms of com-
munity organization (Power 1990; Hart 1992; Jackson and
Harvey 1993; Taylor et al. 1996), but there remains a general
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dearth of ecosystem-level studies in which the relative contri-
bution of diverse ecological variables at different scales can be
assessed. Mechanisms of community structure of freshwater
mussels are among the most poorly known of any widespread,
conspicuous group of siream organisms. Much attention has
been focused on mussels because of the alarming loss of spe-
cies and populations in the twentieth century due to wide-
spread habitat destruction (Williams et al. 1992). However,
sertous efforts have been made only recently to understand the
basic ecological processes that determine distribution and
abundance of mussel species (Salmon and Green 1933,
Holland-Bartels 1990; Strayer 1993; Strayer and Ralley 1993;
Strayer et al. 1994).

The North American freshwater mussel fauna is the most
diverse on Earth (approximately 281 species), but many spe-
cies appear to be similar in their response to factors usually
thought to structure aquatic communities. In streams in the
castern United States, as many as 40 species can be found
inhabiting a single riffle, but partitioning of habitat is
often minimal (Holland-Barteis 1990; Strayer and Ralley
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Fig. L. Qualitative (circles) and quantitative (triangles) freshwater musse] and fish sampling sites in the Sipsey Fork and Brushy Creek
drainages, Alabama, U.5.A. Quantitative mussel sampling sites: 5 (lower Sipsey Fork), 8 {Borden Creek), 16 {Flannagin Creek), 15 (lower
Brushy Creek), 21 {Rush Creek), 23 (Brown Creek), and 26 (upper Brushy Creek). Quantitative fish sampiing sites: 5, 8, 10, 15, 21, and 23.
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1993; Strayer et al. 1994), most species have similar feeding
anatomies (Morton 1983; McMahen 1991), and predation on
adult mussels is sporadic and localized in occurrence. In con-
trast, distributions and abundances of other macroinvertebrates
and fishes are predictable from patterns of habitat and food
resource usage by different species (Gorman and Karr 1978,
Schlosser 1987a; Corkum 1989} and differential patterns of
predation (Schlosser 1987h; Wooster 1994). Because larval
mussels require a brief period as parasites on fishes to com-
plete metamorphosis to juveniles, mussels show ecological at-
tributes of both free-living and parasitic organisms. As a resuit,
their distributions may be tied intimately to distributions of
their host-fishes (Watters 1992). If the diverse North American
fish fauna is viewed as a resource of potential hosts, freshwater
mussels show striking resource partitioning.

Larvae of different mussel species range from generalists
that use a taxonomically diverse range of fishes to strict spe-
cialists that metamorphose only on one or a few closely related
fish species (see Watters 1994). Further, mussel species have
evolved an array of strategies by which gravid females facili-
tate infection of a suitable host-fish with larvae {Dartnall and
Walkey 1979; Kat 1984; Neves and Widlak 1988; Haag et al.
1995). Except for a few case studies (e.g., Smith 1985; Neves
and Widlak 1988), the impact of specific characteristics of the

host-fish relationship on the distribution of mussels has not
been examined.

We evaluated the relative usefulness of biotic and abiatic
factors in explaining mussel community composition at differ-
ent spatial scales within two similar drainage basins. First, we
quantified patterns of mussel distribution and abundance
within and between the two drainages. Second, we examined
the relationship between physical habitat variables and mussel
communily composition, Third, we examined the relationship
between fish and mussel community composition. Finally, we
tested the relationships between densities of mussels with dif-
fering reproductive strategies and the densities of their respec-
tive host-fishes.

Study area

Sipsey Fork and Brushy Creek are tributaries of the Black
Warrior River (Mobile Bay basin) in Lawrence and Winston
counties, northwestern Alabama, U.S.A. The two watersheds
are parallel, south-flowing drainages of similar size (Fig. 1),
The streams were confluent approximately 13 km south of the
study area, but their lower reaches were impounded by Lewis
Smith Dam in 1961, These swreams are on the Cumberland
Plateay and are typicai for this physiographic region, being
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. characterized by pool-riffle habitats and occupying deeply en-

trenched valleys.

These watersheds present an important opportunity for the
study of community processes because the aquatic fauna may
be relatively unmodified by humans, Mussel communrities in

" much of North America have been modified extensively by

water quality and physical habitat degradation in the last
100 years (Wiiliams et al. 1992). In many streams, a signifi-
cant proportion of the fauna has been extirpated, and the age
stracture of surviving species has shifted towards older indi-
viduals due to depressed recruitment (Parmalee et al. 1980).
The Sipsey Fork and Brushy Creek drainages lie largely within
Williarn B. Bankhead National Forest and, other than sedimen-
tation from timber harvest and road building, have escaped
many of the perturbations to which most other watersheds in
this region have been subjected. These mussel communities
have experienced few species extirpations, have high species
diversity, and have individuals in many age-classes for most
species.

Methods

Mussel community

We generated qualitative species lsts for 30 sites within the study area
based on our field work and the results of a previous mussel survey
of watersheds within Bankhead National Forest (McGregor 1992). In
our field work and the 1992 study, sites were surveyed by snorkeling
to find living mussels and by searching the shorelines for empty
shells.

