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Abstract. . We studied the reproduction and shell size structure of the endangered dwarf wedge-
mussel (Alasiidornta heterodon) in the Mil) River, Magsachusetts, at sites of different mussel abundance,
and assessed the dispersal capacity of its host fish, the tessellaled darter (Ftheostoma olmstedi). We
quantified 4 phases of reproduction at 5 study sites of contrasting adult mussel abundance (3 low-
abundance sites, 1 intermediate, 1 high), including gravidity, glochidial release, host infection rate,
and juvenile recruitment. The ratio of gravid to nongravid individuals was higher at the high-abun-
dance site, and comparatively lower at the intermediate- and fow-abundance sites. Glochidial release,
infection rates on host darters, and juvenile recruitment were directly proportional to mussel abun-
dance. The highest glochidia density (0.12/m? occurred at the high-abundance site. Mean infection

rates during early May te late June ranged from 31

% at the high-abundance site to 8% at the inter-

mediate- and ¢ to 2% at the 3 low-abundance sites. The high-abundance site showed highest level of
juvenile recruitment. Low-abundance sites showed narrow ranges of size classes, probably indicating
few year classes. Movement by marked darters was minimal during glochidial release, with 94% of
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erodon n the

grs remaining in locations where they were originaily marked. Reproduction by A. het-
Mil¥ River depends on mussel patch-density, ‘and-fhussel dispersal by the host fish may

be limited to the immediate vicinity of the infection site. Such a low dispersal capacity may lead o ...
i%%ft%h@im@ssgi@;‘_g-tr,ihutio;} and.may hinder colonization and redoveryef this species. )
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The dwarf wedgemussel (Alpsmidonta hetero-
don) is an endangered freshwater mussel of the
Atlantic Slope drainage, occurring from New
Brunswick to North Carolina (Master 1986,
USFWS 1993). In a range-wide survey, Strayer
et al. (1996} reported that all known A. heterodon
populations were at risk because of low densi-
ties and small ranges, with most populations oc-
curring as distinct patches of individuals. The
reproductive status of most of these populations
is unknown (Strayer et al. 1996).

Although much is known about general mus-
sel reproduction (Watters 1994), comparatively
little is known about the level of reproduction
needed to sustain viable populations, and only
a ftew studies have addressed reproduction
based on mussel population size. Like many an-
imal populations, the ability of freshwater mus-
sels to reproduce successfully may be limited at
tow density. For example, the reproductive suc-
cess of eastern elliptio {Elliptio complanata) in a
Quebec lake was closely tied to the spatial dis-
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tribution of individuals, with complete repro-
ductive failure at low density occurring because
of low fertilization (Downing et al. 1993).
Freshwater mussels may exhibit characteris-
tics of metapopulations (Vaughn 1993, Strayer et
al. 199, Vaughn 19973, consisting of distinct
patches of individuals within a regional popu-
lation that are linked by dispersal {Gotelli 1991).
Adult mussels are usually sedentary, so dis-
persal among patches is largely accomplished
during the larval stage (Neves and Widlak 1988,
Vaughn 1997). Moreover, floods may displace
juveniles and adults downstream (Neves and
Widlak 1987, Layzer and Gordon 1993, Tucker
1996); therefore, dispersal by the host fish may
be vital to maintaining population structure, es-
pecially in upstream reaches. Furthermore, nat-
ural recolonization of habitats by declining or
extirpated species, and spatial expansion of
populations within watersheds, may depend on
mobility of host fish (Smith 1985, Lee et al.
1998). Using computer simulations, Lee et ai.
(1998) suggested that low movement ranges of
host fish lead to musgel patchiness or extinction,
unless glochidial infection rates are high. If true,
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then the dispersal ability of mussels with sed-
entary host fish may be extremely limited.

