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ABSTRACT The clam Potamocorbula amurensls was introduced into the San Francisco Bay estuary 
(California, USA) In 1986 and became abundant in late 1987 Wlthin a year, chlorophyll concentrat~on 
and the abundance of adults of 3 common estuarine copepod species had declined by 53 to 91 %, pro- 
viding an opportunlty to examine mechanisms by which benthic grazing might control the abundance 
of pelaglc populations Decllnes in chlorophyll and abundance of the 3 species of copepod coincided 
a p p r o m a t e l y  with the geographic range of the clam population The decllne in abundance of the 
copepod Eurytemora affinis was accompanied by a decrease in the ratlo of nauplil to adults, but not in 
the raho of eggs to females Therefore the decline in abundance may be due to elevated mortahty of 
nauplii rather than food hmitation of reproductive rate We argue that direct predation by P amurensls 
is the cause of the reduced survlval of nauplii, and therefore of the depressed abundance of adults 
Expenrnentally determined clearance rates of P arnurensls on E a f f i n ~ s  nauphi averaged 0 11 1 clam-' 
d ' If that clearance rate applled in the fleld, the clams could remove 8 2 % of the n a u p h ~  d- '  This 
removal late is sufficient to explain the observed rate of population decline P amurensls appears to 
have become well established and copepod populations of the bay so far have failed to rebound Thus 
this invasion may have permanent effects In a broader sense, predation on zooplankton by soft-bottom 
benthos may be an  important and heretofore overlooked, source of mortality In shallow waters 
Selectivity occurnng through differences in escape response and vertical position could make bivalve 
predation an lrnportant influence on biomass and species composltlon of inshore zooplankton 
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INTRODUCTION 

Benthic grazing is believed to control phytoplankton 
biomass in some shallow waters (Cloern 1982, Officer et 
al. 1982, Nichols 1985, Alpine & Cloern 1992). A large 
body of literature indicates that certain benthic organ- 
isms can graze substantially on phytoplankton and 
small zooplankton (Wdhams 1980, Buss & Jackson 1981, 
Wnght et al. 1982, Ertman & Jumars 1988, Bingham & 
Walters 1989, MacIsaac et al. 1991). Bivalves can influ- 
ence benthic recruitment or reduce the abundance of 
certain zooplankton by consuming small, relatively 
slow-moving forms such as bivalve larvae (Williams 
1980, Ertman & Jumars 1988). Much of the work on pre- 
dation by benthos on zooplankton has been through 

inference from reduced settling rates of meroplankton 
near filtellng adults (Cowden et  al. 1984, Sebens & 

Koehl 1984, Hunt et al. 1987, Ertman & Jumars 1988, 
Young & Gotelli 1988, but see Young 1989). 

Predation on copepods has been described for 
benthic species including brittle stars and cnidarians 
(Ferrari & Dearborn 1989, Sullivan & Banzon 1990, 
Sullivan et  al. 1991), but not bivalves (Horsted et al. 
1988). Since bivalves are an  important component of 
shallow soft-bottom benthos (Nichols 1985), a signifi- 
cant predation rate by bivalves could be a key lirnita- 
tion to zooplankton abundance and species composi- 
tion. Yet, opportunities for observing such effects in the 
field are rare because of the difficulty in separating 
effects of benthos from other sources of mortality. 
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The clam Potamocorbula amurensis arrived in San 
Francisco Bay, California, USA, in 1986, probably in 
ship ballast water (Carlton et al. 1990, Nichols et al. 
1990). P. amurensis is a small (5 to 30 mm) clam with an 
epibenthic habitat and apparently euryhaline distribu- 
tion: it has been found at freshwater and seawater 
salinities. Its type locality is the Amur River in eastern 
Siberia. Little is known of its distribution, abundance, 
or ecology in the source region (Carlton et al. 1990). 

Potamocorbula amurensis spread very rapidly, be- 
coming abundant throughout the northern reach of 
the bay by mid-summer 1987, a period of drought 
(Carlton et  al. 1990). This spread apparently occurred 
at the expense of other salt-tolerant benthic species, 
which, under these drought conditions, would ordi- 
narily have invaded the northern reach by 1987-88 
(Nichols et al. 1990). This invasion, potentially disas- 
trous to the food web of the upper estuary, offered a 
unique opportunity to observe the effects of benthic 
filter feeding on the plankton of the estuary. Alpine 
& Cloern (1992) have demonstrated the influence of 
this clam on the phytoplankton of the estuary, while 
Werner & Hollibaugh (1993) have shown it to be 
capable of consuming bacteria, although at a lower 
rate than phytoplankton. 

Concurrent with the spread of Potamocorbula amu- 
rensis came a decrease in chlorophyll of about 5-fold 
and elimination of the spring bloom in 1988 to 1990 
(Alpine & Cloern 1992). This period has included the 
longest drought since the 1930s, and the diminution of 
chlorophyll was much greater than seen in a shorter 
but more severe drought in 1976-77 (Arthur & Ball 
1979, Cloern et al. 1983, Alpine & Cloern 1992). At the 
same time the abundance of several common estuarine 
copepod species declined markedly, leading to the 
belief that the clam was influencing copepod abun- 
dance either indirectly through reduction of food 
supply or directly through predation. 

