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Introduction

The relative contribution of food vs. water in the accumulation of trace metals
will depend upon the concentrations and bioavailabilities of the various chemical
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while the chemical species of a metal is importanC in determining its»oav»
bility to estuarine organisms, the relative importance of Che different processe»y
which organisms such as bivalve molluscs accumulate a metal are not weII »derstood.
Researchers have characterized sevezal mechanisms to account for metal uptake by mo
luscs: through ingesCion of suspended inorganic particulates and food, as well as
through metal ions in the water. In this research note, the authors discvss the'
importance between food and water on metal uptake--copper, in particular--by the amer
ican oysterCra,ssostrea ~viz inica ln .addition, they also discnss the role of
dissolved organic compounds in bioavailabili cy. In theiz. studies, Zamuda, 4'rightq
Saunders and Smucker found Chat food ingestion can contribute significantly Co copper
uptake; thus, in the development of water quality criteria, cozzsiderations must not
only take into accounC dissolved metal concentrations, but also the presence of food
which could lead to an increase in uptake by the organism. By ignoring the presence
of food on bioavailabi li ty, the toxicity of a particular metal could be seziously
underesCimated. In their work on the effect of dissolved organic carbon  KC!, the
authors found thaC copper bioavai labili ty increased when DOC levels were reduced, bvt
deCreaSed when DOC levels were added. t'urthermOre, the preSenCe Of Chi Cin � whiCh
exisCs in great quantities throughout the Bay--could significantly reduce bioavaila-
bili ty of copper.



forms of the trace metal exposed to the organisms. In a previous study  Zamuda and
Sunda 1982! we reported that accumulation of dissolved copper by the Araerican oyster,
Crassostrea ~vir inica uas a function of the cuPric ion activity end that soiubie
che 1 ar e s o f c opp e r   e - g p w i t h H i tr i lo t r ia ce acid! are not d i re c t 1 y ava i 1 ab l e . I n
laboratory experiments , ve u sed a chemi c a 1 ly de f ined seawater medium i n which the s pe-
ciation of metals could be calculated, control led and systematically varied, tp inves-
tigate the relative importance of food ingestion vs. absorption from solution upon the
rate of copper accueuistion by Crassostrea ~vir inica.

Nethods

Oysters vere maintained in flov-through metal-buffered filters �.45um! seawater
at ~ range of cupric ion activities �0 s' T 10 ' and 10 z M Cu !. Cupric ion
activities in the exposure media containing trace metal-NTA buf fera were determined
from thermodynamic calculations. Phytoplankton, harvested at stationary phase, were
continually pumped into the experimental tanks to yield a constant feeding concentra-
tion of 5 x 10 cells mi '. For each level of cupric ion activity in the feedin~
tanks the oysters received cells cultured at 2 different levels, 10 and 10 M
Cut . Tissue copper content of T. ~seudonana has been reporred to be a function of
cupric ion activity  Sunda and Guillard 1976!. Thus, we could expose oysters to
different particulate copper concentrations without varying the particle concentration
or the food organisms. Exposure treatments also included unfed oysters to enable us
to determine the rate of dissolved copper accumulation.

Oysters vere sampled periodically during the 14-day exposure period, and analyzed
for copper using a vet ashing method  concentrated HHO ! folloved by flame atomic
absorption spectrophotometry.

Mater temperature and salinity vere maintained at 20-21 C and 35 + OS 5 ppt. The
tanks were aerated and the pH of each exposure solution measured periodically. The pH
vas F 1 and did not vary significantly vith either time or treatment. With the use of
NTA buffers, small. changes in the dissolved copper content of the media associated
with copper accumulation by oyster tissue or algal cells should not significantly
altet t' he speciation of copper in the exposure media ~

Results and Qiscusaion

The results of these experiments indicated that oysters fed algae accumulated
appreciably mote copper than those that vere not fed. Copper accumulatio~ also
increased vith cupric ion activity. Previous attempts to estimate the relative con-
ttibution of food to the metal uptake rate of metal accumulation vas generally
estimated from the difference betveen the rate of metal uptake in the presence of
and the rate when no food vas present. Recent experiments  Zamuda et al. in p"pe!
have shown that the presence of particles may significantly increase the tate of
uptake of dissolved copper. When food particles are present, there is an associated
increase in the uptake due possibly to increased pumping tates, filtration t«es «
iacraaaed metabolic activity. To characteriae this effect, ve designed an experiment
«.ili.ing essentially copper-free food, thereby separating the "feeding" effect «om
any capper uptake attributable to copper-enriched food vs. the dissolved fracti~-
Oysters were fed algal cells cultured in a media of low copper availability �'0

t+C» !o ka additional set of treatments included oysters fed algal cells at simil
particle coppmttatjons as above but from a culture media of increased copper av a
biHty {lO I Cu +!. Thus> the difference in copper accumalatiom rates fot oy««



in the presence of algal cells with reduced copper content �.3 x 10 moles Cu/cell!
vs ~ unfed oysters would resul t from stimulation of dissolved copper uptake due to the
presence of particles. The difference in copper accumulation rates for oysters in the
presence of the relatively ~etal free cells vs. cells cultured at higher copper avail-
ability �-S x l0 moles Cu/cell! would be due to ingestion and assimilation of the
particulate copper. Osing this approach we were able to distinguish between the rela-
tive contribution of  L! absorption of copper from water, �! uptake of capper from
food, and �! the stimulation of absorption dissolved capper due to the presence of
food particles.