Michaelson and Neves {1995) identified 3 host
fish species for A. heterodon, the tessellated dart-
er (Etheostoma olmstedi), Johnny darter (E. ni-
grum), and mottled sculpin (Cottus bairdi), and
B. Wicklow (Saint Anselm College, personal
communication) documented under laboratory
conditions that slimy sculpin (C. cognatus) and
Atlantic salmon {(Salmo salar) also served as
hosts. In the Mill River, a tributary of the Con-
necticut River, Massachusetts, USA, the tessel-
lated darter (hereafter “darters”) is the only
host available for A, heterodon. Marking studies
have shown that movements of darters during
summer may be limited to only a few meters
(Reed 1968, May 1969); however, dispersal of
darters during their period of infection by A.
heferodon glochidia (April-mid June, at water
temperatures between 10-20°C, B. Wicklow, per-
sonal communication) has not been studied.

Knowledge of A heterodon’ reproduction as-
sociated with Jocal patch size coupled with the
dispersal capability of its host fish may have im-
portant conservation imptlications for this spe-
cies. We quantified the following 4 reproductive
parameters for A, heterodon in the Mill River, at
5 sites of contrasting adult mussel abundances:
1) proportion of gravid individuals, 2) glochidial
density in stream drift, 3) rate of glochidial en-
cystment on darters, and 4) recruitment of ju-
venile mussels. In addition, we recorded the
movement of marked darters during glochidial
release by A. heterodon to evaluate the dispersal
potential of infected darters.

Methods
Study aren

We chose 5 study sites in the Mill River (Fig.
1) based on 1998 abundance data for A. heferodon
from timed snorkel surveys (McLain 2002). Sites
1 to 5 were arranged in order of decreasing
adult ebundance (as catch per unit effort,
CPUE), with catch rates of 25.6, 7.8, 3.3, 2.6, and
1.1 mussels/h, respectively. Sites 1 and 2 were
~500 m apart, and comprised distinctly sepa-
rate A. heterodon patches, whereas other sites
were separated from each other by 1.5 to 2.5 km.
All sites had similar flow regimes (mean veloc-
ity = (.19-4.23 m/s), mean depth (<1 m), and
predominately sand and sift substrate. Other
mussel species at the study sites in order of de-
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creasing abundance were Elliptio complanata,
Lampsilis radiata, Ligumin nasuta, Pyganodon ca-
taracta, Strophitus undulatus, and Margaritifera
margaritifera (McLain 2002).

Gravidity

At each site, we visually inspected the mar-
supial gills of female mussels for gravidity in
October 1998. We assumed mussels with swol-
len and somefimes darkened marsupial demi-
branchs were brooding glochidia (Michaelson
and Neves 1995), and calculated the ratio of
gravid to nongravid individuals. We combined
mussels from the 3 low-abunddance sites (sites
35} to minimize bias associated with small
sample size.

Glechidial release and infection rates

We quantified glochidial release weekly from
19 April to 21 June 1999 using drift nets (area
= 30 cm?, 125-pm mesh, see method in Neves
and Widlak 1988). We spaced 3 nets evenly
across the river at each site. We left nets in place
for 10 min while we disturbed the substrate up-
stream for a distance of 10 m to temporarily
suspend glochidia in the water column so that
they could be captured by drift nets; this pro-
cedure was necessary because A. heterodon glo-
chidia sink rapidly after release (Michaelson
and Neves 1995). We collected the samples and
examined the live glochidia in the laboratory
under a dissecting microscope (20X}, and
counted the number of individuals in a gridded
petri dish. Abundance of glochidia in samples
was converted to drift density (glochidia/m3).

