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How to pick your mussels out of a crowd: using fluorescence to mark
juvenile freshwater mussels

i CHRISTOPHER B. EADS' AND JAMES B. LAyzer?

U5 Geological Survey, Biological Resources Division, Tennessee Cooperative Fishery Research Unit,
Tennessee Technological University, Cookeville, Tennessee 38505 1ISA

Abstract.  Conservation plans for freshwater mussels include enhancing natural pepulations with
artificially cultured individuals. Chemical marks on cultured juveniles would provide a way to eval-
uate the success of those efforts. We immersed Lampsilis cardium and Actinonains pectorosa juveniles
of varicus ages (1-d-210-d-old) in either oxytetracycline (OTC) or caleein (125-500 mg/L) for different
lengths of time {348 h) and assessed growth, survival, and mark retention. There were no immediate
lethal effects on 1-d-old L. cardium after a 24-h immersion in either chemical at a concentration of
500 mg/L. A single immersion in 239 mg/L OTC of 1-mo-old L. cardium inhibited growth for 2 me
post-immersion, and mulfiple immersions also affected survival. Neither growth nor survival were
affected when older mussels {=2-mo old) were immersed. Fluorescent marks were laid down pri-
marily in the growing edge of the shell as a ring extending around the mussel, and marking success
increased with concentration and immersion time. Immersing 7-mo-old L. cardium in 250 mg/L OTC
for 24 h produced marks visible in all thin-sections examined 6 mo later; however, marks were not
visible in whole shells. In contrast, distinctive calcein marks were visible not only in thin-sections
but aiso on ali whole 7-mo-old L. cardium shells 6 mo after mussels were immersed for 24 h at a
concentration of 250 mg/1.. A 12-h immersion at the same concentration produced inconsistent calcein
marks in 5-mo-old L. cardium but yielded >90% correct mark identification in live 7-mo-old A. pec-
forosa 1 y after immersion. The results of our study indicate that persistent and readily identifiable
chemical marks can be produced in juvenile mussels of some species =2-mo-otd by a 24-h immersion
in 250 mg/1. calcein or OTC with little to no adverse effects on the mussels.
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Globally, freshwater mussel populations
(Unionoidea) are disappearing at an alarming
rate. Drastic declines in mussel populations have
received much recent attention (Bogan 1993,
Williams et al. 1993, Cosgrove et al. 2000), so
these declines are often thought to be a recent
phenomenory; however, the decline in the east-
ern United States probably started with mass
deforestation (Hughes and Parmalee 1999) and
overharvest {Anthony and Downing 2001) in
the 1800s. The stocking of artificially propagat-
ed and caltured juvenile mussels to augment
existing populations is a high pricrity of many
recovery plans established for endangered spe-
cies {e.g., USFWS 1991). The national strategy
for the conservation of native freshwater mus-
sels recognizes the need to enhance existing
populations through stocking, and the need to
evaluate the success of those stockings
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(NNMCC 1998). Juveniles stocked to enhance
existing populations must be recognizable at a
later date to evaluate their long-term survival
and growth.

Producing an ideniifiable mark to distinguish
artificially produced mussels from wild individ-
uals of the same species would be beneficial in
assessing stocking success. Although small
plastic tags (Lemarie et al. 2000), wire micro-
tags (Heinricher 1996}, and etching of shells
{Layzer and Gordon 1993) have been used to
successfully mark mussels, these methods are
labor intensive and each mussel must be
marked individually. Also, the small size (<350
um) of newly metamorphosed juveniles pre-
cludes the use of physical tags. Tags cannot be
used until the juveniles are several mm long,
which may take from several mo to 2 y, de-
pending on growth rates. If chemical marks
could be produced in mussels, batch marking of
a large number of small individuals could be
accomplished with minimal effort.

Fluorescent chemicals {fluorochromes) are of-
ten used to mark aquatic organisms. Oxytetra-
cycline (OTC) and calcein have beer used for
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many years in marking otoliths of juvenile fish
(Choate 1964, Wilson et al. 1987, Brooks et al.
1994). These techniques have also been used
with marine molluscs. Nakahara (1961) used in-
jections of tetracycline to determine growth
rates of pearls inside oysters. Tetracycline has
also been incorporated into the shells of abalone
{Halioiis iris} following both injection and im-
mersion (Pirker and Schiel 1993). Calcein has
been used successfully to create a growth mark-
er in shells of brown mussels (Perna perna)
{Kaehier and McQuaid 1999), We wanted to de-
termine the feasibility of using OTC and calcein
to mark juvenile freshwater mussels. We aiso
evaluated potential adverse effects of these
chemicals on survival and growth of mussels.
Qur final objective was to determine a concen-
tration and mmmersion dme of OTC and calcein
that would minimize toxicity and provide a dis-
tinctive and long-lasting mark on juvenile mus-
sels.

