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Monitoring With Bioindicator the effects of pollutants in nature lies in
Species understanding how biological and

geochemical factors influence tim dose ~hat
Many of the methodologies for effective use

an organism experiences, Tissue concentra-
of organisms to monitor and study contamina-

tions of contaminants can be a direct
tion in estuaries are well established (Phillips,
1980; Phillips and Rainbow, 1993). Understand-

measure of dose, and thus help reduce

ing the processes that determine bioaccumula-
ambiguities in interpreting environmental

tion and determining concentrations of contami-
exposures.

Results of tissue analyses are most sensi-nants in biological tissues are best employed in
conjunction with analysis of other environmentaltire to environmental contamination when the

media (e.g., water, suspended particulate mate-bioindicator species chosen for study is highly

rial, or sediment). Together these provide responsive to changes in contaminant exposure.

complementary lines of field evidence indicative Appropriate sample size (nu tuber of individu-

of complexities that affect the exposures of als; number of replicate analyses) and sample

organisms to contaminants, While tissue analy- mass are crucial for interpretable results

sis is not universally suitable as a measure of because variability can be large among indi-

exposure for all contaminants in all organisms orvidual organisms of the same species, especially

all circumstances, it does have important advan-in contaminated environments. Tissue, life

rages when p,’operly used: stage, reproductive condition, size, sex, and gu~
content can be sources of variability and at

1. Concentrations in tissues may be more
least need to be considered. Probably most

responsive to environmental contamination
than concentrations in water and/or sedi-

importantly, contaminant concentrations are
directly comparable only within the same

ments in some circumstances, providing a
species, unless proven otherwise,

unique perspective on understanding
Bioaccumulation of trace element contaminants

exposures.
2. 1Measurements of contaminant concentra-

can differ among even closely related species;
although trends in time and space are often

tions in organisms provide a time-averaged
similar among species.

assessment. Temporal variability can be a
problem in understanding contamination. Residents Versus Transplanted
However, temporal variability is moderated Organisms
by biological processes in animal tissues

Either resident populations or individuals
compared to other environmental media;

transplanted from one environment to anoflmr
thus organisms are described as "integra-
tors" of contamination,

can be employed to monitor and assess con-
taminant exposures, fate, distribution, or

3. Understanding bioaccumulated concentra- bioavailability. The California State Musse!
tions can provide a more direct measure of

Watch Program, the Regional Monitoring
bioavailability than determination of con-

Program (RMP) and numerous specific studies
centrations in water or sediments. One of

(Smith et~t., 1986; Phillips. 1988; Rasmussen.
the important difficulties in understanding
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Bivalve Monitoring

1994) have employed the transplant approach, organisms (i.e,, if stress from deployment has
In the RMP, bivalves are collected from sites affected results; Cain and Luorna, 1985).
thought to be uncontaminated and transplantedestuaries the advantage of deploying a single
t~J San Francisco Bay. Tissue concentrations arespecies to all sites is partly countered by wide
determined at the beginning of the deployment ranging and variable salinities. The RMP
and after a 90-100 day deployment period, transplant approach does not solely use mus-
Detailed methodologies for employing mussels sels in San Francisco Bay because the range of
(Mytilus edulis; Mydlus californianu~ in trans- salinities is broad. The RMP employs mussels
plant expe,’iments are well developed (Phillips, (Myti/us californianus), oysters
1988) and are described in the Background gigas), and freshwater/brackish water clams
section of this chapter and in Appendix A. (Corbicula £/uminea), respectively, in reaches of

An extensive literature is also available on the Estuary with progressively lower salinities.
the use of resident species as bioindicators The use of different species will affect direct
(Phillips. 1980; Phillips and Rainbow, 1993; seeco,nparability of data. at least for some con-
also TIw RMP H/orl~s/zop o~ ~cologica/Iz~dica- taminants. Contaminant cm icenl rations in
loFs ot’Cont~n~inant Efl’ectx this report). A transplanted organisms also represent a kinetic
suitable resident indicator species should be (1) view of contamination. In the RMP they reflect
widely distributed and abundant in the uptake after 90-100 days, which may or may
ecosystem(s) of interest; (2) feasible to collect in not reflect steady state with concentrations in
numbers suitable for statistical validity (>15-20the environment. Finally, the spatial and
per collection); (3) sufficient in tissue mass that temporal intensity of sampling transplanted
analysis is practical; {4) sufficiently tolerant to organisms may be limited by the expense and
conta,ni,mnts that the species will be present cumbersome nature of the methods, trans-
(i.e. survive) in at least moderately contami- planted individuals may not survive, o," some
hated situations; and (5) sufficiently restricted locations may be unsuitable in terms or access,
in movement that values are representative of proper habitat, or interference from shipping or
the location or region of interest, vandalism.