We determined glochidial infection rates on
darters weekly from 3 May to 28 june 1999
within a 50-m reach at each site by capturing
fish with an aquarium dip net while snorkeling,
and then examining individuals for glochidial
cysts. We examined ~33% of darters with cysts
under a dissecting microscope {20%) in the field
to verify that glochidia were A. hetercdon and
not I cataracta or 5. undulatus; the latter 2 species
aiso have hooked glochidia and may occur on
darters (Van Snik Gray et al. 2002). We used de-
scriptions  from Hoggarth (1993) and Wiles
{1975) as well as known specimens to identify
glochidia to species. We released atl darters after
examination for glochidia. We considered infec-
tion rates as the proportion of darters infected
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FiG, 1. Study sites on the Mill River, Massachusetts. Sites are numbered from 1 to 5 in order of decreasing

abundance of the mussel Alasinidonta heterodon.

with glochidia, and incidence of infection as the
number of glochidia per fish.

Jivenile recrudtiment

Substrate excavation and sifting is an effective
method for detecting juvenile mussels (Richard-
son and Yokley 1996, Smith et al. 20003, so we
quantified juvenile recruitment by wet-sifting
substrate from 40 quadrats (0.25 m?, substrate
depth range 10-15 e¢m) through a series of 4-,
2., and 0.5-mm mesh screens within a 50-m
reach at each site. We placed quadrats 1 m apart
s0 we could excavate a full quadrat without ob-
structions from large woody debris. We record-
ed the number of juveniles (<8 mm length) in
samples from each site.

Shell size

We used mussel shell size structure to indi-
cate temporal patterns of reproduction, includ-
ing consistency of yearly recruitment (Michael-
son and Neves 1995, Strayer et al. 1996), We
measured the total shell length {nearest 0.1 mm})
from anterior to posterior of all live mussels at
each site using dial or vernier calipers. We used
age-length data for A. heterodon from Michael-
son and Neves (1995) to assign size intervals
used for length~frequency graphs. We assumed
that intervals reflected decreasing growth rates
(ie, by becoming progressively narrower as
length increased), and we considered these in-
tervals as size classes.
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Host dispersal

We quantified darter dispersal during glochi-
dial release by snorkeling a 50-m reach of river
sectioned into five 10-m long blocks and mark-
ing darters captured in each block. In October
1998, we captured 44 darters with aquarium dip
nets and marked each subcutaneously with red
latex dye before releasing them back into the
study site; marks on this date were the same
regardless of fish position within the 50-m
reach. On 10 May 1999, we caught 39 unmarked
darters, marking each fish with red latex dye in
different locations relative to the dorsal fin, to
identify the specific 10-m study block from
which fish were captured. Al autumn (Octo-
ber}-marked darters that were recaptured in
Spring 1999 were marked again to identify the
10-m section where they were subsequently
found. We returned each fish to the study block
where it was recaptured.

On 25 June 1999 we snorkeled the original
capture site and observed locations of marked
darters. On 3 and 21 July we recaptured marked
darters with aquarium dip nets to insure the
same individuals were not counted twice, On
each of the 3 resampling dates, we snorkeled 300
m upstream and 300 m downstream from the
marking site to search for marked darters that
may have moved outside the original capture
area. We measured the distance from marked
darters to the center of their original marking
bloci, assigning a movement value of 0 m to
darters observed within their original block. We
caleulated the mean distance traveled in the
650-m reach as a measure of darter dispersal
during the glochidial infection period.

Statistical analysis

We compared the observed gravid to non-
gravid ratios at the high-, intermediate-, and
combined Jow-abundance sites to an expected
ratio of 1:1 using x? goodness-of-fit tests (Con-
over 1971). We examined the relationship be-
tween adult A. heferodon abundance and glochi-
dial release, juvenile abundance, and darter in-
fection rates among the 5 sites using simple lin-
ear correlation. We tested for significant linear
relationships between A. heterodon abundance
and glochidia release, darter infection, and ju-
venile recruitment using an inferential f-test
method (see Berenson et al. 1983). We examined
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the range of A. heterodon size classes by plotting
shell length—frequency graphs and comparing
coefficients of variation (= CV) in mussel shell
fength among sites. We used « = 0.05 for all
statistical tests.

