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The primary purpose of this study was to evaluate the effects of 

the reproductive cycle of the bay mussel, ~lytilus edulis, on the soft 

tissue contents of six transition metals commonly measured in 

environmental monitoring programs. A secondary purpose was to develop 

procedures for improving the quality of data generated by sech 

programs. 

A nacural population of ~. edulis in Yaquina Bay (Newport, 

Oregon) ,vas sampled frequently ove:::- an 8-manth period (monthly during 

the non-reproductive pericd and biweekly in the reproductive period). 

The soft parts of 20 mussels were separated into gonadal tissue 

consisting of the nuntle and its c;Jntcr..ts, and somatic ':issues. 

Weights of c:1ese two tiss'ole categories provided data T..,hich could be 

used to define ~he physiological condj.tion and the reproductive state 

of the mus2els. Seasonal variations in those weights and in the 

burdens of T:letals provided an indication of t:~E: approximate period 
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when gametogenesis and spa';roing occurred. 

The vanadium burdens in sort tissues were determined by neutron 

activation analysis; manganese, nickel, copper, zinc and cadmium 

burdens were determined by flame atomic absorption spectrometry. 

Results consisted of physical data and metal burdens and 

concentrations. Statistical treatments of data were hierarchical, 

with three levels of evaluation employed. Product-moment correlation 

coefficients were first determined between all of the variables. 

Next, linear regression analysis was performed where correlations 

were significant and there were likely dependent and independent 

variables. Multiple regressions were performed where a dependent 

variable was affected by more than one independent variable. 

The seasonal changes in mean gonadal tissue weights and a 

weight-related gonad index ~ndicated that a major spawning took 

place in April 1980. Zinc burdens in somatic tissues were related 

linearly to mean somatic tissue weights and, in gonadal tissues, 

to mean gonadal tissue weights. Cadmium burden in gonadal tissues 

depended on zinc burden at all times, but the relationship was 

influenced by the presence of nickel. 

Three ancillary studies showed that age (as described by shell 

length), sex, and depuration affected certain metal burdens. Large 

mussels contained more nickel~ copper and cadmium, but less manganese 

in their somatic tissues than small mussels, but no significant 

differences in gonadal tissue concentrations were found. Females 

contained more cadmium in somatic tissues and more manganese and 



zinc in gonadal tissues than males. Depuration of mussels for 48 hrs 

reduced manganese concentration in both somatic and gonadal tissues, 

but increased copper and nickel concentrations in somatic tissues, 

and copper concentration in gon~dal tissues. 

The reproductive cycle of M. edulis was found to have signficant 

effects on the metal burdens, in soft tissues, in this study. Most 

changes in burdens appeared to represent deviations, from otherwise 

normal linear relationships, that were caused by the demands of 

gametogenesis. The results of the central and ancillary studies 

suggest that several modifications should be made to the procedures 

employed by monitoring programs using bivalves. Sampling frequency 

should be increased so that reproductive cycle effects may be 

observed, and not misinterpreted as anthropogenic input. Animals 

of a mature size should be used exclusively, and physical removal 

of gut contents (not depuration) should be a routine practice. 
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Abbreviations 

AA - atomic absorption 
AGW - mean dry gonadal tissue weight 
ASW - mean dry somatic tissue -"eight 
ATW - mean dry total soft tissue weight 
CI - condition index 
CF - concentration factor 
EPA - Environmental Protection Agency 
Gr - gonad index 
G, S, T - gonadal, somatic and total soft tissue 
VG, VS, vi - vanadium burden in gonadal, somatic, or total soft 

tissue (similarly for Mil, Ni, Cu, Zn, and Cd) 
NRC - National Research Council 
NAS - National Academy of Sciences 

Definitions 

AGW - mean dry gonadal tissue "eight. The mean of the dry weights 
of the gonadal tissues of 20 specimens of M. edulis. 

ASW - mean dry somatic tissue weight. The mean of the dry weights 
of the somatic tissues of 20 specimens of M. edulis. 

AT.-l - mean dry total soft tissue weight. ATW = AGio] + ASW. 
CF - Concentration factor. The ratio of the concentration of an 

element in an organism to the concentration in the 
surrounding water. 

cr - condition index. 
cr = Total wet mussel weight (including shell), g 

Total wet soft tissue weight, g 
GI - gonad index. 

GI = Dry gonadal tissue weight, mg 
Dry somatic tissue weight, g 

Activation product - a radioactive isotope produced by a nuclear 
reaction. 

Specific activity - amount of radioactivity of the specific radio
nuclide per unit mass of the element. 

Tissue concentration - weight (of an element) per given mass unit 
of tissue. 

Tissue burden - content (of an element) in a specific quantity of 
tissue. 

EPA Priority Pollutant - one of a number of toxic pollutants for 
which technology-based effluent limita
tions and guidelines are required. 



Trace Hetal Levels in a PopulCitioa of Hytilus edulis from 

Yaq~ina Bay, Oregon 


Trace elements of anthropogenic origin are ultimately deposited 

in the marine environment (Forstner and wittmann 1979). They are 

considered a potential hazard to both lower animals and man. 

Contaminants present in lethal amounts are relatively simple to 

measure, and their presence translates into economic and aesthetic 

loss. Effects associated with low-level contamination are not easily 

measured either in terms of animal response, or the ultimate chronic 

or acute effects on indigenous organisms or man. 

Environmental monitoring programs such as the U. S. "Mussel 

Watch" (Goldberg ~ ale 1978) and the California State :nussel watch 

(Stephenson ~ ale 1979) have used several species of bivalve 

molluscs, with special dependence on Mytilus edulis, as monitoring 

organisms for detecting pollutants. Both of the groups carrying out 

these programs have used the approach of sampling ma~y sites at 

rather infrequent intervals. Little serious consideration has been 

given to probable physiological differences, such as their nutritional 

condition, or stage in the annual reproductive cycle(s), between the 

sampled populations. 

Simpson (1979) suggested that the reproductive cycle had an 

effect on uptake and loss of zinc and lead by ~. edulis, but provided 

no specific data that supported this suggestion. Cossa et ale (1979, 
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1980) noted a relation be~ween cadmium concentration and body weight 

of M. edulis, and also observed that sexual maturation introduced 

some variation into an otherwise predictable relationship; the sexual 

cycle influenced cadmium levels in mature specimens. Stephenson et 

al. (1979) were not able to demonstrate that the sexual cycle had any 

effect on trace metal concentrations in Mytilus californianus. 

However, they initiated the practice of removing gonadal material 

prior to analysis of soft tissues so as to eliminate a possible 

variable. This approach recognized the possible existence of a 

"compartmentized" animal, in which there may not be significant 

interaction between the various organ systems. This may be an over

simplification which could lead to error in deciding which changes 

are due to "natural causes," and which to anthropogenic input. 

Goldberg ~ al. (1978) recognized that natural variation was to be 

expected in bivalve populations, but thought that this difficulty 

could be eliminated by considering only one order of magnitude 

changes in soft tissue concentrations as being indicative of 

pollution. It is evident that some flexibility in precision is 

required so as to separate expected data from unexpected data, but an 

order of magnitude may be too conservative. 

Gabbott and Bayne (1973) pointed out that in M. edulis, an 

increased rate of gametogenesis is accompanied by an increased energy 

demand and elevated oxygen consumption. These in turn require an 

increased filtration rate and increased ingestion of phytoplankton. 

Phillips (1979) believed that levels of trace metals in ~f. edulis 

were chiefly due to the metal levels in the phytoplar~ton that they 
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consumed, and not to metals associated \dth inorganic particulates or 

in solution. Thus, the demands of g2m2~ogenesis might be expected to 

lead to a net increase in r,,<!tal concentrations in the soft tissues of 

~. edulis, but such increases have net, to date, been considered 

quantitatively. It is important to be aware of the types of changes 

in metal levels that result from normal physiological processes, and 

the magnitude of such changes that should generally be expected. In 

order to obtain this type of information for bivalve populations, 

sampling must be frequent, and encompass a time period sufficient to 

permit the analysis of specimens in different physiological states. 

In a discussion on acquisition of physiological data, Bayne ~ al. 

(1976) advised of the necessity of repeating measurements at least 

twice during the year, so as "to include animals undergoing 

gametogenesis and also animals in a neutral reproductive condition." 

Ideally, data should be available for animal populations in locations 

relatively free from anthropogenic input, so that a baseline may be 

constructed. Such a baseline will not consist of merely one value 

for each pollutant considered, but will be a profile, spanning at 

least the seasons of one year, and perhaps even several years. 

Without such information, one cannot accurately state that an 

observed tissue concentration of a metal in a bivalve sample was due 

to pollution, or was within an e~)ected range. 

The reproductive cycle of M. edulis was discussed in detail by 

Chipperfield (1953) who studied populations at several widely 

separated locations on the coast of England. He found that there was 

a specific breeding period that lasted from mid-April to the end of 
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May, and that in most cases 70 to 80/~ of the mature members of the 

populations spawned during tl18 first 7 to 10 days of this period. No 

data were obtained that incicate·j periodic spawning of the populations 

studied. Seed (1969, 1975) described loesults of his investigations of 

populations of M. edulis and Hytilus galloprovincialis at three 

locations in the British Isles. He reported that repeated spawning 

occurred from early spring to late summer, and that at any time during 

the year, small numbers of mussels in spawning condition could be 

found. His review of the literature showed that more northerly 

populations of Mytilus spawned later in the year. Thompson (1979) 

reported that ~. edulis specimens from Nova Scotia and Newfoundland 

spawned out completely and that spawning in these regions was neither 

irregular nor prolonged. The implication was that in these relatively 

colder waters, optimum spawni.ng conditions were not present for an 

extended time. Sastry (1979) suggested that both endogenous and 

exogenous factors affect the onset of reproductive activity in 

bivalves and its duration. Lubet (1956) investigated the control of 

spawning by the nervous system and found that neurosecretory products 

inhibited }t. edulis from responding to stimuli which induced spawning. 

Gabbot and Bayne (1973) found that if winter temperatures were 

increased above normal ambient levels, then the rate of gametogenesis 

in M. edulis was increased. Breese et al. (1963) artificially 

induced spawning in M. edulis and ~. californianus by using kraft 

pulp mill effluent. Elvin (1975) studied oogenesis in ~. 

californianus, and provided useful information about quantification 

http:spawni.ng
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of observations of animal state with respect to the sexual cycle-

i.e., gonad indexes. 

There has been considerable investigation of trace metal levels 

in bivalve molluscs during the year.s since ''';orld War II. Much impetus 

was given to this work by the atmospheric testing of atomic weapons 

which introduced radioactive materials, including metals, into the 

marine environment. The proliferation of nuclear power plants 

introduced small but measurable amounts of activation products into 

the environment which were taken up by indigenous plants and animals. 

The prospect of biological magnification of fission and activation 

products in ecological systems led to trace metal monitoring. 

The Columbia River, with the Hanford (Washington) complex as an 

obvious point source, was an attractive location for such environ

mental research. There was considerable interest in learning about 

uptake of metals by organisms in the Columbia River estuary and even 

in the Bacific Ocean at some distance from its mouth. Typical 

investigations were those of Carey and Cutshall (1973), Seymour and 

Nelson (1972), Young and Folsom (1973), and Larsen et al. (1973). 

Carey and Cutshall (1973) determined specific activities of 65Zn 

in sediments and benthic invertebrates in order to reveal the origin 

of 65 Zn taken up by the animals. As the specific activities in 

animal and sediment were not the same, it was suspected that uptake 

via food sources was a primary route. Seymour and Nelson (1972) 

found that 15 months after the shutdown of the last of the eight 

. . 1 1 . d' H f ' .or~g~na p uton~um pro uct~on reactors at an ora, 65Zn, an act~va-

tion product, was still present in the water and organisms that they 
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sampled. Both M. edulis and M. cali£ornianus were involved in the 

1 · . .•. k fstudy, and a dec 1ne 1n 65 Zn ~oncentrat10n ~n organ1sms ta en rom 

locations between the mouth of tha Columbia River and the Strait of 

Juan de Fuca was noted. Th(~ decline with distance from the river-

mouth was regular, and the sampling site furthest from this point was 

approximately 340 km distant. Young and Folsom (1973) sampled 

65
Hytilus specimens in 1963-1964 and analyzed them for Zn concentra

tion. They concluded that Hanford was the point source of that 

radionuclide. Zinc-65 was found in animals collected as far south as 

Baja California, and again, Hanford was thought to be the source. 

Larsen et al. (1973) obtained samples of ~. californianus from three 

locations on the Oregon coast south of the mouth of the Columbia 

River. The 65 Zn content was higher in animals closer to the river-

mouth. 

Studies of other systems have also been conducted. Schelske 

et al. (1973) investigated the uptake of radioactive fallout products 

by estuarine fish and molluscs in the vicinity of Beaufort, North 

Carolina, and found that oysters and scallops accumulated relatively 

large quantities of 65 zn and 54Mn , respectively. Preston (1968), 

Salo and Leet (1969), and Hess ~ al. (1977) conducted studies in 

which oysters were exposed in nuclear reactor cooling effluent, and 

the uptake of several activation products was measured. Harrison 

et al. (1976) investigated the route of uptake of radionuclides of 

power plant origin by osyters (Crassostrea gigas) and found that 

particulates to which the metals were adsorbed had an important role 

in accumulation. None of these investigations focused on the 
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possible role of the reproduc~ive cycle in metal accumulation. 

Several investigators have ~een concerned about the tissue sinks 

or repositories within bi?alves where dif:erent metals become 

concentrated. Pentreath (1973~ detet"t:lined that 65 Zn , 54Mn , 59Fe , 

58
and Co in U. edulis were most abundant in the digestive gland and 

stomach. Van Weers (1973) found that 65 Zn was accumulated in the 

kidney of M. edulis, and 60Co both in the kidney and digestive gland. 

There are several comprehensive reviews on the use of molluscs 

as monitors of aquatic pollutants (e.g., Phillips 1977b, 1980; 

Cunningham 1979). Bioaccumulation and toxicity of metals were 

reviewed by Leland and Luoma (1979). Bryc:.n (1979) wrote on the same 

topic and considered the possible development of tolerance to 

accumulated pollutants. Bryan (1979) and Forstner and Wittmann (1979) 

gave a more general treatment to the subject of metal pollution, and 

the latter provided an extensive bibliography. 

The present study is concerned with the 11. edulis reproductive 

cycle and its effect on soft tissue content of six transition metals 

that are important in biological function and/or as pollutants in 

estuarine environments. A natural population with a suitably large 

number of individuals from a location relatively free from metal 

pollutants of anthropogenic origin, was chosen for the investigation. 

The sexual state of the mussels was determined by measuring the 

weight of gonadal material relative to somatic tissue weight. Metal 

burdens in gonadal and somatic tissues were determined at regular 

intervals for animals within a single-size range. This procedure had 

the significant advantage of excluding any extrinsic factors that 
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might have impinged on a population of ani~~ls maintained in a 

laboratory for a relatively long period (8 months). It was also 

essential that no unnatural stimuli t:lat miGht have induced spawning 

be present, and that no ordinary environme~tal cues be excluded. 

Several environmental monitoring programs will be discussed with 

respect to the methods that they employ, and the type and quality of 

the data that they provide. Results of my study will indicate how 

such data may be improved, and errors reduced by modification of 

existing procedures. This will lead to defining procedures that 

should be used in monitoring programs. 

The metals of choice were vanadium, manganese, nickel, copper, 

zinc, and cadmium. Nickel, copper, zinc, and cadmium are EPA 

Priority Pollutants. 

Vanadium 

Vanadium is associated with anthropogenic inputs into the 

environment because of its presence in fossil fuels. It is reported 

to be present in some Venezuelan crude oils in concentrations as high 

as 1400 ppm. When crude oils are refined, most of the vanadium 

remains in the residual fuel oils; an example is Bunker C fuel oil 

(NAS 1974). The vanadium concentration in crude oils provides a 

useful parameter which can be measured in the event of an oil spill 

to assist in determining origin and hence, responsibility (Guinn 

~ al. 1971). 

Vanadium has been identified as an essential trace element. 
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Hopkins and Mohr (1974) used chicks and racs in a study that 

illustrated these physical effects of vanadium deficiency: impaired 

reproduction and survival of young, and altered blood lipid levels. 

The toxicity of vanadium to man has "!:"een discussed by ::lAS ibid. 

which reported that the most common route of exposure is via the 

respiratory system. In general, more concern about toxicological 

considerations is placed on the accompanying pollutants of fossil 

fuel origin such as polynuclear aromatic hydrocarbons. However, 

unusually high vanadium levels in soft tissues may indicate the 

presence of these carcinogenic organic compounds and 

Ikebe and Tanaka (1979) mention the need to study relationships 

between vanadium and oil compounds in marine products. In a study of 

atmospheric concentrations of vanadium, Zoller et al. (1973) showed 

that combustion of residual fuels was the only significant source. 

Vanadium was the only metal whose concentration was determined 

by neutron activation analysis in this investigation. A procedure 

of chemical separation followed by a short activation period was 

employed (La Touche et al. 1981). 

Vanadium is accumulated by molluscs in which concentration 

factors (CF) of the order of 1700 have been reported (Lowman et al. 

1971). I found a range of concentration factors from approximately 

40 to 400 in M. edulis, based on a reported average concentration of 

-1
vanadium in seawater, of 2 wg 1 (Goldberg et al. 1971). A more 

-1
conservative average value of 1.19 ~g 1 was reported by Morris 

(1975), who analyzed 75 surface and subsurface samples of seawater 
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from 16 locations in the northeast Atlantic Ocean. Use of this value 

would almost double the size of concentration factors for vanadium in 

mussels. 

48
Miramand et ale (1980) investigated the uptake of V by ~. 

galloprovincialis and found that its uptake rate varied inversely with 

both salinity and 48V concentration. The highest concentration 

factors were found in the byssus, which acquired values of 1510 to 

3900, depending on salinity. Stable vanadium was also determined, and 

-1
the whole soft parts were found to contain 0.4 ~g V g whereas the 

-1
byssus contained 16 ~g V g (dry basis) for a concentration factor 

-1
of 1500, based on a seawater concentration of 2 ~g 1 The visceral 

mass was shown to accumulate 10 times as much vanadium as the other 

soft tissues, which implied that the digestive gland was responsible 

for vanadium metabolism. Vanadium is evidently not very toxic to 

mussels (~iramand and Unsal 1978). 

Zinc 

Zinc is a metal of major interest because of its essentiality to 

growth, high rate of daily ingestion by man, and the fact that bivalve 

molluscs can concentrate it by several orders of magnitude over 

environmental (seawater) concentrations. Rice (1963), in reviewing 

the occurrence of zinc in the environment, cited data on oysters 

indicating concentration factors of five orders of magnitude over the 

surrounding seawater. Values for M. edulis are typically far less. 

George and Pirie (1980) recently reported on the metabolism of 

zinc in M. edulis. Zinc was found to be localized in the gut and 
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kidney, and was generally present in gr.sr:ular amoebocytes. Thirty 

percent of the body zinc content was found in the kidney. Lowe and 

Moore (1979) believed that female M. edulis eliminated zinc in 

oocytes. They also mentioned the possible adverse consequences to 

larval development that could be caused by the presence of abnormally 

high quantities of zinc in the environment. 

The NRC (NAS 1979) has stated that zinc is not very toxic to 

humans, especially if ingested orally. Zinc was of interest in this 

study because of its indication of anthropogenic input and its 

similarity to cadmium. Zinc is irreversibly displaced by cadmium in 

a number of metalloenzymes, leading to impairment of normal 

metabolism (Forstner and Wittmann 1979). 

Copper 

Forstner and Wittmann (1979) cited Roskam (1972) who reported on 

a serious incident of copper poisoning of marine animals caused by 

careless disposal of several kilograms of copper sulfate crystals. 

In this instance, a concentration of "several hundred llg/l," or 

approximately two orders of magnitude over the normal concentration, 

was sufficient to kill fish. Young ~ al. (1979) investigated copper 

as a contaminant introduced by antifouling boat-paints, and compared 

levels of copper, cadmium, nickel, zinc, and other metals in ~1. edulis 

soft tissues obtained from mussels collected at different sites. 

Phillips (1976a, b) thought that X. edulis should not be used as 

an indicator of copper pollution because of the unpredictable results 

that appear to be caused by interactions be~ween copper and other 
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elements. Copper is an essential metal in a number of enzyme systems 

(Lehninger 1972), and it is also a consticuent of some molluscan blood 

pigments. Phillips (1980) suggested that elevated levels of copper in 

the environment could possibly induce valve closure in~. edulis. 

That would prevent uptake by mussels of transient high levels of 

copper, as might be expected from point source discharge; this 

behavior would make them useless as a copper pollution indicator. 

I did not find that copper content of ~. edulis had any 

significant relationship with the content of any of the other metals 

considered. Depuration of the animals led to a result that on the 

surface would seem anomalous; depurated animals contained more copper 

(higher concentrations) than undepurated animals. 

Cadmium 

Excepting mercury, cadmium is considered to be the most 

hazardous toxic metal. Its notoriety was established by several 

incidents of "itai-itai disease" (ouch-ouch) in Japan, so named 

because of the shrieks of patients whose grotesque skeletal 

deformities resulted from cadmium-induced bone softening. 

