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ABSTRACT: Using transplanted nmussels as an in-situ bioassay to assess
mari ne environnmental quality has provided inportant information on

bi oavai l ability of contam nants and associ ated bi oeffects that woul d not
have been available with traditional chem cal nonitoring, biononitoring,
or |laboratory bioassays. It is one of the nost prom sing field bioassay
systens because of the relative ease in naking synoptic neasurenents of
bi oaccunul ation and growth to estimate chem cal exposure and bioeffects,
respectively. In-situ field studies that utilize transplanted ani nmals
conbi ne the advantages of environnental realismassociated with field
nmoni tori ng and experimental control associated with | aboratory testing.
Because they are sedentary and concentrate contam nants, resident
nmussel s have been used extensively to estimate exposure by neasuring
contam nants in their tissues. The use of resident nussels as a
response indicator has been very limted because of the difficulties
associ ated with nmeasuring biol ogi cal processes and defining the exposure
period in natural populations. Transplanting caged nussels facilitates
measurenents of bioeffects and clearly defines the exposure peri od.

Data froma series of nussel (Mytilus galloprovincialis) transplants in
San Di ego Bay, California, denonstrate how this nethodol ogy can be used
to assess the extent of contam nation and associ ated bi ol ogi cal effects.
Al t hough nore than 18 sites were studied in nine separate transplants
bet ween 1987 and 1990, enphasis will be placed on two sites in the
Shelter Island Yacht Basin separated by only 3 meters vertical distance.
The nussel field bioassay was used to identify the following: (1) site-
specific differences, (2) tenmporal and spatial variability, (3) short-
termand long-termtrends, (4) potential sources of contam nation, and
(5) dose-response rel ationshi ps.

KEYWORDS: rmnussel transplants, sedinments, bioaccunul ation, growt h,
contam nation, in-situ bioassay, standard protocols

Bi ol ogi cal monitoring systens are needed to identify the presence
of potentially toxic chemicals, quantify their presence in ani nal
ti ssues, and provide neani ngful neasurenments of biol ogical effects
(Mearns 1985; U. S. Environnental Protection Agency 1988). Al though
t here has been extensive use of filter-feeding bivalves to neasure
bi oaccunul ation in both | aboratory and field studies, synoptic field
measur enents of exposure and bioeffects have been extrenmely limted.
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Transpl anted nmussels are an effective tool to obtain information about
exposure and bi oeffects associated with chem cal contam nation that is
not provided by traditional chem cal nonitoring of water, sedinent, and
tissue or fromlaboratory bioassays (Phillips 1980; Martin 1985; Nel son
1990; Wddows and Donkin 1992; Phillips and Rai nbow 1993; Sal azar and
Sal azar 1994). Traditional approaches do not adequately mneasure

bi oavailability or the potential effects of contam nants. The exposure
period is always uncertain in chem cal nonitoring of resident nussels,
there is little experinental control, and bioeffects are difficult to
measure. In | aboratory bioassays, bioeffects are easily neasured but

t he experinmental control may introduce unwanted artifacts and the
environnental significance is always questionable. Even the nost

conpr ehensi ve approaches that conbi ne chem cal measurenents of seawater
or sedinment with | aboratory bioassays and community assenbl ages (Long
and Chaprman 1985) shoul d be augmented with field bioassays that include
nore direct neasurenments of actual exposure and associ ated bi ol ogi ca
effects.

Currently, there are no ASTM protocols for in-situ bioassays to
estimate exposure or bioeffects. There is a need to standardize
protocols for the use of transplanted nmussels as indicators of exposure
and effects because the few protocols that have been devel oped differ
significantly (Martin 1985; Foe and Kni ght 1987; Wber 1988; Phillips
1988; O ark 1989; Nel son 1990; Sal azar and Sal azar 1991).

St andardi zati on woul d hel p ensure consi stent and conparabl e data and
interpretation of the results. In-situ bioassays should undergo the
same |l evel of scrutiny for standardization as any | aboratory bioassay,
and bi ol ogi cal effects nmonitoring should be enphasized as nmuch as
chemi cal nonitoring

Because of the relative ease in chemcal nonitoring of nusse
ti ssues, extensive protocols have been devel oped for collection, tissue
extraction, and subsequent chem cal analysis. Since only live aninmals
are col | ected, maintenance during the exposure period has not been an
i ssue and animal health at the tine of collection has generally been
i gnored. The robust nature of nussels and the enphasis on using nusse
tissues for estimtes of exposure to contam nants has probably led to
the | ack of appropriate care by inexperienced investigators using caged
nmussel s as an 1 n-situ bi oassay.

Established in 1977, the State of California has the |ongest
runni ng Mussel Watch program but the enphasis has been on neasuring
bi oaccunul ation in resident popul ations and nussel transplants to
estimate "hot spots" of contamnation (Martin and Severeid 1984; Martin
1985). The National Oceanic and At nospheric Adm nistration (NOAA)
Nat i onal Miussel Watch Program nmeasures bi oaccunul ation in nmussels and
oysters throughout the United States (National Oceanic and At nospheric
Admi ni stration 1989). As evidenced by these two maj or nonitoring
prograns, biological processes are seldomneasured in the field, and
they are clearly not part of routine nonitoring (Roesijadi et al. 1984;
Foe and Kni ght 1987). Few studies have been conducted to validate
| aboratory bioassay results in the field. Al though the nmethods for
conducting in-situ exposure and bioeffects studies with nussels are
relatively sinple, few studies with synoptic nmeasurenents have been
conducted. Furthernore, problens associated with experinental design
and handling have conmonly led to spurious data and i nappropriate data
interpretation (Wite 1984; Salazar 1992). |In advocating the use of
bi ol ogi cal indicators for environnental nonitoring, Phillips (1980) has
stressed the potential power of bioindicators, but has al so cauti oned
agai nst the potential pitfalls in data interpretation. There are a
nunber of unexpl ai ned i nconsi stencies in survival, bio-accumulation, and
growm h of mussels in response to contam nant exposure in the |aboratory
and the field (Kiorboe et al. 1981; Chapnman 1983; Cossa 1989; Sal azar
1989; Lobel et al. 1990, 1991, 1992; Sal azar 1992).
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We have successfully transplanted nussels in San Di ego Bay and
Puget Sound to assess the extent of contam nation and associ at ed
bi oeffects. 1In all of our studies, both exposure and bi oeffects were
measured in the sane test animals. Data fromnussel transplants in San
Diego Bay, California, will be used as a case study to denonstrate how
this met hodol ogy can be used in an environnental assessnent. Although
nore than 18 sites were studied in nine separate transpl ants between
1987 and 1990, enphasis will be placed on two sites in the Shelter
I sl and Yacht Basin (the nbst contam nated area) separated by only 3
meters vertical distance. The Puget Sound data are di scussed el sewhere
(Sal azar et al. this volune) and are used to denonstrate how the
protocol s presented here can be varied to address different issues, such
as sedinent effects. This "protocol"™ paper has three primry
obj ectives: (1) Describe the advantages of using transplanted nussels as
in-situ indicators of chem cal exposure and bioeffects; (2) Present the
basi c protocols that we found successful; and (3) Present data
supporting the utility of the approach

ADVANTAGES OF | N-SI TU MJUSSEL Bl OASSAYS

Advant ages of Transpl ants

Transpl anted nmussel s can be used as an in-situ bioassay to obtain
i nformati on on marine environmental quality that would not be avail able
t hrough routine chem cal nonitoring, biological nonitoring, or
| aboratory bi oassays. The transpl ant approach conbi nes the experinenta
control of laboratory testing and the environnmental realismof field
testing (Geen et al. 1985; Salazar and Sal azar 1994). There is control
of integrated sanpling over space and tinme (Martin 1985) with a clearly
defined exposure period. As shown in Fig. 1, caged mnmussels can be
strategically depl oyed al ong physi cal and chemi cal gradients and at
sites in the assessnent area where resident nmussels would not normally
be found; subtidally in the water colum and away fromthe shoreline.
Caged nmussel s can be transpl anted near suspected sources of
cont am nation, such as sedinent or outfalls, to confirmthe relative
bi oaccunul ati on and bi oeffects associated with those sources. Caged
animal s can be used to sanple an infinite matrix over space and tine.
Transpl ants al so hel p avoid sone of the factors that add to the
variability associated with sanpling natural popul ations that have been
detail ed by Lobel et al. (1990, 1991, 1992). For exanple, different
popul ati ons may be at different tidal heights, have a different sizel/age
structure, and may even be conposed of different species.

