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Abstract

The recent invasion of San Francisco Bay by the suspension-feeding clam Potamocorbula amu-
rensis has provided an opportunity to document the ecological consequences of a major biological
disturbance. Previous work over the last two decades has shown that phytoplankton biomass in
the upper estuary islow (2-3 mg Chl a m~*) during seasonal periods of high river flow and short
residencetime, and it isusually high (peak > 30 mg Chl a m~3) during the summer—autumn seasons
of low river flow and long residence time. However since P. amurensis became widespread and
abundant in 1987, the summer phytoplankton biomass maximum has disappeared, presumably
because of increased grazing pressure by this newly introduced species. For the period 1977-1990,
mean estimated primary production wasonly 39 g Cm-2 yr-! during years when bivalve suspension
feeders were abundant (>2,000 m—2), compared to 106 g C m~2 yr~' when bivalves were absent
or present in low numbers. These observationssupport the hypothesis that seasonal and interannual
fluctuations in estuarine phytoplankton biomass and primary production can be regulated jointly
by direct physical effects(e.g. river-driven transport) and trophic interactions (episodesof enhanced

grazing pressure by immigrant populations of benthic suspension feeders).

A fundamental challenge of aquatic ecol-
ogy is to understand the complex interac-
tionsthat control primary production. Con-
temporary theory is guided by two
principles. Thefirst states that primary pro-
duction is regulated through both biotic
mechanisms (trophic interactions including
competition, predation) and abiotic mech-
anisms (nutrient fluxes, physical variability;
Carpenter et al. 1987). The second states
that temporal shifts can occur intherelative
importance of biotic and abiotic mecha-
nisms (Bartell et al. 1988), so that "top
down'* and"* bottom up'* forceswork in con-
cert but at time-varying rates. These prin-
ciples have emerged largely from the study
of small lakes through experimentation by
manipulation of whole lakes (selective re-
moval or addition of key predators—e.g.
Shapiro and Wright 1984; Carpenter et al.
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1987), by following the cascading effects of
food-web disruption that result from either
natural events(e.g. summer fish kills—Van-
ni et a. 1990) or accidental introductions
of exotic species (see Kitchell et al. 1988),
and analysis of long-term records to eluci-
date mechanisms of biotic and abiotic con-
trol of lake community structure or pro-
ductivity (Millsand Forney 1988; Jassby et
al. 1990).

We here address the question of whether
these principlesextend to other aquatic eco-
systems such as estuaries. Ecosystem-level
manipulation is usually not feasible in es-
tuaries, and long-term data sets are rela-
tively rare. However, estuaries are charac-
terized by large natural fluctuations in the
abundance of key species (often driven by
abiotic forcings) and are susceptible to in-
vasion by exotic species. Either of these
eventscan produce population fluctuations
at one trophic level that cascade to other
trophic levels. We document such a se-
quence of eventsin the northern San Fran-
cisco Bay estuary. We describe changes in
thedistribution, biomass, and primary pro-
duction of phytoplankton that have accom-
panied episodic fluctuations in the abun-
dance of herbivore populations, including
the recent invasion by the clam Potamo-
corbula amurensis. We interpret these
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changes as examples of temporal shifts to-
ward top-down control that occur against a
background of abiotic bottom-up control of
phytoplankton productivity.

The estuary

Northern San Francisco Bay isa partialy
mixed estuary that receives seasonally vari-
able inflows from the Sacramento and San
Joaquin Rivers (Fig. 1). Fluctuations in the
distribution of salinity, suspended particu-
late matter, dissolved and particulate nu-
trients, and biota are driven largely by fluc-
tuationsin river flow (seeCloern and Nichols
1985). For example, a turbidity maximum
formsin the upper estuary (Suisun Bay) dur-
ing the summer—autumn season of low flow.
This turbidity maximum is the result of
physical processes including the hydrody-
namic trapping of suspended inorganic and
organic particles by the combined motions
of particle settling and estuarine gravita-
tional circulation (Conomos and Peterson
1977). The localized accumulation of par-
ticulate organic matter is presumably anin-
tegral feature of the food web supporting
early stages of valued fish species such as
striped bass.