Phillips (1976b) evaluated cadmium, zinc, lead, and copper in 

2. edulis ~vith respect to the proximity of the animal to sources of 

industrial discharge. He also stressed the necessity of using a 

normalized weight value for the determination of metal concentrations, 

so as to eliminate seasonal weight change as a variable. This is 

similar to the use of content, or body burden, for comparison of 
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relationships between metals. In a controlled uptake study, Janssen 

and Scholz (1979) found that H. edulis was able to accumulate cadmium 

and eliminate it via membrane-bound vesicles. Jackim et al. (1977) 

investigated the effects of temperature, salinity, bottom-sediment 

composition, and zinc concentration on cadmium uptake by ~. edulis 

109
and other animals. The uptake of Cd w'as decreased when the zinc 

concentration of the surrounding medium was raised. 

i.Uckel 

The interest in monitoring nickel in a marine or estuarine 

environment parallels that of vanadium monitoring. In addition, 

nickel has been implicated as an inorganic carcinogen (NAS 1975). 

Both metals are prominent constituents of crude oils, and their 

detection and quantification can be useful in determining the origin 

of oil spills. Nickel:vanadium ratios can be used to identify a fuel 

source by analysis of its combustion products (NAS 1975). The ratio 

in the effluent is compared with that in the fuel suspected. In fuel 

oils, nickel is found in concentrations of from 0 to 20 ppm. Coal 

(domestic) has a nickel content of from 5 to 23 ppm, but much of this 

remains in the ash on combustion. The origin of atmospheric nickel 

has been demonstrated to be coal or fuel oil by comparing seasonal 

air concentrations in urban or non-urban areas (~AS 1975). In 

natural rock weathering processes, nickel goes into an insoluble form, 

so nickel found in surface or groundwaters is likely to be of anthro

pogenic origin (NAS 1975). 
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1hthin the context 0 f monitoring in the marine environment, the 

most pertinent source of nickel ,wuld probably be from petroleum 

spills, voluntary and involuntary. wnether or not ~1. edulis takes up 

nickel and vanadium quantitatively frcm seal.Jater remains to be 

determined. I found that in a relatively uncontaminated environment, 

there was a significant correlation between nickel and vanadium 

contents in the gonadal tissues of M. edulis. Ikebe and Tanaka (1979) 

pointed out that there is an absence of data comparing nickel:vanadium 

ratios in marine animals with that in crude oils to which they might 

have been exposed. 

Sources of Xetals in the Harine Environment 

There are directly measurable metal inputs into surface waters 

and the atmosphere which are probably responsible for the presence of 

some quantity of every metal that might b~ considered a pollutant. 

Sources of such inputs are, for instance, combustion of fossil fuels 

and the production of cement (Forstner and vlittmann 1979, Table 19). 

The total of all inputs of this t)7e, and all of the others that 

cannot be accurately quantified, reach the oceans via rivers, fresh

water runoff, and the atmosphere. 

Phillips (1980) discussed sources of trace metals, and considered 

that the pollution hazard is in large part a potential ene, created by 

man's actions which increase mobilization of metals. He compared 

(Phillips 1980, Table 2) the geological (natural) rate of mobilization 

of metals from the earth's crust with the man-induced rate of 
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mobilization, due entirely to mining" lie was able to describe metals 

in terms of their potential hazard, assuming that some part of the 

man-induced quantities would r;:ake their r,vay to the sea in some form. 

The hazard aspect is exemplified by a comparison of zinc and nickel. 

The geological rates of mODilization of zinc and nickel are 370 x 103 

3
and 300 x 10 metric tons a year, whereas their man-induced mobiliza

3 3
tion rates are 3930 x 10 and 358 x 10 metric tons a year, respec

tively. Potentially, at least, zinc is a greater hazard because of 

the greater amount available. 

In addition to the central study outlined above, which involved 

regular sampling of a mussel population for 10 months, three 

ancillary studies were completed to provide additional data concerning 

the effects of size (age), as indicated by shell length, sex, and 

depuration on the metal concentration in M. edulis soft tissues. 

There have been many attempts to relate animal size to various 

other measurable variables such as oxygen consumption, for example, 

where the relationship can be described by a power function (Bayne 

1975) . When determining the relationship between weight and metal 

concentration, the specimens must be taken from the same population, 

at the same time, so as to avoid any seasonal effects. In addition, 

sufficient numbers must be collected, pooled and analyzed to reduce 

statistical variation. On plotting metal concentrations found in the 

soft tissues of Velesunio ambiguus (freshwater mussel) against dry 

body weight, Jones and Walker (1979) found that a linear equation 

described the relationship as well as a pmver function. The former 
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brelationship is represented by y = a + ox, and the latter by y = ax , 

where y is the metal concer.t~a~ion and x ~s the dry body weight. 

Boyden (1974, 1977) found that power ftmctir.)ns were more predictive. 

Hatling and Watling (1976b) uSed power functions in their work with 

Choromytilus meridionalis (the olack mussel), but pointed out the 

~ecessity of using a sufficiently large number of specimens, and a 

sufficiently broad size range. In the current study, only two 

separate size ranges were used, and some significant differences in 

concentrations of Hn, Ni, Cu, and Cd were found in somatic tissues. 

A separation of ~. meridionalis tissues on the basis of sex was 

made by Watling and Watling (1976), who then found concentration 

differences between sexes, in whole soft tissues, for zinc, copper, 

manganese, bismuth, and lead. The difference in zinc concentration 

was most pronounced, with females having almost t'\V'ice the concentra

tion of males of similar size. I also found differences in manganese 

and zinc concentrations in male and female gonadal tissues. Jones and 

Walker (1979) found no differences between the concentrations of iron, 

manganese, zinc, and cadmium in male and female ~. ambiguus specimens. 

Orren et al. (1980) found that for C. meridionalis, females had higher 

concentrations of copper, manganese, zinc, and iron than males on one 

occasion (June), but showed no significant differences on another 

occasion (November). Those ,yorkers were also unable to find any size-

concentration relationship, but felt that their sample was too small. 

~funy investigators permit specimens to depurate by placing them 

in clean water for certain time periods, usually 24 hours. No data 
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have been reported which coopare depurac.ed and undepurated animals 

with respect to metal concentrations. lhus, I thought that the effect 

of this practice on metal concentrations should be tested. 11anganese 

and copper showed concentratio~ differences between depurated and 

undepurated animals. 

Another possible route of metal elimination, not investigated in 

the present study, is via the production of byssal threads, which are 

used by M. edulis for locomotion and anchoring purposes. Pentreath 

(1973) noted that iron was lost from the animal \vhen these threads 

were produced, but there appear to be no data for other metals. 

In addition to the reproductive cycle, and other factors 

mentioned previously, consideration must be given to ratios of metal 

concentrations in seawater compared to ratios within the tissues of 

a species used for environmental monitoring. 

Irregularities in such ratios may indicate anthropogenic sources. 

For example, an important ratio is that of zinc to cadmium. These twe 

metals are both in group lIB of the periodic table, and cadmium uptake 

by ~. edulis has been found to depend on the concentration of zinc in 

its environment (Jackim ~ ale 1977). The ratio of zinc to cadmium 

is not constant in seawater; it varies with location and with depth, 

so no generalities are possible. Pytkowicz and Kester (1971) listed 

reported ranges for zinc and cadmium concentrations in seawater. 

Schroeder ~ ale (1967) also reported ranges for zinc and cadmium. 

Analysis of seawater was not included in this study because in an 

estuarine location, the number of samples that must be evaluated is 

http:depurac.ed
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very large. As Phillips (1980) poinLec out, factors such as season, 

variation in freshwater runoff, tides, santple depth, and currents, 

combine to obscure determ:i.nat:Lon of an accurate, time averaged value 

of a pollutant. However, cor:-elation of seawater and animal tissue 

concentrations may be required if the concept of environmental 

~onitoring is to acquire further sophistication. The chief objective 

of tlmussel watchtl programs (Phillips 1977a, Bayne 1976, 1973, Goldberg 

1975, Goldberg ~ al. 1978, Davies and Pirie 1980) has been to use 

animals as long-term integrators of pollutants, with pollution levels 

being inferred from measurements made of the concentration of 

pollutants within these animals. The use of animals in this manner 

theoretically obviates the necessity of frequent analysis of large 

volumes of water. On embarking on an animal-use program, one is 

immediately confronted by three problems: 

1. 	 Pollution levels in water must be equated with contaminant 

concentrations in the monitor species. In other words, at 

some point comparative measurements must be made upon both 

the water present, and the animal tissue(s) of choice to 

establish that some sort of definable relationship exists. 

2. 	 The second problem is not distinct from the first; it 

concerns animal responses, if any, to pollutants. In H. 

edulis, behavioral responses have been shown to be beth 

present and complex (Davenport 1977, 1979), and they may 

interfere with the uptake of contaminants. This would be 

expected to result in lower than expected values for time
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integrated concentrations, particularly where short-term or 

"spot" discharges from point sources were involved. 

3. 	 The third problem is related to physiological changes that 

are not behavioral, in the sense that they are not prompted 

by anthropogenic environmental cues. These are induced by 

such stimuli as temperature and salinity changes, food avail 

ability, and the reproductive cycle. The type of variation 

that these changes cause in concentrations of contaminants 

in monitoring organisms must be quantified so that it will 

be possible to state, unequivocally, that an observation is 

due to anthropogenic input, and not to normal change. 

At the present time, there is a great amount of published data 

on pollutant levels in animals, but much of it is rather unsuitable 

for use in prediction. "Polluted" and "unpolluted" sites are 

arbitrarily chosen, and the metal concentrations within their animal 

residents are determined and reported. From a statistical point of 

view, where models exist, few independent variables are measured. 

Sufficient knowledge of independent variables for predictive 

modeling may be very difficult, or even impossible, to acquire. 

It is restated that this study is primarily concerned with how 

the reproductive cycle, as determined by regular measurements, 

affects transition metal levels in M. edulis. 
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;:1ATERIALS A..L'ID HETI'::GDS 

Specimen Collection and Sa~le Preparation 

A population of ~ytilus cdulis located in Yaquina Bay (~ewport, 

Oregon) was sampled at regular iatervals during 1979 and 1980. The 

choice of the site (see Figure 1) was due to its relative isolation 

from anthropogenic sources of contaminants. The site consisted of 

the pilings and cross-members of an abandoned railway trestle to which 

the mussels were attached. All specimens used were taken from cross

members ~vhich were at a height of +3 HLU1. Previous observations had 

indicated that the mussels at this site were, at least superficially, 

the healthiest available and contained the lowest levels of PNAH or 

any mussel population in the bay (Mix and Schaffer 1979). Access to 

the site ~vas by boat, which miaimizE:d the likelihood of disturbance. 

The sampling and analytical methods used are shown in Figure 2. 

Sufficient numbers of mussels were taken during each collection so 20 

large specimens could be used for measurement and preparation. 

Specimen size was maintained within as close a range as possible 

throughout the experiment to reduce any possible variation due to age. 

The central experiment, which required eight months (to include at 

least one major spawning period) employed the following collection 

schedule: 

October 1979 through January 1980 - one collection/month 

February 1980 through June 1930 - two collections/month. 

For the three ancillary studies (effects of size, sex, and 
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Figure 1. 	 Yaquina Bay and Estuary, ~ewport Oregon. Collection site 
Y1 and YLA are shovn. 
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Figure 2. 	 Experimental design for determination of the effect of the 
reproductive cycle on the content of transition metals in 
M. edulis soft tissues. 
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depuration), a sample of 60 specimens each was required. Two 

statistically different shell lengths were used in the size-effect 

study, while the size range chosen for the central experiment was 

suitable for the other two studies. 

After collection and transfer to the laboratory at Oregon State 

University, the animals were refrigerated until they were shucked 

(removed from the shell), generally for less than 24 hrs. Organisms 

adhering to the shells were removed by scraping and the shells were 

opened by inserting a thin stainless steel knife ventrally between 

the valves and cutting the posterior adductor muscle. The ligament 

then caused the valves to remain open. After draining for 10 min the 

whole mussels, including shell, were weighed, and their lengths and 

heights measured. Next, the portion of the gonad contained within 

the mantle was dissected out (with the mantle), weighed, and reserved 

in a polyethylene vial. The balance of the soft tissue was removed, 

weighed and retained in an additional vial. From these measurements, 

condition index and gonad index could then be calculated. Sex was 

determined by the color of the gonad tissue; in females, the gonad 

had a distinctly orange color, while the male gonadal material was 

ivory. 

Tissues were then pooled as "somatic" and "gonadal" tissue, and 

homogenized in a Haring blender equipped with a carbon bearing. 

Tissue moisture was determined by drying small quantities of tissue at 

IOQoC for 24 hrs. A wet procedure was used for digesting tissue to 

minimize any possible loss of volatiles; 2.5 g quantities of wet 
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tissue were placed into screw-top cultur~ tubes (150 rom x 25 rnm) and 

4 ml cone HN0 added (reagent grade). The tubes were tightly capped
3 

and placed in a heat block at 90°C for 1 hr. The tissue digest was 

then filtered through glass wool and made up to a volume of 10 ml 

with 2% HN0 in 18 ~m distilled water.
3 

Determination of Manganese, Nickel, Copper, 


Zinc, and Cadmium 


Flame atomic absorption was then used to determine concentrations 

of Mil, Ni, Cu, Zn, and Cd; the digest solution was aspirated directly 

into the flame. In this procedure, a solution of the sample contain

ing the metal to be determined was aspirated into a flame, which 

created an atomic vapor consisting of atoms of the metal of interest, 

and those of other elements present. A wave-length of radiation 

specifically absorbed by the atoms of the metal being analyzed was 

directed through the flame, and the extent to which this radiation 

was absorbed relates directly to the concentration of atoms present. 

The value obtained was then quantified by comparison with a standard 

curve derived by using standard solutions with an appropriate concen

tration range. This method is described in detail by Ewing (1975). 

Determination of Vanadium 

Pre-irradiation Chemistry 

Column separation of the tissue digest was necessary before the 

determination of vanadium by neutron activation analysis could be 
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made. This was due to the large Compton contribution of 24Na that 

would otherwise have been present. The column-filling material 

retained vanadium, and it was irradiated and counted. Polypropylene 

columns 60 rom x 8 rom I.D. were used. 

Columns, and all other equipment coming in contact with tissue 

digest, were washed in a 50% solution of HN0 for 24 hrs. The columns
3 

were filled with a slurry of Chelex 100 resin (Bio-Rad, analytical 

grade, sodium form), 200-400 mesh, and rinsed with 2 x 5 ml volumes of 

2.5 !·1 HN0
3

, 2 x 5 rnl volumes of 2.0 H ~H40H, and 2 x 5 ml volumes of 

distilled water, pH 5.1. This sequence removed any metal contaminants. 

A 1 rnl aliquot of the digest solution (above) was further diluted 

with 20 ml of double distilled water, pH 5.1, and the pH adjusted to 

5.1 with cone NH 0H. This solution was then added to the column4

reservoir, and after its passage, the alkali metals were eluted off 

the column with 4 x 5 ml volumes of 1. 0 H ammonium acetate. Vanadium, 

and other transition metals, were retained on the resin which Ivas 

transferred to two 2/5 dram polyvials and heat-sealed. These were then 

placed in a 2-dram polyvial which was heat-sealed, thus providing 

double containment to reduce the likelihood of contamination. See 

Appendix 1 for published methods developed during this study (La Touche 

et al. 1981). 

Activation and Sampling Counting 

The thermal neutron source used for irradiation of samples was 

the 1 MW TRIGA research reactor at the Oregon State University 

Radiation Center. Counting equipment for all samples consisted of a 
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2048 channel analyzer (Nuclear Data Corp. ND-600) interfaced with a 

15% Ge(Li) detector. 

Samples and standards were placed in the reactor by a pneumatic 

transfer system (rabbit). At the placement location within the 

12 2 lreactor, the neutron flux at full power was 9 x 10 n cm- s-

Samples and standards were irradiated for 60 s at 1 XW and counted 

for 5 min after a delay of 4 min. 

The following equations were used for the calculation of 

vanadium concentrations from the counting data: 

2 
n 	 60 AtN = 	 T + --'-2 (t, + t 2) x e (1)pt.n ... 

2 
+ x 	S (2))1g 

IThere 	 N = corrected sample counts at end of irradiation 

T total counts in peak 

n = number of channels in peak 

2n' = number of "Compton channels" on right and left 
of peak (i.e. an equal number used on each 
side for convenience) 

tl + t2 total counts in 2n' Compton channels 

p = pulser 

t = decay time (from EOB to midpoint of count) 

A = decay constant of radionuclide being counted 

S = corrected standard counts 
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aN error in sample counts 

as = error in standard counts 

S = micrograms of standard
J.lg 

Note that a pulser correction was used. A 60 cps pulser signal 

was fed into the analyzing syste~ and then counted. Tne term p in 

equation (1) represents the value obtained in cps ~oJ'hen an actual count 

was made. Then 6J/p represents a correction term by which the sample 

count was multiplied. 

Chemical Recovery 

The digestion of tissues and the other procedures involved in 

determination of metal levels by means of flame atomic absorption and 

neutron activation incur errors that can be estimated. The determina

tion of errors in methodology is generally accomplished by ~omparing 

the results of the evaluation of a standard reference material as 

obtained by several different laboratories. In practice, this proce

dure has been simplified by the National Bureau of Standards, who 

produce and supply "Standard Reference Materials" (SRN) , and provide 

detailed analyses based on the use of several experimental methods. 

The use of S~1ts has been a regular practice of mine both before and 

during the current study. Digestion and additional processing of the 

SRM was identical to that used for the mussel tissue samples. The 

recovery rates stated below are the metal concentrations determined in 

this study, compared with the metal concentrations quoted by the 

National Bureau of Standards. Standard Reference Material 1566, 

Oyster tissue, was used to obtain the follmving recovery rates, T..;hich 
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are the mean of four determinations: 

Hetal ~~ Recovery 

v 80 ± 4 

MIl 81 ± 4 

Ni Not available 

Cu 87 ± 3 

Zn 83 ± 0 

Cd 87 ± 2 

No value for nickel was obtained because the nickel concentration in 

the SRH was very close to the detection limit of flame atomic 

absorption. 

Ancillary Studies 

Single investigations were made on the effect of sex, size (year 

class), and depuration on element concentrations in the somatic and 

gonadal tissues of M. edulis. Preparation of samples was as described. 

previously. The number of animals used, and the method of pooling 

samples ~vas designed so that a statistical comparison of means could 

be made (~-test). The design of the depuration study is shown in 

Figure 3. 

Sex Effect Study 

A. sufficient nu"nber of animals \Vas collected so that 30 6' and 

30 !? were obtained. wnile the gonadal tissue \Vas being removed a 

visual assessment of sex was made on the basis of color, and somatic 

and gonadal tissues \"ere placed in separate polyvials. The tissue of 
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Figure 3. 	 Experimental design for studies of the effect of 
depuration, age (as indicated by shell length), and sex 
on the concentrations of V, y~, Ni, Cu, Zn, and Cd in 
gonadal and somatic tissues of ~. edulis. Depuration is 
shown, and the other two studies followed an identical 
plan. 
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10 animals was added to eac~ polyvial. Digestion of tissues was done 

as before. Concentrations and body burdens of Hn, ~i, Cu, Zn, and Cd 

were determined by flame .f..A. l1ean values were compared using a 

Prophet 55 program. 

Size (Year Class) Study 

A collection of 30 specimens with lengths of 60 to 70 mm, and 30 

with lengths of 40 to 55 mm, was made. The two groups were separated 

into subgroups of 10, as above, and the same metals were determined 

by flame ru\. The same statistical comparison was made. 

Depuration Study 

Sixty specimens, length 60 to 70 mm, were collected and 

separated into two groups of 30. One group was shucked on return to 

the laboratory, whereas the other group of 30 was permitted to 

depurate for 48 hrs in clean, aerated seawater. The mussels in this 

group were then shucked. Further separation of tissues and all other 

procedures were the same as those used in the size study (above). 

Evaluation of Data 

Condition Index and Gonad Index 

Hany of the raw data consisted of shell measurements, whole 

animal weights, and soft tissue ~.;eights. Soft tissue weights were 

broken down into "gonadal tissue" consisting of the mantle and its 

gonadal contents, and the remaining "somatic tissue. 1I 

Two indexes were calculated to provide a normalized value with 
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which animals of 	slightly different siz~ '.:()uld be compared. These were: 

(i) Condition Index (eI) 

CI 	 = Total wet animal weight (drained), including shell 
Total soft tissue weight 

(ii) 	 Gonad Index (GI) 


GI = Dry gonadal tissue weight (mg) 

Dry somatic tissue weight (g) 


Shell length and height were also recorded; all animals were from 

the same size range. This permitted an alternative approach of using 

average gonad weight (AG'W) and average somatic tissue weight (ASW) as 

independent variables. 

Statistical Procedures 

The data taken from the regularly acquired samples provided mean 

values (n = 20) for determining condition index (CI), gonad index (GI) , 

average dry gonad tissue \oleight (AGW) , average dry somatic tissue 

weight (ASH), average dry total soft tissue weight (ATI.J) , length (L), 

and height (H). A "between sample" comparison was made for all 

samples taken over the ten-month sampling period, for each of ti1ese 

categories. Equality or inequality of means was determined with the 

Compare II program of Prophet 55, which performs an analysis of 

variance. This procedure identified differences between samples that 

could be attributed to seasonal variation, for whatever reason. 