Transpl ant studi es conducted with caged ani mals al so permt
repetitive, non-destructive neasurenents of individuals to increase the
statistical power of the test and the ability to identify site-specific
differences. Repetitive neasurenents during a given bioassay and
successive transplant studies in a given area allow estimates of
tenporal and spatial variability. Caging facilitates tracking
i ndi vi dual s and maki ng neasurenents of bioeffects over tine to identify
short- and long-termtrends. Lastly, serial, sequential studies permt
quantification of dose-response relationships over a variety of
environnental ly realistic test conditions. This can be used as a first-
order-approxi mation to predict environnental risk.

Several investigators have used differences in accunul ati on of
contam nants in transplanted nussels for source identification
Sedi nents were shown to be the source of dichloro diphenyl trichloro-
et hane (DDT) and pol ychl ori nated bi phenyls (PCB) contamni nation by
measuring tissues of mussels transplanted at various depths fromthe
surface to the bottom The concentration of contami nants in tissues
decreased with distance fromthe bottom (Young et al. 1976). Tissues
from nmussel s nearest the bottom had concentrations 10 ti mes hi gher than
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FI G 1--D agram of environnental sanpling over space and tine using
in-situ transplants of caged mussels al ong gradients of chem ca
contam nati on. Two suspected sources (outfall and sedinment), two
sites, two depths, and two sanpling intervals are shown.

those nearest the surface. In a related study, it was shown that

resi dent nmussel populations in the area also reflected tenporal and
spatial changes in the anbient concentrations of DDI and PCB. There was
no correlation with depth for mercury in tissues of nussels transpl anted
at various depths in the same assessnent area (Eganhouse and Young
1978). These data suggest that, in contrast to DDT and PCBs, nercury
associ ated with sedi nents was not |eaching to the water colum and
becom ng bioavail able. As part of the environnental assessnent for the

Exxon Val dez oil spill, transplanted nmussels were used to show t hat
particulate oil in subsurface waters was bi oavail able and

bi oavail ability decreased with water depth (Short and Rounds 1993). In
a rel ated Exxon Val dez study, Shigenaka and Henry (1993) showed that the
concentration of oil in tissues fromtransplanted nmussels was 100 tines

greater than sedi nent concentrations and two tinmes higher than oi
accunul ated by lipid bags. These results suggest that although the

sem - per neabl e menbr ane devices may be nore conveni ent and provi de nore
experinmental control, they are not a perfect surrogate for |ive nusse

bi oaccunul ati on and they cannot predict bioeffects. |n conprehensive
reci procal transplant experinents, Roesijadi et al. (1984) and W ddows
et al. (1990) were able to identify sources of contam nation and show
rates of accumul ati on and depuration for several different contam nants.

Advant ages of Mussel s

Mussel s are particularly well-suited to the transpl ant mnet hodol ogy
because they are sedentary; their hard shells nake them easy to collect,
handl e, cage, and neasure. They survive well under npst environnenta
conditions. Missels are probably the nbst common in-situ bioindicator
for marine environnments because they are ubiquitous, sedentary, and
responsive to their environment at both the mcro- and macro-
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geogr aphi cal scales and at all |evels of biological organization (G een
et al. 1985). They integrate bioavail able contam nants at
concentrations that can be orders of magnitude above those found in

ot her environmental conpartnents (water or sedinment). There is a
trenmendous amount of background material avail abl e based on

bi oaccunul ation in the field (State of California 1988; National GCceanic
and At nmospheric Admi nistration 1989) and in the |aboratory (Bayne et al
1985; Wddows and Donkin 1992). O her advantages of using nussels as

i n-situ bioindicators have been docunented el sewhere (CGol dberg et al
1978; Phillips 1980; Farrington et al. 1987; Phillips and Rai nbow 1993).

Al t hough the use of nussels as a bioindicator is sonmetines
criticized for relative insensitivity to contam nants, their ability to
survive under sub-optimal conditions is a strength of the approach
(Phillips and Rai nbow 1993). W have refined neasurenment protocols for
a subl ethal response (growth) to increase the sensitivity and the
di scrimnating power of the bioassay. Transplants could be used as an
exposure systemto facilitate neasuring any clinical biomarker of
environnental effects (McCarty 1991). This includes the nost sensitive
bi omar kers that are being devel oped to assess effects at the cellular
and the nol ecul ar | evel of organization. Al npbst any hypothesis
regardi ng bi oaccumul ati on and bioeffects rel ati onshi ps over space and
time is testable using the transpl ant approach with nussels.

Advant ages of Bi oaccunul ati on

Mussel s have been used extensively as indicators of exposure for
several reasons: (1) they are capable of concentrating contam nants in
their tissues at concentrations that are frequently orders of magnitude
above those found in seawater or sedinment, (2) they provide integrated
i nformati on about environmental conditions and the bioavailability of
cont am nants that cannot be defined with chem cal neasurenents of
di screte water or sedinent sanples, and (3) they can provide a nore
direct |ink between exposure and bioeffects. This is why
bi oaccunul ation is used to estinmate exposure. Tissue concentrations of
contam nants better represent actual exposure whereas concentrations of
contam nants in environmental nedia (e.g., water and sedinments) only
represent apparent exposure. Actual exposure can |l ead to biologica
effects. Even if contam nants were detectable and bioavailability could
be estimted by chem cal analysis of water sanples, the nunber of
sanpl es that woul d be necessary to adequately describe the epheneral
nature of contam nants in the water col um woul d be cost-prohibitive.
In a recent study where tributyltin (TBT) could not be detected in
sedi ment at many |l ocations in the assessnent area, TBT was mneasured in
all natural popul ations of oysters (Espourteille et al. 1993).
Simlarly, PCBs and pol ycyclic aromatic hydrocarbons (PAHs) were
measured in tissues of transpl anted nussel s when concentrations were
below the limts of detection in seawater (Green et al. 1986; Short and
Rounds 1993).

Advant ages of G owt h

Growm h, a conmonly used indicator of biological effects, is a
sensitive and environnmentally realistic biological response because it
is a sublethal effect that shows a quantifiable dose-response
relationship. It is a biological response that represents the
integration of all internal biological processes and has been identified
as a significant effect to be neasured in environnental assessnents
(Bayne et al. 1985; Wddows and Donkin 1992). It also integrates tota
envi ronnent al exposure and can be related to adverse effects at the
popul ation | evel (Bayne et al. 1985). Reductions in growmh are easily
gquantified and correlated with adverse environnental effects. However,
since both natural and pollution-related stresses have been shown to
reduce nussel growth rates, cause-and-effect is not easily proven
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(Wddows and Donkin 1992). Repetitive neasurenents and the experinmenta
control associated with the transplant mnet hodol ogy facilitate isolating
the variables in question and providing essential information to help
establish causality; particularly when used in conbination wth

| aboratory bi oassays and field neasurenents of factors affecting grow h.

