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Abstract.

Relocation of unionid mussels into refuges (e.g., hatchery ponds) has been suggested as

a management tool to protect these animals from the threat of zebra mussel {Dreissena polymorpha)
invasion. To evaluate the efficacy of refocation, we experimentally relocated 768 mussels, representing
5 species (Leptodea fragilis, Obliquaria reflexa, Fusconain flava, Amblema plicata, and Quadrula quadruls)
into an earthen pond at a National Fish Hatchery or back into the river. In both locations, mussels
were placed into 1 of 4 treatments (mesh bags, corrals, and buried or suspended substrate-filled
trays). Mussels were examined aruwwsaily for survival, growth (shell length and wet mass}, and phys-
iological cendition {glycogen concentration in foot and mantle and tissue condition index) for 36 mo
in the pond or 40 mo in the river. We observed significant differences in mortality rates between
locations (mortality.was-4-times. greater-dr thespond-tharrin thé-1ivet), among ireatments (lowest
mortality in the suspended trays), and among species {lower mortality in the amblemines than lamp-
silines). Overall survival in both locations averaged 80% the 1st year; survival in the pond decreased
dramatically after that. Although length and weight varied between locations and over time, these
changes were small, suggesting that their utility as short-term measures of well being in long-lived
unionids is questionable. Mussels relocated to the pond were in poor physiological condition relative
to those in the river, but the magnitude of these differences was small compared to the inherent
variabilify in physiological condition of reference mussels.These:datasuggestthat-relogation.of unien-
ids interartificial-ponds+is-arhigh-risk-conservation.strategy; alternatives such as introduction of
infected host fish, identification of mussel beds at greatest risk from zebra mussels, and a critical,
large-scale assessment of the factors contributing to their decline should be explored.
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Unionid mussels are the most imperiled
group of animals in the United States (Master
et al. 1998} About 70% of the species in this
group are either extinct, endangered, threat-
ened, or listed as species of special concern (Wil-
liams et al. 1993). Consequently, many federal,
state, and provincial agencies are examining ap-
proaches to conserve this declining fauna. Re-
location of unionids is presently being used ex-
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tensively as both a conservation and manage-
ment tool (Cope and Waller 1995). Relocations
have been conducted for a variety of reasons,
including recolonization of areas where popu-
lations have been decimated by pollution (Shee-
han et al. 1989), removal of mussels from con-
struction activities (Dunn 1993, Trdan and Hoeh
1993}, protection from thermal discharges
downstream of hydroeleciric dams (Heinricher
and Layzer 1999), protection from harvest pres-
sure {Obermeyer 1997), and protection from col-
onization by the zebra mussel Dreissena palyinor-
pha (Sickel et al. 1997).

Relocation projects have met with limited suc-
cess, Cope and Waller (1995), who reviewed 33
relocation projects that moved 20,000 mussels,
reported a mean survival of 30%, suggesting
that existing relocation methods have been
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stressful to mussels. Furthermore, most reloca-
tions were monitored for <1y, and <20% were
monifored for 5 y. The success of most reloca-
tion projects has been predominately /judged by
survival; few studies examined other measures
such as growth, recruitment, ar condition. in ad-
dition to low survival, relocation raises serious
ecological and evolutionary concerns, particu-
larly because most mussels are moved with little
attention to genetic or disease issues (Villella et
al. 1998).

There is no accepted procedure for relocating
mussels, and it is not surprising that the resuits
are highly variable. Thus, it is exiremely difficult
to draw conclusions about the usefulness of this
management tool. For example, Dunn (1993) re-
ported that 50% of the mortality occurs during
the 1st few months after relocation, whereas
Layzer and Gordon (1993) reported high sur-
vivai {>75%:} for the first 2 y after relocation but
low survival (21%) 4 y after relocation. If the
latter is true, studies that monitor mussels for
only a few years could overestimate the success
of relocations. For these reasons, along with the
long life span of many unionids {up to 100 y),
we suggest that measures other than survival be
used to judge the success of relocation efforts
and to ascertain the physiclogical health of
unionids during relocation evenis. The physio-
logical condition of unionids may decline long
before moual]ty occurs (Haag et al. 1993).

(]

AR 72, Hummei’* 8.
Glycogen concentration has been used as an in-
dicator of physiological condition in unicnids to
assess stress from contaminant exposure (He-
melraad et al. 1990), zebra-mussel infestation
{Haag et al. 1993), and relocation {Naimo and
Monroe 1999). For example, Naimo and Monroe
{1999) observed that glycogen concentrations in
Amblema plicata declined 80% in mantle tissue
and 56% in foot tissue 24 mo after relocation
from the Upper Mississippi River into an arti-
ficial pond. Similarly, the tissue condition index
(TCT, the ratio of dry tissue mass to dry sheil
mass) has been used as an indicator of the rel-
ative health of unionids after exposure to con-
taminants {(Naimo et al. 1992) and infestation by
zebra mussels (Baker and Hornbach 1997).
Proliferation of zebra mussels has prompted
biologists to identify factors that may influence
the success of mussel relocations. We were
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agked by the US Fish and Wildlife Service fo
evaluate the success of relocation into a hatchery
pond because the infrastructure for this man-
agement approach already exists throughout
much of the United States. Our objectives were
1) to determine if survival, growth, and physi-
ological condition differed between unionids re-
located to an artificial pond and mussels held
under similar conditions in the Upper Missis-
sippi River, 2) to assess species differences in
the survival of mussels, and 3) to assess which
method of holding mussels yielded the best sur-
vival, growth, and physiological condition.