Results
Gravidity

At the high-abundance site {site 1), the ratio
of gravid to nongravid individuals did not differ
from L1 (x> = 0.59, p = 0.5, n = 108); a similar
ratio was observed at 1 of the 3 low-abundance
sites (site 41 x* = 0.82, p > 0.05, n = 11) despite
7 of 11 (64%) individuals being gravid. In con-
trast, ratios from the other 2 low-abunance sites
were significantly <11 (site 3: x* = 3.77, p =
0.05, n = 13; site 5: x* = 5.44, p > (.05, n = 9).
The gravid to nongravid ratio at the intermedi-
ate site (site 2) was marginally <1:1 (x* = 3.60,
005 <p <010, n = 47).

Glochidial release and infection rates

Few A. heterodon glochidia were present in
drift samples at any site {Table 1), although we
observed females releasing glochidia directly
into the water column. Most (86%) glochidia in
drift samples occurred during April and May.
Glochidial density was positively correlated
with abundance of A. heterodon among sites (r
=099, p < 0.05, n = 5). Mean weekly infection
(proportion of darters with at least 1 glochial
cyst) was positively correlated with A. hetersdon
abundance (v = 0.99, p < 0.05, n = 5; Table 1),
Only 1 to 3 cysts were observed per darter, with
almost 67% of infected darters having only 1
cyst. Glochidia were attached to the pectoral fins
{(~%0%) or the head (~10%), with only few
found on the caudal fin. There was no evidence
of glochidia on darters {rom species other than
A. heterodon,

Juvenile recruitment

Density of A. heterodon juveniles was positive-
ly correlated with aduit abundance (r = 0.99, p
< 0.05, » = 5). Most juveniles occurred at site
1, and no juveniles were found at 2 of the low-
abundance sites {sites 4 and 5, Table 1}.
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TapLe 1. Reproductive output and abundance of Alasmidonta heterodon at 5 study sites in the Mill River.
CPUE = catch per unit effort. Values in parentheses for A. heierodon CPUE, % gravid individuals, and % infected
darters are n, and values in parentheses for glochidial and juvenile density are n and SE, respectively.

Site
1 2 3 4 5

Alasmidonta heterodon CPUE

(rio./h) 256 (3200 7.8 (47) 3.3 {13) 26 {13} 11 (9
% gravid individuals 46.3  {108) 36.2 (34) 231 {13) 63.6 (11) 111 (9)
Glochidial density {no./m) 0.12 {14, 0.24) 0.04 {10, 0300  0.01 (10, 0.12)  0.01 (10, 007y 0 (10, O
% infected darters 30,9 (193} 8.4 (236) 2.1 (224 0 (80} 0 (184)
Juvenile density {no./m?) 1.7 (40, 012) 06 (40,007 0.1 (40,025 0 (40,0 0 {40, 0

Shell size

Sites 1 and 2 showed a wide range of A, het-
erodon size classes, indicating a somewhat reg-
ular cycle of reproduction and recruitment (Fig,
2A, B). In contrast, sites 3 to 5 showed fewer
size classes and a high proportion of a single
size class (Fig. 2C-E), indicating that most in-
dividuals were close in size/ age, and reproduc-
tion or recruitment was irregular. The low CV
at site 4 {7.7%) indicated a uniform size struc-
ture (Fig. 2D) relative o other low-abundance
sites (Fig. 2 C, E) and high- and intermediate-
abundance sites (Fig. 2A and B, respectively).

Host dispersal

Of the 44 darters marked in October 1998, 10
were recaptured in May 1999. Eight of the 10
(80%) were found in the original 50-m capture
block, 1 moved 10 m downstream, and 1 moved
~300 m upstream. The long distance traveled
by the latter darter probably occurred before
glochidial release by A. heterodon (April-June).
That darter remained in the same pool from 3
May to 21 July.