We quantified mussel community composition at seven sites: Sip-
sey Fork, lower Brushy Creek, Borden Creek, Rush Creek, Flannagin
Creek, upper Brushy Creek, and Brows Creek (Fig. 1). Sites were
chosen to represent an even, longitudinal progression from headwa-
ters to larger streams in both watersheds {(Fig. 1). At each site, we
sampled 43-51 quadrats. We placed quadrats by laying a rope grid
with numbered 1-m? cells over a reach of stream and selecting 25%
of the cells using a random numbers table. We placed a 0.5-m? quadrat
{with the exception of Rush Creek, where a 0.25-m? quadrat was
used) in the center of each chosen cell, excavated substrate within the
quadrat to a depth of 15 cm, and identified and enumerated ali Hve
mussels encountered. At each site, we sampled two to five reaches of
7-20 m in length that encompassed riffles, runs, or shallow pools. We
did not sample sections of stream dominated by bedrock or deep,
stuggish pools because these habitars typically yield low numbers of
mussels. We conducted all mussel sampling from April to October
1993,

We assigned stream order (Horton 1945; Strahler 1957) and iink
magnitude (Scheidegger 1965; Osborne and Wiley 1992) to all 30
qualitative sites asing U.S. Geological Survey 7.5 topographic maps.
Link magnitude is the number of first-order segments upstream of a
given point on a channel. This method accounts for subtie changes in
stream size and discharge that have no influence on stream order and
thus provides a more sensitive measure of hydrologic variation (Os-
borne and Wiley 19892). We examined relationships between species
nchness and stream size for all 30 qualitative sites by regressing
species richness at each site on link magnitude. We log-transtormed
link magnitude to linearize the relationship (Sokal and Rohif 1581).

We described patierns of community composition among sites
using two methods: (1) pairwise similarity matrices were computed
using Jaccard’s index (species presence or absence, 25 gualitative
sites, excluding five sites with no mussels) and Morisita’s index (spe-
cies abundance, seven quantitative sites), and sites were clustered by
the unweighted pair-group method using arithmetic averages (UP-
GMA, Sneath and Sokal 1973} and (2) principal components were
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factored from the correlation matrix of individual species abundances
in quadrats with mussels at the seven guantitative sites, and mean
principal component scores (£2 SE) were calculated and plotted for
each site.

Microhabitat

We characterized physical microhabitat at the seven guantitative sites
during low water conditions in summer. At each quadrat, we mea-
sured water depth, current velocity, subsirate composition, and the
percentage (nearest 25%} of the quadrat covered by wood, vegetation,
and leaf fitter. We measured water depth and current velocity in the
center of the quadrat usisg a meterstick and an electronic flowmeter
(Marsh-McRirney Flo-mate, model 2000), respectively. We catego-
rized substrate composition using a modified Wentworth scale (Cum-
mins 1962) composed of {1} clay, (2) silt, (3) sand, {4} fine gravel,
(5) coarse gravel, (6) cobble, (7) boulder, and (8) bedrock and est-
mated the percent area {nearest 25%) of the quadrat covered by each
substrate category.

We described differences in habitat among sites, For ali analyses,
we deleted clay as a substrate categery because of its low frequency
of occurrence. We grouped continuous depth and current velocity
measurements into six categories each and calculated the cumulative
frequency of occurrence {ranked 04 for @, 25, 50, 75, and 100%
coverage) of each habitat category (subsirates, woed, leaf, and vege-
tation) for each site. We used these to compute & Shannon—Wiener
index of habitat diversity (H") for each site and a pairwise similarity
matrix {Morisita’s index) among the seven sites, We then clustered
the sites as described for mussel abundances.

We examined relationships of habitat to patterns of mussel comn-
munity composition among sites in two ways. First, we tested for
correlation between the distance matrices for quantitative mussel sites
and habitat variables for the same sites using the Mantel test with
20000 permutations (Rohif 1989). Second, we factored principal
components from the correlation matrix of quadrat habitat variables
for each mussel species and computed mean principal component
scores (2 SE) for each species to ordinate mussel species in habiat
space {Movyle and Vondracek 1985). For this and a similar analysis
for fishes, we used the broken-stick model (Jackson 1993) to evaluate
the relative interpretability of the ordination resuits. Using this
method, plots are considered (o have interpretive value if observed
eigenvalues exceed eigenvalues generated by the model.

Fish commuamity

We compiled fish species presence/absence lists for 16 sites in the
study area using our field data and collection records from the Uni-
versity of Alabama ichthyological coliection, These sites overlapped
with those for which mussel species lists were compiled. We clustered
these sites as described for mussel presence/absence data.

We quantified fish community composition at six of the seven
sites where guantitative musse] sampling took place (Fig. 1). Each site
was sampled in October 1993 and April 1994 by electrofishing, and
densities were quantified based on time shocked (25-33 min-site™!-
sample date™!). We did not sample upper Brushy Creek for fishes, We
sampled pools by placing a block net at each end and making two
passes through the pool and riftles by placing a seine at the lower end
of the riffle and shocking downstream to the net. We pooled resuits
for the two sample dates to obtain a seasonal composite of the fish
communiiies,

We described patterns of fish community composition amoeng the
six quantitative sites by computing pairwise similarity matrices using
Jaccard’s index (species presence or absence, 16 qualitative sites) and
Morisita’s index (species abundance, six quantitative sites), and sites
were clustered as described for mussel community data.

We examined relationships between patterns of fish and mussel
community composition using the same methodology used for com-
paring mussels with habitat, First, we tested for correlation (Mantel
test, 20 000 permutations, Rohlf 1989} between the fish and mussel
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Tabie 1. Mussel fauna of Sipsey Fork and Brushy Creek drainages,
Black Warrior River system, Winston and Lawrence counties,
Alabama, U.S.AL

Frequency of occurrence
at qualizative sites with

Mussel species mussels {r = 25}

Ancdontinae
Strophitus subvexus 0.80
Ambleminae
Pleurobema furvim 0.44
Elliptio arca 0.24
Quadrula asperata 0.24
Tritogonia verrucosa 0.20
Elliptio arctata 0.16
Lampsilinae
Lampsilis perovalis 0.92
Villosa vibex 0.80
Villosa lienosa 0.04
Lampsilis straminea claibornensis 0.60
Prychobranchus greeni 0.52
Medionidus acutissimus 0.44
Villosa nebulosa 0.44
Lampsilis ornara 0.20
Potamilus purpuraius® 0.04

“Found only in qualitative sampling.

distance matrices for 16 qualitative sites and between fish and mussel
distance matrices for the six quantitative sites. Second, we factored
principal components from the correlation matrix of fish species
abundances at quantitative sites for each mussel species and com-
puted mean principal component scores (X2 SE) to ordinate mussel
species in fish community space (Moyle and Vondracek 1983).