Seasonal phytoplankton dynamics are
most often characterized by low biomass
and primary productivity during the win-
ter—spring seasons of high flow, followed by
a dow (2-3 months) accumulation of bio-
mass (dominated by diatoms) during sum-
mer in association with theformation of the
turbidity maximum (Cloernet al. 1985). The
estuary is nutrient-rich but turbid, so that
algal productivity and population growth
rates are limited primarily by light avail-
ability (Alpineand Cloern 1988). Hencethe
summer bloom develops under conditions
of dow biological kinetics; from measures
in 1980, mean phytoplankton population
growth ratewas0.03 d~! (doubling time >3
weeks; Cloern et al. 1985). T'his dow rate
of population growth suggeststhat the sum-
mer biomass maximum results from the hy-
drodynamic trapping of phytoplankton by
the same physical processes that concen-
trate inorganic particulatesin the upper es-
tuary during low river flow.

"Theannual cycledescribed above hasbeen
arecurrent phenomenon, except for the ex-
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Fig.1. Mapof northern San Francisco Bay showing
station locations. USGSstation 5 is at about the same
location as DWR station D8.

treme drought year 1977 when the summer
maximum of phytoplankton biomass never
developed. Nichols(1985) suggestedthat the
absence of the summer diatom bloom in
1977 was a direct result of the upstream
migration of marine suspension-feeding bi-
valves (primarily Mya arenaria) during the
drought, with the result that the balance be-
tween phytoplankton production and con-
sumption wasdisrupted. Our study wasmo-
tivated by this hypothesis and by the
occurrence of asimilar event that began in
1986 with the invasion and rapid popula-
tion growth of another clani species—P.
amurensis (see Nichols et al. 1990 for a de-
scription of this invasion). Our objective
was to repeat the preinvasion measurement
program of 1980 (Cloern et al. 1985) in or-
der to compare spatia distributionsof phy-
toplankton biomass and productivity when
benthic grazers were scarce (1980) and
abundant (1988).

Materials and methods

Sanipling was conducted along the deep
channel and in the adjacent shallows of
northern San Francisco Bay (Fig. 1) every
2-4 weeks from May through December
1988. During 1989 and 1990 monthly sam-
pling was continued in the main channel,
with the same measurements asin 1988 (ex-
cluding primary productivity). During the
intensive sampling of 1988, measurements
weremadein both the channel and shallows
because large lateral gradients of chloro-
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phyll and turbidity (i.e. light availability)
can exist across this estuary (Cloern et al.
1985). Vertical profiles of salinity, temper-
ature, photosynthetically active radiation
(PAR), and in vivo fluorescence (IVF) were
made at all fixed stationsalong the channel.
Sdlinity and temperature were measured
with a Seabird CTD and IVF with a Sea
Tech fluorometer. IVF values were cali-
brated with Chl a concentrations measured
at 6-10 stations each date. At both the chan-
nel and shallow sites, light extinction coef-
ficients (k,) were calculated from depth dis-
tributions of irradiance measured with a
LiCor 192§ quantum sensor. Photic depths
(Z,) were assumed to be the depths of 1%
surface irradiance [i.e. Z, = 1n(0.01)/k,].

Phytoplankton biomass was measured as
Chl a concentration determined at selected
sites in the channel and shallows. Surface
water samples were collected with a bucket,
and samples from 1 m above the bottom
were collected in the channel with a Niskin
bottle. The phytoplankton in these samples
were collected on Gelman A/E filterswhich
were immediately frozen. Within 2 weeks,
the filters were ground with a T'eflon tissue
grinder in 90% acetone and the Chl a con-
centration, corrected for pheopigments, was
determined spectrophotometrically (Strick-
land and Parsons 1972).