Indexes, average dry tissue weights, and metal burdens were 

compared ~.,ith each other in a correlation matrix, using the Pearson 

product-moment correlation (Table IV). Correlation coefficients were 
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calculated with a basic statistics program for an HP-41C calculator. 

This form of data presentation is similar to, but different from, 

that used by Karbe et a1. (1977) who cGns~ructed a correlation matrix 

using Spearman rank correlation coefficients, because they could not 

assume normal distribution of their data. ~~i1e normality was 

assumed in this study, Spearman rank correlations were also deter

mined (not reported) for significantly related variables. It was 

found that, as Karbe et a1. (1977) reported, the results of both 

methods were essentially the same. The California State Mussel Watch 

(Stephenson ~ a1. 1979) also reported results in the form of a 

Pearson product-moment correlation matrix, listing only significant 

values, as in Table IV. ~ere there appeared to be a relationship 

between metal pairs on the basis of burden, correlation coefficients 

were recalculated using concentration values (Tables III and V) so 

that these two commonly used values could be compared. 

For each instance in which a relationship was evident, linear 

regressions were performed using dry somatic (ASW), dry gonadal (AGW) 

tissue weights as independent variables, and metal burdens as 

dependent variables. It was evident that more complex relationships 

could exist be~Neen the variables that had been determined, and a 

multiple regression approach was employed to investigate this 

possibility. Independent variables ~vere chosen from significant 

linear relationships. 

In the studies of the effects of sex, age (as length), and 

depuration, the appropriate mean values were compared with at-test. 

This test assumes equal variance; however, because of the possibility 



33 

of unequal variances in the samples, the 3ehrens-Fisher statistic ~vas 

also calculated via an HP 41C program. Thi-s more conservative test 

gave the same results as the t-statistic. 

Length of Study 

It ~vould have been desirable to continue the central study 

through an entire year, or possibly longer, but this was not possible 

because of the destruction of the collecting site and the mussel 

population. Although the work was involuntarily curtailed, a major 

spawning period was covered during the eight-month time period. 
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RESULTS 


Table I lists the sex distribution, physical measurements, gonad 

index, and condition index for 13 samples of M. edulis taken between 

October 23, 1979 and June 17, 1980. All samples were from the same 

mussel population, and a sample size of 20 was used throughout the 

study. The sex distribution was equal until May 1980 after which 

significant differences in numbers of males and females were 

indicated. These observations were considered questionable, because 

it was considered unlikely that the sex distribution of the popula

tion had changed. Rather, the color basis for determining sex was 

considered invalid after the major spawning of the population, 

possibly due to destruction of a pigment substance during resorption 

of gonadal material. 

The size chosen was the largest available, and the range of 

lengths was 47 to 67 mm. A constant size was maintained to obviate 

any possible metal concentration differences that might have been 

age-related. In addition, the choice of a large size assured that 

sexually mature specimens would be used in all analyses. 

No separation of tissues was made on the basis of sex except in 

an ancillary study that demonstrated differences in certain metal 

concentrations that could be attributed to sex. The central study 

was concerned with the movement of metals in a population rather 

than in individual animals, and how this might be affected by the 

reproductive cycle. Separation of animals on the basis of sex has 

not been a general practice in monitoring programs. 



Table I. 	 Seasonal changes in mean weight, condition index, and gonad index of M. edulis (n = 20). 
Numbers of each sex are shown, as determined by gonad color (see text). All weights and 
dilnensions are mean ± 1 S.D. Samples were collected from site Y-l (Fig. I) in Yaquina 
Bay (Newport, Oregon). 

Sample Day No. No. L H AGW AS\\f GI 
___a~'a~t~e~__~n~o~.__ma~l~e~s___f~e=ma~l_e~s~__=mm=-____~mm~______~__________~g~________~m=g~/~g~_______C_I_____ 

10/23/79 1 11 9 51 ± 4 24 ± 2 0.15 ± 0.06 0.47 ± 0.10 328 ± 101 2.75 ± 0.29 

11/14/79 22 8 12 57 ± 3 27 ± 2 0.18 ± 0.06 0.69 ± 0.09 257 i 76 2.92 1: O. ')0 

1/14/80 82 10 10 62 ± 3 27! 1 0.19 ± 0.09 0.68 ± 0.17 286 :1- 120 2.66 ± 0.50 

2/11/80 110 11 9 59 ± 5 27 ± 2 0.15 ± 0.06 0.63 ± 0.14 236 ± 68 2.80 ± 0.33 

2/26/80 125 8 12 60 ± 3 28 t 2 0.19 ± 0.10 0.65 ± 0.11 285 ± 89 2.65 ± 0.27 

3/10/80 138 10 10 59 ± 2 27 ± 1 0.17 ± 0.05 0.58 ± 0.07 288 ± 64 2.63 i 0.31 

3/24/80 152 10 10 61 ± 4 28 ± 2 0.24 ± 0.09 0.61 ± 0.15 384 ± 118 2.53 i 0.35 

4/8/80 167 9 11 63 ± 4 29 ± 2 0.21 ± 0.07 0.64 ± 0.12 332 ± 110 2.67 ± 0.30 

4/23/80 182 8 12 63 ± 4 28 ± 2 0.20 ± 0.10 0.62 ± 0.18 318 ± 132 2.63 ± 0.27 

5/7/80 196 5 15 63 ± 4 28 ± 2 0.11 ± 0.05 0.62 ± 0.10 183 ± 79 2.87 ± 0.33 

5/21/80 210 6 14 62 ± 3 28 ± 2 0.15 ± 0.07 0.59 ± 0.12 250 ± 75 2.80 ± 0.39 

6/2/80 222 5 15 62 ± 3 28 ± 1 0.13 ± 0.04 0.65 ± 0.14 198 ± 45 3.04 ± 0.30 

w 
6/17/80 237 7 13 62 ± 5 28 T 2 0.26 ± 0.13 0.82 ± 0.28 312 ± 83 2.73 ± 0.28 VI 
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The tissue weight categories were arbitrarily allocated: 

gonadal tissue consisted of the mantle and its contents, and somatic 

tissue was the balance of the soft tissues. Thus, AGW is the mean 

gonad weight based on the dry \veigh ts of 20 specimens. Similarly, 

ASW is the mean somatic weight. These reported means varied 

significantly over the year, and this was verified statistically by a 

one-way analysis of variance, in which day number was regarded as a 

"treatment." The calculated F-values for AGW and ASW were 5.503 and 

5.920, respectively, and these values were greater than FO•Ol ,12,247 

(= 2.26). The null hypothesis of equal means was rejected 

(p < 0.0005); there were differences in treatments attributable to 

season. Mean tissue weights are plotted in Figure 4 to show seasonal 

variation. 

The gonad index (GI) has been used to minimize differences in 

soft tissue weight in bivalves so that their reproductive states can 

be compared (Elvin 1975). The GI is a ratio of dry gonadal tissue 

weight (mg) to dry somatic tissue weight (g), hence it provides a 

weight-independent index of reproductive state. This index is valid 

for mature specimens, but obviously would not be indicative of the 

reproductive state of immature specimens. Significant between-sample 

differences in gonad index were revealed by an analysis of variance 

as with AGW and ASW. The calculated F-value was 7.39, and this was 

greater than FO. Ol ,12,247 (= 2.26). The null hypothesis of equal 

means was rejected (p < 0.0005). The seasonal changes in gonad 

index are plotted in Figure 4. It is evident that the gonad index 

reached a maximum on March 24 after which it declined, indicating 
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Figure 4. Seasonal changes in mean tissue weights and the gonad index. Each data point is the 
mean of 20 observations. The bars are +/- 1 S.D. (0 - gonadal tissue, 
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that a major spawning had occurred. Figure 4 also shows that somatic 

tissue weights had declined before March 24 whereas gonadal tissue 

weights were increasing during this period; this indicates a shift 

of material to a gonadal compartment during gametogenesis. 

The condition index (CI) can give an indication of the overall 

physiological state of a population of bivalves (Bayne and Thompson 

1970). It relates total soft tissue weight to total weight; the 

smaller the numerical value, the better the condition. The condition 

index of the population studied did not change very much during the 

year (Table I), and this inJex would probably be of more use in 

comparing different populations that are exposed to different 

environmental conditions, and may receive different types or 

quantities of nutrients. 

Tables II and III list tissue burdens and concentrations for 

all samples measured in the central study. Each burden and concen

tration value is for a pooled tissue sample of 20 mussels, and 

analyses were done in triplicate. The use of pooled samples was 

necessary because of the small size of individual ~1. edulis. The 

paucity of gonadal material remaining after spawning would not have 

penutted employment of all required procedures if analyses had been 

made on individual specimens. Also, considerations of time and cost 

would have necessitated the use of fewer specimens per sample. 

Table II incJ.udes the seasonal values of CI, GI, and mean dry tissue 

weights, but these are not repeated in Table III. 

Seasonal variations of somatic and gonadal burdens of metals 

are plotted in Figures 5 and 6. With the exception of copper, all 



Table 1(. TiB8ue burdens of vanadl ..... "",nBanede. nickel. copt.er, zinc end cadmlu.. tn gonadal (G). aomatic (5), and total aoft (T) tla8uell of 
lIurden i. the total content ofH. adulls. tn IJg. Condition lndeK and gonad indeK are also Included. 

tiss-;;;con'tJartment (I.e .• gonadal or aOllllltic). 

Day (:t A(,'11 ASIJ ATIJ 
(lace no .. el mg!1L-.JL_---A..__ VG VS VT-"----,r-=-_~=___~'__r:HO!nG;:. tInS HnT-

10/21/79 1 2.15 328 0.154 0.~61 0.621 NO 0.19 0.19 0.48 2.5 1.0 

11/14/79 22 2.92 251 0.118 0.692 0.910 NO 0.11 0.71 0.59 1.1 1.9 

1/1~/80 82 2.66 2116 0.19\ 0.6110 0.1111 liD 0.10 0.10 0.84 4.4 5.2 

2/11/110 110 2.80 2)6 0.151 0.026 0.111 lID 1. 26 1. 26 0.69 It.4 5.1 

2/26/80 125 2.65 285 0.190 0.M7 0.837 0.06 1. 70 1. 16 0.80 5.4 6.2 

3/to/80 118 2.61 2116 0.169 0.5t11 0.750 0.01 1.02 1.09 0.66 4.6 5.] 

1/24/80 152 2.H 384 0.2)5 0.601 0.1142 0.01 1. 20 1. 21 U.8 1 ].1 4.6 

4/8/80 161 2.61 112 0.209 0.630 0.848 2.11 0.50 1.6 4.1 

4/21/80 182 2.63 3\8 0.191 0.620 0.811 0.11 1.17 1. 28 J.6 1 1.6 4.2 

5/7/80 196 2.81 18l 0.112 0.616 0.128 0.03 1. 52 1. 55 ().2 1 1.1 3.4 

S/ll/80 210 2.80 250 (l.IH O.SIlB 0.740 0.04 1.16 1. 20 0.5 ) 3.11 4.1 

6/2/80 222 1.04 1911 0.) 28 0.646 0.774 0.01 1.41 1. SO 0.4 1 1.9 4.4 

6/11 /80 231 2. ]) ))2 0.251l 0.818 1.076 NO 2.10 2.30 1.01 5.1 6.1 

---------------- ----------- -

Nle NtS NIT 

0.0 1.0 1.0 

0.0 0.8 0.8 

0.0 1.6 1.6 

0.41 1.0 1.5 

0.80 4.9 5.1 

0.6] 1.2 1.8 

0.81 1.9 4.8 

0.46 2.5 1.0 

0.51 2.S 1.0 

0.29 2.4 2.7 

O. ]] 2.0 2.1 

O.H 3.1 1.4 

0.54 1.0 3.5 
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0.26 1.2 7.5 

0.44 10.4 10.8 

0.42 9.0 9.10 

0.49 S.U 6.3 

0.51 8.4 9.0 

0.44 5.6 6.0 

0.55 6.1 6.9 

0.46 1.6 8.1 
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0.14 ~.:i 5.8 

o. » 5.5 5.11 

0.34 6.4 6.1 

0.49 7.0 1.S 



'l'jbJc Ill. Ti!:isUC conct!utratiolltil of vanadium, manganCtH!. nick~l. copper. zinc, and cadmium in gonadal «(j). tiomatlc (S). and total soft 
(T) tbsues uf M. ~u!!§, 1.. PI: g-l, dry l>a81:;. 

Day 
._O.lle _.!!o. 

10/23/79 

11/14/79 22 

1/14/130 tl2 

2/11/130 llO 

2/26/'d0 125 

)/10/80 Uti 

3/24/'dO 152 

4/'d/SO 167 

4/23/80 182 

5/7/80 196 

5/H/130 210 

612/80 222 

6/17/80 231 

_ VG __VL--'!! MnG __~ttI\T _NIG _-1'!!~.__ J!!I. ._.!!uG__ CuS.---.f!.!.T 

NO 0.134 0.6) 3.1 5.3 4.8 0.0 2.1 1.6 1).1 10.6 11.3 

NO 1.06 0.134 1.1 4.8 4.5 0.0 1.1 0.9 12.9 10.5 11.0 

NO 1.03 O.tlO 4.4 6.5 6.0 0.0 5.3 4.1 5.7 14.6 12.6 

NU 2.01 1.62 4.6 1.1 6.6 1.1 4.B 4.5 9.3 9.0 9.1 

0.10 2.26 2.104.2 8.3 1.4 4.2 7.6 6.'d 'J.7 10.1 10.0 

0.44 1.15 1.45 3.9 1.9 1.0 3.7 5.5 5.1 6.1 tI.2 1.1 

O.3Q 1.98 1.51 3.1 6.1 5.4 3.1 6.5 5.7 6.9 10.1 9.2 

1.30 2.45.b 4.8 2.2 3.9 1.5 6.5 1.0 7.6 

0.54 1.138 1.57 3.2 5.d 5.2 2.6 4.0 3.7 13.'d 8.2 I!. 3 

0.)1 2.41 2.13 2.4 5.1 4.7 2.6 1.9 3.7 7.0 6.9 6.9 

0.21 1.913 1.62 3.5 6.5 5.9 2.2 3.4 3.2 6.7 15.} 13.6 

0.55 	 2.22 1.94 1.7 6.0 5.6 2.4 4.8 4.4 7.1 12.1 11.4 

NO 2.131 2.Bl 3.9 7.0 6.3 2.1 3.7 1.1 5" 8.8 7.9 

_~!~~~!!!'_ 

40.6 148.9 122.2 

37 .2 162.6 137.0 

42.1 1813.9 156. ) 

74.5 20L.6 177.1 

74.0 187.2 162.1 

54.2 154.1 131.8 

48.5 156.3 lll.6 

50.5 157. 5 DO.8 

45.5 14'L 1 124.1 

45.1 11>2.0 144.0 
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51. 7 142. 7 127.7 

44.9 161.4 }]).7 

CJG__ CdS_~_._ 

1.1 15.4 12.0 

2.5 15.1 12 .5 

2.2 13.2 10.8 

3.2 9.1 8.1 

l.O 13.0 1O.1l 
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2.2 11.9 9.S 

1.9 9.2 7.4 

1.1 tl.'! !l.0 
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2.7 t).~ flo I 

1.9 8.6 J .0 
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Figure 6. 	 Seasonal variation of somatic and gonadal tissue burdens 
of copper, nickel, and vanadium in~. edulis. Each data 
point was obtained by analysis of a pooled sample of the 
tissues of 20 mussels. (0 - gonadal burden, 
6. - somatic burden). 
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gonadal tissue burdens were at a maximum in late winter or early 

spring, which corresponded to the time at which gametogenesis is 

thought to occur. The gonadal burden of copper did not show much 

seasonal change. Somatic burdens of nickel, manganese and zinc were 

maximal in early spring; however, manganese appeared to increase 

again shortly before termination of the study (due to destruction of 

the mussel population during construction of a nearby marina). 

Somatic burdens of copper, cadmium, and vanadium did not appear to 

have any relationship to gametogenesis or spawning, and these burdens 

fluctuated irregularly. 

As compared with burdens, changes in tissue concentration are 

less easily interpreted because they depend on both animal weight 

and metal burden. A change in either weight, or tissue burden 

results in a change in concentration, but weight change does not 

necessarily result in a change in burden. 

Zinc was considered to be a key element with respect to 

possible relationships with the reproductive cycle, because it is 

biologically important and concentrated to orders of magnitude above 

ambient seawater concentrations by most bivalves. Tissue burden and 

concentration data for zinc (Tables II and III) have been plotted, 

with the gonad index, in Figure 7. This graph shows zinc movements 

in somatic and gonadal tissues as they relate to gametogenesis and 

spawning. Gonadal tissue burden of zinc reached a maximum on 

February 26, several weeks after zinc burdens reached a maximum in 

somatic tissues (January 14). If concentrations of zinc in gonadal 

and somatic tissues are similarly compared, there is no apparent lag 
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Figure 7. 	 Seasonal variation of somatic and gonadal zinc burdens 
and non-normalized concentrations, from Tables II and 
III, r2 for the within-sample linear relationship of dry 
gonad weight as a function of dry somatic weight, and 
gonad index. Each burden and concentration data point 
was obtained by analysis of a pooled sample of the 
tissues of 20 mussels. r2 was obtained by linear 
regression of dry gonadal tissue weight against dry 
somatic tissue weight for the same 20 mussels of each 
sample. The gonad index was calculated from the same 
data. (r2C>---{); GI~--1t; gonadal zinc concentra
tion, ~g . g-l,[}-_-{]; gonadal zinc burden, ~g, 
LX---~; somatic zinc concentration, ~g • g-l,O 0; 
somatic zinc burden, ~g,~ ~). 
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time. This illustrates the importance of using tissue burden rather 

than concentration data; the finding that zinc was taken up first in 

somatic tissues at the onset of gameto\-;enesis, and was then trans

ferred, at least partially, ~o gonadal tissues, would otherwise have 

been overlooked. 

2
Figure 7 also includes a plot referred to as "r - gonad weight 

vs somatic weight." The values of r2 were obtained by linear 

regression analysis of the dry gonad tissue weight vs the dry somatic 

tissue weight within each sample of 20 mussels. This relationship 

may indicate how well a mussel population is "synchronized" with 

respect to its reproductive state. When considered on a seasonal 

basis, the maximum r2 value was reached on February 26, the same day 

that gonadal zinc burden was at a maximum That may have signified 

a peak in the activity of gametogenesis, as gonad development became 

maximal, as indicated by a maximum value of the gonad index, on 

March 24. The graphs in Figure 7 appear to portray a series of 

events proceeding through gametogenesis and spawning. These data 

suggest that there may be predictive value in this type of analysis 

and representation. 

Table IV is a correlation matrix constructed from Pearson 

product-moment correlation coefficients determined for all relation

ships between mean tissue weights, gonad indexes, condition indexes, 

and metal burdens in mean gonadal, somatic, and total soft tissues. 

The correlation coefficient is a numerical value between -1 and +1 

that relates two variables to each other. It is generally designated 

as r, and is calculated as 



CdG CdS' 

<0.05 

CdT 

Tabl. IV. 	 Correlations (l'e"r80n product-lDOment) between condition inde", Ilonad indIO", ..ean tluue weight., and tleau. burdens of vanadiu., ..nganese, 
nickel, copper, zinc, .Ild cadmlu," In gonadal (G), ao.... tic (S), and tot.l 80ft (T) tiaaue8 of H. edulla. The corralation coefficients (r) 
indicate I,ositive or negalive correlation between variables, and can have value. ho.. -1 to· +1. o-r;preaenta no correlation, and -lor +1 
1u perfect conelntlon. r-value& RI'pear in the layer left part of the table nnd their statistical significance. are ahown in the upper 
right part. e.g. III the relationship he tween ZnC and CdC, the r-value Is fo ..nd by entering the table at the row headed CdG on the left, 
lind obtaIning the value 0.9] ",uler the col ..... , h"",led ZnC. The slgnlflcallce (I' < 0.001) is similarly foulld where row ZnG Intersecta col"Rln 
CdG. Non-significant rc\ .. llonshlp~ (I' > 0.10) are not Included. 