Finally, we tested the hypothesis that the abundance of a mussel
species would be related to the density of its host-fishes. Qur null
hypothesis was that abundances of the mussel and host-fish would be
independent; the alternative hypothesis was that the abundances of the
mussel and fish host would be correlated positively. We established
musselthost-fish relationships using recent literature. These relation-
ships were tested using one-tailed Pearson correlation analysis (SAS
1994). We tested the following musselthost-fish pairs: Lampsilis
perovalis/Micropterus  spp. {Haag asd Warren 1997}, Vil
losa spp.fCentrarchidae (Zale and Neves 1982; Neves et al. 1985;
Haag and Warren 1997), Medionidus acutissimus/Funduius oli-
vaceus, Etheostoma douglasi, Etheostoma whipplei, Percina nigro-
Jasciata, Percing sp. cf. caprodes {Haag and Warren [997),
Pleurobema  furvumiF. olivaceus,  Campostoma  oligolepis,
Cyprinella callistia, Cyprinella venusta, Semetilus atromaculatus
(Haag and Warren 1997), Prychobranchus greeni/Etheostoma bella-
tor, E douglasi, P.nigrafasciata, P. sp. cf. caprodes (Haag and
Warren 1997), and Strophitus subvexusfhost-generalist, including
representatives of the families Fundulidae, Catostomidae, Cyprini-
dae, Centrarchidae, and Percidae (Haag and Warren 1997). We did
not test relationships for Elliptio arca, Elliptio arctata, Quadrula as-
perata, or Tritogonia verrucosa because of an inavailability of host
information for these species.

Resulls

Mussel community

Fifteen species of mussels were collected from streams in the
study area, 14 of which were encountered in quadrat samples
(Table 1Y. Lampsilis ornata and Lampsilis straminea were
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encountered only once and were excluded from all analyses
except those discussed in this paragraph. During the early
phases of field work, we did not distinguish E. arca from
E. arctata; thus, we pooled the two species for all analyses.
Species richness was associated positively with stream size
(for all 30 quaiitative sites: richness = 4.02 log(link No), P <
0.0008, R*= 0.40; for seven quantitative sites: richness =
4.83 log(link No.}, P < 0.0001, R? = (.94; intercepts not sig-
nificant, P > 0.05). Total density of mussels at the seven quan-
titative sites was not correlated with stream size (density with
log,s-transformed link magnitude, Pearsen correlation coeffi-
cient r=-0.1324, P < 00.78), but relative abundances of indi-
vidual species showed distinctive longitudinal patterns.
Headwater sites were composed exclusively of species in the
subfamilies Lampsilinae (Villosa spp., M. acutissimus, and
Lampsilis spp. ) and Anodontinae (. subvexus), but the rela-
tive abundance of species in the subfamily Ambleminae
(Q. asperata, Elliptio spp., P. furvum, and T. verrucosa)
gradually increased in a downstream direction, composing 53
and 44% of the total at the lowermost sites in the Brushy and
Sipsey drainages, respectively, Three lampsiline species
(L. ornata, P. greeni, and Potamilus pupuratus) also were ab-
sent from headwater sites and increased in abundance in a
downstream direction. No species were restricted to headwa-
ters.

Phenetic classification of mussel species presence/absence
data for the 25 qualitative sites with mussels produced three
major clusters based primarily on streamn size (Fig. 2a). The
first two nodes separated four sites that were relatively depau-
perate (sites 9, 14, 30, and 27). These sites ranged from ex-
wreme headwaters (link magnitude 11, II order) to larger
streams (link magnitude 272, V order), and the low diversity
or unusual species composition af these sites was probably due
to localized, anomalous stream conditions or inefficient sam-
pling. The third node separated the remaining 21 sites into two
groups: a cluster of large streams and a cluster of headwater
to midreach streams. The large-stream cluster was composed
of six V- and VI-order sites (link magnitude 158-403) on the
fower reaches of Brushy Creek and Sipsey Fork. The headwa-
ter to midreach cluster was composed of 135 sites ranging from
[Tto IV order {link number 8-143) that were distributed widely
across the study area. Within this cluster, intradrainage prox-
imity or stream size did not influence similarity as measured
by species presencefabsence.

Phenetic classification of the seven quantitative sites based
on musse! species abundances revealed three clusters (Fig. 3a)
describing differences in stream position and interdrainage
patterns of species abundance. The first cluster was composed
of large-stream sites (Sipsey Fork and lower Brushy Creek).
These two sites were very similar in community composition
{Morisita’s index = 1.00). The remaining two clusters were
composed of (1) headwater ard midreach streams in the upper
Sipsey Fork drainage (Borden and Flannagin creeks) and
{2} headwuater and midreach streams in the upper Brushy
Creek drainage (Rush, Upper Brushy, and Brown creeks). Al-
though these two clusters were distinct, they were more simifar
to each other than to the large-stream cluster.

Principal components analysis ordinating the seven quanti-
tative sites by mussel species abundances separated sites into
three groups {(Fig. 4} that corresponded to the those identified
by phenetic classification. Along the PC-I axis, sites were
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F = Fig. 2. Phenetic classification of presence/absence data for (a) Fig. 3. Phenetic classification of species abundance data for (a)‘ ‘
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Fig. 4. Principal compenents axes and mean scores {12 SE) of
quantitatively sampled sites ordinated by mussel species
abundances. Sampled sites: S, lower Sipsey Fork (site 5); O,
Borden Creek (site 8); F, Flannagin Creek (site 10); B, lower
Brushy Creck (site 15); R, Rush Creek (site 21), W, Brown Creek
{site 23); U, upper Brushy Creek (site 26). Ellipsoids enclose sites
whose standard errors overlapped on both axes.