Primary productivity measurementswere
concentrated in Suisun Bay and made
monthly from May through October be-
cause —75% of the annual production oc-
curred during this period of 1980 (Coleand
Cloern 1984). Channel sampling sites were
chosen based on salinitiesof —0, 5, and 10,
plus the site of maximum chlorophyll con-
centration estimated from IVF. The sam-
pling cruiseswerenot synchronized with the
tides, so spatial coverage was based on sa-
linity distribution rather than on fixed geo-
graphic locations. Shallow sampling sites,
where instantaneous salinities were not
available, werefixed at stations433 and 418
(Fig. 1).

Primary productivity was measured in
surfacewater samplesthat were prescreened
to remove macrozooplankton (59-um mesh)
and then dispensed into 150-ml glass bot-
tles. Chl a concentrations in screened and
unscreened samplesweresimilar, indicating
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that the mesh did not remove phytoplank-
ton biomass. Primary production was mea-
sured by the *C method in 24-h simulated
in situ incubations in adeck incubator with
procedures identical to those used in 1980
(Coleand Cloern 1984). Light was attenu-
ated with nickel screensto seven light levels:
55, 30, 15, 8, 3, 1, and 0% (dark bottle) of
ambient irradiance (I,). After incubation,
inorganic '*C was removed from replicate
3-ml subsamples by the acid-bubbling tech-
nique. Aquasol was added and residua “C
activity was measured with a liquid scintil-
lation spectrometer. All uptake rates were
corrected for dark uptake. Total inorganic
C was quantified by gas chromatography.
Daily incident solar radiation to the incu-
bator was measured with a LiCor 190S
quantum sensor and integrator.

Daily net primary productivity (P,,) was
calculated by trapezoidal quadrature of C
uptake rates over the photic depth. Simu-
lated incubation depths were calculated as

z = —In(I/I)/k,

where I./1, is the fraction of the surface ir-
radiance received by bottlei. Total produc-
tion over the growing season was calculated
by integrating theaveragedaily £, at all sites
over the period May through October. An-
nual production was then estimated by as-
suming that the growing season production
accounted for 75% of total production.
Maximum daily C assimilation rates (P,?)
were derived from photosynthesis-irradi-
ance curves. Gauss-Newton curve-fitting
was used to obtain the best fit of productiv-
ity measurements[asmg C (mgChl a)~' d!]
to the hyperbolic tangent function of irra-
diance (Platt and Jassby 1976).

Results and discussion

We hypothesize that the seasonal and in-
terannual variability of phytoplankton bio-
mass and production in northern San Fran-
cisco Bay is a consequence of both direct
physical effectsand trophicinteractions. We
explore this hypothesis in two ways. First
we use a long-term record from Suisun Bay
to demonstrate that interannual variability
of phytoplankton biomassisassociated with
fluctuations in both river flow and abun-
dance of benthic suspension feeders. Then
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Fig. 2. [a.] Monthly or semimonthly measures of
near-surface Chl a in Suisun Bay, 1974-1990. Com-
bined data set from the California Department of Wa-
ter Resources (DWR station D8. 1974--1987) and the
U.S. Geological Survey (station 5, 1988-1990). Shad-
ed areas represent periods when benthic grazers were
abundant in the bay. [b.] Monthly mean river flow to
northern San Francisco Bay from the Sacramento-San
Joaquin Rivers (thisis net delta outflow as calculated
by the California DWR).

we compare observations from two years,
1980 (benthic grazers scarce) and 1988
(benthic grazers abundant), when the spatial
distribution of phytoplankton biomass and
productivity were measured monthly along
the upper estuary.