Methods
Experimental design

We removed mussels from the Upper Missis-
sippi River, quarantined them for 35 d to reduce
the likelihood of transporting zebra mussel ve-
ligers, and relocated them into an artificiai pond
or put them back into the river We placed mus-
sels into 1 of 4 holding structures {treatments)
in both locations to facilitate recovery. Each
treatment was replicated 4 times for a total of
16 experimental units per location. The treat-
ments included 1) mesh bags-—nyion bags (51
# 64 cm, mesh size 2.5 cm) containing 24 pock-
ets that were suspended ~5 cm above the sed-
iment-water interface, 2) suspended, substrate-
filled trays (suspended trays)—1 m? metal bas-
kets in a metal framework that were placed 45
te 60 cm above the sediment—water interface, 3}
buried, subsirate-filled trays (buried trays)—
similar to treatment 2 except these structures
were placed al the sediment-water interface,
and 4) corrals—a metal barrier enclosing 1 m?
of natural substrate. Suspended and buried
trays were filled with dredged material from
the river that was deposited before the initial
appearance of zebra mussels. All expertmental
units in the pond were covered with chicken
wire to reduce predation by furbearing mam-
mals.

The dredged sediments and the top 4 to 6 cm
of naturally occurring sediments in the river
and pond were characterized for organic C by
loss on ignition (APHA et al. 1995} and particle
size by the sieve-pipet method (Guy 1969,
Plumb 1981). The mean (=1 SE) % organic C
was 0.3 = 0.01% in the dredged sediments, 2.0
+ 0.02% in the river sediments, and 7.3 = 0.01%
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in the pond sediments. Particle size also varied
substantially among the 3 sediments. Sediments
from the river were 76% sand and 24% silt and
clay. In contrast, sediments from the pond were
23% sand and 77% silt and clay. The dredged
material was almost exclusively sand (99%).

Mussel collection and quarantine

In February 1995, we obtained ~60 mussels
from River Mile 673 of the Upper Mississippi
River near Victory, Wisconsin, and transported
them to the US Fish and Wildlife Service’s Fish
Disease Control Center in Onalaska, Wisconsin.
These mussels were certified free of bacterial
and viral agents. During 1 to 3 May and 18 May
1995, we obtained 1392 musseis of 5 species (160
Leptodea fragilis, 205 Obliquaria reflexa, 165 Fus-
conata flava, 663 Amblema plicata, and 199 Quad-
rula quadrula) from River Mile 673. Mussels
were moved in the spring, before the major
spawning period of zebra mussels, to reduce the
probability of relocating veligers and because
moving mussels early in the season may pro-
vide energetic benefits later in the season (Jokela
1996). Fach unionid was scrubbed free of zebra
mussels during collection. The mean (1 SD)
number of zebra mussels per unionid {(averaged
over all species) was 0.5 * 0.3 and ranged from
0 to 13. Unionids were transported after pro-
cessing to a quarantine pond in coolers lined
with ice and layered with burlap bags soaked
in well water.

We quarantined all mussels for 35 d in a 0.04-
ha concrete pond at the Upper Midwest Envi-
ronmental Sciences Center in La Crosse, Wis-
consin, that contained no inflow or outflow. Dis-
solved oxygen levels in the quarantine pond
were maintained with an electric aerator. Tem-
perature ranged from 13.0 to 26.7°C (mean
18.2°C), dissolved oxygen from 6.3 to 19.8 mg/
L (mean 10.8 mg/L), and pH from 7.8 to 10.6
{mean 8.9). All unionids were placed into 1 of
8 net bags {1.2 X 1.8 % 1.2 m deep, mesh size
1 ¢m). During the quarantine period, 187 mus-
sels died. Survival was 52% in L. fragilis, 80% in
Q. reflexa, 85% in E flava, 94% in A. plicats, and
-96% in Q. quadrula. After the quarantine period,
mussels were visually inspected for zebra mus-
sels with 2> magnification, their sheli lengths
and wet masses were measured, and each mus-
sel was tagged with a unigue identification
number. Two numerically labeled shellfish tags
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{Hallprint International, Australia) were affixed
to the shell of each mussel with cyanoacrylate
glue. Each mussel was emersed for only -5 min
during processing. We found no zebra mussels
on any live unionid after the quarantine period.

