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ABSTRACT: Hemolymph, the circulatory fluid of bivalves, transports nutrients, respiratery gases,
enzymes, metabolic wastes, and toxicants throughout the body, Hemolymph can provide information
pertinent to health assessment of animals or populations, but is not commonly used in freshwater
bivalves partly because of the lack of tested, practical technigues for its nonlethal collection. The
ohiective of this study was to evaluate the effect of hemolymph collection on the growlh and survival
of Elliptio complanata, a freshwater bivalve (Unionidae). We describe a simple technique for the
coliection of hemolymph from the anterior adductor muscle sinus of E. complanata. To evaluate the
effect of hemelymph sampling on mussel survival and growth, 30 mussels sampled using the tech-
nigaie and 30 unsampled controls were followed for 3 mo post collection, Nine animals were sampled
3 times over 7 mo to monitor effects of repeated sampliag, No negalive imspacts on survival or growth
were observad in either the singly or repeatedly sampled animals. We also compared the composition
of hemolymph collected from the adductor muscle sinus with that collected from the ventricle of the
heart. Calcium levels and cell count of hemolymph obtained from the adductor sinus and ventricie
were significantly different. There was no significant difference between collection sites for magne-
sium, phosphorus, ammonia, protein, sodium, potassium, or chloride. We conclude that collection of
hemolymph from the adductor sinus is safe for sampled E. complanata and should be explored as a
relatively non-invasive, and potentially useful, approach to the evaluation of freshwater mussel
health.
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INTRODUCTION freshwater mussel species classified as endangered,

tirreatened or of special concern (Williams et al. 1993)

North America is home to the richest diversity of Losses of these ecologically important animals have
freshwater hivalves in the world {Williams et al, 1993), been altributed to habitat destruction caused by ripar-
These animals, however, are in a state of accelerated ian land development and agricultural impacts on
decline, with approximately 70% of North American neighboring rivers and streams (Bogan 1993). Fresh-
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water mussels play roles in water filtration, bioturba-
tion, and nufrient cycling and retention {Hauer &
Lamberti 1896). They are also food sources for many ri-
parian and aquatic animals {McMahon & Bogan 2001),
Health assessment of freshwater bivalves traditionally
involves lethal tissue collection from animals for histol-
ogy {Chittick et at, 2001}, contaminant (Muncaster et al.
1990, Cope et al. 1989), enzymatic (Doran et al. 2001,
McMahon & Bogan 2001) or energy analysis (Baker &
Hornbach 2000, McMahon & Bogan 2601). These tech-
nigques have successfully identified unionid populations
suffering the impacts of dramatic localized habitat
degradation {Foe & Knight 1987) or major infestations of
invasive species {Baker & Hornbach Z000). In these
situations, because & large proportion of a localized
population is affected, only a relatively small number of
animals need be sampled to identify the health effect.
However, many devastating environmental threats
are more insidious, with diffuse impacts. Health effects
may be subtle and initially present a picture of low
prevalence, Sampling restrictions on endangered or
threatened populations limit access to these animals
for health assessment or any other purpose. In these
situations, lethal sampling of & small number of ani-
mals is unlikely to reveal statistically convincing infor-
mation {Wobeser 1994, Doran et al. 2001). Suitable
noniethal methods for detection of health problems
increase the feasibility of safely processing sufficient
numbers of animals to identify inconspicuous trends.
Some relatively noninvasive technigues, such-as
mantle (Berg et al. 1995} and foot (Naimo et al. 1998)
biopsy for glycogen analysis (Naimo et al. 1998, Patier-
son et al. 1999), are described and tested. A reliable
techmique for sampling hemolymph from freshwater
mussels would complement and expand this current
base protocol for nonlethal assessment of unionid
health. Blood analysis is & routine compoenent of the
evaluation of vertebrate organ health, hydration sta-
tus, immunclogic competence, and nutritional stalus
{Willard et al. 1984). Techniques for harvesiing hemo-
lymph from marine bivalves are common practice
(Fyhn & Costlow 1975, Ford 1986, Fisher et al. 1996a,b,
Yanick & Heath 2000), and circulatory fluids have been
used in physiologic studies of freshwater mussels
{Dietz 1974, Pynnonen 1994, Pekkarinen 1997, Mc.
Mahon & Bogan 2001). Hematologic responses to sea-
son (Pekkarinen 1997), dehydration and anoxia (Dietz
1974, McMahon & Bogan 2001}, transportation {Pek-
karinen & Sucranta 1995), and acidity {Pynnonen 1994)
have been described. However, the health impacts of
hemolymph collection from freshwater mussels have
not been sufficiently evaluated.
Freshwater mussels have an open circulatory system
{McMahon & Bogan 2001). Hemolymph flows through
a series of tissue sinuses. The adductoer muscles, visible