A total of 39 darters were captured and
matked in the 5 study blocks on 10 May 1999,
and nearly 80% of marked darters were recap-
tured on subsequent surveys in June and July
(Table 2}. A total of 75 of the 80 (94%) recap-
tured darters occurred in the same 10-m section
where they were marked. Only 2 darters moved
outside of their original capture block between
10 May and 21 July. One darter moved into the
adjacent downstream block when the water
depth in the original section decreased to a few
cm, whereas the other darter moved from the
marking block to an area 19 m downstream.

The mean distance traveled by each darter was
~2m {n = 80, Table 2).

BDiscussion
Gravidity

Reproductive output of A. heferodon was af-
fected by local population abundance (patch
size) among the 5 study sites because the site
with the highest abundance of adult A. keterodon
also had the highest proportion of gravid fe-
males, glochidial density, host infection, and
density of juvenile mussels. In contrast, all mea-
sures of reproduction at low-abundance sites
were low, although the intermediate-abundance
site showed some evidence of successful repro-
duction, as indicated by intermediate glochidal
and juvenile density and % host infection.

Low abundance of adult mussels coupled
with a skewed gravid to nongravid ratio may
hinder reproduction. At site 2 and sites 3 to 5
{the latter combined because of low sample
size}, low gravid to nongravid ratios were fol-
lowed by low rates of reproduction, although it
is important te point out that our data encom-
passed only 1 y. Michaelson and Neves (1995)
reported O gravidity for A. heterodon in 2 North
Carolina streams during the 12 year of their 2-
y study, and an average of 41% gravidity the 20
yeat. It is therefore possible that substantial in-
terannual variation in the proportions of gravid
females of A. heterodon may occur in the Mill
River.

Glochidial release and host infection

Many previous studies have reported low
rates of glochidial infection on host fish (4-14%:
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FiG. 2. Frequency of shell lengths of Alasmidonta
heterodon at 5 study sites (A-E = sites 1-5, respective-
ly) in the Mill River. The size-class intervals were de-
rived from age-lfength data from Michaelson and Ne-
ves (1995). i = the number of individuals, mean =
mean shell length, CV = coefficient of variation.

Neves and Widlak 1988, Holland-Bartels and
Kammer 1989, Weiss and Layzer 1995). How-
ever, these studies generally focused on com-
munity-wide infection rates without considering
whether particular fish species could serve as
hosts for the mussel species present. In addition,
some of the mussel inventories included sam-
pling during times of the year when infection
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rates would be expected to be low. Such analy-
ses might show higher rates of host infection if
focused on glochidial release periods for partic-
alar mussel-fish host combinations. For exam-
ple, peak proportions of rainbow darters (Eth-
eostoma caeruleim) infected by glochidia of Pleas’
mussels  (Venustgconcha pleasii) in a Missouri
stream was ~64%, with incidence ranging from
1 to 73 (mean = 16) glochidia per darter (Riu-
sech and Barnhart 2000). During the period of
peak glochidial release by A. heterodon in the
Mill River, proportions of infected darters also
was high (up to 52% in late May at site 1), al-
though incidence did not exceed 3 glochidia per
darter. Such low incidence may indicate this spe-
cies’ reliance on broadcasting glochidia rather
than on a host-attracting mechanism {Haag and
Warren 1998). Alasmidonta heterodon has no elab-
orate lure o attract its host, although under lab-
oratory conditions this species may undulate its
mantle in the presence of a suitable host fish (B.
Wicklow, Saint Anselm College, personal com-
munication),

Juvenile fish may serve as suitable hosts for
some mussel species (Bauer 1994). In the Mill
River, we did not observe juvenile darters in the
study sites until the end of the glochidial release
period (mid June). Furthermore, Layzer and
Reed (1978) reported juvenile tessellated darters
remained on their natal territories through sum-
mer. Thus, it appears unlikely that juvenile tes-
setlated darters are important hosts for A. het-
erodon.