Tim most important advantage of employing The most important concerns about the use
transplanted species is that the same species of resident species as bioindicators include the

may be placed at any station whether or not theavailability of animals in critical locations or at
species is present naturally. A second advantagecritical times and the variability (or effects on
is that transplanted populations may provide a interpretation) caused by differences in life
common baseline from which to evaluate con- cycle, size, or genetic and physiological changes.
lamination. The deployed organisms should Resident bioindicator species can be absent
have a common history of exposure to only low from a location because the distribution is
levels of contamination. Thus, tissue concentra- patchy or because of i~aturat or antluopogenic
tions in transplanted organisms should reflect stresses. The history of contaminant exposm’c
only" changes in concentration that have oc- is not known for resident species unless
cuffed during the deployment period, samples are collected intensively over time.

Some practical disadvantages can hinder theDifferences in contaminant history might affect .
transplant approach. Changes in behavior of theinterpretation of recent contamination or add
transplanted organisms because of the deploy- variability to the responses of residenls.
ment is always a consideration, although in the The use of resident species also has advan-

history of California Mussel Watch this does not tages. The organisms are living in the habitat
seem to prevent evaluations of trends in space of interest, and effects of caging or moving the
and time (Phillips, 1988; Rasmussen, 1994). animals is not a consideration in interpreta-
Nevertheless it is difficult to determine if tions. Concenlrations in tiSStles should
behavioral attributes important to bioaccumula-reflect natural steady state concentratimls: or
lion are similar in transplanted and native in highly variable environments temporal

16t

D--042002
D-042002



variability and the history of changes in con- to counter such biases. Undigested gut cm ~tem

centrations can be assessed directly by frequentmaterial did not cause a detectable bias in
sampling. While resident species may indeed betissue concentrations where concentrations in
absent or di[~cult to collect in some circum- particulate materials were substantially lower
stances, in other circumstances they may be than concentrations in tissues (see
more practical to collect frequently than would zion o[ Trace ~]e¢nent ,~-~easut’efl~enl ~[’t’ol~s-

transplants or they may be present in areas ~/oaccumu]ation ~[udies As,so~ia~ed

otherwise unsuitable for deploying trans- Sediment in t]J~ Digesti~,e Tzac~ this report).
planted animals. For trace elements that occur in high concen-

Uncertainties in employing resident trations in particles, a ~4 hour deputation
bioindicators can be reduced by careful deter- removed sufficient gut content to eliminate
mid,alien of the ~’esponsiveness of the species aseffects on tissue concentratim~s. ~rown
well as the environmental accuracy and preci- Luoma (1995) also addressed the question of
sion of responses ~o contamination (Brown and local variability in bioaccumulated metal that

Luoma, 1995). Brown and Luoma (1995) might result from the combination of biological
studied use of the bivalve Pot~mocorbu]B and geochemical uncertainties (i.e,, within a
~m~e~.~i~ as a resident bioindicator of metal site, between a~jacent sites, between
exposures in North San Francisco Bay. They times). The variability of replicates collected at
studied responses to metal exposures in this one time and one place was similar to the
species in laboratory studies and in near variability among adjacent locations m" times,
monthly collections from six sites between inputs did not change. Methodologies that
January 19~ 1 and March 1992. The most employed relatively large numbers of organ-
impm’tant advantage of employin~ this opportu- isms per sample (see Methods) had tt~e st~l-isi

nistic species was its very broad distribution in cal power to detect 20% differences in mean

the North Bay, where it has been abundant concentrations along regional gradients, at the
since i~87. ~ z~mu~ensJs is highly euryhaline higher range of the standard deviation (25%),
(i.e., it tolerates wide salinity ranges and and the sensitivity to detect 10% differences at
fluctualions) and available fi’om a wide range ofthe lower range era typical standard devi~
conditions in the North Bay. 8feeding popula- (1~%). Although less detailed, earlier studies

lions were found throughout the study period also showed the usefulness of employing the

at a site loward the mouth of the Sacramento clams ;~acoma balthica (Luoma et ~!.. 1985)
River (see Figure i in Chapter One: Introduc- and Corbicula sp. (Luoma et al., 1990) as

lion), where salinities ranged from 0.5 %o to resident bioindicators in North and South San