CI 	 VT 

CI <0.001 ,O.O~ <0.10 

GI -0.82 <0.002 <0.10 <0.05 

AC,W -0.66 0.80 <0.002 <0.002 <0.05 <0.01 

AS'" <0.001 <0.05 <0.02 <0.02 <0.001 <0.002 

AT'" 0.18 0.94 <0.05 <O.Ol <0.02 <0.01 <0.005 ,O.OO~ 

VS 0.60 0.60 	 <0.10 ,<J.to 

VT 

f~IG -0.55 0.80 0.10 <0.005 <0. UO l <:l.05 <0.05 <0.005 <0.05 <0.02 <0.005 

HnS 0.61 0.68 0.55 0.14 <0.001 <O.Ol <0.01 <0.005 <0.01 <0.005 <0.05 

HnT 0.56 0.61 O.ll 0.B2 0.99 <0.01 <0.01 <0.005 <0.01 <0.0:>5 <0.05 

NIG -0.56 <0.01 <0.001 <0.002 
I 

til 5 0.56 0.11 0.11 0.11 <0.001 <0.01 <0.02 

NIT 0.51 0.10 0.70 0.81 0.99 < 0 .OOS <0.01 

CuG <0.05 <0.05 

CuS c 0.002 

CuT 0.78 < 0.10 

lnG -0.61 0.67 0.13 0.11 0.16 0.78 O.ll 0.16 <0.05 <0.001 

ZnS 0.81 0.15 0.58 O.H O.H <0.001 

ZIIT 0.80 0.16 0.64 0.75 0.16 0.60 0.99 < 0.05 

CelG -0.62 0.56 0.12 0.13 0.56 0.62 0.64 0.69 0.93 0.62 

CdS 0.59 0.55 < 0.01 

CdT 0.61 1.00 
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r = 

where x and yare two measured variables. The value of r may be 

either positive or negative. A positive value indicates that x and 

y increase or decrease together, whereas negative values indicate an 

inverse relationship; -lor +1 are perfect correlations, and 0 

indicates no correlation. The matrix form of arrangement is a 

convenience which permits immediate location of related variables, 

and their significance. Correlation coefficients are shown in the 

lower left part of the table, and their degrees of significance are 

shown in the upper right part. Nonsignificant values are not 

included. The significance of the correlation coefficient is 

determined by testing the null hypothesis that p = 0 against the 

alternative that p # 0, where p is the population correlation 

coefficient (i.e. are x and y correlated in the population from 

which the sample was taken?). The Student's t-distribution is used 

for this test: 

t = r where s is the standard error of r. 
s r r 

2III - r 
s = r In - 2 

With the calculated value of t, the significance level was obtained 

from a table of critical values of the t-distribution (e.g. Zar 

1974). Both the correlation coefficients and their significance 
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were determined using HP-4IC prograns. 

Several correlation coefficients were determined from concentra

tion values taken from Table III, so that they could be compared with 

the tissue burden-derived values in Ta~le IV. Thesecomparisons, with 

significance levels, appear in Table V. Exclusive use of concentra

tion values would have caused me to overlook highly significant 

relationships, involving manganese, zinc, and cadmium in gonadal 

tissues. Also, the relationship bebveen zinc and cadmium would have 

been considered much less significant than it actually was. 

The use of concentration values may indicate statistical 

significance for spurious correlations. For example, it is difficult 

to give credence to the relationship between cadmium in somatic 

tissue and copper in gonadal tissue when these metals did not appear 

to be correlated within the same compartment. However, reference to 

Figures 5 and 6 supplies a possible reason for this apparent 

relationship. Gonadal tissue burden of copper did not change very 

much over the period of study; it declined slightly. Cadmium burden 

in somatic tissues showed erratic changes in value, and an overall 

decline during the same period. One could not say that either of 

these categories changed in any predictable manner. Inspection of 

the seasonal change in somatic tissue burdens of copper and cadmium 

showed more possibility of correlation, but was not statistically 

revealed. The fact that two variables did not change in successive 

analyses does not mean that they are related. In order to establish 

correlation, two variables must change in some manner so that the 

way in which they change is positively or negatively related. 
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Table V. 	 Selected values of the correla.tion coefficient (r) from 
Table IV and their statistical significances are compared 
with non-normalized concentration-derived r-values 

Metal pair 

VS vs I'1nS 

VS vs NiG 

NiS vs MIlS 

MuG vs ZnG 

MnG vs CdG 

NiG vs ZnG 

CuG vs CdS 

ZnG vs CdG 

calculated from data in Table 

r-value 
(burden) Significance 

0.55 0.10 

0.55 0.10 

0.71 0.01 

0.73 0.005 

0.73 0.005 

0.78 0.002 

0.59 0.05 

0.93 0.001 

III, and their significances. 

r-value 
(concentration) Significance 

0.25 ~S 

0.63 	 0.05 

0.73 	 0.005 

0.51 	 NS 

0.23 	 NS 

0.70 	 0.01 

0.70 	 0.01 

0.67 	 0.02 
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A hierarchical approach was taken with statistical procedures 

after completion of Table IV. Part of the value of this type of 

data is its use in predictive models. ?redictive-type questions 

include: 

1. Does the value of y depend on x? 

2. How does y change when x changes, or when several XIS 

change? 

A linear relationship bet'veen two variables is described by the 

equation y = a + bx, where a and b are constants. This "dependent" 

type of relationship is termed a regression, or simple regression 

when only two variables are involved (Zar 1974). It should be clear 

that the value of y may depend on x, but x does not depend on y. 

Hence, y is usually referred to as the dependent variable, and x 

the independent variable. Table IV did not indicate any dependence 

or independence, only the closeness of relationships; any of the 

metal pairs that were sho\vu to be correlated in Table IV may 

represent dependent-independent relationships, or values of both 

metals in the pair may depend on some other factor(s). 

An initial assumption can be made that tissue weights did not 

depend on metal burdens; where correlation between metal burdens and 

tissue weights existed, it was probable that burden depended on 

weight. Several of these relationships are shown in Table VI in 

regression form, with a dependent and an independent variable. For 

instance, the first line of Table VI shows a regression of somatic 

tissue burden of vanadium and mean somatic tissue weight for a 

population of ~. edulis over a ten-month period. Using the simple 



Table VI. 	 Linear relationships between mean tissue weights and tissue burdens of vanadium, 
manganese, nickel, zinc, and cadmium in M. edu11s. The left side of the table shows 
the relationship when all the data are included. The right side shows the effect of 
eliminating data points as explained in the text. 

Variables Simple regressions 	 Modified simple regressions 

2 	 2 
x. 	 r a b p< Samples excluded r a b p<-L

VS ASW 0.37 -1.36 4.17 0.05 2/11 to 6/17 1.0 -0.30 1.49 0.05 
10/2J to 1/14 0.65 -1.82 5.17 0.005 

MnG AGW 0.64 -0.03 3.80 0.002 10/23 to 1/14 0.68 -0.05 3.83 0.005 
2/11 and 2/26 0.73 -0.09 3.99 0.001 

4/8 0.81 -0.09 4.25 0.001 
MnS 0.56 -O.OJ 0.17 0.005 10/23 to 1/14 0.59 -0.18 0.20 0.01 
NiG 10/23 to 1/14 0.54 0.23 0.80 0.02 
ZnG 0.52 0.15 0.05 0.01 10/23 to 1/14 0.65 0.04 0.06 0.005 
CdG 0.50 -0.03 1. 59 10/23 to 1/14 0.59 -0.20 1.91 0.01. 

NnS 	 AS\J 0.45 -0.80 7.59 0.02 2/26 and 3/10 0.69 -1.38 8.17 0.002 
ZnS 0.50 0.57 0.03 0.01 
NiS 0.50 2.43 0.57 0.01 10/23 to 1/14 0.32 2.46 0.56 

NiG NiS 0.51 -0.11 0.18 0.01 10/23 to 1/14 0.66 -0.06 0.19 0.005 
ZnG 0.60 -0.34 0.08 0.005 10/23 to 1/14 0.64 -0.03 0.06 0.01 

ZnG ACW 0.45 1. 22 43.37 0.02 10/23 to 1/14 0.50 2.05 41. 31 0.05 
2/11 and 2/26 0.84 -0.03 46.24 0.001 

NiG 0.60 6.09 7.20 0.005 10/23 to l/ll. 0.64 3.80 11.09 0.01 
ZnS ASW 0.65 -20.96 196.59 0.001 1/14 to 2/26 0.9L. -16.83 181.28 0.001 
CdG AGW o .LIO 0.18 1. 38 0.05 2/11 and 2/26 0.62 0.14 1.47 0.005 

N1G 0.48 0.3l! 0.22 0.01 10/23 to 1/14 0.76 0.24 0.38 0.002 
ZnG 0.76 0.16 0.03 0.001 2/11 and 2/26 0.66 0.15 0.03 0.005 

N 
VI 
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linear form of equation (above) the relationship was: 

VS 4.17 (AS-;.J) - 1. 36 

The value 'r2, (Table VI) is the coefficient of determination, and 

it is numerically equal to the square of the correlation coefficient. 

In this example, its value of 0.37 indicates that 37% of the 

variation in vanadium burden is explained by the equation, with a 

statistical significance p < 0.05. This indicates that other factors 

were involved in the overall variation. This particular relationship 

is a complex one, and has been plotted in Figure 8. A more precise 

explanation of the data can be made by separating it into two parts. 

The first part consists of values from the first three samples taken 

in the period from October 23 to January 14. Although there are 

only three data points, the =egression of vanadium burden against 

2
somatic tissue weight was significant (p < 0.05) and the r value of 

1.0 indicates that 100% of the variation is explained by the 

equation: 

VS = 1.49 (ASW) - 0.30 

After January 14, a change in the relationship was evident, and for 

the balance of the study it \Vas defined by the equation: 

VS = 5.17 (ASW) - 1.82 

2
The r value of 0.65 indicates that 65% of the variation can be 

explained by this equation. 
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Figure 8. 	 Simple regressions of somatic tissue burdens of 
vanadium, manganese, and zinc against mean somatic 
tissue weights. Solid lines include all data points. 
Dashed lines were constructed by excluding the points 
circled. 
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In general, attempts should be made to improve equations, or 

models, by finding other ~ndependent variables that lead to an 

. . 2 h . += f1mprovement 1n r , t us account1ng ~or a greater percentage 0 the 

observed variation. This involves equations of the form: 

Insertion of additional variables is feasible as long as they improve 

2 
r. No further improvement of the vanadium relationship was 

possible with the available data, but this procedure was used 

successfully with some of the other relationships (Table VII). 

The 	hierarchical approach referred to above consisted of: 

1. 	 calculation of correlation coefficients; 

2. 	 use of simple regression analysis when appropriate; 

3. 	 use of multiple regression Nhere simple regression did not 

explain fully the variation, and where additional data were 

available. 

The simple regressions chosen were modified by exclusion of 

data points where there was good reason to do so. Table VI is 

divided into two parts. The left side shows the regression equation 

parameters obtained when all 13 data points from Table II were 

included. The right side of the table shows which data points have 

been excluded, and the values that result after this modification. 

Most of the excluded data points refer to samples taken before and 

during gametogenesis, and in relationships involving metal burdens 

in gonadal tissue. 



Table VII. Hultiple regressions of relationships shown in Table VI. Possible relationships 
revealed by simple regression were used in construction of the multiple regression 
equations represented by the parameters shown in the table. 

~ 
xl x2 x3 b 1--

b2--
b 3 Const. R2 p Samples excluded 

MnG 
MnG 
MuG 
MnG 
HnG 

AGI-J 
AGW 
AGH 
ZnG 
AGW 

HnS 
Hns 
ZnG 
NiG 
HnS 

NiG 
CdG 
CdG 

2.77 
2.13 
2.39 
0.06 
2.92 

0.12 
0.11 
0.02 
0.36 
0.10 

0.26 
0.37 

-0.60 

-0.38 
-0.35 
-0.18 
0.14 

-0.30 

0.87 
0.90 
0.78 
0.68 
0.83 

<0.001 
<0.0025 
<0.025 
<0.10 
<0.001 

10/23 to 1/14 
10/23 to 1/14 
10/23 to 1/14 
10/23 to 1/14 

None 

ans ASW ZnS NiS 4.59 0.01 0.43 0.81 0.75 <0.005 ~Jone 

NiG 
NiG 

NiS 
NiS 

ZnG 
ZnG CdG 

0.12 
0.03 

0.03 
-0.01 1.61 

-0.14 
-0.36 

0.76 
0.80 

<0.01 
<0.025 

10/23 
10/23 

to 
10 

1/14 
1/14 

ZnG 
ZnG 

AGW 
AGW 

NiG 19.18 
46.24 

8.]6 1.87 
-0.03 

0.70 
0.84 

<0.025 
<0.0005 

10/23 to 
2/11 and 

l/14 
2/26 

ZnS ASH 181.28 -16.83 0.94 <0.0005 1/11. to 2/26 

CdG 
CdG 
CdG 
CdG 
Cdc.: 
CdC 

ZnG 
ZnG 
AGW 
AGW 
ZnG 
ZnG 

ZnG 
NiG 
NiG 
NiG AGI-J 

0.03 
0.03 

-0.04 
0.29 
0.02 
0.02 

0.03 
0.34 
0.14 
0.15 -0.15 

0.16 
0.16 
0.16 
0.21 
0.16 
0.17 

0.76 
0.89 
0.89 
0.77 
0.92 
0.93 

<0.0005 
<0.0005 
<0.0005 
<0.01 
<0.0005 
<0.001 

None 
10/23 to 1/14 
10/23 to 1/14 
10/23 to 1/14 
10/23 to 1/14 
10/23 to 1/14 

0'> 
VI 
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In somatic tissues, the significant relationships employed 

vanadium, manganese, and zinc as dependent variables. \{hen dealing 

with relationships between metals, it is difficult to determine 

which, if either, of the metals is dependent, and which is indepen

dent. Assumptions must be made. Manganese burden in somatic tissue 

was sho~vn to depend on mean somatic tissue weight (ASU), and the 

relationship was improved by excluding data points of 2/26 and 3/10, 

just before the value of the gonad index indicated maximum gonad 

development (Table VI, Figure 4). The influence of gametogenesis may 

not be considered sufficient reason for the elimination of these data 

points. Movement up the hierarchy to Table VII permits the addition 

of zinc and nickel burdens (ZnS and NiS) as independent variables 

without the exclusion of any data. The simple linear relationship 

(Table VI) was: 

MuS = 7.59 (ASW) - 0.80 

and it explains 45% of the observed variation. Elimination of the 

two data points modified the relationship to: 

MuS = 8.17 (ASU) - 1.38 

which explained 69% of the variation if the exclusion of data was 

valid. Table VII shows that a more complex relationship is possible: 

MuS = 4.59 (ASW) + 0.01 (ZnS) + 0.43 (NiS) + 0.81 

This equation explains 75% of the variation, and without additional 

data, no further modification can be made. 
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In Table VI, the gonadal burden of manganese (rfuG) was 

considered a dependent variable, and shown to depend on AGW, ~fiS, 

NiG, ZnG, and CdG. All of these relationships were improved by 

excluding data points betwe~n 10/23 and 1/14. These data points were 

not valid because nickel was not detected in the respective samples. 

and the value for nickel burden was O. As pointed out earlier, no 

correlation is possible if there is no observed variation in both 

variables. Movement of these relationships up the hierarchy 

(Table VII) led to six possible modifications, of which the most 

likely is: 

I-fiG = 2.13 (AGW) + 0.11 (MnS) + 0.26 (NiG) - 0.35 

Ninety percent of the variation in the gonadal tissue burden of 

manganese was explained by this equation. The contribution of NiG 

is not large, and the reduction in R2 is only from 0.89 to 0.87 if 

NiG is not included in the model. However, the reinclusion of the 

data points in which nickel is absent leads to a reduction in R2 

from 0.87 to 0.83 even without NiG in the model. This implies that 

either nickel, or some other unidentified factor that was present 

from 2/11 to 6/17, was able to modify all of the relationships shown 

in Table VII. Nickel is apparently powerfully correlated with the 

other metals in gonadal tissues, and their mutual behavior may be 

quite different when nickel is absent. There were insufficient data 

from ~vhich nickel was absent to prove this unequivocally. 

Relationships between cadmium, nickel, zinc burdens in gonadal 

tissues, and mean gonadal tissue weight changed ~.;hen nickel was 
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absent. The relationship between CdG and ZnG (Table VII) was 

substantially improved when the data points of 10/23 to 1/14 were 

excluded, and slight additional improve~ent was attained by adding 

NiG as a variable. The Ac;",; seems to have no effect on this relation

ship, for which the best description is: 

CdG = 0.02 (ZnG) - 0.14 (NiG) - 0.16 

and which explains 92% of the variation in gonadal burden of cadmium. 

Simple regressions of manganese, zinc and cadmium gonadal 

burdens (MuG, ZnG, CdG) on the gonadal burden of nickel (NiG) 

(Table VI) are plotted in Figure 9. rne points representing burdens 

of the metals measured when nickel was not detected, are circled. 

Their positions are all above the regression lines which indicates 

that the presence of nickel tends to influence burdens of the other 

metals in the gonadal tissues. 

Somatic burdens of manganese and gonadal burdens of nickel are 

plotted against somatic burdens of nickel in Figure 10. Exclusion 

of data points did not improve the relationship between K~S and NiS, 

for which r2 actually declined when points of 10/23 to 1/14 were 

excluded (Table VI). The change in the relationship between NiG and 

NiS when these points (circled in Figure 10) were excluded, is shown 

2
by the dashed line. The value of r changed from 0.51 to 0.66. It 

should also be noted that the tt-lO lowest values of NiS are for the 

first two dates, 10/23 and 11/14. Only after the somatic burdens 

increased substantially did nickel become detectable in the gonadal 

tissue. This implies that either nickel was not initially available 
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to be taken up by the mussels, or some physiological change occurred 

that led to incorporation of nickel ineo gonadal tissues. For the 

period from 2/11 to 6/17, nickel burden in gonadal tissues had a 

predictive relationship ~ith NiS, ZnG, and CdG; addition of the 
~ 

latter two variables raised r~ to 0.80. This regularity does not 

imply additional environmental input which would likely be periodic, 

even if due to freshwater runoff from increased winter rainfall. 

The demands of the reproductive cycle are a possible explanation. 

In Figure 11, manganese, zinc, and cadmium gonadal tissue 

burdens are plotted against mean gonad weight. The dashed lines 

indicate improvement after the exclusion of the circled data points. 

There may be no validity in this treatment of MuG, although the 

point eliminated coincides with the onset of a major spawning (see 

the decreasing value of the gonad index in Figure 4) which could 

have resulted in a low manganese burden, for unknown reasons. For 

zinc and cadmium, the deviations of the excluded points from the 

linear relationships are both obvious and related. ~ovement of zinc 

and cadmium in somatic and gonadal tissues occurs on a seasonal 

basis (Figures 5 and 7), as does the relationship between ZnS and 

ASW (Table VI). Exclusion of three data points between 1/14 and 

? 
2/26 increased r- for the latter simple regression from 0.65 to 

0.94. It is probable that the high demand for zinc during 

gametogenesis was responsible for the deviation from linearity 

represented by the excluded points. ZnS clearly depended on ASW, 

but CdS clearly did not. It is clear that CdG depended on ZnG, and 

2
not on AGW because the addition of AGW did not change R for this 
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relationship, which remained at 0.89. Thus, cadmium burden in 

gonadal tissues was dependent on zinc burden. 

Hanganese appeared to behave independently of zinc in gonadal 

tissues because it did not exhibit the same deviations from 

linearity in the regression against A~~ that were shown by zinc and 

cadmium. The large change in ZnG was mirrored by a similar change 

in CdG but not in MnG (Figure 11). Thus, zinc and manganese were 

correlated in both gonadal (Figure 12) and somatic (Figure 13) 

tissues, but there was no dependence in the relationship. 

Data in Tables VIII, IX, and X are designed to show differences 

in tissue concentrations of metals that can be attributed to effects 

of depuration, age (as represented by shell length), and sex. A 

total of 60 specimens was used in each experiment which permitted 

triplicate comparisons of pooled samples of 10 mussels. Differences 

in means were determined by t-tests. 

Table VIII shows that somatic concentrations of nickel and 

copper, and gonadal concentration of copper actually increased during 

depuration. Both somatic and gonadal concentrations of manganese 

decreased, which indicates that gut contents may have contributed to 

observed values of manganese concentrations in mussels. 

No age-related differences in metal concentrations in gonadal 

tissues were revealed in Table IX. In somatic tissues manganese was 

more abundant in smaller specimens, whereas nickel, copper, and 

cadmium were more concentrated in larger specimens. 

In Table X it is shown that only cadmium was more concentrated 

in female somatic tissues. ~funganese and zinc were more concentrated 
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Table VIII. 	 Effects of depurat:ion 011 trace metal concentrations 
(!lg/ g) in somatic and gonadal tissues of ~,1. edulis. 
Specimens were depurated in clean seawater for 48 hrs. 

Somatic tissue concentrations Gonadal tissue 
( !lg/g) concentrations ( !lg/ g) 

Metal Depurated Undepurated p Depurated Undepurated ~ 

MIl 3.8 ± 0.2 5.8 ± 0.5 0.999 2.7 :!: 0.2 3.7 ± 0.7 0.95 

Ni 9.2 ± 0.7 7.7 ± 1.7 0.95 2.7 ± 0.6 3.4 ± 0.9 

Cu 10.9 ± 0.7 8.3 ± 1.0 0.999 4.5 ± 0.1 3.7 ± 0.7 0.90 

Zn 181 ± 28 196 ± 9 34 ± 2 40 ± 9 

Cd 11.0 ± 0.4 11.5 =1.5 2.2 ± 0.1 2.5 ± 0.9 

n = 10 x 3 
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Table IX. 	 Effect of age, as indicatE:d by shell length, on the 
concentration of trace metals in tissues of M. edulis. 

Somatic tissue concentrations Gonadal tissue 
(].lgl g) concentrations ('.lgl g) 

11eta1 	 Large Small Large Small----E- L 

Mn 6.7 ... - 0.4 7.5 ± 0.3 0.99 4.2 ± 0.2 4.5 ± 0.9 NS 

...Ni 8.3 ± 0.8 3.3 	± 0.3 0.99 2.1 ± 0.3 2.4 0.5 NS 

...Cu 11.9 ± 2.4 7.8 - 0.9 0.99 5.3 ± 0.5 5.1 ± 0.9 NS 

Zn 185 ± 20 179 ± 11 NS 49 ± 5 52 ± 6 NS 

Cd 9.1 ± 0.9 6.4 ~ 0.2 0.99 1.7 ± 0.2 1.5 ± 0.1 NS 

n = 10 x 3 


Large = 61 ± 4 Length, 29 + 2 Height (rom) 


Small = 49 ± 2 length, 24 ± 1 Height (rom) 
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Table x. 	 Effect of sex of M. edulis on the concentration of trace 
metals in somatic and gonadal tissues. Concentrations 
are in \lg/g. 