In this paper we describe circumstantial evidence 
supporting the theory that the rapid decline in cope- 
pod abundance was caused by predation by the clams 
on copepod nauplii, rather than through reduction in 
food supply. We focus on abundance patterns of the 
copepods Eurytemora affinis, Sinocalanus doerrii, and 
Acartia spp., which were historically the most abun- 
dant species in the upper estuary (Ambler et al. 1985, 
Orsi & Mecum 1986). In particular, E. affinis was of 
interest because it occupies the salinity range 1 to 
6 psu (Orsi & Mecum 1986), where a large part of the 
monitoring effort has been concentrated and where 
the clam was known to be abundant (Alpine & Cloern 
1992). E. affinis is a widely distributed estuarine 
pelagic copepod with a broad range of salinity toler- 
ance (ca 0 to 25 psu; Roddie et al. 1984, Nagaraj 1992). 
Unlike Acartia species, which are broadcast spawners, 

or S. doerrii, which releases eggs in clumps of up to 4, 
E. affinis carries its eggs in a single egg sac. S. doerrii 
was introduced to the estuary around 1979 and has 
since been abundant at a position slightly upstream of 
the center of population of E. affinis (Orsi et al. 1983). 

San Francisco Bay (Fig. 1) is one of the most urban- 
ized estuaries, with one of the most closely managed 
freshwater flow regimes, in the world (Nichols et 
al. 1986). Most of the freshwater flow enters the 
estuary from the Sacrament0 and San Joaquin Rivers, 
which discharge through an extensive delta. We 
concentrate on the reach of the estuary including 
Suisun Bay and the western delta (Fig. l ) ,  where Pota- 
mocorbula amurensis is abundant (Hymanson 1991). 
This reach includes broad shoal areas and several 
deep (20 m) channels. Tidal currents in this region can 
exceed 2 m S-'. 

MATERIALS AND METHODS 

Freshwater flow data were obtained from the Cali- 
fornia Department of Water Resources (DWR) Dayflow 
program. This program calculates a hypothetical net 
freshwater outflow through the western delta into the 
estuary at the nominal location of Chipps Island (river 
km 75, Fig. 1). Net delta outflow is the difference 
between inputs to the delta, consisting of gaged and 
ungaged river flows and precipitation less evaporation, 
and withdrawals, including consumption by farms 
within the delta and export flows at several major 
pumping facilities (Fig. 1). Monthly net delta outflow 
estimates were corrected using recently revised esti- 
mates of consumption in the delta from DWR (T. Kadir, 
DWR, pers. comm.). 

Zooplankton data. Zooplankton abundance data 
were obtained from the California Department of Fish 
and Game zooplankton monitoring program, for which 
methods are described more fully in Orsi & Mecum 
(1986). Samples were taken at ca 35 to 40 stations 
throughout the upper estuary (Fig. l),  monthly in 
March and November and twice monthly in April 
to October, 1972 to 1992. Samples were taken with 
a 154 pm mesh, 10 cm diameter Clarke-Bumpus net 
towed obliquely from the bottom to the surface, and 
with a pump whose intake was slowly raised through 
the water column. The net sample and a 1.7 1 com- 
posite subsample of the pump discharge were pre- 
served in 5 % formaldehyde. 

In the laboratory the zooplankton net sample was 
concentrated on a 154 pm mesh screen and subsam- 
pled to obtain at least 200 animals for counting. The 
pump sample was passed through a 154 pm mesh 
screen and collected on a 43 pm mesh screen, and the 
entire sample was counted. Adult copepods were iden- 
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Fig. l .  Upper San Francisco Bay estuary, showing location of stations used in sampling and river kilometers mentioned in the text. 
Arrows at the bottom of the flgure indicate the sites of the 2 major export pumping fac~litles 

tified to species or genus. Nauplii were identified to 
species for Eurytemora affinis only for 1985 to 1989. 
Abundance was calculated as the sum of abundance 
values from the net and pump samples after fractiona- 
tion. Ratios of nauplii to adults were calculated for 1985 
to 1989; if the egg production and egg mortality rates 
are constant this ratio is inversely related to the mor- 
tality rate of nauplii (Kimmerer 1987). 

Egg ratios of Eurytemora affinis were determned 
using 62 samples from spring (March to May) 1984 to 
1990. Samples from other seasons were not chosen 
because there were usually too few E. affinis in sum- 
mer and fall after 1987. Females and eggs in entlre 
samples were counted if available; in some cases only 
subsamples had been archived. Eggs were identified 
as either attached, in detached egg sacs, or as loose 
eggs. The latter could not be unequivocally identified 

to species, and were most abundant when Acartia spp. 
were abundant, so only eggs In egg sacs were included 
In the counts. Females were counted whether or not 
they had eggs, so that the mean population egg ratio 
was being estimated Egg ratios are proportional to 
egg production rate at a constant egg development 
time, which depends on temperature (McLaren 1965, 
Edmondson 1968); temperature had no systematic 
variation before versus after 1987. At a constant tem- 
perature, egg rat~os and egg production rate can be 
limited by food supply, either because of reduced 
number of eggs per clutch or an Increased interval 
between clutches. 

A vertically stratified series of 0.5 m3 pump samples 
was taken on July 21 to 22, 1986 at about 1.2 psu 
salinity, near the maximum in abundance of Eury- 
temora affinis. Samples were taken hourly at  1 m, m d -  
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depth,  and 1 m off the bottom, and all E. affinis were 
identified to life stage and counted. For the present 
purposes, the abundance of nauplii at each depth was 
used to determine their relative abundance in the 
near-bottom samples, and thereby their relative vul- 
nerability to benthic predation. 

At each station surface specific conductance and 
temperature were measured with a conductivity meter, 
and samples were taken for chlorophyll a analysis 
beginning in 1976. Salinity was determined from 
specific conductance according to the Practical Salinity 
Scale (UNESCO 1981) and is thus given in practical 
salinity units (psu). Additional salinity data were ob- 
tained from daily means of surface specific conduc- 
tance from a continuous monitoring station at river 
km 75 (DWR station near Chipps Island, Fig. 1) .  