2 .~ Slpsay
B draknage
o headwater to
= F midreach
3 streams
1 . Large streams
X - 0
A B
0 passi
o 2 R
- " s
O N u
o [
-1 - Brushy drainage
3 headwater to / w
o midreach streams
2-i!l|||ltlll||||llll|f
-2 -1 0 1 2

Sipsey Fork drainage (Borden and Flannagin creeks) and
(2) sites in the upper Brushy Creek drainage (Rush, Brows,
and upper Brushy creeks) (Fig. 4). Loadings on PC-II indi-
cated that separation of headwater and midreach streams was
due primarily to variation in abundance of four species, Upper
Sipsey Fork streams were characterized by high densities of
Villosa nebulosa and Villosa lienosa, rarity or absence of
S. subvexus, znd lower densities of L. perovalis; this pattern
was reversed in streams in the upper Brushy drainage.

Microhabitat

Variation in microhabitat showed no distinct patterns in the
drainages and showed little similarity to patterns of mussel
comrunity composition. Habitat diversity varied little among
sites, ranging from 1.61 to 1.82. Habitat similarity among sites
was high (>0.90), and phenetic classification did not reveal
clusters based on either stream size or intradrainage proximity,
Distance matrices for habitat and mussel abundance at the six
guantitative sites were not correlated (Mantel r = 0.2999, P >
0.05).

Discrimination among mussel species based on habitat vari-
ables was weak. Principal componeats analysis of mussel spe-
cies ordinated by habitat variables produced eigenvalues that
did not exceed those of the broken-stick model, and thus was
considered of questionable interpretive value. The PC-I axis
(Fig. 3a) did weakly separate species into the large- and smail-
stream faunal groupings seen in earlier analyses; however, one
species from cach group (M. acutissimus, smali-stream group;
P. furvum, large-stream group) overlapped widely with both
clusters. The centroid for quadrats without mussels plotted
within the small-stream group. Along the PC-II axis,
V. lienosa was separated from all other species in association
with high loadings for vegetation (Justicia americana} and silt;
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Fig. 5. Principal components axes and mean scores {12 SE) of of

mussel species ordinated by (a) micrchabitat variables and {b} fish

species abundances, Mussel species: A, Lampsilis perovalis; B,
Medionidus acutissimus, C, Villosa nebulosa; D, Villosa vibex; E, '
Strophitus subvexus; F, Villosa lienesa; 0, none; 1, Ptychobranchus
greeni; 2, Pleurobema furvum; 3, Quadrula asperata; 4, Elliptio

spp.; 3, Tritogonia verrucosa. Ellipsoids enclose faunal groups

identified by principal component loadings for analysis of mussel
abundances among sites.
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other species that showed highly variable abundances between
drainages were not discriminated by habitat.

Fish community

Fish community composition showed both longitudinal and
interdrainage patterns that were, in part, similar to patterns of
mussel abundance. Phenetic classification of streams based on
fish species presence/absence clustered the sites into three ma-
jor groups {Fig. 2b}: (1) a depauperate group with each site
having 15 or fewer species (with the exception of Brushy
Creek, site 22}, (2) a group of sites in the Sipsey Fork drainage,
and (3) a group in the Brushy Creek drainage. This distance
matrix was not correlated with the distance matrix for mussel
species presence/absence at the same sites {Mantel r = 0.2382,
P > 0.03). Clustering of the six quantitative sites based on fish
species abundances produced two groups of sites that corre-
sponded only to stream size (Fig. 3b). However, this matrix
was correlated with the distance matrix for mussel species
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abundance at the same sites {r= 0.487%, P < 0.05), even

though the fish matrix showed no interdrainage pattern, as seen

for mussels.

. Discrimination among mussel species based on associated

<. fish species was strong and produced a pattern that was similar
" to patterns of variation in mussel community composition.

¢ Principal components analysis of mussei species ordinated by

fish species produced eigenvalues that exceeded those of the
broken-stick model, providing support for interpretation of this
plot. The PC-I axis separated mussel species into two groups
(Fig. 5b) that corresponded to the large-stream and headwater
to midreach faunal groups identified in previous analyses
(Figs. 3a and 4), Similarly, the PC-1I axis separated headwater
and midreach species into two groups based on intradrainage
proximity (Fig. 5b) that coiresponded to those identified pre-
viously (Figs. 3a and 4).

Relationships between mussel and host-fish abuadances
varied among mussel species {(Table 2}. Abundances of mus-
sels that were widespread within the drainages and charac-
teristic of headwater to midreach streams (L. perovalis,
Villosa spp., M. acutissimus, and §. subvexus} were not corre-
lated with abundances of their fish hosts. Within this group,
two distinet modes of host use and attraction were represented.
Strophitus subvexus is a host-generalist; the other three lamp-
siline species are host-specialists that possess mantle modifi-
cations used ostensibly to lure a fish to the gravid female,
Abundances of species restricted to larger streams (P, furvim
and P. greeni) were correlated positively with abundances of
fish hosts. Both of these species are host-specialists but do not
have mantle modifications.

Discussion

Community composition of freshwater mussels in the study
area showed two important patterns: (1) species richness in-
creased in a downstream direction and the faunas of large-
stream  sites were characterized by similar, distinctive
assemblages and (2) faunal composition of headwater sites
varied widely among sites in different drainages. Distribution
and abundance of free-living animals are usually thought to be
controlled by three broad factors: food availability, predation
iniensity, and physical habitat requirements (Connell 1975;
Angermeier and Karr 1983; Power et al. 1988}, Diverse marine
bivalve communities are structured by food resource partition-
ing, predation pressures, competition for space, and distinct
differences in habitat usage among species {Purchon 1977,
Hughes and Griffiths 1988; McGrorty et al. 1990), Likewise,
stream fish communities often are structured by a simitar suite
of factors (Angermeier and Karr 1983; Moyle and Vondracek
1985; Ross 1986; Schlosser and Angermeier 1990; Pyren and
Tayior 1993), However, for diverse freshwater mussel com-
munities, these factors do not offer satisfactery explarations of
observed patterns in distribution and abundance.