ln the absence of food particles copper accumulation increased as a function of
the cupric ion activity. The contribution of food ingestion  difference in accumula-
tion rates of copper by oysters in the presence of ceLLs cultured at higher copper
availability vs. the relatively copper-free cells! to the overall rate of copper
accumulation in absolute terms was constant for the range of treatments. Yetp the
relative contribution of food increased with decreases in cupric ion activities.
Thus, as the availability of dissolved copper decreases  decreases in cupric ion
activity! the relative importance of faod ingestian to copper accumulation in oyster
increases.

These results indicat'e for most environmental situations, food ingestion of par-
ticulate matter may contribute significantly to the total metal body burden of oysters
and possibly other aquatic organism. The generally higher metal levels in oysters
from lese saline waters of many estuarine systems of the Chesapeake Say  Huggett et
al. l975; see UN-SG-TS-83-08! may be the response of oysters to fluctuations in metal
associated with particulate matter rather than to the soluble component. This explan-
ation seems feasible due to the decreasing particulate concentrations toward the mouth
of estuaries  Thayer et al. 1975! and the high particle filtration efficiencies of 75-
100X Have been reported for Craeaoetrea ~vir inioa  Haven and lloralea - llano 1970!v

the bioavailability and accumulation of copper.

Xn summary, the following generaliaations can be made:

�! accumulation gf coppeg jncrea~es with cupric ion activity in the activity
range of 10 to lo ' H Cu

�! the presence of food particles significantly increases the rate of copper
uptake by oysters;

�! the increase in copper uptake may be attributed to not only the ingestion
and assimilation of the particulate copper, but also to an associated in-
crease in the uptake of dissolved copper by oysters in the presence of food
particles; and

�! ~ater quality criteria baaed upon the rates of dissolved metal accumulation
by organisms measured ia the absence of food organisms may significantly
underestimate the bioavailability of net only copper, but probably other
toxic trace metals.



TllR ROLE OF DISSOLVED ORCAIIIC OQNPOUllDS

Int ro due t i on

Considerable uncertainty exists regarding the role of naturally occurring organic
compounds in determining the chemical speciation and the bioavailability of trace
metals. This uncertainty results in part from a lack of information both on the com-
position of organic ligands and quantifiable levels of trace metal complexation to
these compounds. Despite numerous studies, approximately 90 percent of the dissolved
organic compounds in estuarine waters remains uncharacterised; thus, their influence
upon trace metal availability is uncertain.

Organic complexstion of certain trace metals may control their accumulation and
toxicity. For example, previous studies on microorganisms have indicated that
increases in copper complexation decreased copper accumulation and toxicity by redu-
cing free cupric ion activity  Sunda and Guillard 1976; Anderson and Morel 1978!. As
noted previously Zamuda and Sunda �982! have shown that accumulation of copper by the
American oyster, Crassostrea ~vir inica va,s related to the cupric ion activity snd
independent of the concentration of organically complexed copper. LLowever, frequently
these studies have utilieed synthetic chelators such as Nitrilotriace acid  NTA! 3 or
ethylenediamine-tetrscetic acid  EDTA! as analogs to natural dissolved organic
compounds.

In our study, ve have examined the influence of naturally occurring organic com-
pounds upon trace metal availability. Copper accumulation by oysters and the effect
of additions of cellular organic compounds  derived from phytoplankton! and chitin, as
veil as dissolved organic ligands present in estuarine water samples, were measured.

The results provi.de an improved understanding of the potential biological re-
gulation of copper speciation and bioavailability, which can occur by the release of
extracellular organic compounds or the presence of chitin. Although the influence of
chitin in altering trace metal bioavailability ia uncertain, significant concentra-
tions do occur naturally in estuarine environments. This study provides an increased
understanding of the factors that control metal accumulation under natural conditions
and in evaluating the biological impact of anthropogenic metal inputs in estuarine
environments.