Data analysis. Chlorophyll a concentrations and 
abundance of copepods are closely related to salinity, 
with peaks at intermediate salinities and lower values 
at  higher and lower salinities (see Fig. 2) .  The salt field 
moves considerably with changes in freshwater flow 
(Peterson et  al. 1975), so that the abundance peaks 
move as well. Temporal variation in abundance can 
therefore be  confounded with vallation due to move- 
ment of the salt field; similarly, seasonal effects can 
obscure longer-term trends. Since w e  were interested 
in temporal patterns other than those due to season 
and to movement of the salt field, we eliminated these 
effects from the data as follows. Data from 1972 to 1987 
were partitioned into 20 salinity classes, each having 
about 500 observations (Table 1 ) .  These salinity classes 
have mean salinities at  roughly equal logarithmic 

intervals. First we plotted the mean chlorophyll a and 
log abundance (with 10 added to allow for zero values) 
of each copepod species in each salinity class before 
and after the end of 1987 to determine at what salini- 
ties the declines occurred. 

The next step was to determine the geographic range 
and therefore the salinity range likely to be affected by 
the clam. In 1991 the abundance of Potamocorbula 
amurensis was over 1000 m-' up to about river km 75, 
and between 1 and 1000 m-' to about km 90 (Hyrnanson 
1991). The tidal excursion is about 10 km in this region; 
thus the effect of the clam population should be de- 
tectable up to a nominal position of river km 100. This 
corresponds on average to a surface salinity of about 
0.45 psu (Fig. 3), or salinity class 10 (Table 1) .  

Abundance anomalies were then calculated using all 
the data in salinity classes 2 10 (2 16 for Acartia species 
because they are not abundant at lower salinities). The 
mean of each combination of salinity class and month 
was subtracted from the raw data to obtain anomalies 
virtually independent of salinity and persistent sea- 
sonal vanation. These anomalies were then combined 
into monthly means for determining the timing of step 
changes in abundance using time series analysis. Miss- 
ing data, particularly for the months of December to 
February, were fdled in using linear interpolation to 
satisfy the requirements of the data for time series 
analysis. We then applied intervention analysis to 
determine the magnitude and timing of the largest 
step changes in the data. Intervention analysis is useful 
in detecting step changes in data with significant auto- 
correlation (Shumway 1988). 
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YEAR 

Fig. 3. San Franciso Bay estuary. Surface salinity from the 
zooplankton surveys at river km 75, 90, and 100 for 1987 to 
1992. The horizontal line is the geometric mean salinity at 

100 km averaged from mid-1987 to the end of 1992 

Experimental work. Experiments were conducted to 
determine whether clams could consume copepod 
nauplii, and some aspects of the mechanisms of 
capture. Clams for experiments were gathered from 
shallow locations in the upper estuary and maintained 
in aquaria with slowly flowing whole surface water for 
a few days before experiments. Copepod nauplii were 
collected by concentrating surface water from about 
5 psu salinity through a 35 pm mesh screen using 
upward flow to minimize damage. On one occasion 
nauplii from about 30 psu were used, and clams were 
gradually acclimated to the higher salinity. Nauplii 
were maintained for a few hours before experiments in 
insulated buckets of unscreened surface water at the 
experimental salinity and temperature. 

We observed ingestion of copepod nauplii by Pota- 
mocorbula amurensis in petri dishes under a dissecting 
microscope. Nauplii of Eurytemora affinis, Acartia 
spp., Oithona spp., and Euterpina acutifrons were 
stained with neutral red to aid in observation and, in 
some of the observations, the clams were glued to the 
petri dishes. To detect escape responses, we conducted 

Table 1. Salinity classes used in the analyses with upper 
limits of salinity (practical sal~nity units, psu) in each class 

Salinity Upper Salinlty Upper Salinity Upper 
class salinity class salinity class salinity 

1 0.08 8 0.22 15 3.91 
2 0.09 9 0.31 16 5.32 
3 0.10 10 0.45 17 6.98 
4 0.11 11 0.69 18 8.95 
5 0.13 12 1.08 19 11.97 
6 0.14 13 1.79 20 20.17 
7 0.18 14 2.71 

a single series of artificial predation experiments 
(Singarajah 1969). A Pasteur pipet attached to a length 
of tubing was used to siphon 150 m1 of water out of 
250 m1 of water containing E. affinis nauplii of mixed 
stages, in 2.25 min. The mouth opening of the pipet 
was about 1 mm, or about 10x the width of the larger 
nauplii. The nauplii in each fraction were counted and 
compared to the expected value, based on the propor- 
tion of water siphoned. Note that the flow velocity was 
considerably higher than expected in a clam siphon, so 
these results indicate only qualitatively the possibility 
that escape response explains differences in frequency 
of capture by clams. 