Partitioning of food resources is an important component
of community structure in marine bivalves. Marine bivalve
communities may be composed of representatives of several
subclasses and orders and show great diversity in feeding
strategies {(e.g., suspension and deposit feeding, boring, and
carnivory) (Morton 1983; Allen 1985). In contrast, North
American freshwater mussel communities are composed of
members of a single order (Unionoida) and, with the exception
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Table 2. Comrelations (r, Pearson’s correlation coefficient) of
mussel abundance with abundance of fish hosts.
Mussel species r P
Displaying host-specialists

Lampsiiis perovalis® -0.3065 ns

Villosa spp.? 0.6402 ns

Medionidus acutissimus® -(.7243 ns
Nondisplaying host-specialists

Prychobranchus greent® 0.9161 <0.01%

Pleurobema furvum?® (.9427 <0.01*
Host-generalists

Strophitus subvexus/ ~£.5552 ns

Note: *Significant correlation; ns, not significant. Fish hosts for each
mussel are given in the footnotes.

M icropterus spp.

Centrarchidae,

“Fundulus olivaceus. Etheostoma douglasi, Etheosioma whipplel, Percina
nigrofasciata, Percina sp. cf. caprodes.

dEtheostoma bellator, Etheostoma dowglasi. Percing nigrofasciara,
Percina sp. cf. caprodes. '

*Campsotoma oligolepis, Cyprinella callistia. Cyprinella venusta, Semotilus
atromacularus, Fundulus elivaceus.

Carostomidae, Centrarchidae, Cyprinidae, Fundulidae, Percidae.

of five species in the Margaritiferidae, are members of a single
family (Unionidae). Although detailed dietary information
about freshwater mussels is facking, anatomical or behavicral
modifications that would suggest the presence of food resource
specialization have not been documented.

In general, predation pressure on molluscs in freshwater is
thought 1o be low compared with marine systems (Vermeij and
Dudley 1985). Many marine predators are adapted strictly for
molluscivory, and marine bivalves have an array of shell modi-
fications and behaviors to thwart predation. In contrast, fresh-
waters have few molluscivorous species (despite exceptions
such as freshwater drum (Aplodinotus grunniens) and river
redhorse (Moxostoma carinatum) with crushing molariform
pharyngeal teeth), and freshwater bivalves lack the antipreda-
tor shell and behavioral modifications seen in marine bivalves
(Vermeij and Dudley 1985; Vermeij 1993). Although larval
mortality is high (Young and Williams 1984) and little is
known about juvenile mortality, adult freshwater mussels are
fong-lived organisms with tow annual mortality (Negus 1566;
Bauer 1987). Adult mussels may be subject o size- and
species-selective predation from muskrats (Hanson et al.
1989; Neves and Odum [989; Watters 1995). However, musk-
rat predation is sporadic and localized (perscnal observation},
and muskrats do not occur in many areas that support diverse
mussel faunas. In our study area, we observed no mortality
from muskrats, and molluscivorous fishes are rare or absent.

Many freshwater animals as well as marine bivalves are
strict physicochemical habitat specialists, and avaiiability of
suitable habitat is an important factor in structuring communi-
ties. Although radically different habitats (e.g., wetlands
versus sireams) may suppor: different mussel species assem-
blages, habitat and environmental variables poorly predict
presence and abundance of mussel species within a stream
reach or a drainage (Holland-Bartels 1990; Strayer and Ralley
1993; Strayer et al. 1994), We found that, in general, species
were not discriminated by habitat. Mussel populations in our
study were usually sparse, and quadrats with no mussels were
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not distinguished by habitat variables from quadrats inhabited
by mussels (Fig. 5a), suggesting that space or suitable habitat
was not limiting. Adult mussels have broad niche widths for
habitat (Tevesz and McCall 1979), and Strayer et al. (1994)
questioned the usefulness of focusing on these mechanisms in
studies of mussel ecology.

Although mussel species show little obvious specialization
in feeding, antipredator defenses, or habitat, there is striking
partitioning of host-fish resources among species. The major-
ity of the life of a mussel is spent as a free-living organism,
but as larvae, mussels are inexorably dependent on the host-
fish. In this way, mussels show characteristics of parasitic or-
ganisms in which an important resource base is the host (Price
1990). The niche concept as applied to mussel species must
therefore encompass varizables related to the host as one of the
most important dimensions,

Mussel species show great variation in host-fish specificity
and in strategies for infecting fishes with larvae and can be
divided into at least three major groups: host-generalists, dis-
playing host-specialists, and nondisplaying host-specialists.
Host-generalists use as hosts fish species in many different
families and feeding guilds (Trdan and Hoeh 1982: Watters
1994). Generalists include many species in the subfamily Ano-
dontinae {including the genera Anodonta, Pyganodon, Utter-
backia, Strophitus, and others) and possibly some members of
the Ambleminae and Lampsilinae (Watters 1994), Host-
generalists broadeast prodigious numbess of larvae that en-
counter a host ia a passive manner (Dartnall and Walkey 1979)
or reicase larvae bound in long mucous webs that entangle
potential fish hosts (Kat 1984). Host-specialists use a small
number of fish species that are usually in the same family
and (or) feeding guild (Watters 1994). Among host-specialists,
there are two distinct strategies for increasing chances of host
parasitization: displayers and nondisplayers. Displayers in-
clude members of the subfamily Lampsilinae in the genera
Lampsilis, Villosa, Medionidus, Toxolasma, Ligumia, and pos-
sibly Epioblasma. In these genera, females have modified
mantle margins (Kat 1984) or present larvae in attached exter-
nal structures (Haag et al. 1999), both of which mimic food
iterns of {fishes and are thought to attract host-fishes to the
gravid female mussel. Nondisplayers include a large number
of genera in the subfamily Ambleminae (in this study, Quad-
rula, Pleurobema, Elliptio, and perhaps Tritogonia) and lamp-
silines (in this study, Prvchobranchus, but perhaps about 10
other North American genera). Females of these genera may
release larvae singly or in small packets that mimic fish food
items, but they are distinguished by a lack of modified struc-
tures that serve to attract hosts to the gravid female.