through gaping valves, hold particularly large tissue
sinuses. We modified hemclymph collection proce-
dures targeting the adductor muscles in oysters (Fisher
et al. 1996a,b) and brackish-water clams (Fyhn & Cost-
low 1975} for use in freshwater bivalves, and provide a
preliminary evaluation of the techniques’ efficacy when
used in freshwater mussels of the common Elliptio
cEmplanata (Lightfoot 1786) complex.

MATERIALS AND METHODS

Study animals and husbandry. Elliptic complanata,
ranging from 40 fo 74 mm in length {median = 54.7,
lirst quartile {Q1] = 53.5, third quartile [Q3] = 59.7),
were collected over a 2 d peried in July 2000 from
2 forested streams northwest of Raleigh, North
Carolina. One valve of each mussel was marked with
plastic numbered tags (Hallprint tags} using metha-
crylate adhesive. The mussels were then placed in a
single large indoor recirculating water system for
t#2 duration of the study, Animals were randomly
assigned to hemolymph-collection and control groups
using a random-numbers generator. Additional mus-
sels were collected for technique development and
validation. The animals were given ! wk to acclimate
prior to initiation of the study.

The recirculating water system held approximately
11001 of city water that was dechlorinated with sodium
thicsulfate prior to use. Ambient laboratory tempera-
tures were maintained at 21°C with cenfral air and
heating systems. Additional water temperature control
was facilitated with titanium heat exchangers {Aqua
Logic}, Temperature modes of 19 (range 17 to 24°C) and
21°C (range 20 to 21°C) were maintained for the st and
Z#d experiments, respectively. Lighting conditions
were regulated to 14:10 h light:dark each day. VWater
quality variables were monitored every I to 2 wk.
Dissolved oxygen ranged from 7.5 to 11.9 {(mode 8.5)
mg 1", pH ranged from 7.4 o 8.2 {mode 7.9), hardness
ranged from 43 to 98 {mode 56} mg ', alkalinity
ranged from 24 to 54 {mode 35) mg 1!, total ammonia
nitrogen ranged from 0 to 9.23 (mode 0.02} mg I"* and
nitrate ranged from 0 to 4.6 {mode 2.8) mg 1"}, Thirty
percent water changes were conducted every 5o 10 d.
The animals were fed cultured live slgae, consisting
primarily of Scenedesmus sp., 4 to 5 times wk™, The
density of algae was estimated by reading absorbance
at 425 nin and converting that number {o approximate
e quantity of algae cells [cells mI™!) using a laberatory
standard curve. The estimated weekly total of fed algai
cells, standardized to volume of aguarium water, aver-
aged 91000 ml-? of water in the animal holding tank.

Hemolymph sampling technique. Hemolymph was
collected by gently pryving the shell open approxi-
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mately 2 to 3 mm with a thin knife. The shell was held
open with tissue forceps. Under full-spectrum lighting,
the anterior adductor muscle was visible between
slightly gaping valves as a highly reflective glistening
white muscle surface. This muscle mass was gently
penetrated with a 25 ga 5/8 inch needle {Fig. 1),
directed along a line parallel to the anterior edge of the
shell valves {Fig. 2). Hemolymph was most easily
collected using gentle intermittent suction, A success-

fut colleclion from a 50 g animal yielded approximately’

0.5 ml fluld over 30 s. If air was drawn during collec~
tion, it was often difficult to extract any additional
hemolymph from the animal. In the current study, &
draw was considered complete when either the target
volume of 0.5 mi was achieved, or when air was
aspirated. The smallest volume collected in this study
was 0.3 ml

Technique development. Six animals were used in a
preliminary study to examine alternative sites for
hemolymph collection. Circulatory fluids of different
origins can vary in compaosition and ease of collection.
Tissue sinus and ventricular fluids represent circulat-

Fig. 1. Hemolymph collection from the anterior adductor
muscie of Elliptio complanata