12.0 %,,. They were also found throughout mo~t Francisco B~y. However, neither of these
of Suisun and San Pablo Bays and in the Southspecies were distributed as widely in the Bay as
Bay. w’here salinitics ranged from 25.g %o to ~ amurensis.
31.8 %,~. Populations wore found in a variety of The comparability of results between
types of sediment and intertidally as well as resident and transplant approaches has no~
subridaiiy. Because ~ ~llll~lre~siswas present been fully studied. In some circumstances
throughou[ a contamination gradient in Suisun transplanted organisms rapidly reach the same
Bay, it was inferred that the species was at contaminant concentrations as native species
least moderately pollution-tolerant. Variabilit~ (Bryan and Gibbs, 1983; Nelson et aI., 1995).
in metal concentrations was reduced to man- However in other circumstances (especially
ageable levels with careful methodologies. To contaminated environments), large differences
detern~ine the etTect of animal size, the shell between ~ransplanted and r~sident species
length versus concentration regression was remained after months of exposure (Bryan and
assessed [~r each metal at each site. Where Hummerstone, 1978; Cain and Luoma, 1985~
correlation occurred, methods were presented Widdows e~ aL. I984).
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Bivalve

Selenium Trends in the North because they are two of the pollutants of
Bay greatest concern in San Francisco Bay. The

data reported here are from May 1995 through
Bioindicators are especially effective in

June 1996. A period of drought in the water-
monitoring selenium (Se) contamination, one of

shed of San Francisco Bay ended in 1993 and
the most important contaminants in the North
Bay. The bivalves Corbicula sp., Macoma

especially in 1995; the latter was a year of
exceptionally high and long-lasting riw’rine

bolthic~ and Mytilus edulis were all responsive
inflows into the system due to high precipita-

te changes in Se exposure in San Francisco Bay
tion and snowpack in the watershed (Cloern,

in past studies, either as resident or trans- this report). Hydrologic inputs to San Francisco
planted species (Risebrough, 1977; Johns eta[,

Bay in 1996 were similar to the long-term
1988). A distinct gradient in Se contamination,
with maximum concentrations near Carquinez

average for the ecosystem. In contrast to the
two relatively stable hydrologic years for metal

Straits, was a feature of North Bay in 1976 in
bioaccumulation reported for P. amurensis by

Mytilus eduIis (Risebrough, 1977) and 1985-
Brown and Luoma (1995), the temporal envi-

1986 in Corbicula tTumiz~ea (Johns etaL, 1988).
ronmentat influences that might affect the

Se concentrations in suspended particulate
responses of a biosentinel species to contamina-

materials were also highest near Ca,’quinez
tion in the Estuary were probably accentuated

Straits after the flood of 1986 (Cutter, 1989) butin !995 and 1996.
were more widespread later in the year, when The comparison of transplanted and native
river inflows were reduced and residence times

species had four parts. The first goal was to
were longer in San Pablo Bay and Suisun Bay.

compare bioaccumulated Se concentrations in
Bivalves were effective bioindicators of Se

different species. Assuming such concentrations
distributions because of the pathway of Se

might differ among species, the sampling was
bioaccumulation in the North Bay (Luoma et

also designed to compare spatial trends in Se
al.. 1992). The most important species of bioaccumulation indicated by the resident and
dissolved Se in the North Bay was selenite,

transplanted bivalves. Resident clams were
which, when taken up by phytoplankton, was collected from three locations near RMP bagged
biotransfl~rmed to organo-selenium. Organo- bivalve sites in May 1996: Grizzly Bay (BF20),
selenium was efficiently transferred to bivalves Davis Point at the mouth of Carquinez Strait
(clams) that ingested phytoplankton with (BD40), and San Pablo Bay near Pinole Point
suspended particulate ~naterial (Luoma et ai.. (BD30) (seeFigure 1 in Chapter One: Introduc-
1992). Direct exposure to dissolved Se was an

tion). Resident animals were also collected at
insignificant source of exposure for the clams. USGS Station 8.1 in the Carquinez Strnit,
The clams were a logical vector lbr Se exposure

across the channel from the Napa River bagged
for diving ducks that contained high concentra- bivalve site (BD50). P. amurensis were present
tions of Se (White and Herman, 1988; Chadwick

at three of the four sites (they were absent at
et al., 1991). Selenium bioaccumulation in _R Davis Point). Mracoma baIthica were collected.
amurensis was not studied previously, even

at Davis Point and, for comparison xvith ~
though it is now the predominant resident amurensis at a site on the west side of Pinole
bivalve in the North Bay. Point. In the RMP, Corbicula tlumiz~ea was
Study Design deployed in Grizzly Bay, and Crassostrea gigas

at the other stations.
The goal of the present study was to com- The third goal was to compare temporal

pare seleniuln and mercury (Hg) concentrations
in resident bivalves (principally P. amurensis]

variability in concentrations, In October 1!)95,
P. amurensiswere collected from five locations

in the North Bay with concentrations deter- in the Napa River (including near bagged
mined in transplanted bivalves in the 1995

bivalve site BDS0); and from United States
RMP studies. These elements were chosen
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Table 1. Determination of selenium and mercury in standard reference materials at the
time of analyses of tissue samples by USGS Se-Hg laboratory. * 3uly 19, 1995 run; **August
1996 run. Reference materials were chosen to represent both sediments and tissues and to cover a
range of Se and Hg concentrations. Laboratory results also were comparable with other laboratories
in intercalibration exercises with NOAA-NRC Canada DORM reference materials.