Patterns of host-fish use and infestation strategy among
mussel species may explain some of the patterns of mussel
distribution and abundance in our study streams. Repre-
senzatives of the three major host strategies are present in our
system: host-generalists (§. subvexus), nondisplaying host-
specialists (P, furvum, Q. asperata, Elliptio spp., T. verru-
cosa, and P. greeni), and displaying host-specialists
(Viliosa spp., L. perovalis, and M. acutissimus). We found that
host-generalists and displaying host-specialists exclusively
constituted headwater communities but also occurred in larger
streams. Nondisplaying host-specialists were restricted to
larger streams. Headwater fish communities are usually per-
sistent in composition but more temporally variable in
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abundance than downstream communities (Schlosser 1982;
Moyle and Vondracek 1985; Freeman et al. 1588; Schlosser
1990). Host-generalists and displaying host-specialists may be
able to inhabit headwaters because their infestation strategies
release them from a density-dependent relationship with host-
fishes. Release from density dependence occurs through use
of a taxonomically broad host-fish array or by attracting host-
fish species of variable densities to the gravid mussel before
release of larvae. In support of this, we found no correlation
in host-fish and mussel abundance among host-generalists and
displaying host-specialists (Table 2). In contrast, we found
positive correlation of abundances of nondisplaying host-
specialists and their fish hosts (Table 2). This suggests that
nondisplaying host-specialists show a density-dependent rela-
tionship to host-fishes, an advantageous mechanism o in-
crease chances of infestation of specific host-fishes where
host-fish abundances are iess variable {i.e., large streams) and
a disadvantage for persistence in habitats with highly variable
tish abundances (i.e., headwaters). At the scale of the drainage
basin, longitudinal patterns of musse! species distribution and
abundance are linked closely to dynamics of host-fish relation-
ships.

Variation in species abundance at headwater sites between
the Sipsey Fork and Brushy Creek drainages is not casily ex-
plained by host-fish relationships or habitat. Although inter-
drainage patterns of community composition were similar
between fishes and musseis, patterns of variation in fish com-
munities between drainages were, in part, caused by species
that were restricted to one drainage or the other. However, no
mussel species were restricted to one drainage. Differences in
fish communities also were influenced by variation in abun-
dance of species common to both drainages, but abundances
of musse) species in headwaters are uncorrelated with host-fish
densities. Similarly, headwater mussel species were not dis-
criminated based on habitat variables, even though each drain-
age was characterized by a unique species assemblage
(Fig. 5a). Neither host-fish availability nor habitat offers 2
compelling explanation for observed differences in mussel
community composition among headwater sites,

Variation among headwater mussel communities may be
the result of stochastic processes associated with unstable
headwater habitats (Schiosser 1982). Small-scale variation in
mussel density has been attributed to the distribution of stzble
substrates (Vannote and Minshall 1982) but, at larger scales,
stream size is the most consistent predictor of mussel commu-
ity composition (Strayer 1983, 1993), despite attempts fo re-
late other habitat variables to observed patterns {Strayer [993;
Strayer et al. 1994). Studies of stream fishes give strong evi-
dence of decreasing upstream-—downstream gradients in natu-
ral environmental variability (Schlosser 1990). For mussels,
more stable downstream conditions may allow deterministic
processes such as density-dependent mussel/host-fish relation-
ships to influence community structure, while wide fluctua-
tions in flow regime and habitat stability may largely influence
community structure in headwaters.

Mussel communities should be viewed as the result of com-
plex interactions of biotic and abiotic factors operating differ-
entiaily on different spatial and temporal scales as well as on
species with different life history strategies. At the scale of a
drainage basin, mussel distributions and abundances may be
influenced by dynamics of mussei/host-fish relationships, At
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-+ gmaller scales, stochastic variation in biotic and abiotic factors

as well as local physical heterogeneity may preclude manifes-

- tation of deterministic mechanisms and produce unpredictable
*species assemblages and abuadances. Several important as-
" pects of freshwater mussel ecology such as foed use and juve-

nile mortality remain poorly known. However, there are

earrently no compelling arguments for the existence of strong

differential predation among species, and niche width for food
and habitat use appears to be broad for many species. Con-
comitant with broadening of use of these resources is a nar-
rowing of niche width at the dimension of the fish host. The
diverse radiation of North American freshwater mussels may
have occurred in concert with opportunities for intense exploi-
tation and partitioning of the diverse host-fish resource.

Acknowledgments

We are gratefuf to J. Fischer and J. McWhirter who provided
tremendous field assistance. R. Butler, L. McDougal, P. Hart-
field, and S. McGregor provided information and (or) field
assistance, B. Kujahda and R. Mayden made available to us the
collection records for the University of Alabama ichthyologi-
cal collection, G. Chen and J. Huntley provided essential ad-
ministrative support, and L. Hubbard and C. Zediker prepared
the figures. D, Strayer and an anonymous reviewer provided
comments that greatly improved the manuscript. This study
was supporied by the USDA Forest Service, Southern Re-
search Station, Alabama National Forests, and “National
Agquatic Monitoring Center.

References

Allen, JLA. 1985, The recent Bivalvia: their form and evolution, In
The Mollusca. Vol. 10. Evolution, Edited by E.R. Trueman and
M.R. Clarke. Academic Press, Orlando, Fla. pp. 337-396.

Angermeier, P.L., and Karz, LR, 1983. Fish communites along envi-
ronmental gradients in a system of tropical streams. Environ. Biol,
Fishes, 9: 117-135.

Bauer, G. 1987. Reproductive strategy of the {reshwater peart mussel
Margaritifera margaritifera. J. Anim. Ecol. 56: 691-704.

Connell, I.H. 1975. Some mechanisms producing structure in natural
communities: a model and evidence from field experiments. fn
Ecology and evolution of communities. Edited by M.L. Cody and
I M Diamond. Belknap Press, Cambridge, Mass. pp. 460-490.

Corkum, L.D. 1989. Patterns of benthic invertebrate assemblages in
rivers of northwestern North America. Freshwater Biol.
21; 191-205.