A series of predation experiments was conducted to 
estimate the clearance rate of Potamocorbula amu- 
rensis on nauplii. Nauplii were divided among 8 insu- 
lated 40 1 tanks containing 30 1 of water from the same 
sampling site at  temperatures slightly above ambient 
(20 to 25°C). Mixing in the tanks was provided by a 
slowly (ca 1 rpm) rotating paddle. Clams were col- 
lected several days earlier and maintained in an aquar- 
ium with flowing whole surface water and an air stone. 
To begin the experiment 250 to 300 clams (mean shell 
length 8.5 mm) were placed on plastic trays which 
were lowered into 4 of the tanks. The experiment was 
terminated by removing the clams, then draining and 
rinsing the tanks through a 35 pm mesh screen and 
preserving the sample. Subsamples were taken with a 
stempel pipet, 200 to 500 nauplii were counted, and 
the number per liter in the tank was calculated from 
the fraction sampled and tank volume. Grazing rates 
were calculated as: 

where g is the grazing rate (1 clam-' h-'), V is vol- 
ume of the tank ( l ) ,  t is duration of the experiment in 
hours, C is the number of clams, No is the initial 
abundance, and N the final abundance of nauplii in 
the tanks (I-'). 

In a series of preliminary experiments, consumption 
rates of nauplii of several copepod species (Eurytemora 
affinis, Paracalanus quasimodo, Acartia spp., Oithona 
spp., and Euterpina acutifrons) were measured. Twelve 
clams were placed in each of four 1 1 beakers, and no 
clams in 4 controls. Nauplii obtained by rearing from 
field-caught females were added to each beaker in 
700 m1 of water from the salinity range at which the 
copepods were collected. After 2 h incubation near 
ambient temperatures (around 20°C), during which 
beakers were stirred manually every 10 min and clams 
were observed filtering, the contents of the beakers 
were strained through a 35 pm mesh screen, stained 
with neutral red, preserved with formaldehyde, and 
counted. 
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Table 2 Log chlorophyll and log abundance (number m'3 + 
10) of 3 common copepods in the San Francisco Bay estuary 
before (1972 to 1987) and after (1989 to 1992) the clam 
Potamocorbula amurensis became abundant. Values are 
means and 95% confidence limits of annual mean values 
for salinity classes in which significant declines occurred 
(dark bars in Fig. 2), and percentage declines in the geo- 

metric means 

Before 1988 1988-1992 Percent 
change 

Chlorophyll 0.74 * 0.10 0.23 + 0.18 
Eurytemora affinis 2.4 i 0.1 1.3 + 0.2 
Sinocalanus doerrii 2.3 + 0.2 1.6 * 0.2 
Acartia spp. 3.3 * 0.2 2.1 i 0.2 

Table 3. Results of intervention analysis on variables in the 
San Francisco Bay estuary to determine timing of change in 
anomalies of log chlorophyll and log abundance (number m-3 
+ 10) of 3 common copepods for salinity classes 10 to 20 (16 to 
20 for Acartia spp.). Values given are the t value for testing 
the significance of the largest step change identified in the 
data, the date (month and year) at which that change oc- 
curred, and the percent change determined as (1 to 10C), 

where c i s  the coefficient of the step change 

I-value Date Percent change 

Chlorophyll -6.0 Jun 1987 -53 % 
Eurytemora affinis -10.0 Jan 1988 -88 % 
Sinocalanus doerrii -7.0 Sep 1988 -78 % 
Acartia spp. -6.3 Ju1 1987 -91 % 

RESULTS to 1992. Intervention analysis showed several statisti- 
cally significant step changes in each of the data 

Changes in abundance series, the largest of which occurred during 1987-88 
for chlorophyll a and all 3 zooplankton species 

Chlorophyll a and the abundance of the 3 copepod (Table 3). The decline in chlorophyll occurred in 
species all declined substantially and significantly at mid-1987, and the declines in copepod abundance 
higher salinities in their ranges (Fig. 2, Table 2). followed in order Acartia spp., Euryternora affinis, 
Except for Acartia spp., which is rare at  low salinities, and Sinocalanus doerrii. These time periods are ap- 
significant declines occurred in salinities down to proximate since the declines occurred over a period 
about 0.17 psu. of several months. Annual mean anomalies (Fig. 4) 

The declines in copepod abundance were the most show considerable variability, but were lower after 
substantial changes in the data record from 1972 the dates determined by intervention analysis than 

before in every year except 1989 for 
Acartia spp. Some of the variability be- 
fore the declines identified above can be 
explained by the effects of drought or 
flood (Alpine & Cloern 1992). 

The effect of grazing by clams may 
be confounded by the effects of variability 
in river flow (Alpine & Cloern 1992). 
We plotted anomalies of chlorophyll a 
concentration and copepod abundance 
against the log of monthly mean net delta 
outflow for surveys before and after mid- 
1987. Chlorophyll anomalies before mid- 
1987 were generally higher at intermedi- 
ate flows and lower at high and low flows 
(Fig. 5a). After mid-1987, chlorophyll was 
nearly uniformly low in spite of variation 
in outflow. The copepods had no apparent 
relationships with outflow (Fig. 5b to d) ,  
except for some reduced values at high 
flows, probably due to inadequate sam- 

YEAR YEAR pling of the downstream region. The val- 

Fig. 4.  San Franciso Bay estuary. Annual means and 95 % confidence limits ues after mid-1987 were generally low, 
of anomalies in log chlorophyll concentration (pg I-') and log abundance particularly for Eurytemora affinis and 
(number m-3 + 10) of common copepod species in salinity classes 10 to 20 (16 Acartia spp. Seasonal patterns for both E. 
to 20 for Acartia spp.). (a) Chlorophyll; (b) Euryternora affinis; (c) Sinocalanus affinis and Acartia changed after 1987, 

doerrii; (d) Acartia spp. 
with nearly normal values occurring dur- 
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ing spring, when flows are high, and low 
values in the low-flow periods of summer 2 2 
and fall. o z 02 

I 1.0 

p 0.5 

Log ratios of nauplii to adults of Eury- 2 O.O *'$" 
, 8 - & - ,  

.- 5 0.0 2 .0.2 e - + - G  temora affinis were significantly lower in 0 -0.5 
- A = - -  - ; 