Phytoplankton biomass, asChl a, hasbeen
measured at least once monthly in the mid-
Suisun Bay channel since1974 (Fig. 2a), and
benthic macrofauna have been sampled in
the bay since 1974 (see Cdlif. Dep. Water
Resour. 1990 for the most recent annual
summary). During thoseyearswhen benthic
suspension feeders were absent or scarce,
phytoplankton biomass increased each
summer when river discharge (Fig. 2b) fell
below —400 m? s~!. However, during win-
ter—spring periods of high river discharge
(>2,000 m® s '), phytoplankton biomass
usually declined in the upper estuary be-
cause the hydraulic retention time became
short (days—-weeks; Walters et al. 1985) rel-
ative to the population growth rate (dou-
bling time of weeks—months; Cloern et al.
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Fig. 3. Ln monthly mean Chl a concentration vs.
monthly mean river flow 2 months earlier. Measure-
ments are near-surface Chl a concentration at DWR
station D8 or USGS station 5 for the 3 months of each
year (1977-1990) centered around the annual phyto-
plankton maximum (seeH g. 2a). Y ears when benthic
grazerswereabundant (peak densities >2,000 m~?)and
no relationship exists between river flow and Chl a
concentration— 0. Measurements after the 1986 in-
vasion by Potamocorbula amurensis—®. Y ears when
benthic grazers were scarce, and regression analysis
shows a statistically significant relationship between
summer phytoplankton biomass and river flow for these
years (P- 0.001)-00.

1985). This washout effect persisted even
through summer 1983 (Fig. 2a), a year of
sustained high river flow (minimum month-
ly mean discharge of 700 m®s-' in August)
and low phytoplankton biomass (maximum
4.5 mg Chl a m3),

To explore thisinterannual variability of
the seasonal phytoplanktdn biomass max-
imum, we calculated monthly mean Chl a
concentrations in Suisun Bay for the 3
months of each year (1977-1990) centered
around the timing of the summer chloro-
phyll maximum. We then partitioned these
data into two records: measurements taken
during those years when benthic bivalves
wereabundant (>2,000m* ) and those when
mean bivalve population abundance was
<2,000 m™2.

For those years when benthic grazer pop-
ulations were small, there was a significant
negative correlation between summer phy-
toplankton biomass (In Chl a concn) and
the monthly mean river flow 2 months ear-
lier (Fig. 3). A 2-month lagwas used because
thisistheapproximate time lag between the
seasonal minimum in river flow and the
subsequent maximum in phytoplankton
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Fig. 4. Spatia distributions of Chl a along northern San Francisco Bay comparing summer 1980 and 1988.
Location of the long-term monitoring site (USGS station 5: DWR station D8) is marked with an arrow at km
45 in the June 1988 panel. Monthly mean river flow is shown for each sampling date.

biomass. Observations during the years of
small bivalve populations (i.e. 1978-1984
and 1986) are consistent with the hypoth-
esis that seasonal and interannual phyto-
plankton dynamics are regulated largely by
river-driven transport processes (abiotic
control). However, there were marked de-
partures from this relation in 1977 and
1987-1990 (Figs. 2 and 3), when phyto-
plankton biomass remained low even under
hydrologic conditions that promote bio-
mass accumulation in the upper estuary.
These anomal ous years may exemplify the

additional control of phytoplankton popu-
lations by trophic interactions, because the
upper estuary was colonized by large pop-
ulations of bivalve suspension feeders dur-
ing 1977 (Nichols 1985) and 1987-1990
(Nicholset al. 1990; Hymanson 1991). Less
severe declines in phytoplankton biomass
occurred during summer—autumn 1985,
when benthic grazers colonized the upper
estuary but only very latein the year (Nich-
olset al. 1990).

Detailed measures of phytoplankton bio-
mass distribution in the main channel and
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Table 1. Cornpanson of monthly mean Chl a con-
centrations (mg m ) in the shoals of Suisun Bay (Sta.
418) dunng 1988 when benthic grazers were abundant
and 1980 when they were scarce.