Reference Sample Observed Se Certified Se Observed Hg Certified Hg
(m9/9) (mg/g) (mg/g) (mglg)

NIST SJS-sed 1.6, 1.6" 1.6 + 0. l 1.3, 1.4" 1.4 + 0.08
NRC-Can DORM-1- 1.6, 1.9" 1.6 + 0.1 0.76, 0.81 * 0.8 + 0.07

sediment 1.8, 1.8"* 0.78**
NIST Oyster 1.9, 1.9" 2.2_+0.2 0.08* 0.06 -+ 0,01
IAEA MA-B-3 - 1.2* 1.4-1.7 0.45, 0.50** 0.47-0.61

Fish 1.4, 1.5"*
NRC-Can. TORT-1 6.5* 6.9 + 0.5 0.30", 0.29** 0.33 + 0.06
NRC-Can. TORT-2 5.5, 5.7** 5.6 + 0.7 0.27, 0.25** 0.27 + 0.06
NRC-Can. DOLT-2 5.6,6.2** 6.1 +0.5 2.!1,2.12"* 1.99_+0.10

Geological Survey (USGS) sites in Suisun Bay showed a residence time of material in the ~ut

(6.1), Carquinez Strait (repeat sampling at 8. !) of P. amurensis approximately 24 hours in this
and San Pablo ]Bay (subtida! site 12.5, compa- species (Decho and Luoma, 1991). Clams from
table ~o BD30). Thus tile May and October each site were separated int~ size classes ++f’ 1
sampling of residents was comparable to the mm difference and composite samples were
wet season, dry season sampling of the RMP. made of similar sized individuals, Samples of

Tim fourth goal was to repeatedly sample larger numbers of individuals were necessary

resident bivalves at one station to verify any for smaller size classes in order to obtain

temporal trends. P. omu¢’ensiswere collected for enough mass for analysis. Mean concentrations
Se analysis monthly, between December 1995 characteristic of a site and at a particular time

and June i996 from Carquinez Strait (USGS were thus determined from analyses of usually

8,1). USGS 12.5 in San Pablo Bay was re- 3 replicate composite samples each containing

sampled in June 1996. 20-60 clams (each composite was contained at

Methods least 250 mg dry weight soft tissue). Mercury

and selenium were determined by Hydride
Resident clams (P. ~m]urensis or Corbicula Atomic Absorption Spectrophotometry. A

sp.) were collected from the subtidal zone with separate subsample was decomposed for
a x&m Veen grab and ! or 2 mm sieves. Channelmercury as well as one for selenium. Mercury
depths ranged h’om 8-20 m. The subtidnl sites subsamples were digested at t00" C in aqua

adjacent ~o marshes in Honker Bay and the z’e~Ja, re-digested in l0 percent nitric acid plus

Napa River (Figure 1 in Chapter One: [ntroduc- potassium dichromate and then reduced at the

tion) were located in the shallows at an averagetime of the hydride analysis. Selenium
deptt~ ot’ 1-3 m. Clams (P, amurensis and subsamples were di~ested in concentrated

t~#z~c’on]a ba]z]~ica) were also collected intertid- nitric and perchloric acids at 20(~’C and recon-
ally at three sites, at low tide with a shovel, stituted in hydrochloric acid.

sieve and buckcI. Between 60-120 clams of all All glassware and field collection iq~pm’al us

sizes were collected at each time and each sitewere acid-washed, thoroughly rinsed ia ultra-

and placed into containers of water collected at clean deionized water, dried in a dust-free

the site. The clams were kept in this ambient positive-pressure environment, sealed and

water in a constant temperature room at 10°C stored in a dust free cabinet. Quality control

Io depurate tbr 48 hours, as previous studies was maintained by frequent analysis ~1 blanl<s,