Methods
Propagation and culture of mussels

Lampsilis cardium and  Activonaias pectorosa
were artificially propagated in the laboratory.
Glochidia were extracted from a gravid adult by
pricking the water tubes with a syringe and
flushing them with water (Waller and Holland-
Bartels 1988). Host fish (largemouth bass, Mi-
cropterus salmoides, and spotted bass, M. punc-
tulatus) were anesthetized using MS$-222 and
glochidia were directly pipetted onto their gills,
These fish were maintained in aquaria until ex-
cystment of the juvenile mussels. Each aguari-
um was siphoned routinely through a 105-pm
sieve to collect newly metamorphosed juveniles,

An indoor recirculating system, composed of
cagcading series of vinyl troughs 2.7-m long by
10-cm. wide, was used to culture juvenile mus-
sels. Water was pumped {rom a 38-L reservoir
to the top level of each series and returned by
gravity flow through the troughs at a rate of 60
mL/s. Bach of the 4 levels and the reservoirs
were illuminated by two 40-watt, cool white,
fhiorescent lights set on 15:11 h light:dark cycle.
City of Cookeville, Tennessee, municipal water
(hardness ~70 mg/L as CaCQ,) filtered
through a C canister filter was used for culture,
Water temperature was regulated only by room
temperature (15-25°C). Approximately 50% of

the water in each series was changed each week,
and excess algal growth in troughs was me-
chanically removed as needed. An algal culture
(Bracteococcus grandis) was maintained in 96-L
clear plastic tubes and fed {500-1500 mL} to
each series as a food source 3 times per week.
Auwkistrodeswius sp. contaminated the culture at
an unknown point during the study, and was
the species used for the remainder of the exper-
iments.

A warmwater raceway at Minor B. Clark Figh
Hatchery near Morehead, Kentucky, was used
for grow-out of mussels. Culture baskets rang-
Ing in mesh size from 250 wm © 4.8 mm were
placed in the floating cages to hold the juvenile
mussels. The baskets extended above the water
surface to prevent juveniles from escaping. As
mussels grew, they were moved to baskets with
a larger mesh size. The mesh was cleaned pe-
riodically with a plastic brush and wash botile
to maintain water fow through the basket,

Mussel marking

Nine tests were conducted to address the
study objectives. In each test, stock sohitions of
the fluorachromes were prepared at the highest
conceniration used and buffered to pH 7-8 us-
ing sodiwm phosphate dibasic (Na,HPO,}. The
stock solution was then diluted to achieve the
desired concentrations, which covered a range
previously used with fish and marine molluscs
{(see below). All immersions were either con-
ducted in a dark room or covered to prevent
potential breakdown of the fluorodhromes by
light. In tests where conirol groups were used,
conirol treatments were identical to marking
treatments other than a lack of exposure fo a
fluorochrome. Mean lengths of mussels were de-
termined before and after each test in which
growth was monitored. Before each test, all
mussels being used were pooled in a single con-
fainer, mixed thoroughly, and length was mea-
sured on the first 30 randomly selected individ-
uals. After each test, all mussels from each rep-
ficate were put in a petri dish and stirred, and
the first 20 individuals encountered under a dis-
secting microscope were measured. All juve-
niles or subsamples of 40 per treatment were
measured at the end of nonreplicated tests, de-
pending on the number of mussels used in the
test. Juveniles <5 mm in length were measured
with an ocular micrometer under a dissecting




478

microscope, and dial calipers were used. for
larger individuals. Analyses of variance (ANO-
VA, single and multifactor) were used to test for
differences in growth and survival among treat-
ments. A Tukey’s Studentized Range Test was
used for pairwise comparisons.