Relocation

In June 1995, we relocated 768 mussels—384
mussels went into an 0.10-ha earthen pond {34
X 24 X 1 m deep, supplied with well water and
aerated) at a National Fish Hatchery in Genoa,
Wisconsin, and 384 mussels went back inte the
Upper Mississippi River (River Mile 673). The
16 experimental units were randomiy placed in
a 4 X 4 array in the pond or river. In both lo-
cations, 24 mussels were randomly placed into
each of the 16 experimental units: 5 Q. guadrula,
5 Q4 reflexa, 3 T flava, 8 A. plicata, and 3 L. fragilis.
These densities approximated the natural den-
sities of mussels in this portion of the river (K.
1. Welke, unpublished data). We did not deter-
mine the sex or gravidity of the relocated mus-
sels. There were no statistical differences in the
shell length or wet mass of mussels between lo-
cations or among treatments (ANOVA, all p val-
nes >0.05). The grand means (#1 SE) for length
(mm) and wet mass (g), respectively, were: A.
plicata—79.0 = 0.8, 160 * 4; F flaon—58.3 + 0.9,
92 = 4; L. fragilis—90.6 = 2.1, 77 = 5; O reflexa—
45.9 = 0.4, 39 = 1; and Q. guadrulag—73.0 = 1.1,
143 = 5.

We recorded survival, shell length, and wet
mass of all mussels in September 1995, 1996,
1997, and 1998 (the last monitoring date in the
pond was May 1998 because of construction ac-
tivities). We examined mussels in September to
minimize the temperature differential between
air and water (Dunn and Sietman 1997) and be-
cause few species were brooding glochidia {Wat-
ters 1994). In the river, we removed and counted
the number of attached zebra mussels annually.
In the pond, we suspended one zebra mussel
sampler {4 vertically placed PVC plates that
were 232, 413, 645, and 930 cm?, separated by a
2.5-cm spacer) each May near the experimental
unifs to monitor for veliger setflement. The sam-
pler was checked each September.

Water quality was measured weekly in the
pond and biweekly in the river from April to
September. We measured dissolved oxygen and
temperature {Yellow Springs Instrument Com-
pany, Model 57) and pH (Orion, Model 230A)




2001]

from Aprii 1995 until April (pond) or September
(river} 1998. We measured total alkalinity and
hardness monthly at each location (APHA et al.
1995}, We also measured chlorophyll 2 concen-
trations at both locations (AFPHA et al. 1995) be-
ginning in May 1996. All samples were taken at
0.3 m below the surface in an area near the mus-
sels. The temperature, dissclved oxygen, and
pH of surface waters were similar in the pond
and the river during the relocation, whereas al-
kalinity, hardness, and chiorophyll a4 concentra-~
tions differed between the pond and river (Fig.
1).

Physiological analysis

Fach September, we randomly removed one
A. plicata (80-90 mm. in shell length) from each
experimental unit in each location for determi-
nation of glycogen concentration and TCL We
also sampled 10 A. plicata that were not associ-
ated with the relocation (referred to as reference
mussels; 80-90 mm in shell length) from River
Mile 673 each September to estimate baseline
ghycogen and TCL We quickly removed ~100
mg of foot tissue and 30 mg of mantle tissue
from near the ventral shell margin in the field
{(Naimo et al. 1998). Tissues were placed on dry
ice and later stored at —84°C until analyzed.
Glycogen concentration (mg/g dry mass) was
measured following Naimo et al (1998). The
TCI was determined by dividing the dry tissue
mass by the dry shell mass and muitiplying the
quotient by 100 (Naimo et al. 1992). No individ-
ual contained >3 zebra mussels.

Statistical analysis

Survival —COur  survival data consisted of
measurements of elapsed times until death of
individual mussels or the end of the study.
Analysis based on the elapsed times until death
is preferable to analyses of the proportions of
individuals that died because the elapsed times
until death contain more information. Analyses
of event times can also detect effects better than,
analyses of the proportions of individuals that
experienced those events (Waller et al. 1999}, A
key feature of such data is that some times-to-
death may have exceeded the observation du-
ration. For these instances, we know only that
the unknown times to death exceeded some ob-
servation duration, and they are said to be right

RELOCATION OF UNIONIDS

471

censored. Similarly, some mussels were never
again found, alive or dead, after an observation;
their times to death are also right censored at
the time they were last observed to be alive. Ob-
servations at annual intervals, such as in this
study, are said to be both left and right (inter-
val) censored; that is, we know only that a death
cocwrred within a I-y interval. However, to
avoid specification of a particular distribution
for survival times, which is required for interval
censoring, we approximated the times to death
ags the midpoint of the annual intervals and
henceforth assurmed only right censoring. We
used the semiparametric Cox proportional haz-
ards regression model for right censored data
{Cox 1972, Hosmer and Lemeshow 1999) to
identify factors that explained the pattern in
survival times. This model does not require
specification of a particular survival distribu-
tion. We arbitrarily selected (. guadrula as the
baseline species, corrals as the baseline freat-
ment, and the river as our baseline location;
these choices do not affect the overall results.
Our full proportional hazards regression model
was