D--042005
[3-042005



analysis of National Institute of Standards and Spatial distributions observed in the resident
Technology standard reference materials species were generally similar to those indicated
(tissues and sediments) with each analytical by the transplanted bivalves in May 1995,
run, and internal comparisons with prepared although some details differed. If all bivalve data
quality control standards. A full QA/QC plan is were compared, the RMP data indicated that Se
available upun request. Analyses of National concentrations were lower i~ Grizzly Bay in May
institute of Technical Standards (NITS) refer- 1995 than in San Pablo Bay, the Napa River, and
once materials (oyster tissue. San Joaquin at Davis Point. This was due to the difference in
soils) were within an acceptable range of bioaccumulation between C. ~ummea and C.
certified values reported by NITS or were gigas. Bioaccumulated Se concentrations were
consistent where the nitric acid digest did not similar in Grizzly Bay and San Pablo Bay
completely decompose die sediment samples amurensis. If it is assumed that conce~trations
{see Brown and Luoma, 1995 and Luoma oraL,
1995 for metals: see Tabke 1 for Hg and Se). Tissue Residue Selenium Levels

Transplanted vs. Resident Species 5/95
Spatial Trends: May 1995 ~ Transplanted    -,--. Resident

Cimcentl’ations of Se obsel’ved in resident
and bagged bivalves aFe compared in Table 2
and Figure 19. Bioaccumulation of Se differed
alnong some, but not all species, when corn- ~ {" "*~,,              ~a T
pared at the same location. ~ amurensis ,~ ~,

aza ....

appeared ro accumulate Se more efficiently
than (7. /luminea. In Grizzly Bay, concentra-
tions of Se in C. flumb~ea were 1.35 mg/g 0 ,’~
compared to 3.90 ¯ 0.8 mg!g in ~ amt/FensJs, km from the San Joaquin/Sacramento River confluence

At comparable locations, concentrations in C. Figure 19. Spatial trends in
g’~ga~ were slight]y Rreater than concentrations concentrations of Se in soft tissues of
in ~ amurensis (5A3 mg/g compared to 3.70 ~ transplanted Czwssostrea gig, as (Cg) and

Corbicula fluminea (CO compared to0.7 mg/g, respectively, in San Pablo Bay) and
trends in concentrations in residentM. bo#lHca (0.52 mg/g compared to 3.g0 k !. 1 Potamocorbula amurensis (Pa) and

mgig at Davis Point) in May. ~ baIthica and ~ Macoma balthica (Mb) in May 1995, as a
ainu,’oasis did not differ significantly in Se function of distance from the San
cmwentrat ions at Pinole P~int (p>0.1}. Joaquin/Sacramento River confluence,

Table 2. Comparison of selenium concentrations in transplant and resident species in
the North Bay in May 1995. Locations are km from the mouth of the San 3oaquin/Sacramento
Rivers cor)tluence.

Site Location Species: Se Species: Se Location
Transplant (mg/g dry) Resident (ms!9 dry)

Grizzly Bay 18 km C. fluminea 1.35 P, amurensis 3.90 18 km
(0.8)

Napa River 39 km C. gigas 6.22 P. amurensis 7.10 30 km
(Carquinez) (0,3)
Davis Point 40 krn C. gigas 6.52 M. balthica 4.10 42 km

(0.4)
San Pablo Bay 55 km C. gigas 5.43 P. amurensis 3.70 50 km

(0.7)
San Pablo Bay M. balthica 3.60 50 km

(1.1)
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t~egional A4onitoring PFogram 1995 Annual t?eport

in ~/l. balghica are comparable to P. amurensis, In the RMP, Se concentrations in C.
Grizzly Bay was similar to Davis Point. flumJnea transplanted to Grizzly Bay were 1.35

Probably the most important difference mg/g deployment (Figure 8). The latter are not
between the resident species survey and the exceptionally high concentrations for C.
RMP bagged bivalves was the elevated concert- tTuminea; they are below the higher values
t,’ations of Se observed in Carquinez Straits in observed by johns et o./. (1988) near G,’izzlv
P. amurensis. This aspect of Se distributions Bay in this species in 1985-1986. Concentra-
was slightly ambiguous in the RMP, because lions of Se in C. gfgastransplanted to the Napa
bivalves were not deployed in this waterway. River were only slightly higher (statistical
This was an instance where the widespread significance could not be determined) in Octo-
nature of the resident species and relative ease bet compared to May. Concentrations of Se
of collection offered an advantage compared to were substantially lower in October than May
tim transplant approach. Because Se enrich- in Co gigos transplanted to Davis Point. Con-
ment in Carquinez Strait was also indicated in centrations of Se in mussels at Pinole Point
earlier studies; this location might be consid- were not high in October, co~npared to those
ered a critical site for biomonitoring in the observed by Risebrough et o/. (1977); and Se
t’uture, was not determined in bagged bivalves