Cummins, K.W. 1962, An evaluation of some techniques for the col-
lection and analysis of benthic samples with special emphasis on
lotic waters. Am, Midl. Nat. 67: 477-504,

Dartnall, H.J.G., and Waikey, M. 1979. Distribution of glochidia of
the swan mussel Anodonta cygnea (Mollusca) on the three-spined
stickleback Gasterosteus acufearus {Pisces). J. Zool. (Lond.),
189: 31-37.

Freeman, M.C., Crawford, M.K., Barrett, ].C., Facey, D.E.. Flood,
M.G., Hill, J., Stouder, D.N., and Grossman, G.I>. 1988. Fish as-
semnblage stability in a southern Appalachian strearn. Can, 1. Fish.
Agquat. Sci. 45; 1946-1958.

Gorman, O.T., and Karr, I.R. 1978, Habitat structure and stream fish
communities. Ecology, 5% 507-513,

Haag, W R.,and Warren, M.L., Ir. 1997, Host fishes and reproductive
biology of 6 freshwater mussel species from the Mobile Basin,
U.S.A.J. N. Am. Benthol. Soc. 16(3); 576-585.

Haag, W .R., Butier, R.S., and Hartfield, P.D. 1995, An extraordinary

305

reproductive strategy in freshwater bivalves: prey mimicry to fa-
cilitate larval dispersal. Freshwater Biol. 34: 101103,

Hanson, J.M., Mackay, W.C., and Prepas, E.E. 1989. Effect of size-
selective predation by muskrats (Ondatra zebithicus) on a popula-
tion of unionid clams (Anodonta grandis simpsonianus). J. Anim.
Ecol. 58: 15--28.

Hart, D.I, 1992, Community organization in streams: the impottance
of species interactions, physical factors, and chance. Oecologia
(Heidelb.), 9%: 220228,

Holland-Bartels, L.E. 1990. Physical factors and their influence on
the musse! fauna of a main channel border habitat of the upper
Mississippi River. J. N. Am. Benthol. Soc. 9: 327-335.

Horton, R.E. 1943, Erosional development of streams and their drain-
age basins: hydrophysical approach to quantitative morphology.
Bull. Geol. Soc. Am. 56: 275-350.

Hughes, R.N., and Griffiths, C.L. 1988. Self-thinning in bamnacles and
mussels: the geometry of packing. Am. Nat, 132: 485490

Jackson, D.A. 1993, Stopping rules in principal components analysis:
a comparison of heuristic and statistical approaches. Ecology,
74:2204-2214,

Jackson, D.A., and Harvey, H.H. 1993, Fish and benthic inverte-
brates: community concordance and comununity-environment re-
lationships. Can. I. Fish. Aquat. Sci. 50: 2641-2651.

Kat, P.W. 1984, Parasitism aad the Unionidae (Bivalvia). Biol. Rev.
59: 189-207.

McGregor, S W. 1992, A mussel survey of the streams draining
Bankhead National Forest and the Oakmuigee division of Tal-
ladega National Forest, Alabama. (Available from USDA Forest
Service, Montgomery, Ala.)

McGrorty, S., Clarke, R.T., Reading, C.J., and Goss-Custard, 1.D.
1990. Population dynamics of the mussel Mytilus edulis: density
changes and regulation of the population in the Exe Estuary, De-
von. Mar. Ecol. Prog. Ser. 67: 157169,

McMahon, R.F. 1991, Mollusca:Bivalvia. fn Ecology and classifica-
tion of North American freshwater invertebrates. Edited by LH.
Thorp and A.P. Covich., Academic Press, San Diege, Calif.
pp. 315-399.

Morton, B. 1983. Feeding and digestion in Bivalvia. In The Mol-
lusca.Vol. 5. Physiology, Part 2. Edited by A.S5.M, Saleuddin and
K.M. Wilbur, Academic Press, New York. pp. 65-131.

Moyle, P.B., and Vondracek, B. 1985. Persistence and structure of the
fish assemblage in a small California stream. Ecology, 66: 1-13.

Negus, C.L. 1966. A quantitative study of growth and production of
unionid mussels in the River Thames at Reading. I. Anim. Ecol.
35:513-532.

Neves, R.J., and Odom, M.C. 1989. Muskrat predation on endangered
freshwater mussels in Virginia. . Wildi. Manage. 53: 934-841.

Neves, R.J., and Widlak, 1.C, 1988. OQccurrence of giochidia in stream
drift and on fishes of the upper North Fork Holston River, Vir-
ginia. Am, Midl. Nat, 119: 111-120.

Neves, R.J., Weaver, L.R., and Zale, A.V. 1985. An evaluation of host
suitability for glochidia of Villosa vanuxemi and V, nebulosa (Pe-
lecypeda:Unionidag). Am. Midl. Nat, 113: 13-19.

Osborne, L.L,, and Wiley, M.J. 1992. The influence of tributary spa-
tial position on the structure of warmwater fish communities.
Can. J. Fish. Aquat. Sci. 49: 671-681.

Parmalee, P.W., Klippel, W.E., and Bogan, A.E. 1980. Notes on the
prehistoric and present status of the naiad fauna of the middie
Cumberland River, Smith Co., Tennessee, Nautilus, 94; 93-105.

Power, M.E. 1994, Effects of fish in river food webs. Science (Wash-
ington, D.C.), 250: 811-814.

Power, M.E,, et al, 1988, Biotic and abiotic controls in river and
stream communities. J. N, Am. Benthol. Soc. 7: 456-47%,

Price, P.W. 1990, Host populations as resources defining parasite
community orgapization, In Parasite communities: patterns and
process. Edited by G. Esch, A. Bush, and J. Aho. Chapman and
Hall. New York. pp. 21-40.

© 1998 NRC Canada




308

Purchon, R.D. 1977. The biology of the Moflusca. Pergamon Press,
Oxford, England.