.0.4 z 
1987 to 1989 than in 1985 and 1986. If the g 

a .>o -$L.- m - - P 

C. 
2 .,.S :&:;m;- 

break is made after 1987, the difference is 9 ., 3 
I - - m .zo 

still significant (Fig. 6; p < 0.0001, nested o -1.0 
3.2 3.4 3.6 3 8 4.0 1.2 4 4 4.6 

a -2.5 
3.2 3.4 3.6 3.8 L.0 4.2 4.4 4.1 

ANOVA, Table 4). Egg ratios were vari- 2.0 

able among years, but not between 
groups of years, either 1984 to 1986 vs 
1987 to 1990 or 1984 to 1987 vs 1988 to : 
1990 (Fig. 6; p > 0.1, nested ANOVA, , 
Table 4) .  The lowest annual mean egg 
ratio was in 1986, when nauplii and 
adults were moderately abundant, and 

32 3.4 36 3.8 0.0 4.2 4.4 4.6 3.2 3 4 3 6 3 8 4.0 4.2 4.4 4.1 

there was no significant relationship LOG DELTA OUTFLOW, cfs LOG DELTA OUTFLOW, cfs 

between egg ratios and chlorophyll a (by 
Fig. 5. San Franciso Bay estuary. Means by month of log chlorophyll anomalies 

inspection and linear r2 = O.O4, and log abundance anomalies of common copepod species in salinity classes 
34 df, p > 0.1). as in Fig. 4, vs log of net delta oufflow into estuary [cubic feet per second (cfs), 

Vertical distributions of Eurytemora 1 ft3 = 0.028 m3]. (m) 1972 to June 1987; (m) July 1987 to 1992. (a) Chlorophyll; 

affinis nauplii showed relatively little ten- (b) Eurytemora affinis; (c) Sinocalanus doerrii; (d) Acartia spp. 

dency of the nauplii to avoid deep water. 
The mean depth of the nauplii was 0.8 ? 0.5 m (mean 
with 95 % confidence limits) above mid-depth, and the 
abundance at 1 m off the bottom averaged 77 rt 13 % 
(mean with 95% confidence limits) of the geometric 
mean for the water column. Thus, to a first approxima- 
tion the nauplii are vulnerable to predation by the 
clams. 

Experimental results 

Eurytemora affinis nauplii had a moderately strong 
escape response to the shear caused by the incurrent 
flow of the clam siphons. This response often enabled 
them to evade the incurrent flow and sometimes to 
become entrained in the strong flow from the excur- 
rent siphon. Nauplii that entered the incurrent siphon 
were not observed to emerge, and some were later 
found entangled in pseudofeces, apparently dead. We 
observed qualitative differences among copepod 
species in the ability to evade the siphon, with E. affinis 
and Acartia spp. having a moderate escape response, 
the harpacticoid Euterpina acutifrons having a strong 
response, and the neritic calanoid Paracalanus quasi- 
rnodo having a weak or nonexistent response. Using a 
pipet as an artificial clam siphon, we found a signifi- 
cant escape response in the nauplii of E. affinis (135 
of 263 nauph captured by the siphon, x2 = 78, 
p < 0.0001, 1 df, 3 experiments pooled). 

Clams consumed Eurytemora affinis nauplii and 
chlorophyll a at significant rates in all 8 tank experi- 
ments (Fig. 7). Filtration rates averaged 0.005 1 clam-' 

0.0 -I 
83 84 85 86 87 88 89 90 91 

YEAR 

Fig. 6. Eurytemora affinis in the San Franciso Bay estuary. 
Ratios of nauplii to adults for salinity classes 10 to 19, between 
0.3 and 10 psu; and ratios of eggs to females for March to May 
in salinity classes 10 to 19. Means and 95 % confidence limits 

by year 

h-' on nauplii; and 0.038 1 clam-' h-' for chlorophyll. 
The apparent downward trend in Fig. 7 for E. affinis 
may have been related to ambient temperature, which 
increased during this period, although experimental 
temperature did not show a trend (Fig. 7). 

In a single preliminary experiment using beakers, 
filtration rates on Eurytemora affinis nauplii averaged 
0.03 1 clam-' h-'. In preliminary experiments using 
nauplii from higher salinity (ca 30 psu), clearance rates 
were highest on Paracalanus quasimodo, lower on 
Acartia spp., and not significantly different from 0 on 
Euterpina acutifrons. 
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Table 4. Analysis of variance results for ratios of nauplii to adults (top) and eggs to females (bottom). Results compare pre-clam 
with post-clam groups of years, with 1987 being assigned to the former (left) or the latter (nght) Results indicated as either 

significant at p < 0.01 ( " )  or p < 0.001 ( " ' )  or not significant 

Source 1985-1987vs 1988-1989 1985-1986vs 1987-1989 
Sum of d f Mean F Sum of d f Mean F 
squares square squares square 

Nauplii to adult ratio 
Year group 1.49 1 1.49 16.09"' 2.61 1 2.61 28.3"' 
Year within group 1.64 3 0.55 5.91" 0.37 3 0.12 1.32 
Error 3.24 35 0.09 3.32 35 0.09 

Source 1984-1987vs 1988-1990 1984-1986~~1987-1990 
Sum of d f Mean F Sum of d f Mean F 
squares square squares square 

Egg to female ratio 
Year group 0.14 1 0.14 1.41 0.27 1 0.27 2.66 
Year within group 3.06 5 0.61 6.02"' 2.90 5 0.58 5.72"' 
Error 5.69 5 6 0.10 5.69 56 0.10 

DISCUSSION 

This may be the first demonstration of a major impact 
by bivalves on populations of estuarine copepods. This 
result was a fortuitous outcome of an ecological dis- 
aster, the introduction of a competent and prolific 
exotic species to San Francisco Bay. The finding that 
bivalves can have such an impact on copepod popula- 
tions may have strong implications for all shallow estu- 
aries with abundant bivalves. Therefore, we examine 
below the steps leading to the conclusion that preda- 
tion by the clams caused the decline in copepods. 