Host dispersal

Results of the darter mark-recapture study
support the hypothesis that darter dispersal is
minimal during glochidial release by A. hefero-
don, reinforcing findings reported for other ben-
thic fish (Reed 1968, May 196%, Brown and
Downhower 1982, Freeman 1995). Reed (1968)
found that 6 species of marked darters generally
showed only local movements (riffles to adja-
cent pools) following fin-clipping. May (1969)
reported that variegated darters (Etheostoma var-
infwn) were mainly sedentary in local riffles and
pools during spring and summer, although fish
moved as much as 5 km downstream during
autumn and winter Freeman (1995) recorded
movements from 43 to 420 m by 12% of recap-
tured blackbanded darters (Percina nigrofasciata),
although only 4% of fish moved >33 m during
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TaBLr 2. Numbers of recaptures and movements of marked tessellated darters {Etheostoma olmsted?) in five
10-m blocks in the Mill River. Recaptures are the number of marked fish caught on a subsequent date. Distance
traveled is the distance that fish were caught outside of their original marking block to the center point of their
original capture block. Darters caught within their original block were assumed to have moved 0 m. Values in

parentheses for mean distance traveled are # and SE.

Block
1 2 3 4 5 Total

Marked 10 May 1999 19 3 8 3 6 39
Recaptured 25 fune 19%% 13 1 3 1 3 21
Recaptured 3 July 1999 18 0 6 3 4 31
Recaptured 21 July 1999 15 5 3 4 28
Mean distance traveled (m) L1 e, 0.6) 85215 0340 07 ®H 00310 08 {80, 0.4)
Maximum distance traveled {m) 19 10 0 0 0

spring. However, Percing species may move
more than Etheostonia species because they pos-
sess a smaller swim bladder and frequently
swim above the substrate (Page and Burr 1991),

Reliance on the tessellated darter as a host by
A. heterodon may be advantageous because of
high darter abundance (Goodchild 1993), al-
though limited darter dispersal may cause
patchy distributions of mussels, leading to
metapopulations. Mussel reproduction was
minimal in low-abundance sites, so the ability
of small patches to increase may depend on
propagules emigrating from larger patches (res-
cue effect, sensu Gotelli 1991). The degree of
connection between patches of A. fiwterodon is
unknown,

Sustainability of Alasmidonta heterodon

Population sustainability of A. heferodon in
low-abundance sites may depend on periodic
strong year classes. The high frequency of a sin-
gle size class at the low-abundance sites may
indicate a high reproductive year locally or per-
haps an event that flushed individuals from up-
stream, higher-abundance sites. The absence of
targer/older individuals capable of producing
the observed cohort suggests that mussels orig-
inated from another source, unless all large in-
dividuals died. Conversely, relatively fewer in-
dividuals in the smaller size classes in the high-
and intermediate-abundance sites could indicate
a storm event transported mussels downstream.
Diownstream dispersal of glochidia, juveniles,
adult mussels, and even infected darters, can oc-
cur during spates. For example, Tucker (1996)
observed adult mussels, especially small-bodied

species, being flushed into stream floodplain
during floods. In addition, Layzer and Gordon
(1993) recovered adult marked mussels 600 m
downstream after several spates. In the Mill
River, distributions of small patches of A. het-
erodon with small uniform shell lengths occur-
ring downstream from larger patches of more
variable-sized mussel populations is consistent
with the hypothesis of storm-assisted dispersal,
which for this species could be a more impor-
tant dispersal mechanism than its host fish,

Low reproduction and dispersal may inhibit
the ability of mussels to recover from popula-
tion depletion caused by natural or anthropo-
genic disturbance to habitat. Under the condi-
tions of low reproduction and limited dispersal
we observed in the Mill River, A. heterodon pop-
ulations may need augmentation for recovery,
although more long-term research is needed to
investigate mussel dispersal patterns, especially
with respect to populations in low-density
patches.
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