Fig, 2. Recommended needle alignment for hemolymph
coltection from Elliptio complanata

ing hemolymph. Pericardial fluid has been routinely
harvested from oysters {Fried! et al. 1988). Pericardial
fluid, however, after passing through the cell junctions
of the pericardial gland en route o the kidney, repre-
sents an ultrafiltrate of hemolymph {McMahon &
Bogan 2001}, We initially attempted to collect fluid
from the pericardial sinus or cardiac ventricles, via a
hele drilled in the shell and through gaping valves in
3 mussels. These blind procedures lacked acuity: we
foundl it difficult to ascertain whether our needle place-
ment was cardiac or pericardial. These attempts also
met with high mortality {100%), Attempis to collect
extrapallial fluid by needle insertion through mantle
tissue were made in 3 additional animals. This
approach did not produce adequate volumes {we
achieved a maximum of 0.2 mil per draw} of hemo-
lymph. In contrast, the anterior adductor muscle sinus
was readily accessed and visualized through gaping
valves in the same animals and provided up to 1.5 ml
of fluid for analysis.

Four mussels were sacrificed to validate sample
inzeqrity. The collection location was confirmed by the
needle track left on the cut surface of the addiuctor
muscle of sacrificed mussels. This track appeared as a
white line running to the center of the muscle mass
{(Fig. 3). We then compared the composition of fluids
obtained from the adductor muscle and fluids obtained
from direct {visually-aided, though lethal} sampling of
the cardiac chamber. Ventricular hemolymph was
accessed by gently prying (without transecting} the
adductor muscles and mantle from their attachments to
the sheli, removing the upper valve, locating the beat-
ing ventricle, and sampling the ventricular fluid with a
25-gauge needie under a dissecting microscope. We
ran cell counts on each sample by filling a Neubauer
baumnocytometer {Hausser Scientific) chamber with
freshly drawn fluid and counting all cells in the corner

Fig. 3. Track left by a 25-gauge needle in the transected
adductor muscle of Blfiptic complanata
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squares. Fluid samples were analyzed within 24 h on
an automated clinical chemistry analyzer (Hitachi 912,
Roche Diagnostics) for colorimetric determination of
total protein, ammenia, celcium, phosphorus and
magnesium levels. Animals surviving these proce-
dures were sacrificed by transecting the preserved
adductor muscles. The goal of this analysis was assur-
ance that the adductor muscie provides circulatory
fluid comparable to that collected from the more tradi-
tionally sampled cardiac chamber. Parameters were
chosen that could be expected to either vary substan-
tially from water {e.g. cell count) or be somewhat
identifiable to a particular individual (demonstrafing
greater varighility between individuals than between
fhuid types). An extensive comparison of hemolymph
compaositions of 380 field-collected mussels for the
purposes of establishing expected ranges for hemo-
lymph parameters is presented as a separate study in
a companion article (Gustafson et al. 2005, this issue}.

Growth and survival studies. Our initial study
compared survival and growth of a group of 30 mussels
sampled for a single collection of hemolymph to that of
30 control animals maintained in identical conditions
bui not sampled for hemolymph over a 3 mo period
(27 July to 31 October 2000). Hemolymph {0.5 mlj was
collected from the anterior adductor muscle sinus of
each treatment mussel once.

The 2nd study focused on the effect of repeated
hemolymph sampling. Growth and survival were
compared for 9 mussels sampled a total of 3 times
{3 mo after initial sampling, and then again 2 mo later)
and 9 control mussels similarly handled and measured
hut not hemolymph sampled. Mussels were monitored
for a total of 7 mo {2 mo after the last sampling}.

A full census was conducted once a month through-
cui ithe study, wherein all mussels were physically
removed from the tank, counted, and weighed to the
nearest 0.01 g in air (Mettler BB 240, Fisher Scientific).
Shells were dried, but water was not forcibly removed
from the mantle cavity prior to weighing. Mussels were

also measured with Vernier calipers (Fisher Scientific)
for shell length, width and height to the nearest
0.1 mm. In addition, the holding tank was observed for
mortalities during each feeding event in the first 2 mo
and weekly thereafter.

Data analysis, Kruskal-Wallis analysis was used
to identify growth differences beiween treatments
(g“}_i'ollander & Wollfe 1999). Friedman tests (Hollander &
Wolfe 1999) identitied possible relationships between
the collection site, individual animals and the chosen
hemolyvmph parameters. Nonparametric statistics were
chosen to avoid misrepresentation of hemolymph
values below instrument detection limits.