Juveniles cultured indoors were separated
from sediment using a modified McDonald
egg-hatching jar (Brady 2000}, Mussels <2 mm
at immersion were pipetied into a 105-pwm-mesh
basket and immersed; larger mussels were
placed by hand into the chemical. Mussels were
rinsed and fransferred to fresh water at the end
of the specified immersion time. The number of
treatments and replicates, as well as sample siz-
es, varied among experiments because of the
availability of juveniles of the same age (see be-
low}. Marks were viewed using a Nikon Labo-
phot 2 microscope with a 420-490G-nm: excitation
filter and a 520-nm barrier filter,

T-d-old L. cardium

A 3-factor design was used in Test I to deter-
mine if juvenile mussels would incorporate OTC
and calcein inte their shell and to address acute
toxicity of those chemicals at vazious concen{ra-
tions and immersion times. A secondary objec-
tive was to determine if the presence of sedi-
ment in immersions affected toxicity or marking
success. Test 1 was designed primarily as a
screening mechanism because there was limited
information in the literature to provide guidance
on suitable concentrations and immersion times
to use for freshwater bivalves. We used 4 con-
centrations (0, 125, 250, and 500 mg/L) of each
chemical and 3 immersion times {6, 12, and 24
hy, Bach combinafion of chemical, concentration,
and immersion time had 2 replicates without
sediment and 2 with sediment. The same con-
trol group was used for both OTC and calcein
comparisons. One-d-old L. eardium were collect-
ed from aquaria, and 25 individuals pipetted
into each of 84 mesh baskets. One-half of the
baskets contained a 3 to 5 mm layer of coarse
sand (0.5-1 mm); the remaining baskets con-
tained no sediment. Baskets were then random-
ly assigned a treatment, and all immersions be-
gan at the same time. Survival was assessed af-
ter the 24-h fmmersion by rinsing the juveniles
inte a petri dish and examining them under a
dissecting microscope. The first 10 individuals
recovered from each treatiment and each control
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group were placed on a microscope slide and
examined using fluorescence microscopy.

In Test I, a total of 1080 1-d-old L. cardium
were immersed in either 125 or 500 mg/L cal-
cein or 250 mg /1. OTC for 24 h to evaluate mark
retention. Only 1 concentration of OTC could be
tested because a limited number of juveniles
were available, After immersion, juveniles from
each treatment were divided into 5 groups rang-
ing from 30 to 90 mussels each; more individ-
uals were assigned to those groups assessed lat-
er in the test to increase the likelihood of some
individuals surviving to the end of the test.
These groups were transferred to 250-um-mesh
culture baskets, which were placed in the indoor
culture systemn. Bach basket contained a 5 to &
mm layer of very coarse sand (1-2 mm) and fine
gravel (2-4 mm). One basket from each treat-
ment was removed at 10, 20, 35, 51, and 79 d
post-marking o assess survival and mark reten-
tion. Two control groups of 90 individuals each
were assessed at 35 and 79 d, respectively. Ten
individuals were examined for marks using
fluorescence microscopy, and the remaining in-
dividuals were placed back into the culture sys-
tem.

1-mo-ofd L. cardium

One-mo-old L. eardium were used to assess
growth, survival, and mark retention foilowing
single and multiple immersions. A single con-
centration {250 mg/L) and immersion time (24
) were used, and mussels were assigned to 1
of 5 treatments: 1) control (no immersion), 2)
OTC (1 immersion), 3) OTC {4 immersions}, 4}
calcein {1 immersion), and 3} calcein {4 immer-
sions). Five repiicates were used for each treat-
ment. Twenty-five groups ranging from 40 to
100 individuals were randomly assigned to 1 of
the 5 treatments and placed in 105-um mesh
baskets. All groups were then immersed at the
same time in their respective treatments. At the
end of the 1st immersion, baskets from all treat-
ments were rinsed, and each group was then
transferred to a 250-pm mesh culture basket
containing a 5 to 8 mum layer of fine gravel. All
baskets were placed in the indeor culture sys-
tem and randomly assigned a position in the
trough. For the next 3 wk, the groups to be im-
mersed 4 times were immersed at 1-wk inter-
vals in their respective culture baskets and re-
mained in the culture system between fmmer-
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sions. Growth and survival were evaluated at
monthly intervals thereafter for 4 mo, and emp-
ty shells were examined for marks. Immediately
following the 4th monthly check, all juveniles
were taken to the hatchery and placed in 500-
wm-mesh baskets in a raceway. At the end of
the growing season (7 mo postimmersion), 5
individuals from each treatment were sacrificed
to evaluate mark retention. These shells were
embedded in an epoxy mold, and 2 thin-sec-
tions {250 pm) were cut through the umbo of
each shell using a low-speed precision saw. Sec-
tions were viewed using fluorescence micros-
copy.