There is an increasing trend toward measuring subl et hal responses
like growth in |aboratory and field studies; instead of, or in addition
to neasuring nortality. Reduced nmussel growth has been associated with a
variety of contam nants in both | aboratory and field bioassays (Strongren
1982, 1986; Stephenson et al. 1986; Sal azar and Sal azar 1987, 1988, 1991
1994; Strongren and Bongard 1987; Wddows et al. 1990; Valkirs et al
1991; Wddows and Donkin 1992). Juvenile nussel growth was the nost
sensitive sublethal indicator of TBT neasured in San D ego Bay m crocosm
experinments (Sal azar and Sal azar 1987; Sal azar et al. 1987).

Advant ages of Synoptic Measurenents

The in-situ mussel bioassay assesses environmental quality with
direct, synoptic neasurenents of tissue accumul ati on and mussel growth
in field exposures. It is inportant to nmake the distinction between the
use of biological indicators as detectors of environnental contam nation
by monitoring tissue accunul ation versus their use as indicators of
environnental effects by neasuring biol ogical responses |ike growth.

Bi oaccunul ation is an exposure neasurenment and is used to determ ne the
relative bioavailability of contam nants; growh is a bioeffect
measurenent and is used to identify adverse effects associated with that
exposure. Both nust be used to address the question of whether el evated
concentrations of contam nants in the environment (water, sedinment, or
tissues) and reduced growth constitute an environmental problem The

i n-situ mussel bioassay facilitates the synoptic neasurenents of

bi oaccunul ation and growth to hel p answer that question. It should also
be recogni zed that bi oaccunul ati on can be regarded as both a chemnica
and a biol ogical process and that bioaccunulation in itself, should not
be consi dered an adverse biol ogical effect. Synoptic neasurenents have
other applications in the risk assessnment process. Wddows has

pi oneered using synoptic neasurenents of bioaccumul ation and
physi ol ogi cal responses (scope for growh) to predict tissue
concentrations where adverse effects are expected in nussels (W ddows
and Donkin 1992). This approach is gaining inportance because of the
applications to ecol ogical risk assessnent and several investigators
have advocated noving toward criteria based on tissue burdens; in
addition to, or instead of the concentration of contam nants in water or
sedi ment (McKi m and Schm eder 1991; Cal abrese and Bal dwi n 1993).

Al t hough these predictions can be based on chemical nodels, the best
method is to establish the dose-response curves fromdirect, synoptic
nmeasurenents of the dose and the associ ated response.

METHOD SUMVARY AND RECOMMENDED PROTOCCLS

Most of the protocols presented here were devel oped between 1987
and 1990 as part of a long-termresearch program during which nine
transplant studies with juvenile mussels were conducted in San Di ego
Bay, California, (Salazar and Salazar 1994). |In summary, the exposure
peri od was 12 weeks, 18 caged juvenile nussels were depl oyed at each
site, and growt h was neasured w th whol e-ani mal wet-wei ghts weekly or on
alternate weeks. These were water columm studies to evaluate the
distribution and effects of TBT antifouling coatings associated with
vessels. At nost sites, nussels were transplanted 1 neter bel ow the
surface, but some sites like the Shelter Island Yacht Basin (the nost
cont am nated) al so had nussels 1 neter above the bottom The enphasis
was on juvenile nussels 10 to 12 mmin length. A single 12-week study
was conducted in Elliott Bay, Washington, during the winter of 1990 to



222 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT: THIRD VOLUME

1991 (Sal azar et al. 1994). In summary, the exposure period was 12
weeks, and 18 to 54 juvenile nussels and 200 to 300 adult nussels were
caged at each site. Juvenile nussel growth measurenents were nade at
t he begi nning and end of the test. |Individual adult nussels were only
measured at the end of the test; adults were sized (not neasured

i ndividually) for the 50 to 60 nmrange at the beginning of the test.
Juvenile nussels from24 to 30 mmwere also used. Bioaccunul ation was
measured at the end of the tests in San Diego Bay and Elliott Bay.

Based on the San Diego Bay and Elliott Bay results, and subsequent
studi es, we recomend that nussel transplant studies be conducted wth
both juvenile (<30 m) and adult (>50 mm aninmals. The size range
shoul d be mninzed in each group and synoptic measurenments shoul d
i ncl ude bi oaccunul ation and growth. It is also inportant to make
mul ti pl e measurenments on individual nussels to estimate growh. This
i ncreases the statistical power of the test and maximzes the ability to
discrimnate differences anong sites. W reconmend neasuri ng whol e-
ani mal wet-weights and | engths as a non-destructive nmethod to achieve
those nultiple measurenents on individuals. W also recommend cages or
bags with individual cells to facilitate the nmeasurenents. The
collection site is largely dependent on the question to be answered and
the availability of test animals. Regardless, aninmals should be
collected with extrene care to avoid injury and ot her experinmentally-

i nduced stressors that mght affect bioaccumulation and growh. An
exposure period of approximately 90 days is recomended. It should be
renenbered that the purpose of the in-situ nmussel bioassay is to
estimate both exposure and bioeffects in a mninmmperiod of tinme and to
use those data to detect differences anong sites in assessing relative
environnental quality.

Experi nental Design

Size--We recommend minimzing the size range for juvenile and
adult mussels to reduce variability in bioaccunul ati on and growth
attributable to size. A target range of 2 to 5 nmis suggested. Since
size and reproduction are two of the nost inportant factors influencing
nmussel bioindicator results (Bayne et al. 1981; Lobel et al. 1990, 1991
1992; Wddows and Donkin 1992; Phillips and Rai nbow 1993), these effects
can be mnimzed by restricting the size range as we have done. The
absolute size is less inportant than the range of test animals. W have
successfully conpl eted juvenile nussel transplant studies using animals
10 to 12 mm 24 to 30 mm and 26 to 30 nm The majority of our work was
conducted with juvenile nmussels in the smallest size group (10 to
12 mm. We used small juveniles al nost exclusively in the San D ego Bay
studies for the followi ng reasons: (1) to avoid the effects of
ganet ogenesi s on bi oaccurmul ation and growth; (2) to maxim ze growth
potential throughout the test and allow for greater separation anong
sites; and (3) to utilize what we believed was greater sensitivity to
contam nants in juvenile nussels. W used adult nussels |ess
frequently, but aninmals 50 to 60 mmand 59 to 65 mm were successfully
used in San Diego Bay and Elliott Bay. Although the target size range
of 2 mMmis realistic, it is not always practicable and adjustnents
shoul d be nmade to mninmze the range to the extent possible. It is nore
difficult to use a broad size range to estimate bioaccumrul ati on or
grow h because of the differences in bioaccumul ati on and grow h
attributable to size and associ ated physi ol ogi cal differences.

By limting the overall size range (2 to 5 mmin length), the
di scrimnating power of the bioassay inproves dramatically.
Statistically significant differences anong sites based on growth can be
identified even if growmh rates differ by only 25 nmg/wk (= 25% (Sal azar
et al. this volune). Simlarly, sites can be differentiated by the
concentration of contami nants in tissues even if tissue residues differ
by a factor of two or less (<100%. W believe these statistica



SALAZAR AND SALAZAR ON TRANSPLANTED MUSSELS: | 223

di fferences are also environnental ly significant and could not be as
easily identified with a wider size range of animals. The Missel Watch
Programinitially set a goal of identifying "hot spots" of contami nation
with differences exceeding a factor of 10, or greater than 1, 000%

(ol dberg et al. 1978), but the reconmended size ranges in adult nussels
vary from10 to 30 nm (Stephenson et al. 1980; Wber 1988; Nationa
Cceani ¢ and At nospheric Adm nistration 1989).