1988

May _ 11.0
Jun 14 28.3
Jul 2.0 43.1
Auj

Ser Lo 38
Oct 17 23.3
Nov 06 85
Dec 0.7 16.7

* Data from Coleand Cloern 1984

in the adjacent shallows define the spatial
extent of the reduced phytoplankton bio-
mass observed in recent years. Figure 4
compares monthly contours of Chl a con-
centration along the main channel of north-
ern San Francisco Bay during 1980 before
the invasion by P. arnurensis and during
1988 after P. amurensis had become wide-
spread and abundant. Chlorophyll distri-
butions during 1980 show the slow summer
accumulation of biomass localized in Sui-
sun Bay, where near-surface Chl a concen-
tration peaked at 35 mg m—. However,
throughout 1988, biomass remained below
3 mg Chl a m~3 along the entire upper es-
tuary (Fig. 4). Chl a concentrations in the
subtidal shoals of Suisun Bay showed sim-
ilar differencesbetween thetwo years(Table
1). These subtidal shoals were regions of
maximum phytoplankton biomass (50 mg
Chl a m= during 1980) in the summer—
autumn season of yearswhen benthic grazer
populations were small. However during
1988 (Table 1) and in subsequent years,
phytoplankton biomass was consistently <2
mg Chl a m~ at the shoal sites.

The persistent and widespread reduction
of phytoplankton biomass in 1977 and
1987-1990 may have been a direct conse-
quence of the enhanced abundance of, and
phytoplankton consumption by, bivalve
suspension feeders. During the drought year
1977, saline water intruded upstream and a
marine benthic community dominated by
M. arenaria invaded Suisun Bay and reached
population densities sufficient to prevent the
seasonal accumulation of phytoplankton
biomass (Nichols 1985).
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Fig. 5. Annual mean Chl a concentrations (solid
line) and an index of benthic grazing potential (histo-
gramsshow annual mean abundance of Potamocorbula
amurensis plus Mya arenaria), 1977-1990. Annual
chlorophyll concentrations were calculated from the
datain Fig. Za. Bivalvedensitiesfrom CaliforniaDWR
(closest DWR station, D7).

During 1987-1990 the estuary was col-
onized rapidly by P. amurensis (Nichols et
al. 1990). At annual mean densities > 2,000
individualsm—2 (Hymanson 1991), thisspe-
ciesalone has the potential to remove algal
biomass faster than phytoplankton popu-
lation growth in northern San Francisco Bay
(based on laboratory feeding measurements
of P. amurensisby Coleet al. 1992). Figure
5 shows annual mean Chl a concentration
for the period 1977-1990, with an index of
benthic grazing pressure (total abundance
of P. amurensis plus M. arenaria, the two
most abundant macrofaunal speciesin Sui-
sun Bay; F. H. Nichols pers. comm.). The
annual mean Chl a concentration during the
years of small benthic grazer populations
was8.4 mg m~3; during theyearswith abun-
dant benthic grazers (>2,000 m~2) the an-
nual mean Chl a concentration wasonly 2.1
mg m~3 (means are significantly different, P
< 0.01; Mann-Whitney-Wilcoxon test).
Annual mean Chl a concentration has con-
tinually declined in northern San Francisco
Bay since the invasion by P. amurensis in
1986 (Fig. 5).

We considered the aternative explana-
tion that low phytoplankton biomassin re-
cent years resulted from reductions in the
rate of phytoplankton population growth.
Phytoplankton biomass yield is set partly
by the availability of inorganic nutrients N,
P, or Si. Hence an alternative hypothesisis
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Table 2. Primary production and related parame-
ters for northern San Francisco Bay in 1988.