The evidence developed here is circumstantial in 
that direct measurements of in situ consumption rates 
were not made. To date, field consumption rates of 
phytoplankton by bivalves have been measured only a 
few times, usually under conditions of low flow veloci- 
ties, shallow water, and high bivalve densities, such as 
over mussel beds (Wright et al. 1982, Frechette & Bour- 
get 1985a, Muschenheim & Newel1 1992). To our 
knowledge, all studies reporting broad-scale effects on 
phytoplankton have been based on laboratory values 
of grazing rates rather than field measurements 
of grazing (e.g. Cloern 1982, Officer et al. 1982, Cohen 
et al. 1984, Loo & Rosenberg 1989, Alpine & Cloern 
1992). The principal difficulties seem to be patchiness 
in grazing rates and logistical problems in working in 
deep water with strong tidal currents. The former diffi- 
culty would be magnified for zooplankton, since the 
consumption rates and densities of nauplii are lower 
than for phytoplankton. In addition, knowledge of pop- 
ulation dynamics of the copepods would be required to 
place the mortality in context. Sufficiently detailed 
measurements of population dynamics of estuarine 
zooplankton have been made only once (Landry 1978) 

for a population in a small, enclosed body of water; 
doing a similar study on a population in a dynamic 
estuary would be extremely difficult. Thus, practical 
impediments prevent a thorough test of the theory that 

1 2 3 4 5 6 7 8  Mean 

Experiment Number 

1 2 3 4 5 6 7 8  Mean 

0.020 

Fig. 7. San Franciso Bay estuary. Experimentally determined 
grazing rate (mean -t range, 1 clam-' h- ')  of the introduced 
clam Potamocorbula amurensis on (a) chlorophyll and 
(b) Eurytemora affinis nauplii. Numbers in (b) are tempera- 

tures ("C) during experiments 

,- 
r 

24 
l 

0.005 f 0.003 1 h-' b 
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predation by clams exerts significant mortality on the 
copepod populations, and we are forced to rely on 
inference. 

Declines in abundance 

The decline in copepod abundance nearly concur- 
rent with the spread of Potamocorbula amurensis is the 
first piece of evidence that the two are related. These 
declines are the largest and sharpest long-term 
decreases in abundance we are aware of for estuarine 
zooplankton species. The coincidence of the declines 
in copepod abundance with the increase in clam abun- 
dance can be seen by comparing Fig. 4 with Fig. 3 in 
Carlton et al. (1990) and Fig. 3 in Alpine & Cloern 
(1992), which show the abundance of P. amurensis 
to have increased by summer 1987 to values often 
exceeding 1000 m-' in Suisun and San Pablo Bays. On 
strictly statistical grounds it could be argued that this 
offers only 2 points (before and after), providing no 
power for testing the strength of the interaction. How- 
ever, the declines in these copepod species were the 
largest on record, exceeding all previous declines, and 
no other potential cause has been identified. Further- 
more, a 5- to 10-fold decline in abundance of 3 species 
within a year would appear to rule out such causes as 
diseases and parasites, which would presumably be 
species-specific. Other potential predators such as 
small fish have, if anything, declined during the same 
period (Herbold et al. 1992). 

Based on the intervention analysis, the decline in 
chlorophyll occurred nearly simultaneously with the 
outbreak of the clam population in summer 1987. The 
abundance of the 3 copepod species declined in order 
of the degree of exposure to predation, with Acartia 
spp. declining first followed by Eurytemora affinis and, 
later, SinocaIanus doerrii. Of these 3 copepod taxa, 
S. doerrii occupies the most freshwater habitat, with 
the bulk of the population at a salinity range below 
1 psu or salinity class 12, generally upstream of river 
km 90 (Figs. 2 & 3). Thus the population of S. doerrii 
was upstream of the bulk of the Potamocorbula amu- 
rensis population for most of the period, resulting in 
reduced exposure. Considering the degree of expo- 
sure of these populations, the timing of declines of 
copepods coincides with the spread of the P. amurensis 
population. 

The declines in copepod abundance were almost 
certainly not related to the drought. Freshwater flow 
since the invasion has been low but within the range of 
previously observed values, while copepod abundance 
values have been extraordinarily low. There was no 
apparent relationship between flow and copepod 
abundance before or after the clam invasion (Fig. 5). 

Previous droughts have been characterized by inva- 
sions of other bivalves, notably Mya arenaria (Nichols 
1985), that may have reduced phytoplankton biomass 
in 1977 (Alpine & Cloern 1992). There are 3 possible 
explanations why no effect of that grazing was ob- 
served on zooplankton. First, chlorophyll concentra- 
tion during that period was about an order of magni- 
tude higher than in the more recent drought (Fig. 3 in 
Alpine & Cloern 1992). If this implies an order of 
magnitude lower grazing rate, the resulting effect on 
zooplankton would not be detectable over the limited 
period of that drought. Second, salinity in the area 
affected by M. arenaria was too high for most of 
the copepod populations except Acartia spp. Third, 
M. arenaria is an infaunal species, in contrast to the 
epifaunal habitat of Potamocorbula amurenesis. The 
difference in habitat may imply differences in grazing 
effect on nauplii. 