Z2-mo-ofd L. cardium

Growth, survival, and marlk retention with a
lower exposure to calcein, were tested with 1
concentration (123 mg/L}) and 2 immersion
times (3 or 8 h). Six groups of 16 2-mo-old L.
cardiunr each were randomly assigned to 1 of the
2 caleein treatments or a conirol group. After
immersion, mussels were transferred to 250-
wm-mesh culture baskets containing a 5 to 8
mm layer of very coarse sand. The baskets were
placed in a trough of the indoor culture system
and rinsed as needed to clean the mesh. Baskets
were removed at 25 and 105 d post-marking,
and surviving juveniles were counted and mea-
sured; empty shells were collected and exam-
ined for marks.

Anidentical design was used to test extended
immersion times (24 and 48 h) at a higher con-

centration (250 mg/ L) of calcein using 2-mo-old
L. cordivm, Twelve groups of 30 individuals
were randomily assigned to 1 of the 2 treatments
or a control group, and all immersions began
simultaneousiy. Those groups immersed for 24
h were rinsed and placed in fresh water with
the control for the remaining 24 h. At the end
of the 48-h immession, all groups were placed
in 250-pm mesh culture baskets containing a 5
to 8 mm layer of fine gravel, and then cultured.
Baskets were washed as needed with a wash
bottle to remove algae from the mesh. Growth,
survival, and mark retention were evaluated 30
and 90 d post-immersion.

=d-mo-0ld 1., cardium

Long-term mark retention was tested using
=4-mo old L. cardiim. In June 1999, 101 individ-
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uals (4-mo-old, mean length = 2.9 + 0.2 mm)
were immersed in either 250 mg/L OTC or cal-
cein for 6 h. After immersion, mussels from each
reatment were transferred to a T-mm-mesh bas-
ket (22 X 22 em) and placed in a floating cage
mn the raceway. In July 1999, 54 L. cardium (5-
mo-old, mean length = 5.3 + 0.3 mm) were im-
mersed in either 250 mg/L of OTC or calcein
for 12 h. After immersion, mussels from each
treatment were transferred to a T-mum-mesh bas-
ket (15 % 22 cm) and placed i a floating cage
in the raceway. The sides of the basket protrud-
ed above the water surface to prevent juveniles
from escaping. In September 1999, 38 L. cardium
(7-mo-old, mean length = 13.0 = 0.3 mm) were
immersed in either 250 mg /L of OTC or calcein
for 24 h. Mussels from each treatment were then
transferred to a 4.8-mm-mesh basket (25 X 25
cm) and placed in a floating cage in the race-
way. In November 1999, surviving L. cardium
marked zd-mo old were counted and mea-
sured, and 5 individuals were sacrificed, thin-
sectioned {as above), and examined for a mark.
The 5 mdividuals were sclected by blindly
reaching inte the mesh baskets and picking the
first mussels touched. In March 2000, mussels
immersed for 12 and 24 h (5- and 7-mo ofd at
immersion, respectively) were counted, mea-
sured, sacrificed, and viewed whole using fluo-
rescence microscopy (8 and 6 mo post-immer-
sion, respectively}). These shells were then stored
in darkness, and shells of mussels irmmersed for
24 h were examined in September 2000 (12 mo
post-immersion, 6 mo post-sacrifice) again us-
ing a blind-reading technigue. Shells were ran-
domily selected by coin toss from ejther the OTC
or calcein treatment. The shell was then handed
to the reader, who was unaware of the shells
treatment. The reader examined the shell using
fluorescence microscopy and decided if the
mussel had been immersed in OTC or calcein.
Because OTC marks were not visible using this
method, those shells served as a control with no
mark.

7-mo-old A. pectorosa

Actingngaigs pectorosa were used to test OTC
and calcein immersion on a 2nd species. Two-
hundred and twenty-four A. pecforosa {mean
length = 7.0 = 0.2 mm) were immersed in either
250 mg/L OTC or calcein for 12 h in September
1999, After immersion, mussels were trans-
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Tasrg 1. Survival and growth of T-mo-old Lampsilis cardium immersed in 250 mg/L oxytetracycline either
1 [OTC (1x)] or 4 [OTC (4x)] times. Mean length was 635 pm (SE = 16 pm) at the time of initial immersion.

* = significantly different from controls (p < 0.05).