}\z‘jk'{t) = M) exp(l, + T T ) [1]

where hg(f) is the hazard function for the ith
species in the jth treatment at the kih location at
time #; Ay(t) is the corresponding baseline haz-
ard; {, i = 1-4, are 4 parameters for identifica-
tion of the 5 species; and =, and v, are effects of
treatment and location, respectively. We fitted
equation 1 to the survival data by maximizing
the partial likelihood, and constructed likeli-
hood-ratio and Wald ¥ tests for each parameter
using the SAS PHREG software (Version 6.12,
SAS Institute, Cary, North Carolina). We began
with our full regression model {equation 1) and,
one-by-one, deleted terms for which the corre-
sponding likelihood-ratio ¥* test was not signif-
icant at the o = (.05 level. Our recorded event
times were based on observations at fixed Hmes
and consequently contained ties. We used Ef-
ron's method to adjust for tied event tmes
(Hertz-Picciotto and Rockhill 1997).

The parameters of the Cox proportional haz-
ards model have natural interpretations that
provide informative descriptions of the event
times. The hazard function A {f} quantifies the
instantaneous mortality rate at time ¢ given sur-
vival up to that time. From eguation 1, the di-
mensionless hazard (risk) ratio at time ¢ is given
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by HR(t) = Ay(8)/0 o) = expll; + 1, + vJ], and  ment, and location. For categorical variables
quantifies the ratio of the conditional {on sur- such as species {; in our analysis, the hazard
vival up to time f) mortality rate for species i in  ratio for species { relative to the baseline species
treatment j and location k to the conditional is exp(i,). If, for example, exp() = 0.5, we say
mortality rate for the baseline species, treat-  that the relative hazard or conditional mortality
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rate for species i is only 50% of that for the base-
line species. By extension, the hazard ratio for
species 1 relative to species 2 is explf, — §,]. For
display of the model results we computed prod-
uct-limit estimates (Hosmer and Lemeshow
1999} of the probabilities that times until events
exceed some time t,

We tested the likely consequences of our as-
sumption that deaths occurred at the midpoints
of the annual observation intervals by fitting a
fully parametric survival model, based on the
Weibull distribution, to the actual interval-cen-
sored recordings. The 2 approaches yielded
practically identical resuits, and we preferred to
assume deaths occurred at the annual mid-
points rather than the Weibull distribution for
times to death.

Growth—Growth of individuals can be quan-
tified by trajectories of body size over time. Each
individual generates a growth trajectory, and
these trajectories may vary because of effects of
treatment, location, and inherent wvariation
among individuals. Our growth data consisted
of repeated measurements of shell length and
wet mass from individually marked mussels
that were randomized to treatment and location.
The repeated measurements may be serially cor-
related within individuals because body size is
the result of a cumulaiive growth history. Fur-
ther, the duration of this study was short com-
pared with the life spans of these species, and
hence we have data on enly relatively short seg-
ments of the entire growth trajeciories from
each individual. Asymptolic growth was not ob-
served because of this short duration. Therefore,
we modeled growth with a quadratic polyno-
mial in time. We formulated a hierarchical ran-
dom-coefficients regression model (Davidian
and Giltinan 1995) that accommodated all of
these features fo examine potential differences
in individual growth trajectories among treat-
ments and locations. The 1* stage of this hier-
archical model describes growth trajectories of
individuat mussels, and the 7° stage models
variation of these trajectories in response to
treatments and locations.

Let L,(#) denote body size at time ¢ of individ-
wal k, &-1...256. Our full 1%stage model for
Ly(t) is given by

Lity = Bop T Pt + Bost? + &) [2]

where (B, ..., B, are parameters that are as-
sumed to be jeintly normally distributed. For
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the kth individual, B,, is the L intercept, 8, is
the linear coefficient of ¢, and B, is the coeffi-
cient for the effect of £ For the kth individuat
mussel, we assumed that the {t} were normally
distributed with mean 0 and variance pi*fo?,
where p is an autoregressive parameter model-
ing the serial correlation among measurements
separated by the time interval Af, and o? is a
constant portion of the variance. For the 2
stage, we modeled the response of B, ..., B,
to the effects of treatment, location, and treat-
ment X location interactions. We fitted this
model with the SAS MIXED procedure (Version
6.12, SAS Institute, Cary, North Carolina) and
began with a full model containing effects for
treatment, location, and treatment » location in-
teractions and deleted terms, one-by-one, that
were not significant based on F tests,