Causal mechanisms 

If the decline in copepod populations was caused by 
Potamocorbula amurensis, there are 2 plausible mech- 
anisms: (1) consumption of nauplii (and eggs, for 
copepods that release their eggs into the water) by 
P. amurensis, and ( 2 )  reduction in food availability due 
to grazing by the clams. Evidence for a decline in 
chlorophyll has already been presented (Alpine & 
Cloern 1992), and is supported by the data in Figs. 2, 
4 & 5, although Eurytemora affinis is also capable of 
feeding on detritus (Heinle & Flemer 1975). We argue 
here that E. affinis was probably more affected by pre- 
dation than competition, although we cannot make the 
same argument for the other copepod species. 

Reduction in food could lower reproductive rates of 
the copepods, reduce development rates of nauplii, or 
increase their mortality rates. Only the mortality rates 
of the nauplii would be affected by direct predation on 
the nauplii. However, all of these would manifest 
themselves as reduced abundance of nauplii relative to 
adults, as was observed. 

Growth rates of juvenile stages of copepods are 
generally believed to continue into the adult stages, at 
least for the female, where they are expressed as egg 
production (Sekiguchi et al. 1980, Berggreen et al. 
1988). Reproductive rates appear to be at  least as sen- 
sitive as growth rates of copepodites to reduction in 
food availability (Berggreen et al. 1988). Data on 
food limitation of nauplii are scarce. Feeding rates of 
Calanuspacificus nauplii and stage I copepodites satu- 
rate at similar food concentrations (Fernandez 1979), 
and the concentrations of food needed to saturate feed- 
ing rates increase with increasing copepodite stage 
(Vidal 1980). This suggests that in C. pacificus at least, 
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food limitation should occur in the reproductive rates 
of the adults before it shows up in the feeding rates of 
nauplii. If that is true of copepods in general, then one 
should seek evidence of food limitation in the egg pro- 
duction rate of the adults. There is some evidence from 
the field to suggest that early life stages of copepods 
are less food-limited than later, particularly adult, 
stages (Runge et  al. 1985, Peterson et  al. 1991, Walker 
& Peterson 1991). To our knowledge there is no 
example of a copepod population in which nauplii or 
early copepodites were food-limited while adults were 
satiated. 

The egg ratio of Eurytemora affinis was presented as 
a surrogate for egg production rate. Since temperature 
was not different among the years of the study, repro- 
ductive rates should be closely correlated with egg 
ratios. No decline in egg ratios was observed in 1987, 
and the lowest annual value was seen in 1986, before 
the spread of Potamocorbula amurensis. Furthermore, 
egg ratios during this time were uncorrelated with 
chlorophyll (we do not know the reasons for the inter- 
annual variation, such as the low value in 1986). 
Therefore, egg production after 1987 was not more 
food limited than before, in spite of the reduction in 
phytoplankton that attended the spread of the clam. 
By the assumptions in the previous paragraph, the 
growth rates of the nauplii (and therefore their mor- 
tality rates in the absence of predation) would not have 
changed. This leaves predation as the likely cause of 
the reduced abundance of nauplii, although the possi- 
bility of food limitation could never be completely 
eliminated. 

Acartia species apparently are food limited in south 
San Francisco Bay in spring (Kimmerer unpubl, data), 
so the possibility of competition for food is higher with 
this species. On the other hand, Acartia spp. release 
their eggs, which are negatively buoyant and would be 
vulnerable to consumption by clams. Thus either pre- 
dation or competition could be the dominant influence 
on the abundance of Acartia. 

The behavioral observations demonstrated that Pota- 
mocorbula amurensis is capable of ingesting copepod 
nauplii, and the experiments in tanks demonstrated 
significant consumption rates on Eurytemora affinis. 
This is not too surprising given the strength of the feed- 
ing currents observed. However, ingestion of copepod 
nauplii by bivalves has been only infrequently demon- 
strated before (Horsted et al. 1988). 

The vertical distribution of nauplii in the water 
column suggests that they should be vulnerable to 
ingestion by the field population of clams unless there 
is a depletion of nauplii in the benthic boundary layer. 
Such a depletion has been observed for phytoplankton 
and bacteria over dense mussel beds (Frechette & 

Bourget 1985b, Frechette et al. 1989, Muschenheim & 

Newel1 1992). Recent experiments with beds of arti- 
ficial clams scaled to represent Potamocorbula amu- 
rensis (1 1000 siphons m-*) have shown a maximum 
depletion in concentration of about 50% for a sub- 
stance that is filtered with 100 % efficiency (O'Riordan 
et al. in press; see also Monismith et al. 1990). The effi- 
ciency of pumping (i.e. effective filtration rate divided 
by pumping rate) for chlorophyll is probably much less 
than 100% (see Doering & Oviatt 1986), so that for 
nauplii should be less than 13 %, based on the ratio of 
consumption of nauplii to chlorophyll in our experi- 
ments. Assuming a filtration efficiency of 13 %, and a 
mean density of 3500 clams m-' (Hymanson 1991), the 
depletion of nauplii would amount to about 2% in the 
concentration boundary layer. Thus, clam grazing 
would not lead to a measurable depletion in concentra- 
tion of nauplii in the benthic boundary layer. On the 
other hand, a behavioral avoidance of the bottom by 
the nauplii, not addressed in this study, could result in 
a reduced effect of consumption by clams. 