Mean overall survival * 5E {%)

Between-month survival = 5E (%)

Conirol OTC (1) OTC (4x) Control OTC {1} OTC (4x)
Month {n =5 (n = 5) (n = 5) {n =5) (n =5} (n =5}
1 69.1 = 6.9 45.0 = 4.5 43.8 = 6.4* 69.1 = 6.9 458 = 4.5 43.6 + 6.4
2 58.3 £ 5.6 375 = 49 207 4 59* 869 = 45 834 + 7.1 433 & 113
3 528 +353 302 x40 144 w400 905 = 1.8 81.3 £ 59 686 = 5.5
4 477 = 4.2 265 * 4.6 114 = 3.2% 91.0 * 30 86.7 = 8.2 783 + 68

ferred to 500-pm-mesh baskets and placed in
floating cages. In November 1999, growth and
survival were evaluated, and 5 mussels were
thin-sectioned and examined for marks as de-
scribed above. A blind reading was conducted
on live mussels in September 2000 using 40 of
the largest individuals from each treatment.

Resulis
1-d-old L. cardium

There were no significant differences in sur-
vival among treatments {concentration, immer-
sion times, and sediment} immedtately after the
24-h immersion in Test I, nor were there any
significant interactions among main effects
(ANOVA, all p values > 0.08). The grand mean
for survival was 83.6 = 1.0% {*1 SE}. Exami-
nation of shelis under fluorescence microscopy
indicated that control shells exhibited autofluo-
rescence because of the natural structure of the
shell. Controls fluoresced a yellowish color, sim-
ilar to OTC, so the OTC treatment could not be
distinguished from controls at this poing; how-
ever, the entire shell of mussels marked in cal-
cein fluoresced green and was distinguishable
from controls. Brilliance of calcein marks in-
creased with higher concentrations and longer
immersion times. Marks on mussels immersed
for 6 or 12 k in 125 mg/L calcein were very
faint, but all other calcein treatments produced
a distinct mark. The presence or absence of sed-
iment did not noticeably affect the intensity of
the mark.

In Test 1L, mussels in both calcein treatments
survived only to the 51-d assessment, and
marks from both the 125- and 500-mg/L. con-
centrations were visible on all mussels evaluated
to that point. Marks produced by the 500 mg/

1 calcein were noticeably brighter than those
produced by a concentration of 125 mg/L at all
evaluations to 51 d, The OTC {reatment was not
assessed at 51 d because of a lack of mussels
available for the test, but all mussels immersed
in OTC and examined at 35 d had distinct
marks. The portion of the shell that had grown
after immersion exhibited some autofluores-
cence but could be easily distinguished from
both QTC and calcein marks. There were no
surviving mussels in any treatment, including
controls, after these evaluations.

T-mo-old L. cardium

Mean survival of L. cardium immersed at 1-
mo old after 4 mo was 26.5% for those im-
mersed once in 250 mg/L OTC for 24 h and
11.4% for those immersed 4 times. Survival var-
ied significantly (p < 0.03) among treatments
during the 4mo pericd (Table 1). Survival of
juveniles immersed only once in OTC did not
differ significantly from conirols (p > 0.05) for
any of the evaluations. Survival between months
of those immersed 4 times in OTC was signifi-
cantly lower than controls after the first 2 mo (p
< 0.05) but was similar during the 3rd and 4th
mo (Table 1). Overall, mussels grew from an ini-
tial mean length of 635 + 16 pm to mean
lengths ranging from 2.0 to 2.3 mm during the
4-mo period (Table 1},

All T-mo-old L. cardium immersed in 250 mg/
I, calcein were dead after 1 mo in the culture
system. Shells appeared very thin, as if they had
been dead for a considerable fime, and there
was no visible indication of growth after im-
mersion. Presumably, these mussels died at the
time of marking or soon thereafter.

Empty shells from both OTC treatments were
examined using fluorescence microscopy, and
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Tasie 1. Extended.

Mean length + SE (pm)

Control OTC (1) OTC (d%)
= 100) f1r = 100) (n = 100)
922 + 22 811 = 19+ 756 £ 22F
1234 + 31 1081 = 31* 1059 = 78%
1692 = 46 1557 + 60 1599 = 136
2322 + 74 1691 + 92* 2084 & 216

100% had visible marks through the 4-mo eval-
vation. Marks on mussels immersed 4 times
were slightly larger than on those Immersed
only once because individuals marked 4 times
were 3 wk older and larger at the time of the
final marking. Marks were not at that time, how-
ever, noticeably brighter or easier to detect than
marks on mussels immersed only once. No
marks could be detected on thin-sections of the
shells of these juveniles using fluorescence mi-
crascopy when they were examined at 14 mm
(7 mo after first immersion). '

2-mo-old L. cardium

Survival and length of 2-mo-old L. cardium
immersed in 125 mg/L calcein for either 3 or 8
h did not differ significantly (p > 0.05} from
controls at 25 or 105 d. Mean survival ranged

from 31.8 to 56.6% and mean length ranged
from 2.0 to 2.1 mm across all treatments after
105 d (Table 2). Shells examined under fluores-
cence microscopy exhibited marks that were
distinct, but somewhat faint. Sarvival and
length of 2-mo-old L. cardium immersed m 250
mg/L calcein for either 24 or 48 h also did not
differ significantly (p = 0.05) from controls at 30
or 9¢ & Mean survival ranged from 65.0 to
72.5% and mean length ranged from 1.63 to 1.68
min across all freatments after 90 d (Table 2).
Marks from this higher concentration and lon-
ger immersion fimes were very distinet (Fig. 1)
on all shelis examined during the 3-mo period.