I, | X
P, Chl a (Einst  [mg C(mg
(mg C (mg Z, m Chl a)!
Sa. m’d) m» (m dY d]
26 May 657 124 2.6 1.6 548 63
653 158 35 13 77
5 104 1.5 1.3 89
7 182 1.6 1.8 140
23Jun 657 137 14 1.7 59.5 105
649 174 2.8 1.2 96
4 141 15 16 123
6 271 1.6 2.1 164
418 298 1.4 2.1 219
433 131 1.8 1.0 140
7 dul 657 168 1.8 1.6 628 117
649 206 29 1.6 85
4 242 28 19 107
6 138 1.3 13 176
21 Jul 657 104 1.5 22 484 68
649 120 3.1 14 56
4 114 25 1.7 58
6 101 1.7 14 82
418 67 2.0 0.8 94
433 65 1.8 0.9 93
18Aug 657 48 12 12 536 77
2 86 23 1.2 70
4 84 2.0 1.6 54
7 91 0.7 1.9 140
418 49 1.0 0.9 123
433 46 1.0 1.0 105
15 Sep 2 19 06 10 374 24
5 19 0.8 1.1 60
6 Oct 657 81 1.8 24 288 56
4 55 1.5 15 41
6 40 1.0 1.2 62
418 24 1.7 04 93
433 29 1.7 07 85

that the decreased river flow of recent years
(Fig. 2b) has led to reduced riverine inputs
of N, P,and S such that the biomass yield
of phytoplankton in San Francisco Bay has
now become nutrient limited. However,
even though the riverine supply of nutrients
to the estuary wasreduced during the 1987
1990 drought years, nutrient concentrations
remained high. I nfact, mean concentrations
of dissolved inorganic N, P, and Si were
higher during summer 1988 than they were
in 1980 (Fig. 6). This observation is con-
sistent with Peterson et a. (1985) who ob-
served that dissolved N, P, and Si are dis-
tributed along the estuary as conservative
constituents during periods of low phyto-
plankton productivity and nutrient uptake.
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Fig.6. Seasona changesin selected physical-chem-
ical measurements in Suisun Bay (USGS station 5),
comparing 1980 and 1988. {a.] Monthly mean river
flow and near-surface salinity. [b.] Near-surface con-
centrations of dissolved silicate, inorganic N (NO, +
N O, + NH,*) (DIN),and reactive P (DIP). [c.] Photic
depth Z, and the index of phytoplankton population
growth rate u'. Nutrient dataare from Otaet a. (1989)
and S. W. Hager (unpubl. data).

To explore further the hypothesis that
phytoplankton wereresource limited during
yearsof low biomass, we calculated an index
of in situ population growth rate,

W = P,/(Z,B)

where p’ is the mean photosynthetic C as-
similation rate in the photic zone (' is pri-
mary productivity divided by Chl a bio-
mass, assuming that Chl a is uniformly
distributed over the shalow photic zone).
During summer 1988, ' ranged from 22 to
68 [mean = 51 mg C (mg Chl a)7! d1].
However in summer 1980, p’ ranged from
22to29[mean = 25mg C(mgChl @) ' d™!;
Fig. 6]. These results suggest that the pop-
ulation turnover rate of phytoplankton may
have been higher in 1988, a year of low
biomass, than in 1980 when a summer bio-
mass maximum developed. Thetwofold in-
crease in u' between 1980 and 1988 result-
ed, in part, from higher photosynthetic
efficiencies(P,,”) in 1988 (Table 2, Coleand
Cloern 1984). We conclude, therefore, that
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the persistently small biomass of phyto-
plankton in northern San Francisco Bay
throughout 1988 was not aresult of resource
limitation or other mechanisms (e.g. accu-
mulation of toxic contaminants during low
flow) that led to reduced rates of population
growth.

The small phytoplankton biomassand low
productivity throughout 1988 led to sub-
stantial reductions in annual primary pro-
duction in the upper estuary. Mean phyto-
plankton production over the growing
season (May-October) of 1988 wasonly 14
g C m~?, and we estimate total annual pro-
duction to be 20 gC m2 compared to mea-
sured annual primary production of 100 g
Cm™2in Suisun Bay during 1980 (Coleand
Cloern 1984).