Somatic tissue concentrations Gonadal tissue concentrations 

Metal Hale Female p Male Female ~ 

Mn 7.4 1: 0.7 7.5 ± 1.2 NS 3.0 ± 0.7 4.5 ± 0.9 0.98 

Ni 4.6 ± 1.0 5.0 ± 0.5 NS 2.4 ± 0.5 2.9 ± 0.4 NS 

Cu 18.3 ± 6.2 14.3 ± 1.9 NS 5.4 ± 0.6 5.9 ± 0.6 NS 

Zn 141 + 8 148 ± 22 NS 48 ± 2 55 ± 5 0.99 

Cd 8.1 ± 0.6 10.3 ± 0.3 0.999 1.7 ± 0.5 1.8 ± v.2 NS 
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in female gonadal tissues. lnere were no observed differences in 

nickel and copper concentrations between the sexes. 
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DISCUSS~O~ 

Table I listed observations ana ?uysical measurements taken on 

13 samples of ~. edulis .::ollected bet:1:veen October 23, 1979 and 

June 17, 1980. During this time interval, periods of "neutral 

breeding condition" (i.e., when the animals were not producing or 

distributing gonadal material), gametogenesis, and spawning, were 

noted. ful estimate of these stages was given in Figure 2. The sex 

of each mussel collected was estimated on the basis of soft tissue 

color. Such estimates are usually quite reliable but they became 

difficult after the major spwaning was completed (between May 7 and 

June 17, 1980--days 175 to 216). This may have been reflected in 

the significantly different ~umbers of male and female mussels 

counted during this time as compared wi~h the earlier observations, 

,,7hen there were generally equal numbers. 

The use of the same size range throughout the year permitted 

the use of body burdens in calculating relationships between trace 

metal levels in the different samples. Any size (year-class, or 

age) effect should also have been eliminated. The use of body 

burdens, or total content values for metal levels, is the same as 

using normalized concentration values based on the same average 

animal weight for each sample. The procedure eliminates fluctua

tions in weight due to "seasonal effects." 

Good practice requires that somatic and gonadal tissues be 

considered separately when measuring metal levels, otherNise the 

changing quantity of gonadal material, which may comprise as much as 
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40% of the dry soft tissue of ~. edulis, will make a significant 

transient contribution (i.e., the large reduction in soft tissue 

weight on spawning). 

I felt that the use of aV2rage dry sm~tic \veight (ASW) and 

average dry gonadal weight (AGT";) would be more descriptive of the 

reproductive cycle because the seasonal changes in mean gonad weight 

were more volatile than the changes in somatic weight. Thus, AGW 

was more sensitive than the gonad index (GI) which is equal to 

AGW/ASW. The GI permitted equating animals of different sizes on 

the basis of reproductive state (Elvin 1975), and was useful in 

determinations that were made on the basis of metal concentrations. 

The GI and the AGW were significantly correlated as one would expect 

(Table IV). An attempt was made to employ a histologically-derived 

gonad index based strictly on microscopic observation of the 

quantity of gonadal material present in sections of ~. edulis speci

mens, but it did not correlate significantly with any of the other 

data, possibly because of its subjective nature. Different observers 

can easily give different estimations of a histological gonad index, 

whereas one determined on the basis of tissue weight is completely 

objective. See Appendix 3 for further details. 

A condition index (eI) relates the total wet soft tissue weight 

of a mollusc to its total '.vet weight, including shell (Bayne and 

Thompson 1970). This index \'las utilized because it might have given 

some indication of nutrition status of mussels in the population. In 

this study, CI did not change very much during the year, and deter

mination of CI would probably be of more use in comparing different 
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populations. For instance, on two occasiQns, February 13 and 14, 

1980, a population of ~. edulis near Tillanook, Oregon was sampled. 

On these dates the Clls were 4.20 and 3.39, respectively, indicating 

animals in poor condition ,,,hie:, com:air..e.d little soft tissue. The 

Yaquina Bay samples of Febr,lary 11 :;.nd ~'Iay 7,1980, had Clls of 2.80 

and 2.87, respectively, indicating a healthy population. Thus, there 

seemed to be little variation in CI within a population, but the 

differences bet,veen populations can be significant. 

The gonad index can indicate, after the fact, that spawning has 

occurred, and the results suggest that the relationship between 

gonadal and somatic tissue THeights can anticipate spa,ming. 

2
Figure 7 compared the GI and r for AGw vs ASW of the 20 mussels 

taken over the time period of the study. The coefficients of 

determination reached a maximum several weeks before a major 

spawning occurred as indicatel by a decrease in the GI. The values 

of /, derived by comparing AG:.; and AS';v, indicated how well the 

mussels in a population were synchronized with respect to reproduc

tive state; they could be a useful predictive tool in aquaculture to 

detect an imminent major spawning. 

The data suggests that levels of zinc in somatic and gonadal 

tissues were related to the reproductive cycle; a change in zinc 

concentration may indicate that spmvning will occur soon. In 

Figure 7, zinc concentrations in somatic and gonadal tissues were 

plotted over the 216 days of observations. Concentrations in both 

tissues increased dramatically between days 22 and 80, with t~e rise 

in gonadal concentration lagging slightly behind that of somatic 
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concentration. The concentration or zinc in~. edulis may be 

predictive of gametogenesis, because the maximum zinc concentration 

was reached in both somatic and gonadal tissues before the time when 

gametogenesis was thought to be occurring. It would seem reasonable 

to expect that zinc concentration would first rise in somatic tissue 

if zinc were an essential constituent of gonadal material. Gabbott 

(1976) notes that the mantle has an active role in gametogenesis; 

the gonad develops within mantle tissue. Glycogen is accumulated 

and stored largely in the mantle during the non-reproductive period 

before gametogenesis. Protein and lipid are accumulated in non

mantle tissues. Meanwhile, as nutrients are taken up, the digestive 

gland controls their distribution to other tissues. This may 

explain why zinc appears to be taken up first by somatic tissues 

(which include the digestive gland) and then shows an increase in 

gonadal tissue. The increase of zinc in gonadal tissue may 

correspond to the period of vitellogenesis when there is conversion 

of stored glycogen to lipid reserves of developing eggs. Gabbott 

(1975) suggested that after this conversion there was movement of 

nutrients from the digestive gland to the mantle for gonad develop

ment. There may be a metallothionein constituent in the developing 

eggs that is zinc-specific, and in which certain other divalent 

metals such as cadmium may be substituted. 

The burden of zinc in somatic tissue was related to ASW 

(Table VI, Figure 8). The only time ~vhen there was deviation from 

a linear relationship was during the period before spawning, as 

sho,m in Figure 7. There appeared to be somatic accumulation of 
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zinc in anticipation of the protein requirements of vitellogenesis. 

For the linear portion of the relationship, the predictive equation 

was: 

ZnS = 181 U'.S~.J) - 17 

Zinc burden in gonadal tissues reached a maximum in late 

February and then declined. It was followed closely, after a brief 

delay, by a decline in the gonad index, with which it appeared to be 

related (Figure 7) as they varied together. The relationship between 

gonadal zinc burden and A~w is linear except during the time when 

vitellogenesis is thought to be occurring (Figure 11). Figure 7 

shows that gonadal tissue burden of zinc reached a maxi.mum after the 

somatic burden had begun to decline, indicating movement of zinc 

from somatic to gonadal tissues. 

It seems clear that a major spawning took place in April. 

\~ile both the gonad index and gonadal zinc burden were decreasing, 

the value of the non-normalized gonadal concentration of zinc was 

not changing very much. This illustrates its lack of sensitivity 

as an indicator of metal movements; a decrease in metal burden means 

a loss of metal from tissues. A decrease in concentration may be 

due to acquisition of organic material with no net movement of 

metal out of tissues. 

The relationship bet,.,een zinc, cadmium, and rr..anganese burdens 

in gonadal tissue was significant. For zinc and cadmium, the 

r-value was 0.93, and this correlation is further illustrated in 

Figure 12. Hanganese was only slightly less ,.,ell correlated with 
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the other two metals (r = 0.73). The relationship between zinc and 

cadmium is most simply explained by the linear equation: 

CdG = 0.03 CZnG) + 0.16 (Table VII) 

It was shown (Table VII) that manganese burden in gonadal tissue 

probably did not depend directly on cadmium burden. The relationship 

had a better explanation: 

MnG = 2.13 (AGW) + 0.11 (MnS) + 0.26 (NiG) - 0.35 

This relationship might be considered to hold only for the popula

tion under study, which was in a relatively clean location. 

Concentration of zinc, as opposed to burden, or content, was 

not observed to change very much except when spawning was imminent. 

During actual spawning, as dete~ined by the gonad index, the zinc 

concentration declined. This suggests that an increased zinc 

burden in the gonad is a characteristic during gametogenesis, and 

only a transient requirement. The lag in the increase of gonadal 

burden with respect to somatic burden seems to indicate that zinc 

is first taken up by somatic tissues. A portion of this relatively 

high zinc uptake is transferred to the gonadal tissue, and is lost 

when spawning occurs. 

If only gross changes in total soft tissue concentrations of 

zinc were observed, these movements of zinc would be missed 

entirely, as the overall concentration of zinc, in the mussel 

population studied, did not change much over the period of 

investigation. ~easurement of both somatic and gonadal burdens 



77 

provides a sensitive indication of nor~l ~ovements of zinc, and 

possibly cadmium and manganese, which can be related to a biological 

process. Deviations from this relaticnship would be much more 

obvious than the gross changes in total tissue concentrations of 

these metals would indicate. 

The data revealed various relationships between metals and 

tissue weights that could be attributed to differences between 

samples, or, seasonal variation. 

Average tissue weights from Table I and metal burdens ~vere 

incorporated into a correlation matrix (Table IV), which gave an 

immediate indication of statistical relationships, and their 

significance. Ordinarily, such a matrix would also indicate which 

relationships should receive more detailed statistical analyses. 

This is a simple matter where only one independent variable is 

involved, but multiple relationships are not easily discerned 

without a procedure for selection of independent variables. 

Computer programs are available for selection of the "best:! indepen

dent variables in a multiple regression. ~bere there are relatively 

few independent variables from which choices can be made, as in the 

present situation, an alternative approach may be used. Selection 

2of independent variables was based on the r -values of the linear 

relationships summarized in Table VI. The latter had been selected 

on the basis of r-values in Table IV. 

It is often necessary to modify data (Tables VI and VII), and 

computer programs are not able to make the types of decisions 

required. For example, it was decided that in the case of 
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metal-metal relationships in gonadal tissues, the data points 

obtained when nickel was not detected could not be used. Either 

nickel, or an unknown factor that affected nickel presence in 

gonadal tissues, had an effect on the burdens of the other metals. 

A computer program can be instructed to either include or exclude 

data, but the decision of whether or not to do so rests ultimately 

with the experimenter. 

The previously mentioned differences in burden- and 

concentration-derived r-values were shown in Table V. l10st of the 

significant relationships shmvu here occur bet,l7een metal burdens 

within the same tissue compartment, i.e., gonadal or somatic tissue. 

The r-values for metal pairs within the same compartment were 

generally higher when burdens rather than concentrations were 

considered, with the exception of the nickel-manganese pair where 

there was little difference. The other correlations, for instance, 

copper in gonadal tissue (CuG) vs cadmium in somatic tissue (CdS), 

may be spurious because there is no relationship between the burdens 

of these metals within the same tissue compartments. 

The data demonstrated clearly that the levels of metals 

included in this study were always higher in the somatic tissue of 

M. edulis than in the gonadal tissue. There is no simple explana

tion for correlations between metals in different compartments when 

they are not quantitatively correlated in the same compartment. 

There were only two of these questionable relationships, VS vs :UG, 

and CuG vs CdS, and in both instances, the concentration-derived 

r-value was the higher one. This indicates that burden-derived 
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relationships may be more dependable, possibly because the seasonal 

effects on tissue weights are eliminated. 

The simple and multiple regression relationships summarized in 

Tables VI and VII were modified by the exclusion of data points. 

The data points between 10/23 and 1/14 were eliminated from metal

metal relationships because of the absence of nickel in the samples 

involved. The data points between 1/14 and 2/26 were eliminated 

only in the relationship between ZnS and ASW. These points were 

explained as deviations from an otherwise linear relationship that 

were caused by the demands of the reproductive cycle. In the 

relationship between ZnG and AGW the data points of 2/11 and 2/26 

were excluded for the same reason. The fact that exclusion of these 

points did not affect the relationship between ZnG and CdG 

established that CdG depended on ZnG which in turn depended on AGW. 

The modifications of simple regression of }~G on A~w involved 

exclusion of data points of 2/11 and 2/26, or 4/8 (Table VI). The 

more complex multiple regressions did not require exclusion of these 

points (Table VII). The predictive value of a regression is higher 

where r2 is higher, and with the exceptions of the relationships 

between zinc burdens and tissue weights, and zinc vs cadmium burdens 

in gonadal tissues, multiple regression models provided more useful 

relationships. 

Copper did not show a significant correlation with any other 

metal, with the exception of the one between CuG and CdS (Tables VI 

and V). There was no correlation between copper burden and any 

tissue weight. This result agrees with the findings of Phillips 
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(1976a, b) concerning the unpredictability of measuring copper 

levels. Hy results support his view that copper levels in M. edulis 

should not be used as an indication of c.opper pollution. If there 

are no predictable relationsnips between copper levels and other 

measured parameters, it would be impossible to judge deviations that 

could be attributed to pollution. 

The relationships between nickel and vanadium were of relatively 

lower significance (p < 0.1) and should perhaps be confirmed with 

additional data using other populations that contain larger concen

trations of these metals. The only relationship identified between 

levels of these metals and the reproductive cycle of ~. edulis was 

that the burden of vanadium in gonadal tissues was highest betw·een 

February 26 and April 23, 1980 which spans the estimated times of 

gametogenesis and spawning. Nickel burdens were at a maximum 

bet.veen February 26 and Harch 24, 1980, the latter date being the 

approximate beginning of spawning (Figure 4, Table II). Neither 

metal ~vas detected at all during the early part of the study. 

Nickel and vanadium were statistically correlated with each other 

in gonadal tissue but not somatic tissue. In order to relate levels 

of these metals to the reproductive cycle, a more definitive 

relationship would have to be established from which deviations 

could then be evaluated. The available data do not indicate such a 

relationship or deviation could be identified in X. edulis from 

Y-lH. 

Cunningham (1979) cited Grieg et al. (1975) who determined the 

concentrations of Ag, Cd, Cu, Pb, and Zn in adult oyster tissues 
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and eggs. Although concentrations of cadmium and copper in the 

oysters were different in the two populations, their eggs had 

comparable concentrations; no differences between tissue and egg 

concentrations were noted for the other m~tals. During early May 

1980, this type of comparison between populations was made between 

~. edulis specimens obtained from Yaquina Bay and Tillamook Bay, 

Oregon, with the results shown in Table XI. 

Zinc and cadmium showed similar concentrations in gonadal 

material at the two sites, whereas the difference in copper could 

not be tested statistically. The somatic concentrations of copper 

and zinc were different, but cadmium was similar. Grieg et al. 

(1975) interpreted these differences to indicate that there was a 

constant transfer of copper and cadmium from adult oyster tissues to 

eggs in Crassostrea virginica that was independent of concentration 

in the adult. I found that the gonadal burdens of copper, cadmium 

and zinc were independent of somatic burdens in the same population 

of M. edulis over an 8-month period (Table IV). This, and the 

comparisons made in Table XI support the conclusions of Grieg ~ al. 

(1975). For copper and cadwium at least, }1. edulis and C. virginica 

may have some ability to regulate gonadal concentrations. H. edulis 

may be able to regulate zinc similarly (Table XI). Gonadal burdens 

of manganese and nickel are related to somatic burdens (Table VII) 

and this indicates that any regulation of these metals takes place 

before their incorporation into somatic tissues. 

There were clear indications that the somatic burdens of a 

metal influenced gonadal burden in the context of seasonal 
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Table XI. Somatic and gonadal concentrations (]..lg/ g) of five metals 
found in N. edulis from ovo locations on the Oregon 
coas t; collected Hay 4, 1980 C:illamook) and Hay 7, 1980 
(Yaquina). 

Somatic concentration Gonadal concentration 

Metal Yaquina Tillamook Yaquina Tillamook 

Cu 6.9 ± 0.2 21.1 ± 0.7 7.0 ± 0.7 6.0 ± 0.2 

Zn 162 ± 1 ll5 -l.- 4 46 ± 2 47 ± 2 

Cd 8.9 ± 0.6 7.9 ± 0.3 3.1 ± 0.1 2.9 -l.- 0.9 

Hn 5.1 ± 0.2 15.3 ± 1.0 2.4 ± 0.4 4.6 -l.- 0.4 

Ni 3.9 ± 0.5 6.7 ± 0.7 2.6 ± 0.3 9.1 ± 0.2 
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fluctuation (Figs. 5 and 6). These types of observations may be of 

more practical use than correlation or ~egression models if movement 

between compartments is not regular. For example, gonadal zinc 

burden followed somatic zinc burden t.:) some extent (Fig. 7). There 

was a lag in the change of gonadal burden w"hich does support the 

idea that zinc is transferred from somatic to gonadal tissues. The 

rise in zinc burden, in both compartments, between May 7 and June 16, 

may indicate another period of gametogenesis prior to a second 

spawning. Copper did not exhibit any appreciable variation in 

gonadal burden (Fig. 6) although there were two rapid increases in 

copper content of somatic tissues between October 1979 and June 

1980. The graphic representation of copper movement is no more 

predictive of copper levels than were the statistical approaches, 

and this also confirms the view of Phillips (1976b) concerning the 

unsuitability of M. edulis for monitoring copper. 

The Effect of Depuration on Metal Concentrations 

After 48 hrs of residence in clean, aerated seawater, it was 

observed that mussels had depurated to some extent. Comparisons of 

these mussels with undepurated ones revealed significant differences 

in concentrations of copper, nickel, and manganese in the somatic 

tissues. Copper and manganese differences were significant at the 

p = 0.001 level whereas the nickel differences were significant at 

p =0.05. The lower manganese values were not unexpected as the 

concentrations of manganese in undepurated specimens were high, 

which indicates that a significant amount of manganese was present 
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in the particulates ingested by mussels, 3~d that it is egested 

regularly. This finding demonstraces che necessity of eliminating 

gut contents as a variable in manganese determination. Excessively 

high levels of manganese r~ght not be concentrated by the animal 

beyond the digestive system, from which they are soon eliminated. 

Accurate time integration of manganese would then be questionable 

and the value of ~l. edulis as an indicator of manganese values would 

be debatable. 

The behavior of copper and nickel in the depuration study is 

not easy to interpret unless a rapid uptake of these metals from 

seawater in the depuration vessel was a reaction to the atypical, 

perhaps stressful, situation encountered during depuration. Scott 

and Major (1972) reported rapid Cu II uptake and excretion rates by 

M. edulis in a controlled experiment. They found that when ~. 

edulis were placed in seawater containing 0.3 mg/l of Cu II, they 

took up copper rapidly, reaching a maximum concentration of approxi

mately 7.5 ~g/g (wet) at 22 hours. Concentrations then declined to 

the normal range, from 2 to 4 Wg/g (wet). Part of this rapid uptake 

could have been associated ,.ith a stress reaction. The results of 

field studies led Phillips (1976a, b) to conclude that M. edulis 

should not be used in an assessment of copper pollution. The concen

tration of this metal in mussels appeared to be sensitive to many 

env~ronmental variables that had less apparent effects on the levels 

of other metals. It was suggested that the importance of copper as 

a constituent of blood proteins (e.g. hemocyanin), and of tyrosinase 
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and cytochrome oxidases, and its unusual uptake kinetics (Scott and 

Major 1972, their Fig. 3) could have lee to the evolution of a 

specific transport mechallis~n for the metal (Phillips 1976b). 

There was also a sp2cific react:ion observed in depurated mussels 

which might be related to their uptake rather than loss of copper. 

During transportation from the collecting site to the laboratory (in 

5 gal plastic carboys containing seawater), it was noted that the 

animals actively produced byssal threads with which they anchored 

themselves to the container. This procedure doubtless required the 

expenditure of energy in producing and placing two materials, byssal 

threads and cement. ~fuen the animals ~vere placed in the depuration 

vessel at the laboratory, they continued to anchor themselves. 

Prytherch (1931) reported that copper was essential in the attach

ment of larvae of f. virgini~~, and it may be reasonable to suppose 

that the attaching cement of ~. edulis would have a similar copper 

requirement. There are doubtless other routes of loss of copper 

that are peculiar to this metal, as Phillips (1976b) suggests. The 

somatic burden of copper over the period of the reproductive cycle 

study did not change in the same way as did the burdens of other 

metals. lfuenever copper attained a high level, its loss was 

relatively rapid (Fig. 10). 

Nickel behaved similarly to copper, \/ith depurated specimens 

shmving higher nickel concentration, and its possible requirement in 

byssal thread production and attachment should also be investigated. 