=4-mo-old L. cardium

Most 4-mo-okd L. carditim immersed for 6 hin
250 mg/ L OTC or calcein in June 1999 survived
and grew from an initial length of 3 mm fo 22
mm by November 1999 (Table 3} No OTC
marks and only 1 calcein mark were found in
the 5 individuals from cach treatment that were
thin-sectioned and examined. Nearly all 5-mo-
old juveniles immersed for 12 h in 250 mg/L
OTC or calcein in July 1999 survived and grew
from an initial length of 5 mm. to 21 mm by
November 1999 (Table 3). Out of 5 mussels sec-
tioned that were immersed in OTC, 2 thin sec-
tions had recognizable marks. Marks were
found on 3 of the 5 mussels immersed in calcein
that were thin-sectioned. Both OTC and calcein

TaBtk 2. Survival and length-at-age of 2-mo-old Lampsilis cardivm immersed in calcein at varying concen-
trations and imumersion times, Separate control groups were used for each immersion concentration because

dates of immersion differed for each concentration.

Calcein Survival Length
cOnCen- Immersion
tration  Days after ime Mean * 5 Mean + SE
{mg/L) immersion {h) b (%) " (%}
125 25 0 2 719+ 133 23 1252 = 73
3 2 68.8 = 125 22 1222 £ 83
8 2 724 94 24 1144 = 70
105 0 2 56.3 = 0.0 18 2036 = 140
3 2 566 % 6.3 18 2047 + 119
8 2 518 = 10,7 17 2143 = 112
250 30 0 4 85.0 = 1.7 80 1591 = 45
24 4 808 £ 58 79 1558 = 42
48 4 783 = 29 80 1515 = 37
a0 0 4 725+ 63 76 1674 = 44
24 4 675 = 8.6 72 1686 = 41
48 4 650 = 44 73 1630 + 36
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marks were readily identified. Calcein marks
were visible on portions of 20 of the 21 mussels
when the remaining mussels from the July im-
mersion were harvested (March 2000) and
whole shells were examined for fluorescence.
Marks from OTC, however, could not be seen
on whole shells.

All 7-mo-old juvenile L. cardium immersed for
24 h in 250 mg/L OTC or calcein in September
1999 survived and grew from a mean length of
13 mm to ~17 mm in 2 mo (Table 3). Distinct
matls of both chemicals were visible on 100%
of shells that were thin-sectioned. Very distinct
calcein marks were visible as a continuous ring
around the mussel when the remaining mussels
were harvested {(March 2000) and whole shells
were examined for fluorescence. Marks pro-
duced by OTC could not be seen on whole
shells. During the blind-reading 6 mo later,
100% of the whole shells examined were iden-
tified correctly; calcein marks were unmistak-
able (Fig. 2}, whereas OTC marks were not vis-
ible and served as a control.

7-mo old A, pectorosa

Juvenile A. pectorosa immersed for 12 h in 250
mg /L OTC or calcein in September 1999 (Table
3) grew from a mean length of 7.0 mm to >8.5
mm in 2 mo with no significant differences (p
= .05} between treatments. There was 98.2%
survival in the OTC treatment and 96.4% sur-
vival in the calcein freatment. Distinct OTC
marks were seent in 3 of 10 mussels thin-sec-
tioned. In contrast, all 10 thin-sections examined
from the calcein treatment contained visible
marks, Marks were identified correctly 93.8% of
the time when the blind reading was conducted
on live A, pectorosa 1 y post<immersion (mean
length = 232 + 0.4 mm).

£

Frc. 1. Shell of Lampsilis cardium immersed in 250
mg /1. calcein for 48 h: green fluorescent avea indicates
size at immersion (~1 mm long); nonfluorescing area
reflects growth during 3 mo following immersion.