Based on results fromour studies, we recomrend using juvenile
nmussel s between 10 and 30 mMmwi th a m ni mumrange. The snall est
reconmended size is 10 nm for several reasons. First, it is the
m ni mum practicable size to collect, cage, and neasure. Secondly, nore
somatic tissue is added in animals between 10 and 40 nmthan in any
ot her size range. To take advantage of the potential for rapid tissue
gain, it is better to start with the snmallest practicable animals. The
maxi mum r ecommended si ze for the juvenile conponent of the in-situ
nmussel bi oassay at the beginning of the test is 30 mnm At 30 mm
animals are still growing rapidly and they will usually not exceed 50 nm
during the test. At a length of approximately 50 nmm ganete production
begi ns to exceed somatic production (Rodhouse et al. 1986). Mbst
nmoni tori ng prograns use nmussel s >50 nm but the recomended range is 10
to 30 nm (Stephenson et al. 1980; Wber, 1988; National Cceanic and
At mospheric Adm nistration 1989).

Juvenil es may be nore representative of short-term changes than
adul ts because of their nore rapid growh rates and correspondi ng
addition of tissue and contam nants (Fischer 1983, 1988). In the San
Di ego Bay study, aninmals that began the test in the range 10 to 12 mm
provi ded sufficient tissue for chem cal analysis at the end of the test
since the contam nants of concern were limted to TBT, selected netals,
and a few organi c conpounds. In the Elliott Bay study, we used |arger
juveniles (24 to 30 nm to increase the anpunt of tissue available for
chemi cal analysis. Even so, it was not enough for the conplete priority
pol lutant |ist of analytes using regional EPA protocols. Low w nter
tenperatures and hi gh concentrati ons of contam nants reduced growth
rates and the anount of tissue available for chem cal analysis.
Therefore, juvenile mussel tissues were only analyzed for netals and
TBT. Since analytical |aboratories differ in the amunt of tissue
required to achieve a particular |evel of detection, this criterion
shoul d be used to determ ne the amount of tissue (and the nunber of
nmussel s) required for chemcal analysis. Survival and growh rates both
affect available tissue and shoul d be taken into account.

For adults, we recommend using animals >50 mmwithin the 2 to 5 mm
range. Adult rnussels provide substantially nore bionmass for chenica
anal ysis and they provide inportant information on exposure and
bi oeffects that is significantly different fromthat provided by
measuri ng bi oaccurmul ation and growh in juveniles alone. W have
previously used growmh in juveniles to assess effects and
bi oaccunul ation in adults to assess exposure, but results based on this
partial characterization could be m sleading. Al though their growth
rates are nuch sl ower than juvenile nussels, adults may be nore
sensitive to contam nants during ganetogenesis, as well as during
tenperature and nutritive stress (Bayne et al. 1985). It is generally
bel i eved that juveniles, and larvae in particular, are the nost
sensitive life stage. However, Wddows and Donkin (1992) suggest that
adult nussels are nore sensitive to contanm nants than both juvenile and
larval nussels. This elevated sensitivity may be attributable to a
reduction in the efficiency of the inmune response system of the ol der
larger individuals (Hole et al. 1992). Adult nussels could al so be nore
sensitive to particular contam nants. Based on our nost recent San
Di ego Bay transplant study (1993), adult growth rates, as estimated by
whol e- ani mal wet-wei ghts, nmay be nore sensitive to PAHs than juvenile
grow h rates.
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Nunber of Test Ani mal s/ Frequency of Measurenent--For both juvenile
and adult mussels, we recommend using 50 to 100 test aninmals per site to
achieve the resolution that is necessary to detect statistica
differences in growth, to provide sufficient tissue for chem ca
anal ysis, and to provide a reasonable estimate of popul ati on exposure
and response. Based on our previous studies with juveniles, 100 data
points are usually necessary to detect statistically significant
differences. In San Diego Bay, this was acconplished by transplanting
18 animal s/site and neasuring them weekly or biweekly. Using a 12-week
exposure period, this provided 234 and 126 data points per site,
respectively (including nmeasurenents at the beginning of the test). In
Elliott Bay, a simlar level of replication was achi eved by
transplanting 54 animals per site and maki ng growth neasurenents only at
t he begi nning and end of the test (54 x 2 = 108), and we found
statistically significant differences. No statistically significant
differences in adult growth were found anong any of the Elliott Bay
sites by neasuring individuals only at the end of the test (100
measurenents). This was probably attributable to the 10 nm size range
and associated variability in growh, and the uncertainty regarding
differences in size anong cages at the beginning of the test.

We recommend a m ni mum of 50 juveniles per site to provide enough
tissue for chemical analysis. NMre animals mght be required dependi ng
on anal ytical requirenments, growh rates, and nortality. For exanple,
50 juveniles (24 to 30 mmat the start of the test) did not provide
enough tissue for analyzing all the priority pollutants in the Elliott
Bay studies, whereas tissues from 100 adult animals did. |In the San
Di ego Bay experiments, 18 juvenile nussels provided sufficient tissue
for chem cal analysis of TBT and sone netals. The use of nore aninals
than the m nimum for tissue analysis better represents the popul ation
and reduces the overall variability in the chem cal measurenents
attributable to differences anong individuals. Gordon et al. (1980)
recomend a sanple size of 16 to 30 individuals in order to detect a
statistically significant difference in tissue concentrations when the
means differ by 20 to 40% However, analyses were conducted on
i ndi vi dual mussels and only for sel ected contam nants.

Collection Site-- The source of test animals is |argely dependent
on three factors: (1) the question to be answered; (2) the availability
of test animals; (3) logistics involved in collection, initial
measurenents and sorting, and transport to the test site. Aninals
shoul d be collected froma site where environnental conditions have been
docunent ed, contam nant concentrations are low, and the animals are in
good health. Options include collection froma natural site or purchase
fromcomercial culturing facilities that utilize field or |aboratory
growout. For repetitive studies, population effects can be elim nated
by al ways collecting animals fromthe sanme population as we did in the
3-year San Diego Bay study. A simlar approach has been used by the
State of California Miussel Watch program for over 17 years (Martin and
Severeid 1984). Population effects can also be elimn nated by using
hat chery-rai sed animals. The transplant nethodol ogy facilitates
studyi ng popul ation effects and site effects by reciprocal transplants
of animals fromdifferent populations (Dickie et al. 1984; Roesijadi et
al. 1984; Mallet et al. 1987).

We have used animals froma variety of sources and obtai ned usefu
information with each. In the San Di ego Bay studies, nussels (Mtilus
gal l oprovincialis) were collected froma site near the nouth of the bay
wher e cont am nant concentrations were | ower than those further inside
the bay. These intertidal animals were alternately subnerged and
exposed to air during normal tidal cycles. 1In the Elliott Bay study,
mussels (Mytilus trossulus) were collected froma mnmussel farm situated
inrelatively pristine waters near Whi dbey Island. These animals were
attached to floating platfornms and were continuously subnerged. (The
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ef fects of subnergence could also be studied with reciproca
transplants.) W have al so used oysters (Crassostrea virginica) froma
| aboratory culture facility for field transplant studies in Tanpa Bay,
Florida, and microcosmtests in San Diego, California. These three

di fferent approaches denonstrate the versatility of stock choice for
optim zing transpl ant nethodol ogi es.