Physiology—We  analyzed the physiological
data with a generalization of analysis of covari-
ance. Preliminary analyses indicated that the
variance in glycogen concentration and the TCI
was proportional to the square of the mean.
This result is characteristic of the gamma dis-
tribution, and we therefore assumed that distri-
bution in a generalized linear model (Mec-
Cullagh and Nelder 1989). This modeling ap-
proach is more flexible and appropriate than use
of normal-theory methods on transformed data.
Our model for glycogen concentration and TCI
is an extension of the analysis of variance that
accommodates gamma-distributed responses,
and is given by

g = Reexp(e; + v + Ty, £ Bt + Bpst + Byt
T Bl T OB 4 Byt + Bt
+ E’Z,j'itt2) [3]

where p; denotes mean glycogen conceniration
or TCI in treatment j and location k, u, is the
corresponding baseline mearn, 7, is the effect of
treatment j, v, is effect of location &, vy, is the
treatment X location interaction, 8, is the coef-
ficient for the linear effect of time 1, 8,; is the
coefficent for the location X time interaction,
B,x are 4 coefficitents for the treatment X time
interaction, B, are 4 coetficients for location X
treatment ¥ time interaction, and the B, coeffi-
cients are similar o the B, terms but for the qua-
dratic effect of time. We used the SAS GENMOD
procedure (Version 6.12, SAS Institute, Cary,
North Carolira) to obtain maximum-likelihood
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TapLE 1. Percent recovery of 5 species of unionids, whether alive or dead, after a 36-mo relocation into an
artificial pend or a 40-mo relocation into the Upper Mississippi River.

Treatment
Number
Species relocated Mesh bags Buried trays  Suspended trays Corrals
Artificial pond
Amblema plicata 32 100 97 100 G4
Fusconaia flova 12 100 100 100 2
Quadrula quadrila 20 100 95 100 100
Leptoden fragilis 12 100 G2 160 92
Obliguaria reflexa 28 100 95 150 100
Upper Mississippi River
Amblema plicata 32 G4, 108 94 31
Fusconaia flava 12 G2 92 75 50
Quadrula quadrula 20 100 L 90 40
Leptodea fragilis 12 33 75 o7 25
Obliguaria reflexa 20 85 85 65 30

estimates of the parameters in the full model,
and used the scaled deviance and likelihood-
ratio tests to identify unimportant parameters
for elimination to produce the simplest model
that fit the data. This model is analogous to an
analysis of covariance, for normally distributed
errors on the Jog scale, that allows for unequal
slopes among combinations of location and
treatment for each of 2 covariates.

Resulis

We recovered 670 live and dead mussels at
the end of the study. Recovery of mussels in the
pond ranged from 92% to 100%, and was sim-
ilar among species and treatments (Table 1). In
contrast, % recovery of mussels from the river
was highly variable, differing substantially
among species and treatments (Table 1).

We did not observe any zebra mussels on
unionids or the plate samplers in the pond.
However, zebra mussels were consistently pre-
sent in the river, even though each unionid was
cleaned annually (Table 2). The numbers of ze-
bra mussels per unionid were consistently lower
in the corral treatment than in other treatments
(Table 2). The numbers of attached zebra mus-
sels on A. plicata, F flava, and O reflexa were sim-
ilar, whereas L. fragilis and . quadrula support-
ed more zebra mussels.

Survivel

The conditional mortality rates (hazards) of
relocated mussels differed significantly between

locations (p <¢ 0.01). The conditional mortality
rate (exponential function of the parameter es-
timate in the proportional hazards model) in the
pond was 4.1 times that in the river. As the ex-
periment evolved, survival was distinctly better
in the river than in the pond (Fig. 2). At the end
of the experiment, 35% of the mussels that were
relocated into the pond were alive, whereas 75%
of the mussels relocated into the river survived.

The conditional mortality rates of mussels
also ditfered significantly among treatments {p
< 0.01). The conditional mortality rates for mus-
sels in suspended trays was only 0.41 times that
of mussels in the corrals, 0.36 times that of mus-
sels in the mesh bags, and 054 times that of
mussels in the buried trays, indicating signifi-
cantly greater survival {p < 0.01) in the sus-
pended trays than in the other 3 treatments (Fig.
2} The conditional mortality rates of mussels in
the mesh bags did not differ significanily from
those in the corrals, but were significantly great-
er than those of mussels held in buried trays (p
= 0.01) or suspended trays {y << 0.01). Place-
ment of mussels in the buried trays or in the
mesh bags did not result in significantly differ-
ent mortality rates than did placement in the
corrals. At the end of the relocation, survival of
mussels in the suspended trays averaged 52%
in the pond and 85% in the river (Fig. 2). In
contrast, survival of mussels in the other 3 treat-
ments ranged from 20% to 36% in the pond. and
from 64% to 77% in the rivexn

We observed species differences in the surviv-
al of mussels during the relocation. In particu-
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TABLE 2. Mean (=1 SE) number of zebra mussels attached fo unicnids that were relocated into 4 treatments
in the Upper Mississippi River. Mussels were initially relocated in June 1993; zebra mussels were removed and -
counted each September thereafter. — = no individuals were recorded alive.