RESULTS
Hemolymph composition and technigue verification

All fluid samples taken from the mussels were very
different in compaosition from that of water (Table 1).
Fliedman tests, using individual as a blocking vari-
able, established significant differences in calcium
levels and cell counts obtained from the adductor sinus
and ventricular chamber (Table 2). There was no
significant difference (H = 3,08) between collection
sites for magnesium, phosphorus, ammonia, protein,
sodium, petassium, or chloride (Table 2).

Growth and survival effects of one-time sampling

There were no differences in survival rates between
the control group and the hemolymph-sampled group.
Both cohorts showed 97% survival at 1 mo and 90%
strvival at 3 mo.

‘We found no meaningful difference in 3 mo Weight
gain between the hemolymph-sampled and the conirol
cohorts (Kruskal-Wallis, p = 0.079, n = 27, H = 3.08,
df = 1}, Weight change for the control mussels ranged

Table 1. Flliptio complanata. Hemolymph parameters from the heart ventricle and adductor muscle sinus of 4 mussels. A water
sample from a freshwater musse! holding tank is provided for comparison

Individual Source Cells ut? Na K Ci Phosphorous Ca M NH; Protein
(mmol J—F (mmoll) (mmoll) {mgdl™) (mgdrYy (mgdl (unotl?) (mgdl)
A Adductor 2640 16 0.5 18 0.9 18.3 2.7 44 .1 73.3
A Ventricle 2020 17 0.6 18 0.8 21.7 2.9 37.7 73.5
B Adductor 9606 15 0.5 18 . 0.8 17.9 2.7 26.4 41.9
B Ventricle 860 15 0.5 18 0.7 16.0 2.8 35.3 401
C Adductor 1496 18 0.6 18 0.9 17.0 2.8 26.8 72.6
C Ventricle 258 18 0.6 19 1.0 188 2.8 193.8 75.0
b Adductor 460 16 0.5 18 0.8 17.7 2.3 361 66.1
D Ventricle 420 15 0.5 17 0.8 18.3 2.3 46.9 60.4
Water Tank G 5 0.4 4 <(.3 1.0 0.3 <10 <2
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from —-1.83 t0 0.89 g {median = ~0.21 g, Q1 = -088 g,
Q3 = 0.35 g). Weight change for the hemolymph-
sampled group ranged from ~2.60 to 2.22 g {median =
0.34 g, Q1 =-0.45, Q3 =0.71). Though not significant at
an alpha level of 0.05, the hemolymph-sampled group
(rather than the control group) demonstrated greater
weight gains. Shell growth over 3 mo was not signifi-
cantly different between the hemolymph-sampled and
the control cohorts {Kruskal-Wallis, p = 0.789, n = 27,
H=0.07, df = 1). The change in shell size (estimated by
the cubic root of shell length x width x height) for the
control animals ranged from ~1.15 to 1.05 mm (median
=0.19, Q1 = -0.11, Q3 = 0.48). The change in shell size
for the hemolymph-sampled group ranged from —-2.65
t0 0.78 mm [median = 0.25, Q1 = -0.16, Q3 = 0.52).

Effecis of repealed sampling

There were no morfalities in either cohort. Further-
more, there were no significant differences in weight
gain {Kruskal-Wallis, p=0.354,n=9, H=0.86, df=1) or
shell growth (Kruskal-Wallis, p = 0.895, n= 9, H=0.02,
df = 1) between repeatedly sampled individuals and
controls over the subsequent 7 mo (October 2000 to
May 2001} study period. The change in animal weight
ranged from -0.74 to 2.48 g for the treatment group
{median = -0.03, Q1 =-0.31, Q3 = 0.72) and from -0.38
to 1.65 g for the controls (median = 0.34, Q1 =0.13, Q3 =
0.89). The change in shell size ranged from -0.49 to
3.25 mm for the treatment group (median = .00, Q1 =
0,22, Q3 = 0.34) and from -1.07 to 0.32 mm for the
controls (median = 0.00, Q1 =-0.16, Q3 =0.12}.