Annual primary production hasonly been
measured twice in this estuary (1980 and
1988), but we can construct estimates of
daily primary productivity, and thus total
annual phytoplankton primary production
for other years, because of two circumstanc-
es. First, there is a linear relation between
measured primary productivity and the
composite parameter biomass (B) timesan
index of light availability (I,/k;) in San
Francisco Bay (Cloern 1991). Second, bio-
mass (B) and transparency have been mea-
sured at least monthly in northern San Fran-
cisco Bay by the California DWR for nearly
two decades. Linear regression of our pooled
productivity measurementsfrom 1980 and
1988 (Fig. 7) yielded the equation

P, = 3.2(B I /k,).

With this empirical equation we estimat-
ed daily productivity (P,) for 1977 to 1990
using the following data: B = measured Chl
aconcentration at USGS station 5 or DWK
station D8; |, = long-term monthly mean
incident solar radiation near Suisun Bay
(Cadlif. Dep. Water Resour. 1978); and k, =
the estimated extinction coefficient (see
Cloern 1991) from measured Secchi depth
at DWR station D8. We then estimated
annual primary production for the 14 yr of
record using trapezoidal integration of the
daily estimates of P,. Annual tnean pri-
mary production during the years of small
benthicgrazer popul ations(< 2,000 m2) was
10628 g C m2 (mean + SD) compared
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Fig.7. Measureddaily primary productivity vs. the
composite parameter BI,/k, (1980 datafrom Coleand
Cloern 1984). B is the phytoplankton biomass as Chl
a concentration, |, isincident solar radiation (Einst
m 2d-"), and k, is extinction coefficient (m~").

to an estimated annual mean production of
only 39+25 g C m2 for the years when
benthic grazers were abundant (>2,000
m3).

The long-term observational program in
northern San Francisco Bay demonstrates
that food-web changes caused by immigra-
tion or invasion by herbivore species can
have dramatic consequences for phyto-
plankton dynamics, which has also been
demonstrated in lakes, primarily through
the introduction of piscivorousor planktiv-
orous fish (see Persson et al. 1988). Exotic
species can alter trophic interactions, with
effects that cascade through the food web
and lead to disruptions in the magnitude
and seasonal dynamics of phytoplankton
primary production. The accidental intro-
duction of the Zebra mussel (Dreissena
polymorpha) into the Great Lakes, coinci-
dently also occurring in 1986, has appar-
ently caused localized declines in phyto-
plankton biomassin Lake Erie. The normal
summer diatom bloom did not occur in Lake
Erieduring 1990, and water clarity doubled
presumably as a consequence of grazing by
D. polymorpha (Roberts 1990).

Large-scale disturbances provide valu-
able opportunities (" experiments')to study
ecosystem functionsand can lead to the pur-
suit of new questions. For example, the in-
vasion of San Francisco Bay by P. amuren-
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sis has led to a redirection of our research
programs, with emphasis on the questions:
What sources of organic matter sustain the
population growth of P. amurensis, and oth-
er heterotrophs, during years when phyto-
plankton primary production is very low?
Has this invasion led to a permanent re-
structuring of the bay ecosystem or simply
a temporary disturbance facilitated by the
anomal ous hydrologic condition of the
1987-1990 drought (seeNicholset al. 1990)?

Finaly, it appears that principles con-
cerning the regulation of primary produc-
tion and biomass that have emerged from
limnological research do extend to northern
San Francisco Bay and perhaps estuariesin
general. Long-term investigation suggests
that both physical controls (river-driven
transport) and trophic interactions (epi-
sodes of strong grazing pressure by invading
species) regulate biomass and primary pro-
duction in this estuary. We have aso seen
temporal shifts in the dominant control
when food-web changes occur. Thusin this
estuary, asin lakes, top-down and bottom-
up forces work in concert to regulate phy-
toplankton dynamics at the seasonal and
interannual time scales.
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