Year Amblema plicata Fusconaia flava

Leptodea fragilis

Obliguaria reflexa  Quadrula quadrula

Mesh bags

1595 41 =06 33 =05 ] t8 =03 34 %10
1996 305 = 3.7 241 £ 65 17.0 = 51 107 = 1.4 279 = 3.5
1997 194 + 41 199 + 7.4 45 % 2.1 44 = 0.8 216 x 38
1998 330 £ 69 46.3 & 11.5 78.0 = 19.1 296 + 57 75.0 + 14.8
Butried trays
1995 37+ 15 1.5 £ 07 81 * 38 07+03 195 © 68
1996 13.6 + 3.7 105 + 4.4 184 + 95 235 07 10.6 = 2.9
1997 712 %78 315 >+ 52 733 + 199 371 =73 757 =133
1998 236 £ 62 105 = 4.9 83.0 = 507 168 £ 37 e 75
Suspended trays
1895 22+ 06 1.2 = 0.5 0302 02 =01 33+ 1.0
1596 14.3 = 6.8 43 £ 17 271 = 238 64 *19 124 * 2.4
1997 66.7 = 11.0 50.1 + 13.1 921 % 132 293 =55 932 + 114
1998 85.6 = 16.4 554 + 154 34.0 £ 159 71.3 = 162 728 £ 197
Corrals
1995 05x03 0.5+ 0.2 05 =03 0.2 01 03 =401
1996 2908 0.4 =03 — 25+ 11 13 11
1997 232 + 5.1 11.8 = 3.4 e 68 + 3.0 126 = 5.1
1998 25.8 £ 8.0 213 = 6.8 17 203 169 = 13.4 374 = 181

lar, there were no significant differences in the
conditional mortality rates among the 3 amble-
mines (A. plicata, F flaoa, and Q. quadrula), but
the conditional mortality rates of the amblemi-
nes were significanily lower than the lampsi-
lines (L. fragilis and O. reflexa; p << 0.01). Within
the 2 lampsilines, the conditional mortality rate
of L. fragilis was significantly greater than that
of G reflexa {p < 0.G1}. As a result, the survival
probabilities of the amblemines and lampsiiines
diverged during the course of the experiment,
and those of the lampsiline L. fragilis became
particularly low (Fig. 2). After 36 mo in the
pond, survival of the amblemines ranged from
31% i Q. guadrula to 46% in F flave; survival of
both lampsilines was 27%. In the river, a similar
pattern existed with amblemine survival rang-
ing from 78% in A. plicata to 82% in E flova,
whereas lampsiline survival was only 58% in L.
fragilis and 71% in O, reflexa.

Growth

The individual growth trajectories, as mea-
sured by changes in shell length over time, did
not differ significantly among treatments for

any species. However, the individual growth
trajectories differed between locations through
the effects of time (time X location} and time?
{time? X location) for each species (all p < 0.05)
and differed in shape between locations (Fig. 3).
Not surprisingly, mussels relocated to the pond
initially grew slowly (first 16 mo) and then
growth increased in the Jatter 20 mo of the re-
location, In the river, relocated mussels ap-
peared to grow faster duzing the first 16 mo,
followed by slower growth during the last 24
mo. At the end of the study, mussels relocated
into the pond averaged <2.8 mm of new shell
material in 36 mo, whereas mussels relocated
into the river grew between 3.3 {Q. gquadrula)
and 7.1 mm (L. fragifis) in 40 mo.

Individual growth trajectories, as measured
by changes in wet mass over time, like those for .
length, did not differ among treatments for any
species, but differed between locations through
the effects of time (time » location} for each spe-
cies {all p < 0.04) and additionally through the
effects of time? (time? X location) for A. plicata
and O reflexa (both p = 0.02). Therefore, the
growih trajectories for E flaoa, L. fragilis, and Q.
guadrilns were best described by straight lines,
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whereas those for A. plicata and O. reflexa were
quadratic functions that differed in shape be-
tween locations (Fig. 4). Growth rates, measured
by the slopes of the straight lines and gradients
of the quadratic curves, were consistently great-
er in the river than in the pond. Mussels relo-
cated into the pond added an average of 4 g
over 36 mo (range: 0 in (. quadruls to 11 g in
L. fragilis}, whereas mussels relocated to the riv-
er added an average of 18 g over 40 mo (range:
10 in O reflexa to 25 g in A, plicata). Yor A. plicata
and O. reflexa, the shape of the growth curve
(based on mass) was similar to that observed in
length; the mussels in the river grew at a faster
rate during the 1* part of the study, whereas in
the pond, the fastest growth rate was observed
in the latter months of the relocation (Fig. 4).

Physiology

During the 35-d quarantine, glycogen concen-
trations in foot tissue in A. plicata declined 44%,
from 279 *+ 191 mg/g at day 0 to 178 = 105
mg/g at day 35. During the relocation, glycogen
concentraiions in foot tissue differed between
locations (p < 0.01) and over time (p < 0.01),
but not among treatments. Glycogen concentra-
tions in foot tissue averaged over time and ireat-
ments were 136 + 10 mg/g in the pond-relo-
cated mussels and 161 *+ 46 mg/g in the river-
relocated mussels. Although glyvcogen varied
between locations, concentrations in both
groups were similar te those that might be ex-
pected in reference mussels. Our estimates of
glycogen concentrations in A. plicata sampled di-
rectly from the river averaged 148 mg/g in
1996, 138 mg/g in 1997, and 116 mg/g in 1998.
These results suggest that the relocation did not
alter glycogen reserves in foot tissue. The most
substantial change in glycogen occurred over
time. In the river-relocated mussels, mean gly-
cogen concentrations declined 44% from an av-
erage of 216 mg/g in 1995 to only 121 mg/g in
1998 (Fig. 5). In contrast, mean glvcogen con-
centrations in the pond-relocated mussels re-
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mained similar throughout the 36 mo and
ranged only from 123 mg/g to 147 mg/g.