The spatial distribution and concentrations San Pablo Bay in October. Thus, the RMP data
of Se observed in transplanted and resident alone did not indicate any great change in the
species in May, 1995, may have been influencedrelatively low levels of Se in the food web of the
by the hydrologic regime at the time. The RMP Suisun/San Pablo Bay region between May and
deployment and the May resident samplings October 1995.
occurred in the middle of a prolonged period of In contrast to the RMP results, substantial,
high river inflow’. During low flow periods statistically significant increases in Se concen-
(summer and fall) the total outflow index at Se Concentrations in P. amurensis
Chipps Island, calculated by the US Bureau of From Carquinez Strait
Reclamation, is typically less than 7,000 cubic ~ Se (ppm) --~-- Flow

feet per second (cfs). In the 1995 water year
(October 1994 to October 1995) outflow first
exceeded 10,000 cfs during 15 days in Decem- ~’~
ber 1994. Between January and the end of June&
average daily outflow for each month was N
44,000-80,000 cfs (United States Bureau of

~, ....Reclamation Delta Outflow Computation
§ ~Tables, unpublished); outflows greater than ~ ,    ¯

t0.000 cfs continued into September.
¯

"

Temporal Trends ........................................
Significant differences in Se trends were Figure ~0. Concentrations ot" Se in soft tissues

observed between resident P. amurensis and of resident Potamocorbula amurensis

bagged bivalves in October i995. Concentra- collected subtidally from Carquinez Straits

tions in P. amurensis indicated a substantial (USGS 8.1) and average monthly river inflow
in thousands of cubic feet per second, as

increase in Se contamination in Suisun Bay, computed by the US Bureau of Reclamation
San Pablo Bay, and the Napa River in the for the time period May 1995 through June
resident tbod web by October !995. An unam- 1996. Data from June 1994 are also shown as
biguous increase was not indicated in the reported by Linville, R. and Kegley, S. E. Selenium
deployed bivalves, enrichment surrounding oi! refineries: Analysis of

Potamocoz’bula amurensis and seditnent, 1994
Biology Fellows Undergraduate Research
Symposium, Berkeley, CA.
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Bivak,’P A4onimring

Se Concentration Gradient in North Bay studied at the station nearest Carquinez Strait.
M. ay and October 1995

--*- 10!95           --~-- 5/95                   Elevated Se concentrations have been observed
in all studies since 1976. However, mean
concentrations in the dominant biwflve in the

~" g r system (C. 17uminea in 1985 compared to P.
"~ amurensis in 1996) have almost tripled in
~ recent years, suggesting the possibility of a
2310

~°~ large increase in Se dose to upper trophic level
E ................ "~"--~ .... organisms feeding on bivalw~s, Oysters trans-
g .s } ...... "~ planted in a study in 1985 achieved a concen-

o ’ tration very similar to oysters transplanted in
M]. 6 Pino|eCa~q MI 5

1996. On the other hand, the ambiguities of the
Sampling Locations

oyster results between May and October in the
Figure 21. Spatial trends of Se RMP raise questions abot, t whether bazged
concentrations in tissues of Potamocorbula
amurensis in May 1995 and October 1995. oysters would be sensitive to increases in

environmental concentrations, it cannot be

trations in P. amurensis were observed betweendiscounted that Se concentrations in Carquinez

May and October 1995. Concentrations at all Strait increased after October 1995. But it is

local ions in October were the highest ever also possible that the higher Se in 1995-1996

reported for bivalves in North Bay, ranging compared to 1985-1986 might be tim result of

from a maximum of 15A + 1.0 mg/g at USGS the replacement of C. £1umJnea by ttm invasion

8. l in Carquinez Strait to a minimum of 11.6 +of a species that bioaccumulates Se more

1.1 mg/g at USGS 12.5 in San Pablo Bay efficiently, the opportunist P. amurensis.

(Figures 20 and 2 !: Table 3). Concentrations Dissolved Se concentrations were not deter-

were also elevated throughout the Napa River mined in October, and in 19!)5 elevated ri\’ev

(ranging from 12.5 + 1.0 mg/g to 15.3 + 1.0 mg/g
at the six sites) in October. All concentrations in Selenium in Benthos
P. ainu,’crisis were substantially higher than San Pablo Bay and Carquinez Strait

observed in 62 ,~as at comparable locations, in 20
UOIIIY~INI t(l I]IC May resHlts. All values exceeded
the concentrations of Se that cause adverse ~ ¯ Potamocorbula

effects in fish and birds when ingested in food
~ ssel(i.e, > ! 0 mg/g) .