Field clearance rates 

Other workers on this species have obtained clear- 
ance rates on chlorophyll of 0.9 to 4.7 1 clam-' d-' 
(Cole et al. 1992, Werner & Hollibaugh 1993) higher 
than those we observed. Their rates could have been 
biased upward by their use of cultured rather than 
natural phytoplankton (Doering & Oviatt 1986). If our 
experimental design resulted in low estimates of the 
clearance rates for chlorophyll, then our clearance 
rates for nauplii may also be underestimates. 

Measurement of grazing rates of bivalves is compli- 
cated by their responses to a variety of factors includ- 
ing seston concentration, flow, and substrate type 
(Morton 1983, Frechette & Bourget 1985a, Eckman et 
al. 1989, Levinton 1991, Cole et al. 1992). Thus the 
observed clearance rates are unlikely to match closely 
the rates that would pertain in the field. A better 
method of estimating grazing rates is through the use 
of recirculating flumes (Cole et al. 1992), although 
scaling these properly can be difficult (Jumars & 
Nowell 1984). In any event, it is unlikely that any 
experimental setup would suffice to determine field 
grazing rates. Since direct measurements of these rates 
is also extremely difficult given field conditions (see 
above), we are left with indirect demonstrations of the 
influence of predation by Potamocorbula amurensis. 

In view of the problems extrapolating laboratory 
rates to the field, we must take these rates as only 
order-of-magnitude estimates of what the field rates 
could be. It is still instructive to calculate the predatory 
impact on the copepod population to determine 
whether predation could be responsible for the 
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Table 5. Calculation of impact of Potamocorbula amurensis grazing on Eurytemora affinis nauplii. The principal assumption is 
that filtration rates in the experiments are the same as those in the field 

Grazing rate (1 clam-' h-') 
Mean weight of clams (g) 
Corresponding shell length (cm) 
Medlan shell lrngth in field (cm) 
Factor to correct rate for size 
Field grazing rate (I clam-' d-') 
Field abundance of clams (m-') 
Mean depth (m) 
Grazing impact (d- ' )  
Proportion of time as nauplius 
Effective mortality in population (d-l) 
Days to reach 12 % of population 

Value Source 

From Fig. 7 
Mean of all experiments 
Hollibaugh & Werner (1993) 
Hymanson (1991) 
Hollibaugh & Werner (1993) 
Multiply grazing rate by correction factor and 24 h d-' 
Hymanson (1991), DWR monitoring data 
Nautical charts, area between river km 55 and 75 
Multiply grazing rate by abundance, divide by depth and by 1000 
Heinle & Flemer (1975) 
Multiply grazing impact by relative duration 
From effective mortality, assuming that it is in excess over mortality 

of steady-state population 

observed decline. Calculations are summarized in 
Table 5. We calculated consumption rates in percent of 
the water colun~n cleared per day from the measured 
filtration rates, the abundance of clams in the upper 
estuary, and the mean depth. We then converted this to 
a daily mortality rate of the nauplii and calculated the 
rate of decline of the population, assuming that the 
mortality is excess over that existing in the population 
before clams arrived, and that no compensatory 
response of the population occurred during this time 
period. We estimate that the clams were consuming on 
average 8.2% d-'  of Eurytemora affinis nauplii and 
62% d-' of chlorophyll in the northern reach of the 
estuary (Table 5). The calculated time to decline to 
12 % of the E. affinis population is 7 3  d. This is some- 
what shorter than the observed decline, which took 
several months; if nauplii are less than 100 % vulnera- 
ble to predation the calculated time scale would be 
longer. 

Our data show that the abundance of Eurytemora 
affinis and the other 2 species of copepod declined 
sharply at about the time of the spread of Potamocor- 
bula amurensis. Our estimates of clearance rate are 
consistent with the explanation of the decline in 
copepods as due to predation by clams. There is no 
evidence of increased food limitation in the E. affinis 
population. Thus we have strong, if circumstantial, evi- 
dence that predation by clams caused the decline in 
the copepod population. 

Potamocorbula amurensis has become well estab- 
lished in this estuary since the beginning of the re- 
cent drought (Carlton et al. 1990, Nichols et al. 1990). 
Although it would be premature to forecast a perma- 
nent change in the zooplankton, there is cause for 
concern: several species of fish that pass through 
their larval stages in the upper estuary are also in a 
serious state of decline (Stevens et al. 1985, Moyle et 
al. 1992). 

The differences in predation rates on different spe- 
cies in the preliminary experiments are provocative. 
Differences in predation by fish or other predators on 
zooplankton prey are often described by terms such as 
'selectivity' or 'preference'. The influence of prey 
escape mechanisms on predator 'choice' is often over- 
looked. It is unlikely that a clam could select one cope- 
pod nauplius over another. 

Certain copepod species are numerically dominant in 
many estuaries and marine bays at least partly because 
of the low vulnerability of adults and copepodites to pre- 
dation (Kimmerer 1991, Ueda 1991). Sinlllarly, differ- 
ences in vulnerability to predation by bivalves, if borne 
out by further experimental work, could have implica- 
tions for the control of copepod species composition. 
Bivalves are highly abundant in many shallow estuaries 
and bays (Nichols 1985). Potamocorbula amurensis does 
not appear particularly unusual in size or strength of 
siphon currents, so one might expect a substantial graz- 
ing impact on zooplankton populations wherever high 
abundance of bivalves occurs in shallow water. This 
predation should be selective if there are differences in 
escape responses of the nauplii. Thus it is likely that 
benthic grazing could exert considerable control on the 
abundance and species composition of zooplankton in 
these locations. 
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