DISCUSSION
Technique development and appraisal

The chemical composition of hemolymph varied
identitiably between individuais but only minimally by
cellection site. This provided assurance that the adduc-
tor muscle sinus is a suitable alternative to the more
difficult cardiac chamber for hemolymph coliection.
Only calcium and cell count showed statistically signif-
icant differences between fluid types, with concentra-
tions in the adductor muscie fiuid generally higher
than corresponding cardiac fluids, These differences in
composition could have arisen ¢due to sampling order,
Adductor muscle fluids were, by necessity, always
sampled and dounted first, allowing a few minules for
potential margination of cells ard/or dilution of circu-
latory fluids (Willard et al. 1984) with compensatory
uptake of extravascular water. Differences in calcium
were slight in magnitude.

Table 2. Ellipiio complanata. Results from a Friedman test of
difference between collection sites, using individual mussels
as a blocking variable. Median values for the adductor
muscle and ventricular fluids are presented, as well as the
Friedman S-statistic and associated p-value

Hemolymph Adductor Ventricle 8 D
tarameter median  median

Cell count {pl 1076 710 4.0 0.046
Na (mmol I"Y) 16 16 0.0 1.0
K (mmaol 17} 0.53 0.53 1.0 0.317
C1 {mmol 1"l 18 18 0.0 1.0
P (mg di™Y 0.85 0.80 033 0.564
Ca (mg di™"} 17.50 18.95 4.0 0.046
My {rg QY 2.75 2.80 2.0 0.157
NHy (nmol IH 36.3 46.1 1.0 0.217
Proiein (mg di) 68.2 679 0.0 1.0

Venfricular hemolymph was difficult to collect with-
out injury to the organism:. Furthermore, discerning
vihiether the fluid was ventricular or pericardial in
origin required the use of & dissecting microscope, and
even then # was difficuit. The anierior adductor
muscle sinus, in contrast, was easy to access, produced
a sizable guantity of fluid, and collection resulted in no
obvious harm to the animal. Flectrolyie values were
comparable to those available from studies of related
species {Dietz 1974, Pynnonen 1994). Conseguently,
we chose to focus on the anterior adductor muscle
sinus for hemelymph collection efficacy studies,

Eificacy analysis

A limited number of studies have examined the
impacts of hemolymph coliection in marine (Ford 1986,
Yanick & Heath 2000} or brackish-water {Fyhn &
Costlow 1975) bivalve species, and have found no effects
on survival. Qur results on a freshwater species corrob-
orate these earlier findings, We found that hemolymph
sampling from the anterior adductor muscle sinus
impactéd neither survival nor growth in Elipfio
complanata. Surprisingly, the singly sampled group
displayed greater weight gain than the controls, though
the difference was not stafistically significant. Animals
may hold variable amounts of waler in their mantle
cavity. Therefore, some precision was lost by our
decision to minimize stress of handling and not forcibly
rsmove mantle cavity water prier to weighing. All
animals were handled and weighed in a consisteni . nan-
ner. Shell growth in this time frame and under our hus-
bandry conditions was minor in both ireatment groups.

Our findings of minimal growth over time, in both
the treatment and control groups, are consistent with
other studies of adult freshwater mussels in captivity.
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Attempts to house adult freshwater mussels in captiv-
ity for any length of time have met with limited success
{Naimo et al. 2000). This is presumed to reflect inade-
quate diet. Survival rates were not affected by
hemolymph sampling, even under the imperfect condi-
tions of prolonged captivity. Consequently, unless
there is increased vulnerability to predators following
handling, it is likely that the procedure’s safety will
iransfer to the context of the field environment.

Utility of hemolymph analysis

Freshwater bivalves inhabif a wide range of aguatic
habitats, are sensitive to habitat disturbance and are
fairly simple to collect (MHauer & Lamberti 1996},
Therefore, they are potentially important sentinel
species for biomonitoring aquatic changes (McMahon
& Bogan 2001). They are also currently one of the most
imperiled faunal groups in North America (Williams et
al. 1993). The better their health and habitat require-
ments are understood, the more dlearly we can farget
interventions to improve population and ecosystem
recovery efforts. Our studies found that 0.5 ml is a
safe collection target volume for Elliptioc complanata
measuring 4 to 7 cm in shell length. With modification
of target volumes and perhaps needle gauge, this
technique is likely to be adaptable to different size
classes and species of freshwater mussels, Circulatory
fluid analysis may provide a non-lethal avenue for
freshwater bivalve health assessment that is both
simple to perform and minimally intrusive to popula-
tions under study.
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