Highly elevated Se concentrations were ~ 1 0 Corbicula-
observed repeatedly in Carquinez Strait be- g

twcen October 1995 and June 1996, Concentra-’~ 5
tions of Se in R omurensis ranging from 15.4 +
1.0 mg/g to 18.9 _+ 0.4 mg/g were observed 0
between October 1995 through February 1996 1 976 1 985 1 996
at station 8. I. Concentrations declined slightly, Figure 2Z. Selenium concentrations in
Io a range of 10.0 + 0.7 Bg!g to 12.8 + 0.4 Bg!g, tissues of mussels (transplanted
bet~veen March 1996 and June 1996. The californianu& as reported by Risebrough,
decline in concentrations coincided with the 1977), Corbicula fluminea (resident species,

annual increase mean monthly river inflow to as reported by Johns et aL, 1988),

North Bay (Figure 20). transplanted oysters (Crassostrea gigas)
and Potamocorbula amurensis. Al! values are

Figure 22 summarizes results from past grand means of all analyses conducted
studies with bivalves in the North Bay, showing station nearest Carquinez Strait in each study.
mean concentrations of Se for each species
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Table 3. Selenium concentrations in mg/g dry weight in Potamocorbula amurensis at nine locations in North San
Francisco Bay (Figure 1 in the Introduction) in October 1995, and between October 1995 and June 1996 at Station
8.1 in Carquinez Strait. Values are means _+ one standard deviation. (#) is the number of composites analyzed. Each
composite included approximately 20-60 individual P. amurensis, and >250 mg dry weight soft tissue. Napa River stations are
numbered North-to-South ascending.

Site 10195 12/95    1/96 2/96 3/96 4/96 5/96 6/96
6.1 14.5_+1.4 (3)
8,1 15.4+1.0(3) 16.9(1)15.4_+1.6(3) 18.9-+0.4(3) 11.3-+0.2(2) 12.8+0.4(3) 11.1-+0.4(3) 11.6_+1.1(3)
(Carq. Straits
12.5 11.6_+1,1 (5) 10.0-+0.7 (4)
(San Pablo)
Napa 1 12.5+_1.0 (3)
Napa2 15.3 (1)
Napa3 14.1-+0.5 (3)
Napa 4 14.0+_0.9 (3)
Napa 5 12.7_+0.6 (2)
Napa6 12.6+_0.8 (5)



inflows were present when the August samplingof the benthos in the North Bay that occurred in
of Se was conducted, October 1995, was not indicated by data fi’om

Accumulation factors in C. gigos exceeded 1deployed bivalves, especially C. gigos and
in tile wet season in the RMP transplant. This edulis. It becomes important to better under-
indicates that Se was taken up when animals stand the food source(s) exploited during periods
were deployed from uncontaminated environ- of low river inflows by the highly successful
ments to the North Bay: However, accumulation omurensis, because that appears to carry Se in a
factors in the dry season (October) in both C. form that is highly bioavailable during a time
gigosand M. edt~liswere low, indicating little Se when vulnerable migratory species (e44., diving
uptake after deployment, It is possible that ducks) are arriving in San Francisco Bay. Alter-
deployed animals either were feeding little natively, deployed bivalves may obtain food in a
during the dry season, or were feeding on a foodmanner different frmn how resident animals
source of lower Se bioavailability than that obtain food.
experienced by the resident species. The reduced The temporal trends in Se concentratitms
condition indices of both C, £rigasand M. P. an~urensisin the North Bay point out the
calil’or~ianus in October’ support the former interactions among the important issues affect-
contention (Figure 18), Detrital freshwater algaeing San Francisco Bay. River inflow appeared to
could be an important food source for filter influence bioavailable Se concentrations in North
feeders in North Bay, especially during periods Bay in 1995 and 1996, presumably by affecting
of high river inflows. Such sources are less residence times and dilution of local Se i~puls by
available du,’ing low flow periods. Behavioral freshwater. Concentrations of Se were lowest in
changes as a result of the deployment or as a P. amurensis during a prolonged period of high
result of high Se concentrations on particulate inflows (May 1995) and increased greatly after
materials are possible. But it seems more likelyinflows subsided in October 1995. Similarly, the
that the low standing stock of phytoplankton concentrations of Se in the transplanted C.
and algal detritus in North Bay affected the YIurni¢wa were lower than a~y concentrations
feeding or availability of food to C. gigas and MI. observed in resident C. Yluroinea by Johns er aI.
(.wli/’o¢’~iaz~us in October. If so, differences in (1988) during 1985-1986. The latter study
food sources between deployed and resident included no period of high river flow as pro-
species must be a consideration in interpreting longed as occurred in May 1995. A smaller
t!’ansplant data, especially with regard to decrease in Se bioaccumulation also occm’red
ele,nents like Se that are bioaccumulated from coincident with the pulse of high inflows in
tired. One possible explanation may be the January-March 1996. Further investigation is
change in phytoplankton standing stock in the warranted of the potentially important linkage
water column of the North Bay in recent years, between these issues.
Transplanted mussels or oysters may not be The susceptibility of the Bay to invasions by
feeding the way they have in the past, affecting exotic species also appeared to affect Se contami-
their exposures to Se, nation of the food web. After the invasion of the