Exposure Period-- W recomend an exposure period of approximtely
90 days if the major priority pollutants are being assessed. This
shoul d provide sufficient time for nussel tissues to reach equilibrium
with contam nants in the environnent, maxim ze the period where growh
is nmost rapid, and still avoid nost of the effects of ganetogenesis on
bi oaccunul ati on and growth. W used a 12-week exposure period in al
the San Di ego Bay and Puget Sound studies to acconplish this.
Prelimnary San Di ego Bay experinments on the rate of TBT uptake in
transpl anted adult nussels and in mcrocosm exposures suggested that
approxi mately 60 days was required to reach equilibrium(Fig. 2). A
subsequent reciprocal transplant with juveniles and adults suggested
that TBT equilibriumwas reached in 21 days or less (Fig. 3) but the
appar ent exposure concentration was significantly lower (72 vs 500 ng
TBT/L). Depuration was also quite rapid in this experinment. Wth all
other conditions in the mcrocosmexperinent relatively equal, there was
a good correl ati on between seawater concentration and tissue
concentration. Another bioaccumul ati on experinent in southern
California with transpl anted nmussel s has shown that DDT equilibrium was
reached in approxi mately 90 days (Young et al. 1976). The California
State Mussel Watch routinely uses 4 to 6 nonths exposure for
bi oaccunul ati on studies of all contam nants (Martin and Severeid 1984;
Martin 1985) but has used 3 to 4 nonth depl oynment periods for growth
studi es (Stephenson et al. 1986). Alternatively, for some petrol eum
hydr ocarbons, equilibriumis approached with nmussel tissues wthin days
or weeks (Wddows and Donkin 1992). Wddows et al. (1990) transpl anted
tropical nussels for only 11 to 12 days and achi eved el evated
concentrations of PAHs, TBT, PCBs, and |lead. Although we have found
statistically significant differences in growmh after only one week when
conparing the nost contaminated site (Shelter Island Yacht Basin -
surface) with other sites, this exposure period may not be | ong enough
to detect nore subtle differences and chronic effects.

Cages

We recommend cages that maximze water flow, confine yet maintain
adequat e space anong individuals, and facilitate nonitoring growh of
i ndi vi dual mussels. Measuring individual mussels for growth inproves
the statistical power of the test because there are multiple
nmeasurenents of the sane individuals, even if nmeasurenments are only nade
at the beginning and end of the test. This is facilitated by using
conpartnental i zed cages (i.e., trays or nesh bags with one nussel per
cell). Compartnentalized cages are preferred because each animal iIs
provided simlar holding conditions and animals are not permtted to
clump. dunping could Iimt exposure to water and contam nants for
animals in the center of the clunmp. Wth clunped nussels, the bags
t hensel ves can al so restrict valve opening that, in turn, could affect
bi oaccunul ation and growth. 1In all our work, plastic nesh cages with
i ndi vi dual conpartnents were used for the juvenile nmussels and mesh bags
were used for the adult nussels. W have never used marki ng nmet hods for
the follow ng reasons: (1) marks can be obscured by fouling or rubbed
of f; (2) marking increases the tine out of water; (3) sone nethods could
affect the results, and (4) marking increases preparation tinme at a
time-critical portion of the study.

Rigid plastic cutlery trays (Hutzler Manufacturing, Canaan
Connecticut) were subdivided with sem -rigid plastic nesh to create 18
i ndi vidual cells per cage. Overall dinmensions of the cage were 30 x 16
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x 3.5 cmwith a nesh size of approximately 3 nm Individual cells were
approximately 5 x 5 x 1.6 cm Flexible plastic nesh (3 to 6 nm nesh
size) was used as a top. Increasing nesh size maximzed water flow

t hrough the cages with |arger nesh tops used as the animals grew. The
cages and protocols used for the adult nmussels in the Elliott Bay study
were simlar to those devel oped by the California State Miussel Watch
(Stephenson et al. 1980). Oyster culch netting, a plastic nesh tube
with a mesh size of approximately 15 nm (Norpl ex Enterprises, Auburn,
Washi ngton), was used to hold the adults. Previous work has shown t hat
clunps of 10 or nore mussels can reduce bioaccumnul ati on and grow h

(St ephenson et al. 1980; Okanura 1986) so we adopted the protocol of 10
adult mussels per clunp. Each clunp was separated by plastic cable
ties. Each deploynent consisted of 10 clunps (i.e., 100 nussels).

W& now believe that bioaccumul ati on and grow h shoul d be neasured
in juvenile and adult nussels and that flexible mesh bags are nore
versatile than rigid trays. The nmesh bag approach is being nodified to
i ncl ude nmonitoring individual juvenile and adult nussels. Bags will be
conpartnental i zed to i nclude one animal per clunmp. A comercially
avai | abl e netting (Norplex Industries, Auburn, Washington) wll reduce
set-up as well as cleanup tinme and allow unlimted flexibility in the
nunber of animals depl oyed at each site. There are no linmts to bag
| engt h, nunber of bags that can be prepared for deploynent, and the
nunber of individuals per bag. The bags are al so disposable. Rigid
trays may still be preferable for field tests with a | arge nunber of
repetitive measurenents due to tinme savings in placing the ani mals back
in the trays. Using beginning and end-of-test neasurenents only, the
mesh bag approach seens best.

Col | ection and Sorting

We recommend that all aninmals be carefully collected and sorted by
hand. The primary concerns during collection and sorting are ani nal
heal th and chem cal contamination. The collection and processing
procedures for chem cal nonitoring have been carefully devel oped over
many years to avoid cross contani nation. Bioresponse protocols are
poorly devel oped because nussel s have been traditionally used to
estimate only exposure, and animal health has largely been ignored. As
is the case with | aboratory bi oassays, care nust be taken in all stages
of a field bioassay to prevent stress attributable to experinenta
protocols. Inproper handling techni ques can have marked adverse effects
on nussel survival and growh (Sal azar 1992). Even when we thought our
protocol s were conservative in terns of experinmentally-induced stress,
we di scovered that weekly neasurenents had an adverse effect on juvenile
nmussel growth. During collection, sorting, and neasurenent, byssa
t hreads should be cut with scissors or gently broken at the point of
attachnment to avoid injury. Mechanical sorting or ripping nussels apart
can renove or tear the byssal gland and |ead to death. Missels can be
exposed to air during collection and sorting, but they should be kept
cool and noist. Missel clunps with attached organi snms and debris shoul d
not be kept in seawater during sorting because the water quickly becones
foul ed.

To achieve the m ni num reconmended size range (2 to 5 mmin
length), animals are first "rough sorted" into the approxinmte size
range desired and then "fine sorted" into 0.1 nm groupings for
distribution. For both the juvenile and adult nussels, a "rough sort”
is done by eye or coarse nmeasuring device to verify that there are
enough animals in the appropriate size range to begin the test. The
"rough sorted" nussels should be placed in containers filled with clean
seawater. They are held in seawater fromthis point on because initial
wei ghts are significantly influenced by air in the mantle cavity.
Subrer gence provides nussels an opportunity to open their val ves and
rel ease captured air bubbles (burping). For the "fine sort,"” length
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nmeasurenents to the nearest 0.1 mmare nade with plastic vernier
calipers and aninmals are divided into groups of 0.1 mmincrenents.
Prior to placenent in the cage, whol e-ani mal wet weights are neasured
with an el ectronic bal ance (nearest 0.01 g) and the | ength renmeasured.
Animal s that are floating on the surface of the water prior to
measurenent are generally not used to begin the test because floating
i ndi cates the presence of air within the mantle cavity. |If animals
float prior to weighing at the end of the test, they are given
additional time to purge the trapped air and reduce measurenent error

After the fine sort, the size range for both juvenile and adult
nmussel s shoul d be sel ected based on the mninumrange with the nost
animals. To assure an even distribution of test animals anong sites,
all animals in a particular 0.1 mm grouping are distributed anong the
cages. This process is repeated for the remaining size groups until the
cages are filled; each cage then has approximately the same nunber of
i ndi vidual s fromeach size group. To ensure statistical simlarity
anong cages, an Analysis of Variance (ANOVA) is run on both | ength and
whol e- ani mal wet-wei ght data. |If the nmeans are statistically different,
test animals are redistributed to bring the nmeans cl oser together
Using this method, we have never found a statistically significant
di fference anong cages in weights or lengths after the fine sort. Even
if the distributions are not statistically different, any differences in
mean wei ghts or | engths can be minimzed by replacing or switching
i ndi vidual mnussels. |If a size range of 5 mm cannot be achieved, the
range should still be mininmzed and ani mal s evenly distributed (not
randomy) to the extent practicable. Using size ranges above 5 mm may
necessitate | arger groupings for the "fine sort;" eg., 1 nmintervals.