No study has yet been conducted concerning metals and byssal 

threads, although Pentreath (1973) suspected that iron may be lost 
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from~. edulis via byssal threads. It probably would be best not to 

permit this species to depurate, as conventionally practiced by some 

investigators, but to conside!:' dissecting .)ut gut contents when 

preparing specimens for analysis. In this way, most of the transient 

material contained within t~le animal would be excluded from analysis, 

and stress would not influence metal levels. Removal of the gut 

contents is recommended in order to remove what could be considered 

to be external manganese. 

The Effect of Age, as Indicated by Shell Length, on ~etal 
Concentrations 

There is an obvious difference bet~veen invertebrates of large 

and small size with respect to the way in which they allocate energy 

for different functions. Smaller (younger, immature) specimens 

allocate most of their energy for grQl,vLh, whereas mature specimens 

use most of their energy expenditures in reproduction and/or 

maintenance. Also "smaller mussels have a greater scope for growth 

per unit of body size than larger ones" (Bayne et al. 1976). 

Gametogenesis is accompanied by an increase in oxygen consumption 

and a reduction in growth efficiency (Bayne et al. 1976). At the 

same time, the ration (nutrition) required for maintenance, increases 

(Bayne ~ al. 1976). Thompson (1979) feels that selection for early 

growth and delayed reproduction may be related to population 

stability. 

The reproductive cycle would therefore not contribute to the 

variation in specimens of smaller size, and it would not be expected 
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to have a significant effect on met21 levels in small animals. The 

use of immature animals in environmental sonitoring was suggested by 

Cossa ~ al. (1979). Coss~ ~t al. (1930) noted a change of slope in 

the regression of cadmium content Oil dry weight of ~. edulis, with 

the change occurring between 0.025 and 0.07 g dry weight. The onset 

of sexual maturity evidently introduced a variable that would be 

expected to obscure differences due strictly to size. Thus, the 

variation in smaller specimens would be purely a size effect, and in 

larger specimens a combined effect of size and some aspect of the 

reproductive cycle. Since it would be difficult or impossible to 

eliminate the reproductive cycle as a variable, it would be advis

able to be aware of it, and to measure somatic and gonadal tissues 

separately. If the entire soft parts of Gussels were used for 

analyses, the differences in slopes for anirr~ls of different size 

found by Cossa et al. (1980) would not be unexpected. The gonads of 

M. edulis have been shown to contain far less cadmium than the 

somatic tissues (Table II, Fig. 5), and the gonads can also be 

considered a highly variable quantity of soft tissue (Table I). 

This could cause erroneous conclusions if the cadmium concentration 

in total soft tissues were being determined. Concentration of 

cadmium would show a seasonal change because of an increase in 

gonadal material which is poor in cadmium. 

Separate measurements of somatic and gonadal tissues in this 

study revealed that there were significant differences (p < 0.01) in 

concentrations of manganese, nickel, copper, and cadmium in somatic 

tissues that could be attributed to differences in size as 
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expressed by shell length. With the exception of manganese, these 

metals were more abundant in larger ani~als than in smaller OGes; 

manganese was more concentrated in smaller animals. There were no 

statistically significant difierences in gonadal concentrations 

(Table IX). If these metals are more concentrated in larger 

specimens and in somatic tissues, the comparison of large specimens 

with smaller, less mature specimens would not be advised because of 

possibly large quantities of gonadal material (poor in metals) 

present in the former. At times of the year when gonadal development 

was greatest, concentration differences between large and small 

animals would be less than when gonadal material ,vas absent (i. e., 

after spawning). The quantity of gonadal material present is more 

important in this relationship than the state of development, and 

thus, the use of such gonad indexes as that described by Seed (1976) 

has little practical value. A significant general finding during 

the ancillary study ,vas that for all the metals considered, gonadal 

tissue concentrations were lower t~an somatic tissue concentrations 

(Table II). 

Boyden (1977) pointed out the necessity of using animals of the 

same size (age) in comparative studies so as to minimize any effect 

introduced by this variable. On the other hand, in order to 

illustrate the relationship between size and metal concentration, 

it is necessary to analyze a wide range of sizes. 

Boyden (1977) found that cadmium concentration was independent 

of body size of ~. edulis, and that smaller specimens contained 

higher concentrations of both manganese and nickel. This is 
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consistent with tae results of the C.urr2r.t study if the consequences 

of using whole soft tissues in analyses are considered. The 

relative quantity of gonadal material ~vo'.lld be expected to vary with 

size, with small individuals possessing lictle or none. Large 

specimens with relatively large quantities of metal-poor gonadal 

tissue would have lower total concentrations of metals. Therefore, 

gonadal and somatic tissues of different sized mussels should be 

compared separately. 

Watling and Hatling (1976) found a linear relationship between 

zinc content of whole soft tissues and dry tissue weight in the 

mussel ~. meridionalis, with the correlation somewhat better in 

males than in females. This would be expected if zinc were more 

concentrated in female gonadal tissue because females would contain 

relatively more zinc in the more mobile gonadal tissue. It was also 

found that the concentrations of "some :netals, zinc in particular" 

were higher in smaller individuals. }1y result for manganese agrees 

with theirs; large animals had lower manganese concentrations than 

small ones. 

While only two size ranges were employed in this study, some 

significant differences in metal concentrations were found. The 

procedure used during the central investigation was to use animals 

of the same size; the results of this supplemental, preliminary 

study confirmed the soundness of this approac:l. 
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The Effects of Sex on Mecal Concentrations in M. edulis 

Male and female mussels were identified in monthly samples 

taken over the period of study (Table I). The accuracy of deter

mining sex on the basis of gonad color was verified several times by 

microscopic examination. However, the accuracy of sex determination 

by gonad color was questionable after April 1980; this time 

corresponded to the period after major spawning was completed. The 

samples used for determining sex effects were obtained on April 9, 

1980 (day 146) when gonad development was almost at a maximun 

(Fig. 2). ~ytilus spp. have separate sexes (White 1937, Seed 1976), 

and it seems reasonable to assume that, subsequent to spawning, the 

population under study did not experience changes in sex ratios (or 

individuals in the population did not change sex). The difficulty 

of determining sex during the last months (April, May, June) of the 

study was possibly due to destruction of a pigment during resorption 

of gonadal material. Most mussels observed during this tine were of 

a neutral off-white color that was not characteristic of either sex. 

Studies such as this one should probably be conducted when gonadal 

development is at a maximum. 

It is important to note that little difference would have been 

found between metal concentration values in males and females if 

somatic and gonadal tissues had not been analyzed separately. Only 

cadmium showed a significant difference in somatic tissues; it was 

more concentrated in females than in males. Concentrations in the 
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gonads revealed that manganese and zinc were more concentrated in 

female than in male gonadal \"r:2terial, but that there was no signifi

cant differences in nickel, copper, or ~ad~um concentrations. 

Gabbott (1975) reported the conposition or unfertilized eggs of M. 

edulis as lipids, 156; carbohydrates, 22; protein, 296 ~g/mg dry 

weight. The higher concentration of zinc and manganese in eggs 

found in this study might be due to the association of these metals 

with metallothioneins which may be a part of the large protein 

content of eggs. 

Orren et al. (1980) investigated a population of black mussels 

which normally spawn in August or September. A sample taken in June 

indicated that females had higher concentrations of copper, 

manganese, zinc, and iron in their total soft tissues. Subsequently, 

a sample taken in November revealed no concentration differences. 

It was concluded that one might consider the use of immature 

specimens in monitoring programs. The latter sample probably 

consisted of individuals that were "spawned out" and contained 

little gonadal material. That could explain the lack of similarity 

between the two samples. 

Hatling and watling (1976) found that male and female C. 

meridiona1is had different concentrations of zinc, copper, iron, and 

manganese. They found that concentrations began to diverge above a 

dry tissue weight of 1.0 g, which implies that the differences were 

a function of maturity, or, occur only in animals capable of 

producing gonadal material. 
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These results support the conclusion that some of the concentra

tion differences in mature ani8als are due to concentration 

differences in gonadal mater.ial, and that such differences do not 

occur at all times of the year. There ar-:, of course, species 

differences between~. edulis and f. meridionalis, and identical 

schedules of metal concentration should not be expected. Neverthe

less, there are similarities which show that in general, females of 

the two species have higher concentrations of some metals at 

certain times of the year. 

Honitoring Programs 

One of the primary purposes of this research was to generate 

data and results that could be used critically to evaluate 

procedures used in programs which utilize indigenous bivalve 

molluscs as biological monitors. This study has revealed that V, 

I1n, Ni, Cu, Zn, and Cd were far less abundant in the gonadal tissue 

of M. edulis than in the somatic tissues. To date, none of the 

reports from environmental monitoring studies have included data 

concerning reproductive cycles as they affect metal concentrations 

in the monitor species. Studies published to date (e.g. Simpson 1979, 

('.oldberg ~ a1. 1978, Stephenson et a1. 1979, Davies and Pirie 1980) 

have considered possible effects of the reproductive cycle, but 

none include data or results chat measure these effects. 

In one program, the California State ~lussel Watch (Stephenson 

et al. 1979), management recognized only two seasons during the year, 

"summer" and "~"inter," and sampled once during each period. They 



93 

have suggested amending sampling frequency in the future to require 

only one yearly sample. That approach appears to depend on two major 

assumptions: that the repraductive state of their test animals did 

not change; or that the rep~cductive cycle did not influence metal 

concentration. The evidence is quite convincing that neither of 

these assumptions is correct. One might also question the assumed 

absence of variation in populations of ~. californianus between 

San Diego and Crescent City. This lack of consideration for 

seasonal variation has the potential for contributing large errors, 

depending on the mass of gonadal material present \-rhen specimens 

were collected. 

The ranges of gonadal and somatic burdens found for M. edulis 

in the current study are summarized in Table XII. It should be 

recalled that the gop-ads of ~. edulis, immediately before spa\vning, 

comprise as much as 40% of the soft tissue weight. If metal 

concentrations are reported on a total soft tissue basis, the 

potential error could be considerable. 

Goldberg et ale (1978) have stated that an order of magnitude 

is the minimum change in monitoring species that should be considered 

to be indicative of a polluting event(s). The reason given to 

suggest this view was that smaller changes could be due to natural 

causes. That may be correct, but if somatic and gonadal tissues are 

not considered separately, an error of as much as 25% could precede 

the order of magnitude change, and detection sensitivity from 

established baselines would consequently be reduced. Goldberg et ale 

(1978) also seemed to imply that trace metal levels in M. edulis and 
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Table XII. 	 Ranges of body burdens (Wg) of six metals found in M. 
edulis speci~ens from Yaquina Bay, Oregon, between 
October 1979 dnd June 1980. 

Gonadal burden Somatic burden 
Metal range, llg range, \lg 

Vanadium 0.0 - 0.1 0.4 - 2.3 

Manganese 0.3 - 1.0 2.5 - 5.7 

Nickel 0.0 - 0.9 0.8 - 4.9 

Copper 0.6 - 2.3 4.3 - 9.9 

Zinc 5 - 14 70 - 132 

Cadmium 0.2 - 0.6 5.5 - 10.4 
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M. californianus could be ~ompared directly as their metal concen

trations usually fluctuate ':vithin an order of magnitude of each 

other, with lead and silver showing the greatest variations. 

However, Settle and Patterson (1980) reported that there are few 

laboratories which are able to make lead analyses with acceptable 

accuracy. That may explain the significant differences in lead 

concentrations obtained by two of the laboratories participating in 

the Mussel ~.]atch program when evaluating the same samples. For 

instance, a sample of mussel tissue collected on September 10, 1976 

was analyzed both by Scripps Institution of Oceanography and Moss 

Landing ~furine Laboratories. The former found a lead concentration 

in the whole soft tissues of 0.6 ~g/g (dry), and the latter 2.7 )1g/g 

(dry). Both laboratories used lIatomic absorption techniques. 1I Four 

other lead analyses reported for the period covered also showed 

significant differences. There also appeared to be anomalies in the 

reported values for silver, nickel, and cadmium (Goldberg~ a1. 1973). 

Because of their different habitats, which result in dissimilar 

exposure to salinity, temperature, and plankton blooms, ~. edulis 

and M. californianus should not be compared directly with each other. 

The former is commonly called the IIbay mussel ll with good reason

they are generally found only in protected areas, and not in the 

unprotected rocky shore areas favored by the latter. For this 

reason, one would not expect ~. californianus to be useful for the 

environmental monitoring of estuaries. Estuaries require special 

emphasis in monitoring programs because the larval and juvenile 

forms of many species are found in them and man collects seafood 
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from them. Estuaries ar~ also the T.~Ci?ie~ts of large quantities of 

pollutants, as many industries which require an inexpensive water 

source have chosen to locate their faciliti.es on or near their 

parent streams. The attr3.ctiiieness of cheap water has historically 

been combined with that of a convenient receptacle for industrial 

and urban effluent. Heavy metals continue to be a rr~jor contributor 

to the pollutant load to estuaries (Phillips 1980). Once beyond the 

estuary, their concentrations are reduced both by precipitation and 

rapid dilution, and their original source becomes less obvious. 

Thus, an environmental monitoring strategy that relies on a non-

estuarine species as an indicator organism would not be expected to 

provide very refined data. 

The variations in water temperature, salinity, and food avail

ability, to which estuarine species are subjected throughout the 

year complicates the assessment of data obtained from measuring 

concentrations of contaminants in their tissues. It was noted that 

during the 3-month sampling period, the water temperature ranged 

from 5°C on January 1, 1980 to 22°C on June 12, 1980. Daily water 

temperature variation was about 1°C during the winter months and 4°C 

in summer months. Salinity ranged from 22 to 35 0/00 over the same 

period with daily variations or as much as 9 0/00 during the winter. 

Plankton blooms are irregular occurrences, and they would be 

expected to influence metal levels in an indicator species. It has 

been shown that particulate concentration in the water is directly 

related to the uptake of certain metals by Crass~strea gigas 

65
(Harrison et al. 1976). Preston (1968) found that Zn was probably 
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reaching oysters via silt particles rather than as dissolved ions. 

The ingestion of phytoplankton ~vith both plankton-incorporated and 

-adsorbed metals would be expected during a plankton bloom. Samples 

obtained at such times would dm:.bt1ess ;13.Ve gut contents rich in 

certain elements, whose presence would give false values of time 

integration of these elements by the organism. 

With such a large number of environmental factors affecting 

metal levels in organisms, it is perhaps not unreasonable that 

Goldberg et al. (1978) should have selected an order of magnitude 

of change in concentration between successive samples as being 

indicative of pollution, although the choice seems arbitrary. 

An additional potential point of confusion has been identified 

by Davenport (1977, 1979), who showed that~. edu1is possessed the 

ability to avoid certain pollutants. An isolation response was 

identified and the ability to exclude copper was specifically 

demonstrated. There was a response to falling salinity which 

occurred in three stages and probably permitted the mussel to main

tain salinity within the mantle cavity at what was probably a 

tolerable level. The stages of response were (i) closure of the 

exhalant siphon, (ii) closure of the inhalant siphon, (iii) valve 

closure. Closure of the exhalant siphon was sufficient to maintain 

mantle fluid salinity and diffusion of o~ygen was not prevented 

until valve closure. The possible use of ablation experiments to 

discover receptor sites for contauinants was discussed. Expansion 

of this type of experimentation to include a wide range of 

pollutants might reveal the full extent of the behavioral 
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capabilities of ~. edulis, and other so-called sentinel organisms. 

It is quite possible that periodic brief encounters with pollutants 

(acute exposure) that might have come from point discharges would 

lead to active exclusion of these materials by the organisms. If 

that occurred, the monitoring organism would not provide a time-

integrated concentration value for the pollutant, and would be of 

limited value for interpreting intermittent pollution events. 

As Bayne et al. (1930) pointed out, organisms can survive 

environmental insult because of physiological, behavioral, or other 

responses. This implies that analysis of tissue samples may give an 

inaccurate picture if considered in isolation. A variety of 

approaches, including ecological assessment, was suggested. 

Bayne ~ al. (1980) suggested that there may be concentration 

thresholds, below which organisms can detoxify various pollutants. 

There may also be much lower concentration thresholds below which 

the organism does not respond at all. For instance, Scott and 

Major (1972) noted a rapid uptake of copper by ~. edulis over a 

22-hour period when specimens were placed in seawater containing 

added Cu(II). At 22 hours, when the copper concentration in the 

soft tissues had reached a value of 7.5 ~g/g (wet), active elirnina

tion of copper by the animal evidently began, and it continued for 

24 hours. It could be interpreted that no elimination response was 

made by the mussels until a certain threshold copper value was 

reached in their soft tissues. Investigation of animal response to 

pollutants is thus essential in the case of animals that are capable 

of making avoidance responses. An alternative or supplemental 
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approach might involve use of other 0:Lganisms. Some of the 

ubiquitous algal species su.:h as Fucl:.s. ~'pp. may prove useful. This 

possibility is now being investigated in such a way that results ~y 

be compared with those deri'Jed from ~1. ~~~lis specimens. 

:'forris and Bale (1975) evaluated results of analyses by Fuge 

and James (1974) of Fucus vesiculosus specimens from the Bristol 

Channel. The alga was believed to take up cadmium, copper, and zinc 

passively. Hanganese appeared to be regulated by the organism. 

Foster (1976) determined concentrations of zinc, copper, 

manganese, and nickel in F. vesiculosus and Ascophyllum nodosum 

(a benthic brown alga) from the ~1eani Straits (Wales). A comparison 

was made with algae from another site t~at was relatively rich in 

trace metals. It was concluded that these algae may have a limited 

number of non-specific binding sites whose occupancy may be deter

mined by metals present in the greatest concentration in the water. 

This would lead to incorrect results if the algae were used to 

evaluate highly-polluted waters. 

Phillips (1979) compared concentrations of zinc, cadmium, lead, 

and iron in M. edulis and F. vesiculosus from 20 locations in the 

area of the Sound between Sweden and Denmark. He concluded that 

there could be no useful comparison of the t~.,o species because the 

metals in their tissues came from different sources. The concentra

tions in M. edu1is were thought to come from ingested phytoplankton, 

whereas F. vesiculosus gained its concentrations from metals in 

solution. 
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Eide et al. (1980) investigated uptake and loss of zinc, 

cadmium, lead, and mercury by ~. nodosum in a field situation. They 

were able to conclude that changes in ':vater concentrations of these 

metals were reflected in the alga. ~t was considered that measure

ment of correlation between algal and water concentration of the 

metals would be a logical continuation of this work. 

I have several suggestions about the management of monitoring 

programs utilizing marine organisms. A monitoring program should be 

designed so that comparisons can be made locally between local 

populations. For example, in Yaquina Bay there are several mussel 

populations, some of which may receive considerable anthropogenic 

input of contaminants, and others which are relatively "clean." The 

site chosen for this study (Y-l) was a clean site, and no excessive 

levels of metals in mussel tissues that could be considered 

"pollution" were found. At least one such population, and as many 

contaminated populations as funding permits, should be monitored. 

The key to obtaining useful data is to maintain a high sampling 

frequency. This permits observation of the effects of "seasonal" 

variation, and the normal deviations that are caused by such factors 

as the reproductive cycle. It is essential that mean tissue weights, 

gonad indexes, and condition indexes be determined, as well as the 

analyses for contaminants. Without this type of information 

predictive abilities will be lower, and deviations from normal 

relationships may be misinterpreted. Also, other deviations from 

normal relationships that are due to pollution could be missed 
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because the data acquired were insu=£icient to provide a sensitive 

model. The "shot-gun" approach to :ncnito':ing, in which few samples 

are taken from many sites, should be quietly laid to rest as it does 

not provide sensitive data; he~ce, its criteria for establishing 

contamination are insensitive. 

The chief problem in the use of H. edulis as a monitor in this 

region of the Pacific Northwest has been the decline in available 

populations due to man's activities in estuaries. There are few 

estuaries that harbor both contaminated and uncontaminated popula

tions of this species. The planting of genetically identical 

specimens may be an alternative to the use of natural populations. 

This \vould have the advantage of permitting placement of a popula

tion at a site of choice. A disadvantage is the need to protect 

such populations from meddlers, and the risk of loss of expensive 

data because of population destruction. 

The use of algae may prove to be at least an adjunct to the 

use of bivalves. In the Pacific Northwest, the brown alga Fucus 

distichus ssp. edentatus is abundant from northern Washington to 

Point Conception, California. It is found both in coastal and 

estuarine habitats, and comparisons between contaminated and 

uncontaminated populations within the same general area are 

possible. The algae seem to be somewhat more resistant to man's 

activities than are the bivalves. 

wnatever organism is involved, it must be recognized that 

contaminants become localized in differen::: tissue compartments. 

In M. edulis, the gut contains highly transient material which is 
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external to the organism and not incorporated into its tissues. Gut 

contents should be discarded, and gonadal material should be 

separated from the other soft tissues. These operations are not 

difficult and can be incorporated into a sample preparation 

procedure. Uith Fucus spp. it may prove necessary to analyze the 

receptacles (reproductive structures) separately from the rest of 

the alga. 

In summary, a general procedure in monitoring with organisms 

should contain the following requirements: 

1. 	 sample only as many sites as can be analyzed on a monthly 

basis; 

2. 	 use mature organisms of the sane size; 

3. 	 measure physical parameters as well as contaminant levels; 

4. 	 recognize differences in tissue compartments and adjust 

sample preparation procedures accordingly; 

5. 	 consider use of artificial populations; 

6. 	 analyze algae and compare with results of bivalve 

analysis. 