Glycogen concentrations in mantle tissue
were consistent over the quarantine period and
averaged 302 £ 224 mg/g at day 0 and 277 +
201 mg/g at day 35. During the relocation, gly-
cogen concentrations in mantle tissue differed
among combinations of location and treatment
{p <= 0.01), but not over time. Mantle glycogen
concentrations were greater in mussels refocated
to buried trays, suspended trays, and corrals in
the Mississippi River than in those relocated
similarly to the pend {Fig. 6). However, the mus-
sels relocated to mesh bags in the pond had
greater mantle glycogen concentrations than
those refocated to mesh bags in the river. The
lack of a temporal pattern in mantle glycogen
suggests that glycogen in mantle tissue was not
strongly influenced by the relocation,

The TCT of A. plicata differed between loca-
tions and among treatments in complicated
ways (Fig. 7). The quadratic (U-shaped) re-
sponse over time differed between locations (p
< 0.01) and the linear effect of time differed
among treatments (p < 0.01). We included the
reference mussels as a treatment in the physio-
logical analyses, so this significant treatment X
time interaction was likely driven by the slight
decline in TCLin the reference mussels over time
{predicted means: 3.9 in 1996, 3.8 in 1997, and
3.6 in 1998; Fig. 7). The treatment X location
interaction was also significant (p < 0.01). The
net effect of these interactions is that TCI values
in mussels that were suspended from the sedi-
ments in mesh bags or trays in the pond tended
to increase at a decreasing rate over time,
whereas TCI values from mussels relocated into
pond substrates (buried trays or corrals) tended
to increase at an increasing rate (Fig. 7). Con-
versely, TCI values from mussels suspended
over the sediments in mesh bags or trays in the
river changed little over time, whereas values for
mussels relocated into river substrates (buried
trays or corrals) tended to decline. Last, the
shape of the TCI curve aver time varied be-

—

Product-limit survival estimates obtained from the fitted Cox proportional hazards model are marked at the
midpoints of years and at the beginning and end of the experiment; ransitions marked at September correspond
to times when particular mussels that were lost to the study were last observed alive; see Methads for expla-

nation.
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PG, 5. Mean glycogen concentrations {circles) and predicted values (lines) in foot tissue in Amblema plicata
{averaged across treatments) during a 36-tmo relocation inte an artificial pond or a 40-mo relocation into the
Upper Mississippi River. Data are offset along the X-axis to better llustrate the data. Mussels relocated into
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tween locations such that the relation followed
a quadratic pattern in the pond-relocated mus-
sels and was generally linear in the river-relo-
cated mussels. However, variability was high,
and these results are equivocal.

Driscussion

The presence of zebra mussels in the river
was a potentially confounding variable in ocur
study. However, zebra mussel infestation levels
in the river were low during this study (mean:
0.5 zebra musse!l per unionid). Ricciardi et al
(1995) suggested that severe unionid mortality
is not likely to occur until infestation intensity
reaches 100 zebra mussels per unionid. Baker
and Hornbach (1997) found that 28 zebra mus-
sels per A. plicata had no effect on their condi-
tion. Haag et al. (1993) observed that 200 zebra
mussels per unionid significantly reduced gly-
cogen in A. plicala; these infestations were 4
times those observed in our study. Thus, if is
likely that the low infestation in our study had
little or no effect on the results.

A major limitation of many relocation efforts
is that their success is monitored for =1y (Cope
and Waller 1995). In this study, 1-y survival es-
timates averaged 70% in the pond and 90% in

the river, suggesting that shoré-term survival
was good. Other 1-y survivai estimates of pond-
relocated mussels ranged from 28% {(Dunn and
Layzer 1997} to 84% {Gatenby 2000). However,
36 to 40 mo after relocation, survival estimates
in our study were reduced to 35% in the pond
and 75% in the river. These data show that 1-y
survival estimates can substantially underesti-
mate mortality observed during relocation
events of longer duration.