Measur enent s

The in-situ mussel bioassay is based on neasurenents of growth and
bi oaccunul ati on, but survival is recorded during the process and coul d
add significant information to the study. In conbination with grow h,
survival can be used to determine if the test was successful. Poor
survival at the control/reference site (<50% is a good indication that
the test animals have been m shandled and that test results should be
rejected (Sal azar 1992). The nunber of surviving individuals should be
recorded at each nmeasurenent interval. Since the nmethods for chem ca
anal ysis are well devel oped, they will not be addressed here. W have
al ready di scussed the inportance of measuring individual mussels at the
begi nning of the test to mnimze variability. The primary growh
metrics are whol e-ani mal wet-wei ght and shell length. Length
nmeasur enents should be nade to the nearest 0.1 mm and wei ght to the
nearest 0.01 gram Lengths can al so be used to estimate wei ghts and
conpare test results with other studies since length is a comonly
measured paraneter in nussels and is also used in the mariculture
i ndustry.

Wei ght measurenments are nore accurate than | ength neasurenents
because of variability in shell shape. Wight is also closer to a
constantly increasing function than I ength, which levels off as the
maxi mum | ength i s approached. Whol e-ani mal wet-wei ghts can al so provide
a good estimate of wet and dry tissue weights (Dauble et al. 1985)
al t hough dry weights are nore accurate than wet weights due to
variability in water (Wddows and Donkin 1992). Shell weights and
ti ssue weights can also increase at different rates (Wddows and Donkin
1992). Nevert hel ess, neasuring whol e-ani mal wet-wei ghts using the
transpl ant net hodol ogy provides the opportunity for multiple, non-
destructive neasurenents on individuals. Al though we have never nade
dry wei ght measurements because of the tinme and effort involved,
research shoul d be conducted to confirmthe differences in the
di scrimnating power of the two nmethods. W have al ways neasured tissue
and shell weights at the end of each test because we feel they provide
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useful data and the neasurenents are easily nmade as the tissues are
bei ng removed for chem cal analysis. W recommend maki ng these
measurenents in both juvenile and adult nussels.

Due to the economnmy of scale, it is probably nost efficient to
measure grow h at the begi nning and end of the test. To understand
physi ol ogi cal and toxicol ogi cal processes, however, it would be better
to neasure aninmals nore frequently, but not nore than once every two
weeks. Although we attenpted to maximnize replication with weekly
measurenents, this frequency reduced nmussel growh rates and caused
additional stress to the test animals (Sal azar and Sal azar 1994). The
effects of handling were m nimzed by neasuring animals on alternate
weeks in subsequent tests. Simlar growh rates were obtained when
nmussel s were neasured on alternate weeks or only at the begi nning and
end of tests.

Data Analysis and Interpretation

The bi oaccunul ation and growth data can be statistically anal yzed
to determine if there are differences anong sites. The recomended
statistical procedures are an ANOVA foll owed by Duncan's New Miultiple
Range Test. For analysis of the growh data, the individual mussels in
each cage are treated as replicates to increase the statistical power of
the test. Only data for surviving individuals are used in the fina
anal yses to reduce data biases due to nortalities (Dauble et al. 1985).
To evaluate the data fromtwo sites in the Shelter |Island Yacht Basin,
we conpared the wei ghted nmean grow h sl opes for each site by test and
across tests with a t-test (Zar, 1974). Although the discrimnating
power in determning the short-term changes and variability in
bi oaccunul ation and growth is reduced with only begi nning and end of
test measurenments, the statistical power is enhanced by using nore
animals at the start of the test (i.e., 50 to 100). A simlar procedure
was followed for the seawater data. 1In order to conduct statistica
anal yses on bi oaccunul ation data, it is necessary to have replicated
depl oyments. We pool ed the bi oaccunul ation data by site across tests
and nade a single conparison using a t-test.

Short- and long-termtrends can be analyzed to determne if there
is a significant regression over tinme. Then the regressions for
different sites are conpared for statistically significant differences.
Tenporal and spatial variability can be assessed by neasuring that
variability over time and then conparing the variability anong sites and
across tests. Bioaccunulation can be calibrated for specific
contam nants by conparing bi oaccunul ati on versus growh to estinmate
these correl ations and conparing themstatistically. Dose-response can
be eval uated by calculating the regression for bioeffects vs exposure
(growt h vs bioaccunul ation) to determine if the regression is
significant. The next procedure is to determne the inflection point
and estimate where the critical concentrations occur. This information
can be used in an ecol ogical risk assessnment to predict the
concentrations where effects are expected, where they are not expected,
and where effects are uncertain.

SAN DI EGO BAY CASE STUDY

We successfully used the nmussel transplant bioassay to identify
site-specific differences in bioaccurmulation and growh at sites in San
Di ego Bay (Sal azar and Sal azar 1991) and Elliott Bay (Sal azar et al
this volune). W also used seawater TBT concentrations in San Di ego Bay
and sedi ment contam nant concentrations in Elliott Bay to distinguish
di fferences anong sites and correl ated contam nation in environmenta
medi a with bioaccunul ati on and growth in nussels. The discrimnating
power of the nussel transplant approach will be illustrated primarily
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with data obtained for two sites in the Shelter Island Yacht Basin: a
surface and bottomsite separated by only 3 neters vertical distance.
The surface site had the highest concentrations of contam nants and the
| owest growth rates of all San Diego Bay sites. Since these two sites
were so cl ose together, they were expected to be nore simlar than nost
other sites. |If the in-situ bioassay nethod can detect differences
between these sites, it seens reasonable to assune that it could also
detect differences anong other sites. Fig. 4 shows seawater TBT, tissue
TBT, and juvenile nussel growh rates for the surface and bottom sites:
by test and by neans for all tests. Since bioaccumnulati on was only
measured at the end of the test there was only one neasurenment per test
and there are no error bars on a per-test basis. This figure and those
that follow show the utility of the nussel field bioassay in conjunction
with chemi cal nmonitoring to identify short-termand | ong-termtrends,
tenmporal and spatial variability, site-specific differences, source
identification, and dose-response. Since the Elliott Bay study was a
single experinment at one point in tinme, the data do not address trends,
variability or dose-response. Serial transplants at the test sites
coul d address those issues, as we have shown with the San Di ego Bay
data. However, the Elliott Bay data were used to identify site-specific
di fferences and potential contam nation sources (Sal azar et al. this

vol une) .