PG, 2. Portion of whole shell (17 mm long) of
Lompsilis cardivm immersed at a length of ~13 mm in
250 mg /1. calcein for 24 h. Green fluorescent band
indicates shell margin at time of immersion,
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TaBLE 3. Survival and lengtihy of Lampsilis cardium (Lc} and Actinenains pectorosa (Ap) immersed in 250 mg/
L oxytetracycline (OTC) or calcein at various ages and immersion times. [mmersions began in June 1999 and
the test ended in November 1999. Months post-immersion indicates the length of time from immersion to
evaluation of growth and survival at the end of the test.

Age at Immer- Months
) immer- sion Mean length = SF (mm) post-
Month sion tirne immer- Survival
{1999) fmo)  Chemical (h) Species n At immersion  End of test sion (%)
fune 4 OTC 6 Le 50 29 x 08 225+ 24 5 a0
Calcein 6 51 29 x 08 220 =20 5 100
July 5 OT1C 12 e 27 49 * 16 213 25 4 100
Calcein 12 27 56 £ 15 207 £ 19 4 96
September 7 OTC 24 Le 19 128 =+ 2.0 65 > 21 2 100
Caleein 24 14 133 £ 23 174 = 26 2 100
September 7 OTC 12 Ap 112 70 x02 85+ 02 2 98.2
Caleein 12 112 7.0 + 02 88 x 02 2 96.4
Discussion Multiple immersions within a 1-mo period

Survival and growth

The adverse effects of fluorechromes on L.
cardium and A. pectorosa seem to depend on age
at immersion. Many details about mussel life
history are unknown, but high mortality of ju-
veniles during the first 2 mo of culture {Bud-
densiek 1995, O'Beirn et al. 1998, Westbrook
1999) indicates they are most sensitive at this
life stage. If this assumption is true, immersions
done on juveniles <2-mo old would likely yield
the most conservative results regarding expo-
sure tolerance to chemical marking. Our study
indicates that OTC and calcein are likely most
toxic when mussels are <<2-mo old, but are safer
for older mussels. In Test I, there were no im-
mediate ltethal effects to 1-d-old L. cardium after
an exposure in either OTC or calcein at concen-
trations up to 500 mg/L for 24 h. A 24-h im-
mersion in 250 mg/L OTC had texic effects on
1-mo-old L. cardfum, but there were no apparent
effects when =2-mo-old mussels were im-
mersed in either chemical. We believe that the
death of all 1-mo-old mussels immersed in 250
mg/L calcein for 24 h may have resulted from
experimental error or an anomaly. Shells ex-
amined I mo after immersion had not grown
beyond the size when the juveniles were im-
mersed, which suggests all individuals died at
the time of immersion or spon thereafter. No
other test resulted in immediate mortality to
mussels immersed in calcein. In fact, both sur-
vival and growth of mussels immersed in cal-
cein were similar to contrels in all other trials.

had adverse effects compared to a single im-
mersion. Growth was affected when 1-mowold L.
cardivm were immersed once in 250 mg/L OTC
for 24 h, but both survival and growth were
lower after 4 immersions in a 1-mo period. Re-
sults of monitoring these juveniles over 4 mo
indicated that toxic effects were short-lived {1~
2 mo post-immersion). Mussels in both the sin-
gle and muitiple immersion groups were signif-
icantly smaller than controls after 4 mo, but they
grew more slowly during the first 2 mo (Table
1). Mussels immersed 4 times also grew slower
during the first 2 mo but were similar in length
to controls after 4 mo. Their faster growth rate
during the last 2 mo indicated a recovery from
marking stress, but it may also reflect density
dependent growth because high mortality great-
ly reduced densities in the culture baskets. Sim-
ilarity of between-month survival rates in the 4
immersion groups after 2 mo also indicated that
toxic effects were short-lived. Multiple marks
could be useful to distinguish between different
groups of mussels, but immersions should be
carried out at least 1 mo apart to allow for re-
covery from stress and growth between mark-
mgs.

Marking success

Marking success tended to increase with in-
creasing concentration and immersion time.
This trend was expected because it has been
documented previously in fish (Weber and
Ridgway 1962, Hettler 1984, Brooks et al. 1994)
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and marine molluscs (Pirker and Schiel 1993,
Day et al. 1995, Kaehler and McQuaid 1999).
Very faint marks were produced in Test I when
1-d-old L. cardium were immersed in the lowest
concentration for 6 and 12 h in comparison to
higher concentrations and longer immersion
times. In Test H, brighter calcein marks were
produced by immersion in 500-mg/L calcein
compared to a concentration of 125 mg/L. Lon-
ger immersion times also produced more con-
sistent results with mussels =4 mo old. The lon-
gest immersion time (24 h) produced the most
reliable marks with 100% recognition in OTC
and calcein thin-sections and whole shells from
the calcein treatment.