Pyron, M., and Taylor, C.M. 1993. Fish community structure of Okla-
noma Gulf Coastal Plains. Hydrobiologia, 257: 29--35,

Rohlf, F.1. 1989. Numerical taxonomy and muftivariate analysis sys-
tem, version 1.5C. Exeter, Setauker, N.Y.

Ross, 8.T. 1986. Rescurce partitioning in fish assemblages: a review
of tield studies. Copeia, 1986: 352-388.

Salmon, A, and CGreen, R.H. 1983, Environmental determinants of
unionid clam distribution in the Middle Thames River, Ontario.
Can. I, Zool. 61: 832-838.

SAS. 1994, The SAS system for Windows, SAS Institute Inc., Cary,
N.C.

Scheidegger, A.E. 1963, The algebra of stream-order numbers. U.S.
Geol. Surv. Prof. Pap. 525B, U.S. Geological Survey, Washing-
ton, D.C. pp. 187189,

Schiosser, 11, 1982. Fish commanity structure and function along two
habitat gradients in & headwater stream. Ecol. Monogr. 52:
395414,

Schlosser, 11 {987a. A conceptual framework for fish communities
in small warmwater streams. Jn Community and evolutionary
ecology of North American stream fishes, Edired by W.J. Mat-
thews and D.C. Heins. Oklahoma University Press, Norman, Okla.
pp. 17-26.

Schiosser, 1.}, 1987h, The role of predation in age- and size-related
habitat use by stream fishes. Ecology, 68: 651-659.

Schiosser, 1J. 1990. Environmental variation, life history atributes,
and community structure in stream fishes: implications for envi-
ronmental management and assessment. Environ, Manage. 14:
621-628.

Schlosser, L1, and Angermeier, P.L. 1990. The influence of environ-
mental variability, resource abundance, and predation on juvenile
cyprinid and centrarchid fishes. Pol. Arch. Hydrobiol, 37:
265-284.

Smith, D.(G. 1985, Recent range expansion of the freshwater mussel
Anodonta implicata and its relationship to clupeid fish restoration
in the Connecticut River system, Freshwater Invertebr, Biol. 4
105-108.

Speath, P.H.A., and Sokal, R.R. 1873, Numerical taxonomy. W .H.
Freeman and Co., San Francisco, Calif.

Sckal, R.R., and Rohlf, F.J. 198 1. Biometry, W H. Freeman and Co.,
San Francisco, Calif,

Strahler, A.N. 1957, Quantitative analysis of watershed geomerphol-
ogy. Trans, Am. Geophys. Union, 38; 913-920.

Strayer, L. 1983. The effects of surface geology and siream size on
freshwater mussel (Bivalvia, Unionidae) distribution in southeast-
ern Michigan, U.S.A. Freshwater Biol. 13: 253-264,

Can. J. Fish. Aquat. Sci. Vol. 55, 1908

Strayer, D.L.. 1993. Macrchabitats of freshwater mussels (Bivalvia;
Unionacea) in streams of the northern Atlantic Siope. I. N. Am,
Benthel. Soc, 12; 236--246.

Strayer, D.L., and Ralley, J. 1993, Microhabitat use by an assemblage
of stream-dwelling unionaceans (Bivalvia), including two rare
species of Alasmidonta. . N, Am. Benthol. Soc. 12: 247258,

Strayer, D.L., Hunter, D.C., $mith, L.C., and Borg, C.K. 1694, Dis.
tribution, abundance, and roles of freshwater clams (Bivaivia, Un-~
ionidae} in the freshwater tidal Hudson estuary. Freshwater Biol,
31: 239-248.

Taytor, C.M., Winston, M.R., and Matthews, W.J. 1996. Temporal
variation in tributary and mainstem fish assemblages in a Great
Plains stream. Copeia, 1996: 280-289.

Tevesz, M.J.8., and McCall, P.L. 1979. Evolution of substratum pref-
erence in bivalves (Mollusca). J. Paleontol. 53: 112-120.

Trdan, R.J,, and Hoeh, W_R. 1982. Eurytopic host use by two congen-
eric species of freshwater musse (Pelecypoda: Unicnidae: Ano-
donta). Am. Midl. Nat. 108: 381-388,

Vannote, R.L., and Minshall, G.W. 1982, Fluvial processes and local
tithology controlling abundance, structure, and composition of
mussel beds. Proc. Natl. Acad. Sci. U.S.A. 79: 41034107,

Vermeij, G.J. 1993. A natural history of shells. Princeton University
Press, Princeton, N.J.

Vermeij, G.J., and Dudley, E.C. 1985. Distribution of adaptations: a
comparison between the functional sheil morphology of freshwa-
ter and marine pelecypods. fn The Mollusca. Vol. 10. Evolution.
Edited by E.R. Trueman and M.R. Clarke. Academic Press, Or-
tando, Fla. pp. 461-475.

Watters, G.T. 1992, Unionids, fishes, and the species—area curve.
1. Biogeogr. 19: 481-490.

Watters, G.T. 1994. An annotated bibliography of the reproduction
and propagatios of the Unionidea. Ohio Biol. Surv. Misc. Contrib.
No. 1. Ohio Biological Survey, Ohio State University, Columbus,
Ohio.

Watters, G.T. 1995, Sampling freshwater mussel populations: the bias
of mugkrat middens. Walkerana, 7: 63-69.

Williams, 1D, Warren, M.L., Cummings, K.S., Barrs, J.L., and
Neves, R.J.1992. Conservation status of freshwater mussels of the
United States and Canada. Fisheries {Bethesda), 18: 6-22.

Wooster, D. 1994, Predator impacts on benthic prey, Oecologia
(Heidelb.), 99: 7-15.

Young, M., and Williams, I. 1984. The reproductive biology of the
freshwater pearl musset Margaritifera margaritifera in Scotland.
L. Field studies. Arch. Hydrobiol. $9: 405-422.

Zale, AV, and Neves, R.J. 1982. Fish hosts of four species of lamp-
siline mussels (Mollusca: Unionidae) in Big Moceasin Creek, Vir-
ginta. Can. J, Zeol. 60: 2535-2542,

'© 1998 NRC Canada