Short-term and Long-term Trends

Short-termtrends can be estimated by conparing neasurenents nade
during one test period with those nmade during another. Long-termtrends
can be estimated by serial transplants over tine and conparing severa
tests over a longer tine period. The short- and long-termtrends in
seawat er TBT concentration, tissue TBT concentration, and growh for the
Shelter Island sites are illustrated in Fig. 4. The seawater
concentration of TBT decreased significantly at both sites between 1987-
1990, although the decrease at the surface site was nuch nore dranatic.
The concentration of TBT in nmussel tissues also decreased concomtantly
over the first four tests at the surface site, but then showed a
dramatic increase before declining again. Since we have shown t hat
weekly measurenments reduced nmussel growh rates, and a correl ation
bet ween growt h rate and bi oaccunul ati on, we believe that this increase
in tissue TBT nmay be attributable to higher growh rates associated with
the switch to neasurenents on alternate weeks in Test 5. Gowh rates
i ncreased steadily at both sites through Test 7 and we attribute the
decrease in Test 8 to the extrenmely | ow winter tenperatures. W did not
have enough replication over seasons, or enough synoptic neasurenents of
tenperature and chl orophyll-a to extract seasonal effects, or the
effects of other natural factors. Qher conparisons could be nade
bet ween seawat er TBT and natural factors to assess covariance. By
maki ng nul ti pl e measurenents of seawater TBT during each test, it is
possible to estimate variability and calculate a regression for the rate
of change and determine if the change is statistically significant.

Tenporal and Spatial Variability

Conpared to seawater TBT concentrations and growh rates, it
appears that tissue TBT concentrations for these two Shelter Island
sites were the nost variable over space and tinme (Fig. 4). The
rel ati onshi p between seawater TBT and growth is better than the
rel ati onshi p between tissue TBT and growth (Sal azar and Sal azar 1994).
By conparing scal es however, the tissue concentrations only varied by a
factor of two or three. Seawater TBT concentrations and individua
grow h neasurenents varied by nore than a factor of six (tw ce as mnuch)
on a weekly basis during the same tests (Sal azar and Sal azar 1988;

Sal azar and Chadw ck 1991). This variability is one of the reasons for
measuring tissue concentrations; to normalize exposure concentrations.
The variability in tissue measurenments may be attributable, at least in



SALAZAR AND SALAZAR ON TRANSPLANTED MUSSELS: | 231

c 700 ] 700
Ej 5007 E\ * T 500

=) i S — T
© i urface n=86 1
§5 300 \ Nn=cd [ 300
?  100f, n=68 1 5
B
g 37 Surface n=9 * 13
5 T z
o 17T - —~ _V \ 11
= Bottom

500 T T T T T T T T 500

%"‘ I Bott *
¥ 3000 ottom n=1305 { 300
£ oD | |
3E n=1512
© 100 = = Surface 100

TeSt‘T‘:‘3‘4‘5‘6‘7‘8‘9‘ Surface  Bottom
Mean Mean

FIG 4--Tenporal and spatial variability and differences in seawater TBT
concentrations, tissue TBT concentrations and nussel growth rates at two
nmussel transplant sites (Shelter Island). Data points for seawater and
growm h represent 12 week neans (z2 Standard Errors). Tissue TBT data
poi nts represent end-of-test nmeasurenents only. * = statistically

significant difference (™ = 0.05).
15 - 15 -
Cadmium Chromium

1.0} - - - — 0F-—-| F—————-
= 05F - — 5 i
e
el
Red
@ Mean Mean
5 225
B
€ 150 - _
[
[$3
3 75
3 _J 1
g "
% Mean 5 6 7 9 Mean
2 225 7i Test Number
2 inc T
= oL S I R e

150 *

757 - 7

|:| Surface
i - Bottom

5 6 7 9 I\Wean
Test Number

FIG 5--Concentrations of five netals in juvenile nussel tissues fromthe
surface and bottomsite shown in Fig. 3, during the same tests (5, 6, 7,
9) and nussels fromthe same cages. Means across tests = 2 Standard Errors
are al so shown. * = statistically significant difference (" =0.05).



232 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT: THIRD VOLUME

part, to the lack of replication in tissue nmeasurenments. Although the
variability in mussel growh appears low, variability in growh rate
anong i ndi vidual nussels and between seasons is high. W were able to
normal i ze sone of this variability by making many i ndivi dual growth
measurenents for each individual nussel. Sinmlar replication is
acconpl i shed by increasing the nunber of test animals and only measuring
at the beginning and end of the test as we did in Elliott Bay. It
shoul d al so be renmenbered that variability in seawater TBT
concentrations decreased at both sites over tine as the absolute
concentrations decreased. Variability in nmussel growh rates increased
at both sites over tinme as the absolute growth rates increased.

Al t hough the |l ong-termtrends shown here are very simlar to those shown
for TBT in a nonitoring programfor water, sedinment, and tissues of

resi dent adult nussel populations in San D ego Bay (Valkirs et al

1991), the fine structure of tenporal and spatial variability that we
have shown woul d not have been detected using only resident nussels and
measuring less frequently. Missels are not found at the bottomsite in
the Shelter Island Yacht Basin, quarterly nonitoring did not capture the
weekly variability we observed, and bioeffects were not nmeasured in the
resi dent rmussel nonitoring program

Site-specific D fferences

Even with the variability associated in all three nmeasurenents, we
found statistically significant differences between the two Shelter
Island sites in seawater TBT, tissue TBT, and nussel growth rates across
tests (" = 0.05). Even though these sites were separated by only 3
meters, they were very different. Gowh was significantly different i
every test; seawater TBT concentrations were significantly different in
all tests but two. Fig. 5 shows the differences in cadm um chrom um
copper, lead, and zinc for the Shelter Island surface and bottom sites.
In al nost every conparison, the tissue concentrations are higher at the
surface site. For copper and zinc, these differences are statistically
significant (" = 0.05). W also found significant differences in
tenperature and chl orophyl|l-a between the sites (Sal azar and Sal azar
1994). Copper, zinc, and tenperature were higher at the surface and
chl orophyl | -a was higher at the bottom Because the differences in
tenperature and chl orophyll-a were small, we do not believe they were
the primary cause of differences in nmussel growth between the Shelter
Island sites.

n

Source ldentification

Since the concentrations of TBT were significantly higher in both
seawat er and nussel tissues fromthe surface site (Fig. 4), it appears
that the primary source of TBT contam nation is associated with the
surface water and not the bottom sedinent. This is reasonable since the
primary source of TBT is the antifouling paint on the ship hulls noored
in the Shelter Island Yacht Basin. Wth the ban on the use of TBT in
1988, the concentration of TBT in surface water declined dramatically
and nussel growth rates increased significantly. This would seemto
confirmthat the source was at the surface. It was specul ated that high
concentrations of TBT in bottom sedi nrent woul d be bi oavail able, but we
did not find high concentrations of TBT in the tissues of nussels
suspended 1 nmeter off the bottom Simlarly, mnmussels caged at the
surface site had consistently higher concentrations of five different
metals (i.e., cadmum chromum copper, |ead, and zinc) when conpared
to nussels fromthe bottomsite (Fig. 5). The differences were
statistically significant for copper and zinc (" = 0.05). Simlar
di fferences were found for other netals as well. Collectively, the TBT
and netals data all suggest that the source of this contam nation was in
the surface water and not the bottom sedi nent.
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FIG 6--Statistically significant rel ationships between juvenile nussel
growm h rates and seawater concentrations of TBT, and tissue
concentrations of three different contam nants: TBT, copper, and zinc.
Al so shown are first order approximations of effects zones.