The results of the current study could be extended by further 

research, itemized as follows: 

1. 	 Continuation of the procedure used in the central study, 

with another population (site YlA). This may lead to some 

generalization of the relationships discerned. (In 

progress.) 

2. 	 Investigation of the role of the byssal apparatus in metal 

movement in M. edulis. (Determination of metal levels in 
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byssal threads is planned.) 

3. 	 Use of Fucus distichus ssp. edentatus as a monitoring 

organism in Yaquina Bay. (In progress.) 

4. 	 Honitoring of vanadium levels should be continued on a 

regular basis, and the efficacy of using flame AA with more 

concentrated tissue samples should be investigated. This 

procedure, if suitable, would be much more convenient and 

less expensive than the neutron activation analyses employed 

in the current study. 

5. 	 An attempt should be made to correlate vanadium and nickel 

levels with PAR levels in populations where the latter 

contaminants are abundant. This might assist in ascertain

ing their origin. 

6. 	 Investigation of the conversion of carbohydrate at vitello

genesis with respect to rapid change (increase) in metal 

levels in gonadal tissues of M. edulis. Identification of 

metallothioneins that may be present in quantity in the 

eggs of ~. edulis may give further insight into metal 

movements between somatic and gonadal tissues. 

7. 	 Investigation of the form in which "excessive" quantities 

of metals are held in organisms. Some work (George ~ al. 

1978) has illustrated that in Ostrea edulis (European flat 

oyster) excesses of toxic metals are found in "wandering" 

granular amoebocytes. George ~ al. (1980) found localiza

tion of metals in H. edulis in membrane-limited vesicles. 
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The way in which selected metals are complexed in these 

vesicles is being investigated by these workers. 

8. 	 Consideration should be given to discovery of additional 

independent variables, as yet unidentified, that might 

improve the multiple regression models used in this study. 
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Sm1}l.~RY A.1.~D CONCLUS IONS 

The primary objective of thi.s st:ldy ~"as to determine the effect 

of the reproductive cycle '::m the levels of six transition metals, 

vanadium, manganese, nickel, copper, zinc, and cadmium, in the soft 

tissues of M. edulis. A secondary objective was to evaluate 

critically procedures used in monitoring programs which utilize 

indigenous bivalve species as sentinel organisms. 

A population of mussels at Yaquina Bay (Newport), Oregon, was 

sampled at regular intervals, over a time period sufficient to 

obtain specimens in all reproductive stages, and in neutral repro

ductive condition. The soft tissues of specimens were separated 

into somatic and gonadal categories, the latter consisting of the 

mantle and the mass of gonadal material that it contained. 

Flame atomic absorption spectrometry, and neutron activation 

analysis were used to determine metal concentrations in the two 

tissue categories. Calculation of the mean dry tissue weights in 

each sample provided a basis for calculating metal burdens in an 

"average mussel." Several statistical procedures were employed to 

reveal relationships that could be used predictively, and the 

following conclusions were reached: 

1. 	 There were seasonal changes in tissue weights of specimens 

within the same size range. 

2. 	 Regression of gonadal and somatic tissue dry weights in 

successively obtained samples can be predictive of spawning 

in a population of M. edulis. A decline in r2 for this 
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relationship can indicate that spawning is imminent. 

3. 	 Vanadium, manganese, and zir.c burdens in somatic tissue 

varied with the seasonal change in somatic tissue weight; 

excessively high zinc values that deviate from this 

relationship may be predictive of gametogenesis. Zinc 

burden (in micrograms) was, in this population, approximate

ly related to the mean dry somatic tissue weight as: 

ZnS = 181 (ASW) - 17. 

4. 	 Manganese, zinc, and cadmium burdens in gonadal tissue 

varied with gonad weight. 

5. 	 Cadmium burden in gonadal tissue was highly correlated with 

zinc burden, and seemed to be dependent on it. The 

relationship can be approximately described for the 

population by the equation, CdG = 0.04 (ZnG) + 0.08. 

6. 	 Manganese burden in gonadal tissue was correlated with both 

zinc and cadmium burdens. 

7. 	 Other relationships between metal burdens, concentrations, 

indexes, and mean tissue weights were found to be complex 

and significant. A full interpretation of these relation

ships is not yet possible. 

S. 	 Depuration of lie edulis specimens before analysis may lead 

to erroneous results in determining concentrations of 

copper and nickel in somatic tissues because of rapid 

uptake of these metals during depuration. This may 

indicate a stress reaction to laboratory conditions and the 

requirements of byssal thread production and placement. 
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9. 	 There are significant differences in concentrations of 

manganese, nickel, copper, and cadmium between size ranges 

of ~. edulis as expressed by shell length. The larger 

specimens carried higher somatic tissue concentrations of 

nickel, copper, and cadmium. The specimens of the smaller 

size range carried a higher concentration of manganese. 

10. 	 Female specimens of ~. edulis carry higher somatic concen

trations of cadmium, and higher gonadal concentrations of 

manganese and zinc, than male specimens. 

This study has achieved the main objective, which was to deter

mine if the reproductive cycle of ~. edulis had any effect on the 

levels of six transition metals, of environmental interest, in its 

tissues. It revealed some of the misinterpretations that can be 

expected if the reproductive cycle is ignored; for instance, a 

sudden increase in zinc and cadmium burdens may not indicate a recent 

encounter with effluent from a polluting source, but only the result 

of physiological requireme.nts. 

Further value has been obtained by this study if some of the 

predictive relationships become generally applicable. Populations 

of animals of greater genetic similarity may respond even more 

predictably than the specimens of the population investigated. There 

could then be possible benefit to aquaculture programs, where 

prediction of gametogenesis and spawning might be required. 

An additional study of another mussel population in Yaquina Bay 

is continuing, with the objective of generalization of some of the 

relationships revealed by the current study. There will also be 
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investigation of the byssal system in~. edulis, and possibly ~. 

californianus, as an agent in the flux of transition metals through 

these animals. 

With respect to monitoring programs, certain procedures have 

been recommended. These involve the frequent sampling of monitoring 

organisms, and measurement of basic physical variables, such as 

tissue weights, so as to provide a view of the seasonal variation 

which can cause deviations from normally expected relationships 

involving metals. Comparisons between populations of organisms in 

the same immediate vicinity should be made, both contaminated and 

uncontaminated, and of the same maturity. If these types of 

procedures are not adhered to, the models developed will be too 

insensitive to be useful in the indication of environmental 

pollution. 
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Appendix 1 

Bull. Environm. Contam. Toxieol. 26. 224-227 (1981) 

Determination of Vanadium in a Marine Mollusc Using  
a Chelating Ion Exchange Resin and  

Neutron Activation*  
Y. David LaTouche', Casey W. Bennete, and Michael C. Mix' 

'Department of General Science and 'Department of Chemistry. Oregon State 
University, Corvallis, OR 97331 

Studies designed to measure contaminants in the marine and 
estuarine environment have generally neglected vanadium. Envi
ronmental vanadium has been considered as a trace constituent of 
petroleum which has levels ranging, for example, from 0.6 to 1400 
ppm in different Venezuelan crude oi Is (NAS 1974). Variable 
vanadium concentrations characterize di fferent petroleums; such 
"fingerprints" in oil spill samples have been useful in estab
lishing responsibility for pollution incidents (GUINN et aI.1971). 

Whi Ie vanadium is an essential element for man (HOPKINS and 

MOHR 1974), it is toxic in excessive amounts, as it interferes 

with various enzyme systems (NAS 1974). 


Due to its generally low concentration in marine molluscs 
« lug/g dry wt.) and the current widespread use of bay mussels, 
Mytilus edulis, as environmental monitors, it is necessary to uti 
lize a sensitive analytical method for its determination. Flame
less AA has been commonly employed (IKEBE and TANAKA 1979) and has 
the advantage of being widely avai lable. Neutron activation ana
lysis (NAA) is more sensitive whe~ a source of thermal neutrons 
is avai lable. A primary problem wi th uti lizing NAA for vanadium 
determinations is the necessity of separating sodium from bio
logical matrices because of high Compton contribution from 2~Na 
when purely instrumental procedures are employed (BLOTCKY et al. 
1979). GUINN et al. (1977) removed sodium from a biological 
matrix by using a column containing hydrated antimony pentoxide; 
unfortunately, antimony then became a contaminant which provided 
its own Compton contribution. Nevertheless, they demonstrated 
that much greater sensitivity could be attained with their pro
cedure. RILEY and TAYLOR (1968) used a chelating resin for sep
arating vanadium from seawater and KINGSTON et aJ. (1978) used 
the same resin to separate eight other transition elements from 
seawater. 

The purpose of the present study was to develop a precise 

*This study is a result of research sponsored in part by Cooper
ative Agreement Number R806224020 between the U.S. Environmental 
Protection Agency (Gulf Breeze, Florida) and MeM. 

0007- ..861/8 I/OO~6-0~2" SO 1.00 
'f' IQ~I t;"rinOt'r-V"rl;Jp N,,\~' Ynrl: In, 
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method for measuring vanadium in the soft tissue of marine mol
luscs. We employed a chelating resin to retain vanadium and 
eliminate sodium from a digest of the soft tissues of.1.L edul.is. 
Vanadium concentrations were then obtained via neutron activa
tion analysis of the resin which retained the vanadium. 

MATERIALS AND METHODS 

Sample Preoaration. Samples of M. edulis were collected 

from a site on Vaquina Bay (Newport. OR) and transferred to our 

laboratory at O.S.U. Preparation consisted of shucking (removal 

of the animal from the shell). homogenizing, and either wet di 

gestion or freeze-drying. 


Digestion. Approximately 3 g (wet wt.) of homogenized tis 
sue were placed into a screw-top culture tube (150 x 25 mm) and 4 
mL cone HN0 3 (reagent grade) was then added. The tube was tightly 
capped and placed in a heat block at 90°C for approximately 1 h. 
After completion of digestion, the digest was fi ltered through 
glass wool and made up to a volume of 10 mL with 18 MO em dis-
ti lIed water. 

Freeze-drying. Homogenized tissue was freeze-dried for 48 

h at a pressure of 90 mtorr. Residual moisture was determined by 

drying to constant weight at 100'C. Freeze-drying permitted the 

use of a larger sample size for instrumental neutron activation 

analysis (INAA). Approximately 0.5 9 of dried tissue was heat

sealed in a 2/5 dram polyvial which was in turn heat-sealed in a 

2 dram polyvial, providing double containment to reduce the like

lihood of contamination. 


Column Separation. Polypropylene columns (60 x 8 mm 1.0.) 
were acid-washed and fi lied with a slurry of Chelex 100 resin 
(Bio-Rad, analytical grade, sodium form). 200-400 mesh. The 
columns were then rinsed with 2 x 5 mL volumes of 2.5 M HN0 3 fol 
lowed by 2 x 5 mL volumes of 2.0 M NH~OH. and 2 x 5 mL volumes 
of disti lIed water, pH 5. I. This procedure removed any metal 
contaminants. 

A 1 mL aliquot of the digest solution {above} was further 
di luted with 20 mL of disti lied water, pH 5.1, and its pH ad
justed to pH 5. I with conc. NH~OH. The digest solution was then 
added to the column reservoir and alkali metals were eluted off 
the resin with 4 x 5 mL volumes of 1.0 M ammonium acetate. The 
resin from each column was then double contained as above. 

Activation and Sample Counting. The neutron source was the 
I MW TRIGA research reactor at the O.S.U. Radiation Center. A 
pneumatic tube sample placement system (rabbit) was employed which 
located the sample at a point where the neutron flux at ful I power 

2 1(IMW) was 9.0 x 1012 n em- s- • Sample counting equipment con

225 
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sisted of 	a Z048 channel analyzer (Nuclear Data Corp. ND-600) 
interfaced with a 15% Ge(Li) detector. Two different procedures 
were used: (1) INAA samp.les were irradiated for 30 s at ZOO K\oI 
and counted for 60 s after a delay time of 3 min. (2) Resin 
samples were irradiated for 60 s at 1 HW and counted for 5 min 
after a delay of 4 min. 

RESULTS & DISCUSSION 

Counting reagent blanks has shown that vanadium is not a 
constituent of the background contaminants at our faci lities. 
nor was it detected in the reagents or polyvials used. Whi Ie 
columns and glassware are customari ly washed in 50: 50 HN0 1 

(·Z4 h) this does not appear to be essential. 

Transfer of polyvials after activation minimizes the con
tribution of ItlAr and 28Al to the background. The former is of 
atmospheric origin and the latter is a contaminant of the poly
ethylene vials used. 

TABLE I compares vanadium levels determined by the two 
methods in 5 different tissue samples of M. eduZ-is. Samples SA·1. 
·4, -7 and -10 each consisted of the pooled soft parts of 20 ani
mals from which the gonads had been removed. Sample GA-7 was the 
pooled gonads of ZO animals obtained in preparation of sample 
SA-7. No other sample of gonadal material contained a detect
able level of vanadium. 

TABLE I. 	 Vanadium levels in five samples of soft tissue 
of Mytitus edutis and two NBS standards. The 
vanadium concentrations obtained with an INAA pro
cedure are compared with concentrations deter· 
mined after eliminating sodium from the matrix. 
Vanadium was retained on Chelex 100 and sodium 
eluted off the resin. Concentrations and stan· 
dard deviations are in ~g/g. 

Sam~ Ie 	 INAA CHELEX 100 & NAA 

SA-1 1.66 ± 0.47 (z8.3%) 0.84 :t 0.07 (8.3%) 

SA-4 0.67 ± 0.26 (38.8%) 1.06 ± 0.09 (8.5%) 

SA-7 2.75 ± 0.69 (25.1%) 0.82 ± 0.05 (6.1%) 

SA-IO 2.21 ± 0.51 (23.1%) 1.03 ± 0.08 (7.8% ) 

GA-7 0.49 ± 0.23 (46.9%) 0.30 ± 0.04 ( I 3.3%) 

NBS Orchard Leaves 1. 13 ± 0.28 (24.8%) 

NBS Oy~ t e r Tis sue 2.24 ± 0.08 (4.0%) 

Vanadium recovery for digestion followed by column separation 
was determined from two tissue samples forti tied with 1.0 ~g of 
vanadium and was found to be 89 ± 12%. The uncerti fied value for 
NBS Oyster Tissue is given (NBS Standard Reference Material 1566) 

226 
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as 2.8 ~g/g, and the value of 2.24 ~g/g in TABLE I represents 

a recovery of 80%. 


The use of NBS Orchard Leaves (NBS Standard Reference Mate
rial 1571) verified that the INAA method standard deviations are 
also much larger than those obtained after separation of vanadium 
with Chelex-l00. BLOTCKY et al. (1979) found the vanadium con
tent of NBS Orchard Leaves to be 0.60 ± 0.02 ~g/g. NBS does not 
certify a value for this reference material. 

In attempting to employ a strictly instrumental procedure 

iINAA) with biological material, the high background caused by 

~Na dictates the use of low reactor power levels, which are dif

ficult to maintain without variation in neutron flux. Irradi
ation times must be short for the same reason. Thus, the mea
surement of small quantities of vanadium « 2 ppm) in biological 
material without chemical separation becomes di fficult or impos
sible. The preirradiation elimination of sodium and retention 
of vanadium in a resin matrix, as we have described, permits 
activation at full reactor power. Further, irradiation time is 
not critical and may be as long as is convenient, with an ac
companying reduction of timing errors. The use of full reactor 
power can represent an economic advantage, as expensive faci li 
ties need not be al located to strict Iy low-power operations. 
Long activations which customari Iy require full power operation 
can be run concurrent Iy with the regime we have suggested. An 
additional background problem arises when samples are counted. 
A large background contribution necessitates short counting 
times. If long counting times are attempted, peaks of interest 
may become overshadowed. This tendency was noted when an at 
tempt was made to count INAA samples for longer than 60 s. 
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Appe~dix 2 

Physical Data from Individual Sample Collections 

Site - Y-1 
Date - 10-23-79 

Gonadal Somatic \-let whole 
tissue tissue animal 

Specimen & ~ 
Length 

em 
Height 

em 
weight 
dry, ~ 

Q 

weight 
dry, g 

GI 
mg/g CI 

~"eight 

g 

1 x 5.1 2.3 0.05 0.36 148 3.28 7.57 

2 x 5.1 2.4 0.14 0.415 328 2.58 7.44 

3 x 4.7 2.4 0.12 0.373 328 2.88 7.55 

4 x 5.6 2.7 0.25 1).535 460 2.72 10.73 

5 x 5.7 2.5 0.22 0.556 399 2.53 10.12 

6 x 4.7 2.3 0.12 0.525 236 2.98 10.32 

7 x 5.3 2.5 0.15 0.384 383 3.15 8.65 

8 x 4.7 2.4 0.10 0.379 272 2.92 7.44 

9 x 4.5 2.4 0.14 0.343 408 2.54 6.30 

10 x 5.0 2.3 0.30 0.595 509 2.13 9.89 

11 x 5.4 2.4 0.16 0.575 280 2.43 9.42 

12 x 4.8 2.4 0.11 0.428 255 2.70 7.63 

13 x 5.2 2.7 0.16 0.529 301 2.56 9.25 

14 x 4.9 2.3 0.13 0.453 287 2.75 8.45 

15 x 6.0 2.7 0.17 0.684 247 2.33 12.88 

16 x 5.0 2.3 0.26 0.454 564 2.40 8.52 

17 x 5.0 2.1 0.09 0.315 295 2.89 6.20 

18 x 5.5 2.5 0.14 0.579 235 2.94 11.23 

19 x 5.0 2.1 0.17 0.493 351 2.56 8.84 

20 x 5.3 2.5 0.10 0.370 265 3.21 7.95 

X 5.1 2.5 0.15 0.47 323 2.75 8.82 

S 0.4 0.2 0.06 0.10 101 0.29 1.69 

Pooled gonadal 
Pooled somatic 

tissue moisture content 
tissue moisture content 

= 80. 23/~ 
= 82.5n 

:~o. cf' 
No. ~ 

= 11 
= 9 
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Site - Y-1 
Date -11-14-79 

Gonadal Somatic ivet whole 
tissue tissue animal 

Specimen & ~ 
Length 

em 
Height 

cm 
weight 
dry, Ct 

;> 

weight 
dry, g 

GI 
mg/g CI 

weight 
g 

1 x 5.7 2.3 0.24 0.75 319 2.79 14.67 

2 x 6.1 2.8 0.18 0.85 217 2.71 15.02 

3 x 6.2 3.0 0.24 0.86 275 2.60 15.20 

4 x 5.6 2.9 0.27 0.76 356 2.95 16.05 

5 x 5.5 2.5 0.17 0.66 259 2.82 12.46 

6 x 5.4 2.5 0.15 0.71 215 2.82 13.09 

7 x 5.8 2.7 0.10 0.69 148 3.51 15.04 

8 x 5.6 2.6 0.19 0.59 316 2.81 11.56 

9 x 5.4 2.4 0.16 0.67 242 2.57 11.35 

10 x 5.7 2.8 0.20 0.69 294 3.12 14.39 

11 x 6.1 2.7 0.22 0.76 293 3.03 15.76 
12 x 5.7 2.7 0.05 0.58 93 3.17 11.00 

13 x 5.8 2.8 0.28 0.73 379 2.72 14.43 

14 x 6.5 2.7 0.09 0.74 126 3.46 15.65 
15 x 5.5 2.8 0.14 0.63 219 2.69 11.03 

16 x 5.4 2.6 0.16 0.57 273 2.76 10.73 
17 x 5.4 2.7 0.21 0.79 262 2.64 13.99 

18 x 5.4 2.7 0.21 0.61 347 2.78 12.04 
19 x 5.7 2.7 0.12 0.60 203 3.53 13.60 
20 x 5.3 2.3 0.18 0.62 295 2.96 12.53 

X 5.7 2.7 0.18 0.69 257 2.92 13.50 

S 0.3 0.2 0.06 0.09 76 0.30 1. 79 

,. cf'Pooled gonadal tissue moisture content = 77 .92% l~O • = S 
Pooled somatic tissue moisture content 81. 98% No. )? =12 
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Site - Y-l 
Date - 1-14-30 

Gonadal Somatic Het whole 
tissue tissue animal 

Specimen d' ~ 
Length 

cm 
Height 

cm 
weight 
dry, f;7 

Q 

weight 
dry, g 

GI 
mg/g CI 

weight 
g 

1 x 6.8 2.9 0.39 0.99 393 2.36 21.37 

2 x 6.2 2.3 0.35 0.79 441 2.14 15.39 

3 x 6.6 2.6 0.09 0.68 128 3.14 16.13 

4 x 6.5 2.6 0.22 0.70 316 2.61 15.90 

5 x 6.3 2.8 0.19 0.77 240 2.36 14.99 

6 x 6.5 2.7 0.11 0.70 159 2.79 15.13 

7 x 6.3 2.7 0.13 0.67 189 2.84 15.04 

8 x 5.9 2.8 0.14 0.63 226 2.39 12.22 

9 x 5.8 2.6 0.11 0.51 221 3.70 15.38 

10 x 5.8 2.4 0.22 0.62 349 2.06 11. 32 

11 x 6.5 2.9 0.15 0.83 178 2.60 16.95 

12 x 6.6 2.8 0.24 0.65 378 2.34 13.74 

13 x 6.1 2.6 0.21 0.65 323 2.37 13.41 

14 x 6.5 2.7 0.22 1.07 205 2.14 18.28 

15 x 6.0 2.8 0.17 0.30 573 3.94 12.04 

16 x 5.8 2.8 0.32 0.70 455 2.14 14.23 

17 x 6.0 2.7 0.26 0.69 368 2.66 16.64 

18 x 5.8 2.8 0.08 0.56 149 2.91 12.60 

19 x 5.7 2.5 0.11 0.51 211 2.79 11.42 

20 x 6.0 2.7 0.13 0.59 226 2.93 14.08 

X 6.2 2.7 0.19 0.68 286 2.66 14.84 


S 0.3 0.1 0.09 0.17 120 0.50 2.45 


Pooled gonadal tissue moisture content 83.44% l~O. cf" = 10 

Pooled somatic tissue moisture content = 85.26% No. ~ = 10 
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Site - Y-1 
Date - 2-11-30 