Methods

The adult oysters we used were hatchery reared and of co2maon genetic stock. The
accumulation of copper by oysters vas measured for a range of concentrations in the.
presence of various dissolved organic compounds. Treatments included: �! cellular
ordanic conPouads derived tron thalassiosirs ~seudonanar �! chttin, �! uv-treated

To determine the effect of adding natural cellular organic compounds and chitin
or the effect of prior photo-oxidation of naturally occurring organic matter in eatua
gjne water upon the availabijj.ty of copper to oysters, ve used

Cu aa a radiotracer. The Cu vas added to all treatments and equilibrated �4 h!
yj th the expoeure media prior to introduction of the teat organisms. Three levels of

Cu addition vere chosen to yield final total copper concentrations in the exposure
medium of lo, 30, gd LM Pg Cu L . Twenty ml samples of each exposure tank vere
te|ten for. initial Cu analyais and again after the 24 h exposure period- Samples



were taken from each treatment tank for DOC analysis. Dissolved organic carbon analy-
sis ersployed the persulfate oxidation technique of Nensel and Vacarro �969! ~

The 4 liters of exposure medium in each polyethylene tank were aerated and the
water temperature and sali~ity rsaintained at 18-20 C and 20 ppt. The pH was 8 ~ 0 and
did not vary appreciably with either time or treatment.

6'The results from the total copper concentration and Cu analysis for the treat-
ment rsedia were used to convert radioisotope accumulation rates in oyster tissue to
total dissolved copper accuraulation rates.

Results

svOyster accumulation of copper   Cu! at a given concentration of dissolved copper
varied significantly among the different estuarine water-dissolved organic carbon
treatments  Fig. l !. Copper accumulation rates were greater in the uv-treated
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Pigure 1. Crassostraa vir inica. Net copper accumulation tates as ~ fu"ction of total dts-
rio rve copper n m treated -estuarine water. estuarine water and estuarine ster
anendsd with cellular ordenic ceapounds  Thalasstoatra. psaudonana! or chitin

filtered estuarine water than the non uv-treated filtered estuarine water. Mith the
addition of dissolved organic compounds, the accumulation rates decreasedz copper was
less available in the presence of chitin than algal cellular organic compounds.

Xncreasing the total dissolved copper �4Cu! concentration increased the copper
accumulation rates for oysters in a non-linear fashion. The apparently exponential
increase in copper accuaelation rates associated with increases in total dissolved
copper at constant dissolved carbon levels was greatest for the uv-treated filtered
 <10r000 MNM! estuarine water and decreased in the orders filtered  <10,000 %%!
estuarine vater > algal cellular organics + filtered {<10rOOO HNW! estuarine water
> chitin + filtered  lO,OOO RS! estuarine neer.

Dissolved organic carbon values for the various exposure treatments were signifi-
caatly different. The results indicate that greater than 50 percent of the natural
dissolved organic carbon is filtered  <10,000 NS! estuarine water waa photcroxidixed



by exposure to high intensity ultraviolet radiation. Dissolved organic carbon concen-
trations were significantly greater for the chitin and cellular organic compound
amended treatments as compared to the filtered
 <10p000 NNV! estuarine water.

Discussion

The bioavailability of dissolved copper to Crassostrea ~vir icica is effected by
dissolved organic carbon. Our results indicate that reductions of DOC associated with
uv-photooxidation of fi.ltered estuarine water increased copper bioavailability while
additions of natural dissolved organic compounds  chitin and algal cellular organic
compounds! decreased copper uptake by oysters. The variations in copper availability
to oysters may be the result of changes in the chemical speciation of copper due to
organic compleration of copper. previous ~ tudies using synthetic chelators such as
NTA have indicated that accumulation of copper vas related to the cupric ion activity
and not the concentration of organic-copper complexes  Zaauda and Sunda 19S2!.
Hovever, the influence of natural dissolved organic compounds upon copper bioavail-
ability vas not examined. Our work suggests that the relationship between copper
accumulation and or'genic coaplexation is applicable for a wide range of organic com-
pounds y inc luding natural and synthetic chelatora.

The increase in copper accumulation in uv-treated water can be explained by
reductions in copper chelation and subsequent increase ~ in cupric ion activity due to
photooxidation of natural dissolved organic coapounds. Gillespie and Vaccaro �97S!
have shown that prior photo-oxidation of organic aatter in coastal seavater increased
cupric ion inhibition of bacteria incorporation of glucose at a given concentration of
copper ~ Sunda and Guillard �975! demonstrated that copper addition vas more toxic to
phytoplankton in photooxidiaed coastal seawater than in natural coastal aeavater.
Although only approximately SO percent o! the natural DX vas photooxidixed in our uv-
treated estuarine voter thi ~ reduction in DOC, aa compared to che non uv-treated estu-
arine vater, vaa sufficient to result in an increase in copper uptake for each level
of copper a4dition.