80,000 + ° n=8 r 35,000

60,000+ ® - 30,000

40,000+ o e, n=9 | | 25,000
= ® o® o ® % L
20,000 | (7% 7K - 20,000

TBT Bioconcentration Factor

.«
* \.“\ \’ \. I I I ! \ ! |
100 200 300 400 500 | S B 1>000
Mean

Growth Rate (mg/wk)

FIG 7---The rel ationship between grow h rate and apparent

bi oconcentration factor for TBT is statistically significant (' = 0.05).
The mean BCFs fromthe bottom (B) site in Fig. 3 are nuch hi gher than
the surface (S) site, but the difference is not statistically
significant. Error bars represent + 2 Standard Errors.
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Dose-r esponse

By using serial transplants with repetitive neasurenents of
seawat er TBT, tissue TBT, and nussel growth rates, we constructed dose-
response curves using field data. Although these field bioassays are
nore vari abl e than | aboratory bioassays, the results are nore
environnental ly realistic and it is possible to achieve first-order
approxi mati ons for water concentration and tissue concentration effects.
Fig. 6 shows dose-response curves for seawater TBT concentrations and
concentrations of tissue TBT, copper, and zinc. Each curve is
statistically significant (™ = 0.05). The details of the regressions
are provi ded el sewhere (Sal azar and Chadwi ck 1991; Sal azar and Sal azar
1994). By using the inflection points in the curves, it is possible to
predict first-order approxinmations of apparent-effects-thresholds and
no-effect levels. There is a better relationship between seawater TBT
concentrations and growh rate than tissue TBT concentrations and growh
rate because the bioaccumul ati on process is nore affected by natura
factors than TBT in seawater. Interestingly, our predicted threshold
ti ssue concentrations for effects are alnost identical to those
predicted for TBT and copper in nmussel tissues from scope-for-growth
measurenents (Wddows et al. 1990; Wddows and Donkin 1992).

Al t hough there was tremendous variability in the apparent
bi oconcentration factors (BCF) associated with surface and bottom sites,
BCFs were nuch higher at the bottomsite than the surface site (Fig. 7),
but the difference was not statistically significant (' = 0.05).
Simlar differences are often attributed to the kinetics of TBT, but we
attribute themto differences in nussel growh rates. There is a
statistically significant relationship between BCF and nmussel growh
rate (" = 0.05). This is another reason for measuring mussel growth
rate —to calibrate bioaccunulation. Just as there are criteria for
ani mal survival in bioassays to confirmanimal health, nussel growh
could be used to confirmanimal health in the field bioassay. Cdearly,
if animals are close to death, they will accumnul ate | ower concentrations
of contam nants. |If growh rates are extrenely low, it could be a
signal to evaluate the results of bioaccumulation with nore caution than
is customary. Just as |aboratory bioassays have a standardi zed survival
requi renent for acceptance, the in-situ bioassay could have a simlar
survival requirenent. Additionally, since survival is not a very
sensitive nmeasure of animal health, growh could be used to provide a
finer assessnment of animal health and associ ated bi oaccunul ati on

Using data from synoptic neasurenments of seawater TBT,
tenperature, and grow h rates, we constructed three-di nmensi onal graphs
to evaluate the interaction between TBT and tenperature on mussel growth
(Fig. 8). Interestingly, the optinmumtenperature for growth predicted
fromthese field data is identical to that predicted froml aboratory
studies (Alnada-Villela et al., 1982). This is a field validation for
tenperature effects. W were able to detect these correlations with
tenperature and differences anong sites by using an in-situ nmeter (Ryan
I nstruments, Rednond, Washington) that recorded tenperatures at 30-
mnute intervals during the 12-week exposure period. Since chlorophyll -
a was highly variable and was only neasured weekly or biweekly when the
ani mal s were nmeasured, we did not have sufficient replication for
appropriately sensitive statistical analysis. W recommend measuring
tenperature and chl orophyll-a at a frequency that is comensurate with
variability in the environnent to assist in the field validation using
the in-situ mussel bioassay. The follow ng approach could be used in a
field validation process: quantifying exposure-response in the field,;
guanti fyi ng exposure-response in the lab; quantifying the effects of
ot her variables. Laboratory experinents could be used to isolate
particul ar variables and field mani pul ati ons could be used to achieve
various conbi nations of test conditions with nore in-situ neasurenents
of natural factors affecting grow h.
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FIG 8.--Effects of seawater TBT concentrations and tenperature on growh
predi cted from 3-di mensi onal surface plots using weighted neans. Shaded
area represents growh rate reductions at tenperatures above 20°C
Reduced grow h at | ow tenperatures and hi gh concentrations of TBT in
seawat er (>100 ng/L) are al so apparent.

SUMVARY AND CONCLUSI ONS

The nmpst uni que feature of our approach is the conbined use of the
followi ng: (1) synoptic neasurenents of bioaccunul ation and growth
using both juvenile and adult nussels; (2) nussel growth as an indicator
of bioeffects; (3) individual neasurenments to mnimze the initial size
range and naxim ze statistical power by multiple neasurenents of
i ndi viduals; and (4) conpartnentalized cages to facilitate individual
repetitive measurenents.

Advant ages

The mussel transpl ant approach combi nes the advant ages of
experimental control and environmental realism Control is gained by
mani pul ati ng the exposure tine and the exposure site. These paraneters
cannot be controlled if natural popul ations of nussels are used to
estimate exposure and bioeffects. Environnmental realism which is often
lacking in | aboratory tests, is achieved because the animals are
depl oyed in-situ. O her advantages of this approach include the ability
to make repetitive, synoptic neasurenments on individual animals, the
ability of test animals to integrate bioavail able contam nants, and the
effects of natural factors that provide a meaningful dose and a natura
response. The technique is relatively sinple, does not require specific
experti se or sophisticated equipnment, and is relatively inexpensive.
There is also a vast nussel literature that can be used to hel p provide
nmechani stic expl anati ons for observed responses as well as hel p direct
the coordination of |aboratory and field studies that can be used to



236 ENVIRONMENTAL TOXICOLOGY AND RISK ASSESSMENT: THIRD VOLUME

establish the dose-response rel ationshi ps used in ecol ogi cal risk
assessments. Alnost all clinical neasurenments are possible, and the in-
situ nmussel bioassay, in essence, could be viewed as sinply an exposure
system

Di sadvant ages

The in-situ mussel bioassay al so has a nunber of di sadvantages and
potential pitfalls. Bioaccunulation and growh are both affected by
natural factors that cannot be controlled, such as external abiotic
factors and internal biotic factors. It should al so be nentioned that
grom h effects are not contam nant-specific. Missels are not equally
sensitive to all contam nants, nor do they accumnul ate them equal ly.
Mussel s can actually close to avoid sonme contam nants, and since
mul ti pl e contam nant exposures are common in the field, this makes
discrimnation difficult. Extensive chem cal neasurenents are required
to document apparent exposures (in water or sedinent), and a true field
control site is virtually inpossible.

Pr ospect us

Even with these shortcom ngs, in-situ bioassays are powerful
assessnment tools. Many have suggested using | aboratory bioassays in
conjunction with nonitoring contam nation and comunity assenbl ages, and
this approach has been used with reasonabl e effectiveness in nmany
nmoni toring programs. W suggest that field bioassays using nore direct
nmeasur enents of bioaccunul ation and growh to estimate chem cal exposure
and bi oeffects should be included as part of a conprehensive program for
sedi ment or water quality nmonitoring. An integration of |aboratory and
field bioassays could provide very useful information. Although we used
nmussels in refining this in-situ bioassay, the generic approach is
applicable to many bival ve species indigenous to freshwater, estuarine,
or marine environnents. W have outlined the utility of nusse
transplants as a field bioassay, denonstrated the need to standardize
protocols for this approach, and presented basic protocols that could be
used as a framework for standardization
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