Marking success may also be influenced by
factors other than chemical concentration and
immersion time. Marking success probably de-
pends on mussel growth, as marks were most
visible at the growing edge of the shell. Day et
al. (1995) found marks only at the growing edge
in abalone (Haliotis rubra); temperature, feeding,
and animal stress affected incorporation of fluc-
rescence info shells. Consequently, freshwater
mussels should be marked when they are in an
active growth phase. Persistence of marks is also
a major concern in long-term studies, Direct and
proionged exposure to light deactivates the fluo-
rescence of tetracycline (Choate 1964); however,
we found that fluorescent marks persisted for at
least 1 y in live mussels. The burrowing behav-
ior of juvenile mussels (Yeager et al. 1994) prob-
ably diminishes the light that actually reaches
the fiworochrome in. the sheil. We found no re-
ports of fluorochrome marks fading in fish or
marine molluscs, so we believe that recogniz-
able marks may persist in freshwater mussels
for several years. Mark retention will likely vary
ameng streams because of water-quality vari-
ables that could affect the rate of shell dissolu-
tion, The size at which a mussel is marked in
relation to shell erosion rates and its size as an
adult will also dictate how long a mark remains.
Brilliant marks were detected when mussels
were at a length of ~2 mm (4 mo post-immer-
sion) when 1-mo-old L. carditm (mean length =
630 = 16 nm) were immersed; however, marks
had either eroded away or were too small to
find by thin-sectioning when the mussels were
re-examined at a length >14 mm (7 mo post-
immersion).

Calcein was more effective than OTC for
marking juvenile L. cardium and A. pectorosa for
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the exposures we tested. Calcein is more expen-
sive, but it produced brighter marks and better
mark recognition when used at identical con-
centrations and immersion times to OTC. We
immersed A, pectorosa into calcein at a mean
length of 7 mm with excellent survival, and rec-
ognized >90% of the marks 1 y later on live
mussels when they had grown to a mean length
of 23 mm. Higher concentrations or longer im-
mersion times of OTC would be necessary to
produce visible marks on live mussels, which
would risk adverse effects. Also, the fluores-
cence of OTC was similar to the natural fluores-
cence in mussel shells (Day et al. 1995), and
some care must be taken to distinguish the two.

Interspecific variability

The most appropriate marking protocol to
achieve quality marks without toxic effects may
vary between species. Calcein is more toxic than
OTC to some fish species (Brooks et al. 1994,
Bumguardner and King 1996) and less toxic to
other species (Wilson et al. 1987, Monaghan
1993). If the toxicity of these chemicals varies
between fish species, it is reasonabie to assume
that species-specific toxicity also occurs in fresh-
water mussels. For this reason, we strongly rec-
ommend caution when immersing rare or
threatened mussels. Marking success also may
vary between species. Hettler (1984) found that
spot {Leiostomus xanthurus) more readily incor-
porated tetracycline info their otoliths than pin-
fish (Lagodon rhomboides}. We found that marking
success varied between species; a 12-h immer-
sion in 250 mg/1L calcein was more effective in
marking A. pectoresa than marking Lampsilis car-
dium. Brilliant marks were detected in all 10
thin-sections of A. pecforosa compared to only 3
of 5 sections of L. cardium. In addition, marks
on A. pectorosa consisted of very distinct rings
around the whole shell, whereas marks on shells
of L. cardiuim were patchy.

Recormmendation

Based on the species marked so far, we rec-
ommend a single immersion of mussels >2-mo
old for 24 h in 250 mg/L calcein. Chemical
marking of juveniles <2-mo old may be useful
for some laboratory experiments, but it is un-
likely that juveniles marked at <2-mo old and
released into the wild would retain marks for
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very long because of umbo dissolution, Marking
larger mussels (>>5 mm) should increase mark
detection over time,

In conclusion, our study demonstrated that
OTC and calcein immersions are effective for
marking juvenile freshwater mussels. Immer-
sions can be done that produce reliable marks
and minimize toxicity. The ability to identify
fluorescent marks on live mussels broadens the
use of chemical marking to include endangered
species because it eliminates the need to sacri-
fice mussels, or to be limited to assessing stock-
ing success only from dead shells. The success-
ful application of this technique for marking ju-
venile freshwater mussels opens the door for
evaluating supplemental stocking of mussels be-
cause artificially cultured individuals can be
readily identified.
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