The increase in copper accumulation rates associated vith increases in total
copper concentrations vae significantly greater for the uv-treated estuarine vater as
compared vith the other treatments. This aay be the result of insufficient chelation
capacity of the photooxidiaed vater in contrast to the other treataenta. Analogous to
a simple titration, the fraction of dissolved copper present aa cupric ion vill
increase vith increasing copper concentrations, due to saturation of binding sites of
the natural organic compounds. Aa the coaplexation capacity o! the medium i'
exceeded, copper accuaslatioa rates vould be expected to increase dramatically. This
vae evidence4 in the addition of copper to the uv-photooxidiaed estuarine vater in
vhich the increase in Che accmlation rate vaa significantly greater than eiailar
copper additions to other treatments «ith higher concentraCione of dissolved organic
carbon.

The addition of algal cellular organic compounds sigaificantly reduced the accu-
aglation of copper by Crasaoatrea vir inica. The explanation Chat the added organic
coapounde complex copper and make t Ieaa available fot uptake ie supported by
previous studies. Cxudatea of living cells of the phytoplankton epeciea, Cri o haera
el ata have been reported Co decreaee the amounts of Os and Cd accmaulat
Nerval et el. 1978!. Thin phenomenon vae attributed to a change in the chemical fora
of the metal Several studies have reported that certain algal spec4e my release



extracellular organic compounds that complex copper  Swallow et «1. ]918; Van Den Berg
sl. 1979; McKnight and Morel 1980!. Considerable variation in the. composition of

excreted organic compounds have been reported  Hellebust 1965!.

Variations in Che concentration and composition of excreCed organic compounds may
result from changes in light intensity, growth stage, nutrient conditions and species
composition. Changes in the quantity and quality of organic compounds will result in
variations in metal binding capacity of estuarine water and subsequently determine the
detoxifying action of products liberated by phytoplankton. For example, Myklestad
�979! observed that polysaccharides released from two diatoms changed with the phys-
iological state of the cells. Fisher and Fabr.is  $982! have reported that the copper
complexing capacity of exudate form Sheletonema coststum, hsterionella ~aooica and
Nitxchis closterium differed hetueen log and stattonary phase cells, suggesting dif-
ferences in exudate composition between Che grovth phases.

The addition of chitin to estuarine water also resulted in the reduction of
copper accumulation by oysters, and to a greater extent than the addi.tion of algal
organic compounds. At dissolved copper concentrations of 100 pg Cu L ', copper accu-
mulation rates by oysters in the chitin amended medium were approximately 60 percent
of the copper accumulation rate for oysCers in the algal organic compound amended
treatment. In addition, dissolved organic carbon concentrati.ons were greater for the
algal organic compound treatment $7.4 mg L ! rompared with the chitin amended estu-
arine water �.9 mg C 1 !. If the copper accumulation rates are standardixed on a
per milligram DOC basis, then the difference in the copper accumulation rate for
oysters in the presence of chit. in vs. algal organic compounds is even greater. This
suggests that DOC compounds can differ markedly with respect to strength of copper
complexation. The difference in copper accumulation rates recorded in our studies
indicate more ligands per unit weight of chitin than for the algal organic compounds.

The role of chitin in trace metal transport and bioaccumulation has heretofore
been generally overlooked. Although ambient chitin concentrations in esCuarine
systems are poorly documented, chitin is found in wall surface structures of spores of
filamentous bacteria and many fungi and is also a component of the exoskeleton of
several marine invertebrates such as crustacea. Viable fungal spores, filamentous
bacterial spores and eubacter is are all at high concentrations in near-sediment
wa'ter. Actinomycetes are often at concentrations of 10 CPU mL . Other microbial
groups are at similar concentrations. It is likely, then, that large quantities of
chitin-based materials are present in the vicinity of an oyster bar and may significs
cantly influence the bioavailability of copper to oyster populations.

Our results indicate that the presence of chitin reduces the bioaccumulation of
copper to oysters. This reduction in copper availability is attributed to copper
complexation by chitin and subsequent reductions in cupric ion activity. Evidence
~ upporting this hypothesis is given by Muaaaralli �917! who described the copper
chelating ability of chitin.

The presence of natural Organic COmpeunds SuCh aa Chitin and exudatee from algal
cellsp which attongly bind copper, has important implications upon cha bioavailability
« «ppers and perhaps Other trace aetala, tO estuarine Organiama. Our reaulte indi-
cate that the reduction of natural dissolved organic matter in estuarine waters can
increase the accusmslation of copper by oysters. In addition, the presence of chitin
a«leal organic compounds can silnificantly reduce the bioavailability of copper.
This research estassining tha influence of organic crxapounda that occur naturally in
estuarine «atera auppOrta the results of previOua studies examining the effect of
Os+Pl~«en «pOn Copper aeeuaslation esaplaying SynthetiC ChelatOra  Zaaada and Sunda
1982!.
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