The low survival rate of musseis relocated to
the pond relative to the river was not unexpect-
ed. The species we relocated are typically found
in flowing waters. Although dissclved oxygen
was generally >7 mg/L near the sediment-wa-
ter interface in the pond, the well water sup-
plied few nutrients. Chlorophyll a concentra-
tions in the pond averaged only 7% of those in
the river. The lack of adequate food resources
may have contributed to the low survival of
mussels. Warmwater batcheries in many parts of
the US use local rivers as water sources; how-
ever, with the expanding distribution of the ze-
bra mussel, many of these hatcheries may begin
to experience problems with zebra mussels in
their water supply. Unfortunately, this problem
may preclude the use of many hatchery ponds
as refugia for unionids, unless other mecha-
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and corrals. Data for the reference mussels are mussels that were sampled directly from the river {ie., not
associated with the relocation) to estimate baseline conditions.

nisms to deliver nutritionally adequate water
can be found. :

The manner in which mussels were held in-
fluenced survival. We hypothesized that treat-
ments that allowed mussels to burrow into sed-
“iments would promote better long-term surviv-
al; however, our data do not support this hy-
pothesis. We observed significant differences in
survival between mussels in the suspended ver-
sus buried trays; these treatments contained the

same sediment but differed only in their posi-
tion in the water column. This cbservation sug-
gests that factors other than sediment influ-
enced survival. Burress (1995) also observed dif-
ferences in survival between mussels that were
suspended compared with those placed in a
cage on a pond bottom. Although the impor-
tance of sediment to mussels in providing sta-
bility, protection from predators, and as food for
pedal-feeding juveniles seems intuitive, the role
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of this variable in contributing to their distri-
bution and survival is still unclear (Holland-
Bartels 1990, Strayer and Ralley 1993).

The 5 species examined in this study belong
to 2 subfamilies (Ambleminae and Lampsilinae)
as traditionally defined, although the phyloge-
netic validity of these subfamilies is still in ques-
tion (Lydeard et al. 1996). Substantial differenc-
es in the morphology and physiclegy of mussels
in these subfamilies may have contributed to the
lower mortality rates in amblemines relative to
lampsilines. Amblemines typically have a heavy,
thick shell, whereas lampsilines generally have
a thinner shell; the shells of certain lampsilines
are easily crushed during handling and trans-
portation. Mary lampsiline females invest con-
siderably more time and energy than amblemi-
nes into reproduction, and this may ultimately
be manifested in differential survival rates. Oth-
er studies have documented the sensitivity of
lampsilines, relative to amblemines, when ex-
amining behavioral responses to disturbance
(Waller et al. 1999) and physiclogical responses
to zebra mussels (Haag et al. 1993, Baker and
Hornbach 1997).

Although we were able to document statisti-
cally significant changes in shell length and wet
mass in all species over time and between lo-
cations, the magnitude of these changes, relative
to the life spans of mussels, makes the utility of
these measures questionable. Amblemines gen-
eraily exhibit slower growth rates than lampsi-
lines. The fastest growing species in our study
(L. fragilisy added only 0.7 mm {pond) to 2.1 mm
{river) of new shell growth each year. Changes
of this magnitude are well within the ranges
that have been atiributed to measurement error
(1 mm; Downing and Downing 1993}, Simi-
larly, the change in mass was minimal (range:
0-2 g/v). Thus, traditional measures of growth
may be inadequate endpoints in short-term re-
location studies with long-lived animals.

Measures of physiclogical condition suggest-
ed that A. plicata in the pond were in poor con-
dition compared to those relocated into the riv-
er. However, the magnitude of these differences
was small relative to the variability in these
measures in reference A. plicafa in the river In
addition, no single treatment promoted better
condition than the others because treatment ef-
fects were often confounded by location. Sus-
pended mussels were generally in better phys-
iological condition than mussels in the benthic
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treatments. Haag et al (1993) showed that
changes in the physiological condition of mus-
sels may be cbserved before effects are mani-
fested in mortality, but our data do not support
this finding. Approximately 50% of the A. plicata
population in the pond had died by 24 mo, vet
estimates of physiological condition before these
mortality evenis did not suggest any reduction
in physiclogical condition. Thus, we were un-
able to predict mortality based on the physio-
logical measures we chose in this species. These
data suggest that although physiological mea-
sures are intuitively appealing as endpoints in
relocation studies, a critical assessment of their
utility is needed.

The high mortality rates, reduced growth
rafes, and poor physiological condition of relo-
cated mussels in our study suggest that reloca-
tion of mussels inte artificial ponds is a high-
risk conservation tool. Furthermore, most mid-
western mussel populations are perceived to be
in immediate danger from the zebra mussel, so
many relocations are being conducted quickly,
with little opportunity to analyze habitat char-
acteristics {water and sediment quality) at the
destination site. There are few alternatives in
certain locations and with some species; in these
cases, relocation may be justified. However,
based on our results and others {i.e, Cope and
Waller 1995, Gatenby 2000}, we strengly suggest
that alternatives be explored. For example, re-
locations of Margaritifera margaritifera in Finland
resulted in <50% survival after 16 v (Valovirta
1998), so it was suggested that increasing the
density of parasitizing glochidia via introdue-
tion of infected fish was a more effective con-
servation strategy than relocation for this spe-
cies (Bauer 1991). Other alternatives such as
identification of fish hosts, identification of mus-
sel beds at greatest risk from the zebra mussel,
and a critical, large-scale assessment of the fac-
tors contributing to their decline may help con-
serve unionid populations. Clearly, more re-
search into these areas is needed prior to the
large-scale use of relocation as a conservation
took.
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