Gonadal Somatic Het whole 
tissue tissue animal 

Length Height weight weight GI weight& ~SEecimen cm cm dEYz g dryz g mg/g CI g 

1 x 7.5 3.1 0.30 1.00 269 2.75 22.07 

2 x 6.3 2.7 0.15 0.61 248 2.59 12.36 

3 x 6.0 2.6 0.07 0.58 117 3.29 13.29 

4 x 6.3 2.8 0.29 0.90 321 2.62 19.24 

5 x 5.9 2.5 0.15 0.49 297 2.77 11.04 

6 x 6.1 3.0 0.12 0.74 161 2.84 15.29 

7 x 5.5 2.8 0.09 0.53 162 3.24 12.42 

8 x 6.1 2.7 0.21 0.70 309 2.63 14.36 

9 x 6.4 2.6 0.20 0.77 260 2.46 H.85 

10 x 5.8 2.5 0.09 0.57 161 3.01 12.50 

11 x 5.5 2.3 0.11 0.48 223 3.59 13.15 

12 x 5.6 2.7 0.2J 0.63 320 2.30 11.83 

13 x 5.5 2.7 0.12 0.53 236 2.45 9.93 

14 x 6.0 2.7 0.17 0.75 224 2.36 13.56 

15 x 5.5 2.7 0.07 0.51 140 3.12 11.38 

16 x 5.3 2.7 0.11 0.56 198 2.92 12.22 

17 x 5.5 2.8 0.12 0.62 187 2.96 13.64 

18 x 5.7 2.5 0.11 0.48 232 2.55 9.41 

19 x 5.7 2.4 0.17 0.47 358 2.85 11.25 

20 x 5.4 2.5 0.17 0.57 303 2.69 12.46 

X 5.9 2.7 0.15 0.63 236 2.80 13.34 

S 0.5 0.2 0.06 0.14 68 0.33 2.96 

Pooled gonadal tissue mois ture content 83.03% No. cf' = 11 
0Pooled somatic tissue moisture content = 34.11% No. = 9+ 
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Site - Y-1 
Date - 2-26-80 

Gonadal Somatic l-let whole 
tissue tissue animal 

Length Height weight weight GI weight
d' ~SEeeimen cm em dryz g dry! g mg/g CI g 

1 x 6.0 3.1 0.13 0.67 194 2.71 13.58 

2 x 6.2 2.7 0.20 0.72 279 2.41 13.91 

3 x 6.8 3.0 0.53 0.98 535 2.00 18.36 

4 x 6.1 3.0 0.26 0.81 321 2.39 15.97 

5 x 6.4 3.0 0.31 0.77 403 2.20 14.78 

6 x 6.1 2.8 0.16 0.62 266 2.72 13.37 

7 x 6.0 2.8 0.17 0.65 256 2.83 14.41 

8 x 5.7 3.0 0.17 0.58 301 2.55 12.00 

9 x 5.5 2.3 0.17 0.61 271 2.85 13.35 

10 x 6.1 2.3 0.14 0.56 252 2.71 11.80 

11 x 5.7 2.5 0.23 0.62 374 2.79 14.74 

12 x 5.5 2.5 0.16 0.60 271 2.99 14.37 

13 x 5.8 2.3 0.09 0.59 148 3.23 13.64 

14 x 5.8 2.7 0.15 0.54 279 2.47 10.75 

15 x 6.0 2.6 0.15 0.56 263 2.73 12.30 

16 x 5.6 2.7 0.10 0.57 182 2.85 12.12 

17 x 6.0 3.1 0.25 0.62 402 2.52 13.77 

18 x 6.0 2.6 0.17 0.67 244 2.63 14.39 

19 x 6.4 2.8 0.13 0.66 196 2.69 13.28 

20 x 5.6 2.5 0.13 0.53 255 2.68 11.12 

X 6.0 2.8 0.19 0.65 285 2.65 13.65 

S 0.3 0.2 0.10 0.11 39 0.27 1. 81 

Pooled gonadal 
Poe1ed somatic 

tissue moisture content 
tissue moisture content 

= 33.79% 
= 34.03% 

"L~O • 
No. 

d" 
~ 

= 8 
= 12 



127 

Site - Y-l 
Date - 3-10-80 

Gonadal Somatic \.Jet whole 
tissue tissue animal 

Length Height weight weight GI weight6' ~SEecimen mm nun d;:xz g dry! g mg/g CI g 

1 x 61 27 0.20 0.59 331 2.90 14.73 

2 x 60 26 0.17 0.65 260 2.68 14.30 

3 x 61 29 0.21 0.72 291 2.81 16.93 

4 x 60 27 0.19 0.61 305 2.58 13.41 

5 x 60 27 0.17 0.69 249 2.57 14.41 

6 x 63 28 0.21 0.61 350 2.46 13.09 

7 x 60 27 0.20 0.57 355 2.65 13.35 

8 x 60 28 0.12 0.55 224 2.76 12.04 

9 x 59 27 0.15 0.57 271 2.86 13.37 

10 x 58 28 0.18 0.58 304 2.60 12.30 

11 x 59 27 0.28 0.73 332 2.37 15.58 

12 x 59 27 0.16 0.60 275 2.47 12.27 

13 x 59 26 0.11 0.53 199 2.70 11. 29 

14 x 58 26 0.09 0.51 171 2.78 10.83 

15 x 59 26 0.12 0.50 230 3.43 13.99 

16 x 60 25 0.12 0.51 241 2.24 9.20 

17 x 55 27 0.17 0.51 331 2.79 12.32 

18 x 59 25 0.20 0.55 368 2.08 10.13 

19 x 57 25 0.21 0.53 394 2.10 18.09 

20 x 57 27 0.11 0.51 225 2.65 10.76 

X 59 27 0.17 0.58 283 2.63 12.75 

S 2 1 0.05 0.07 64 0.31 1. 98 

Pooled gonadal tissue moisture content = 83 . 62~~ No. d" = 10 
Pooled somatic tissue moisture content 84. 90;~ No. ~ 10 
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Site - Y-1 
Date - 3-24-80 

Gonadal Somatic I-let whole 
tissue tissue animal 

Specimen rl' ~ 
Length 

rom 
Height 

mrn 
weight 
dry, 0 

Q 

weight 
drY, g 

GI 
mg/g Cl 

weight 
g 

1 x 72 31 0.41 0.97 425 2.26 22.67 

2 x 69 30 0.26 0.91 281 2.63 22.45 

3 x 69 30 0.30 0.79 384 2.32 18.41 

4 x 60 31 0.15 0.61 253 2.53 14.32 

5 x 62 26 0.24 0.52 453 2.63 14.34 

6 x 65 30 0.29 0.59 499 2.47 15.63 

7 x 63 29 0.39 0.67 534 2.31 17.53 

8 x 62 29 0.24 0.64 384 2.17 13.86 

9 x 60 27 0.10 0.43 243 3.33 13.10 

10 x 61 27 0.31 0.63 490 2.25 15.25 

11 x 60 30 0.16 0.61 266 2.38 13.39 

12 x 59 29 0.32 0.69 4'?o~ 2.32 16.93 

13 x 58 27 0.12 0.53 231 2.70 13.03 

14 x 59 27 0.13 0.55 232 2.64 13.07 

15 x 58 27 0.35 0.55 628 2.18 14.04 

16 x 60 27 0.22 0.56 385 2.45 13.36 

17 x 57 27 0.11 0.41 276 3.55 13.44 

18 x 57 27 0.21 0.46 455 2.52 12.22 

19 x 59 29 0.18 0.53 345 2.60 13.59 

20 x 58 27 0.20 0.48 411 2.40 11.79 

X 61 23 0.24 0.61 384 2.53 15.15 

S 4 2 0.09 0.15 118 0.35 3.05 

Pooled gonadal tissue moisture content 84.62% No. cf" = 10 
Pooled somatic tissue moisture content = 86.74/~ ~o. ~ 10 
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Site - Y-l 
Date - 4-8-80 

Gonadal Somatic l.Jet whole 
tissue tissue animal 

Length Height weight weight GI weight
cf1

SEecimen ~ mm nun dryl g dryz g mg/g CI g 

1 x 67 29 0.20 0.76 262 2.73 18.13 

2 x 69 33 0.37 0.88 424 2.77 23.76 

3 x 72 33 0.15 0.72 207 3.05 18.44 
4 x 72 32 0.23 0.85 271 2.32 17.26 

5 x 62 28 0.26 0.72 365 2.45 16.48 
6 x 61 29 0.14 0.61 223 2.91 15.13 
7 x 63 28 0.30 0.64 463 2.53 16.15 
8 x 62 29 0.18 0.68 263 2.72 16.14 
9 x 61 27 0.22 0.52 424 2.56 12.95 

10 x 61 28 0.09 ~.52 167 3.53 14.96 
11 x 63 28 0.15 0.68 226 2.83 16.63 
12 x 66 28 0.37 0.79 463 2.38 18.93 
13 x 60 27 0.13 0.53 241 2.72 12.37 
14 x 62 27 0.18 0.67 264 2.50 14.70 
15 x 62 29 0.16 a.58 281 2.84 14.60 
16 x 63 27 0.23 0.60 471 2.23 13.39 
17 x 58 29 0.18 0.53 339 2.82 13.32 
18 x 60 28 0.15 0.52 286 2.66 12.23 
19 x 59 30 0.22 0.48 465 2.55 12.30 
20 x 58 26 0.28 0.52 533 2.31 12.50 

X 63 29 0.21 0.64 332 2.67 15.55 

S 4 2 0.07 0.12 110 0.30 2.88 

Fooled gonadal tissue moisture content 83.91% No. cf' = 9 
Pooled somatic tissue moisture content 85.96% No. ~ = 11 
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Site - Y-l 
Date - 4-23-80 

Gonadal Somatic \.Jet whole 
tissue tissue animal 

Length Height weight weight GI weight
Ii' ~Seecimen mm mrn dry! g dry! g mg/g CI g 

1 x 76 33 0.43 1. 25 343 2.40 23.77 
2 x 66 30 0.16 0.73 203 2.52 17.14 

3 x 65 30 0.23 0.69 337 2.66 17.45 
4 x 65 30 0.14 0.55 254 2.67 13.19 

5 x 66 27 0.20 0.79 287 2.50 16.15 
6 x 68 29 0.05 0.75 68 2.57 15.20 
7 x 63 27 0.13 0.59 213 2.95 15.28 
8 x 62 28 0.14 0.58 239 2.52 13.Q6 

9 x 60 27 0.25 0.51 435 2.42 13.02 
10 x 61 28 0.15 0.48 321 2.58 11.75 
11 x 63 29 0.19 0.59 323 2.74 15.23 
12 x 63 29 0.31 0.58 536 2.38 14.77 
13 x 61 28 0.42 0.69 611 2.15 16.74 
14 x 60 27 0.21 0.69 310 2.46 15.94 
15 x 64 27 0.11 0.55 207 2.83 13.63 
16 x 62 27 0.10 0.47 222 3.34 13.80 
17 x 62 26 0.25 0.53 473 2.45 13.51 
18 x 60 27 0.22 0.51 434 2.57 13.32 
19 x 57 27 0.13 0.49 267 3.00 13.36 
20 x 60 26 0.10 0.44 224 2.96 11.41 

X 63 28 0.20 0.62 318 2.63 15.14 
S 4 2 0.10 0.18 132 0.27 3.63 

H 0'Pooled gonadal tissue moisture content = 83.8U ,~o . = 8 
Pooled somatic tissue moisture content = 86.62% ~io. ~ = 12 
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Site - Y-1 
Date - 5-7-80 

Gonadal Somatic 1.Jet whole 
tissue tissue animal 

Length Height weight weight GI weight 
SEecimen d' ~ rom nun dryz g dElz g mg/g CI g 

1 x 74 30 0.15 0.80 183 3.Cl4 19.74 

2 x 70 32 0.13 0.39 143 2.59 17.32 

3 x 70 29 0.08 0.66 118 3.03 15.11 

4 x 66 28 0.06 0.64 94 3.08 14.42 

5 x 67 29 0.08 0.63 131 3.75 17.85 
6 x 65 29 0.16 0.58 275 2.45 12.43 
7 x 62 28 0.10 0.66 149 2.91 14.79 
8 x 61 28 0.08 0.52 150 3.11 12.48 

9 x 62 29 0.07 0.54 133 3.05 12.57 
10 x 59 28 0.12 0.62 198 2.70 13.72 
11 x 63 27 0.18 0.62 285 2.50 13.66 
12 x 61 28 0.25 0.59 4.30 2.50 14.78 
13 x 61 29 0.09 0.64 132 2.30 11. 29 
14 x 60 25 0.07 0.57 128 2.80 12.24 
15 x 61 30 0.11 0.58 186 2.90 13.62 
16 x 53 26 0.06 0.5.3 122 2.92 11. 60 
17 x 61 26 0.10 0.53 181 3.19 13.51 
18 x 65 29 0.08 0.56 150 3.13 13.62 

19 x 59 27 0.17 0.66 255 2.56 14.45 
20 x 60 27 0.10 0.49 213 2.83 11.42 

-
X 63 28 0.11 0.62 183 2.37 14.06 

S 4 2 0.05 0.10 79 0.33 2.24 

Pooled gonadal tissue moisture content 87.32% l~O • d" = 5 
Pooled somatic tissue moisture content = 84. 31/~ No. ~ = 15 
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Site - Y-1 
Date - 5-21-80 

Gonadal Somatic Het whole 
tissue tissue animal 

Length Height weight weight GI weight
0" ~SEecimen mm mm dry! g dry! g mg/g C1 g 

1 x 66 23 0.14 0.63 222 3.24 15.90 

2 x 63 30 0.37 0.82 445 2.59 19.41 

3 x 70 29 0.27 0.81 335 2.52 17.29 

4 x 65 23 0.14 0.59 234 2.59 12.09 

5 x 64 29 0.14 0.64 224 3.07 15.47 

6 x 61 23 0.18 0.63 279 2.69 13.31 

7 x 64 30 0.21 0.75 282 2.27 13.92 

8 x 62 27 0.12 0.53 230 2.96 12.19 

9 x 62 27 0.23 0.64 357 2.57 14.03 

10 x 62 29 0.17 0.62 269 2.71 13.60 

11 x 64 26 0.13· 0.69 181 2.41 12.59 

12 x 59 27 0.15 0.48 316 2.42 9.63 

13 x 59 25 0.11 0.59 139 2.98 13.43 

14 x 61 24 0.07 0.46 146 4.01 13.53 

15 x 61 26 0.14 0.53 259 2.61 11.06 

16 x 59 28 0.08 0.50 155 3.21 11. 36 

17 x 57 27 0.10 0.48 202 2.75 10.25 

18 x 58 28 0.03 0.42 180 3.02 9.68 

19 x 60 28 0.:)9 0.46 139 2.64 9.16 

20 x 58 28 0.14 0.47 300 2.80 10.84 

X 62 23 0.15 0.59 250 2.30 12.99 


S 3 2 0.07 0.12 75 0.39 2.65 


Fooled gonadal tissue moisture content 83.05/~ ;~o. d" 6  
Pooled somatic tissue moisture content = 84.58% ~o. Q

t = 14 
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Site - Y-1 
Date - 6-2-80 

Gonadal Somatic Het whole 
tissue tissue animal 

Specimen d' ~ 
Length 

mm 
Height 

mm 
weight 
dry, 0 

Q 

weight 
dry, g 

GI 
mg/g CI 

weight 
g 

1 x 68 29 0.19 1.11 171 2.88 22.25 

2 x 65 28 0.12 0.69 171 3.20 15.44 

3 x 69 29 0.10 0.69 150 3.03 14.26 

4 x 64 27 0.19 0.70 272 3.19 16.33 

5 x 62 29 0.14 0.74 132 2.93 15.32 

6 x 64 23 0.13 0.70 192 3.03 15.09 
7 x 62 29 0.11 0.59 194 2.96 12.36 

8 x 61 28 0.08 0.43 161 3.98 13.31 

9 x 60 29 0.13 0.63 200 3.15 14.26 

10 x 60 25 0.10 0.65 150 2.67 11.37 

11 x 61 25 0.12 0.64 190 3.25 14.63 

12 x 61 27 0.14 0.61 233 2.66 11.91 

13 x 60 26 0.09 1).60 148 2.79 11.57 

14 x 60 29 0.22 0.77 234 2.85 16.73 

15 x 62 27 0.10 0.69 149 3.04 14. !f4 

16 x 60 27 0.16 0.52 304 2.66 10.78 

17 x 59 28 0.10 0.49 205 3.27 11.!~ 7 

18 x 58 28 0.10 0.43 201 3.25 11.21 

19 x 60 28 0.11 0.56 195 3.10 12.35 

20 x 61 29 0.13 0.59 214 2.88 12.32 

X 62 28 0.13 0.65 198 3.04 13.92 

S 3 1 0.04 0.14 45 0.30 2.69 

Pooled gonadal tissue moisture content 82.95% ;~o . cf' = 5 
Pooled somatic tissue moistu:oe content = 83.2n No. ~ = 15 
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Site - Y-1 
Date - 6-17-80 

Gonadal Somatic \-let whole 
tissue tissue animal 

Specimen d' ~ 
Length 

mm 
Height 

!run 

weight 
dry, C1 

Q 

weight 
dry, g 

GI 
mg/g CI 

weight 
g 

1 x 73 34 0.33 1.14 237 2.69 21.05 

2 x 71 32 0.37 1.43 258 2.57 24.64 

3 x 71 30 0.23 0.99 236 2.83 13.47 

4 x 67 31 0.71 1.60 445 2.62 31. 76 

5 x 65 29 0.17 0.78 224 2.82 14.34 

6 x 58 26 0.22 0.80 271 2.90 15.76 

7 x 62 30 0.11 0.67 171 3.55 14.86 

8 x 63 30 0.19 0.67 290 2.81 12.89 

9 x 58 28 0.20 0.65 308 3.02 13.72 

10 x 59 26 0.22 0.60 372 2.63 ll.36 

11 x 60 29 0.24 0.77 317 2.54 13.71 

12 x 57 27 0.28 0.60 473 2.93 13.56 

13 x 62 26 0.32 0.80 404 2.54 15.03 

14 x 57 23 0.14 0.64 218 2.73 11. 38 

15 x 60 26 0.29 0.65 445 2.36 11. 68 

16 x 59 26 0.14 0.60 233 2.S1 ll.85 
, ., 
..\.1 x 61 30 0.31 0.90 343 2.25 14.42 

18 x 58 28 0.24 0.72 337 2.47 12.64 

19 x 58 26 0.20 0.63 321 3.00 13.17 

20 x 57 26 0.20 0.70 288 2.5') 12.03 

X 62 28 0.26 0.82 312 2.73 15.33 


S 5 2 0.13 0.28 83 0.28 5.14 


Fooled gonadal tissue mois ture content 78. 9 3/~ "l~O • cf' 7 

Pooled somatic tissue moisture content 31. 73~~ ~10 . 0 

t 13 
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Appendix 3 

Table 13. Gonad Index (mean ± 1 S.D.) as 
Examinationl ,2 

Determined by Histological 

Number of 
Specimens 

Date c" ~ GI 

10-8-79 21 13 1.22 ± 0.78 

11-14-79 24 20 0.88 ± 0.72 

1-14-80 

2-11-80 18 28 2.03 ± 0.80 

2-26-80 30 19 2.32 ± 0.67 

3-10-80 26 24 2.97 ± 0.43 

3-24-80 24 23 2.87 ± 0.41 

4-8-80 20 28 2.66 ± 0.57 

4-23-80 23 26 2.69 ± 0.68 

5-7-80 26 22 1. 69 ± 0.58 

5-21-80 26 23 2.45 ± 0.82 

6-2-80 24 22 2.S7 ± 0.73 

6-17-80 26 24 2.72 ± 0.64 

1Values for gonad indexes of individual mussels were assigned on a 
scale of 0 to 4, where 0 indicated no gametes observed, and 4 was 
a sexually mature animal; values bett.,reen 0 and 4 indicated inter
mediate stages of gonad development. 

2Histologica11y-derived gonad indexes were not used in this study 
because of the subjective criteria for evaluating stages of sexual 
development. Also, it was necessary to obtain pure gonad material 
for the various analyses, and that could be done only by separating 
the gonad, with the mantle, from the external surfaces. Thus, only 
that portion of the gonad was analyzed for the presence of metals. 