Summary of Selenium Estuary by P. an~urensisin 1986, Se concentra-
tions in dominant resident bivalve in 1996

Comparison increased to levels three times greater than tlne
The differences between trends in resident contamination of the dolnin~mt bivalves in tl~e

species and those in transplanted bivalves weremid-1980. Whatever the cause, it is clear that
small in May 1995, The most important differ- predators of bivalves in the food web of the
ence may have been the lack of an RMP station North Bay could have been exposed to much
in the region most influenced by Se inputs: more Se in 1996 than they were in the late 1980,
Carquinez Strait. However, it is of concern that when most studies of upper rrophic levels
the substantial change in the Se contaminationconducted,
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Mercury Concentrations in Bagged bivalves and resident species thus
Bagged and Resident Bivalves showed genera!!y the same trends in mercury

contamination in the North Bay. Most impof
Mercury concentrations were low in P.

rant, both indicated that substantial mercury
,’mmrensLs (0.08-0.24 rag/g) at all locations

contamination was not found in the benthos of
studied in the North Bay and at all times

the North Bay, either during high flows or
(Table 4). No spatial trends were evident in the

during wet flows. Johns ~,! a/. (1988) drew
data. Concentrations doubled between May

similar conclusions from mercury analyses of (2.
1995 and October 1995 to June 1996; but the

tTuminea at six sites in the North Bay in
increase in absolute terms was small. Mercury
concentrations in the two resident bivalves

September 1986. They observed a range of
concentration of 0.08--0. !8 mg!g Hg dry weight

included in this study were not comparable.
Concentrations in ~g. balthA’a were higher than

among sites, similar to tile concentration
observed in bagged C. flum~nea in May. 1995,

concentrations in P. amurensis at Pinole Point,
but less than the 0.30 mgig observed in RMP

Comparing mercury concentrations in
collections in October 1995.

b~#hica between Pinole Point and Davis Point
suggested greater contamination in resident

Mercury contamination has been found

species at the former site in May 1995.
longer-lived higher trophic level species in the
North Bay. Tt~at contamination may

Mercury concentrations in bagged biva!ves
transferred via the benthic !0od web. lnterac-

ranged !’tom 0.14-0.39 mg/g in May and Octo-
lions between mercury and selenium have also

her 1995 at the North Bay sites, approximately
been reported in the literature. If such interac-

the same range as the resident species, The
lions occur in North San Francisco Bay, they

bagged bivalve data indicated that greater
have only a minor influence on concentrations.

contamination occt~rred during tile dry season
Mussels and ~/. b~]glHca may be the best

than during the wet season, as observed in ~.
bioindicators for mercury contamination in the

amurensis. The highest mercury concentrations
benthos of San Francisco Bay.

in the RMP data and in the resident species
data was observed at Pinole Point (- 3.9 mgig Acknowledgements
in ~. (’~q]iibrf)i~nus in Ocn~ber 1995; Figure

This stud)was conducted in
although it was unclear if the different species

with the San Francisco Bay Region. California
were directly comparable,

Regiona! Water Quality Control Board.

Table 4. Mercury concentrations in mg/g dry weight in Potamocorb~la amurenMs and
alacon~a balthica at five locations in North San Francisco Bay (Figure 1 in Chapter One:
Introduction) in October; 1995; between October I995 and June 1996 at Station 8.1
Carquinez Strait and at station 1:~.5 in San Pablo Bay in June 1996. Mercury concentrations
in il4[acoma halthica also shown for May 1995, Values are means + one standard deviation. (#) is the
non,bet of composites analyzed. Each composite included approximately 50 individual P. amurensis, and
>~50 tng dry weight soft tissue. Napa River stations are numbered North-to-South ascending,

Site 5/95 10/95 12195 1/96 2/96 6/96
P. amurensis,
Carquinez 0.10_+0.00(2) 0.18+.01(3) 0.2(1) 0,21%02(3) 0.24+.01(3), 0.19+.02(3)
Straits
San Pablo Bay 0.08+_.01 (3)
Napa 1 0.21+.01 (3)
Napa 3 0.20+_.02 (3)
Napa 5 0.23_+.01 (2)
Macoma
Davis Point 0.24_+,04 (3)
San Pablo Bay 0.37_+,04 (4)
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