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A pseudo-two-dimensional model is developed to simulate population
dynamics of one dominant phytoplankton species (Skeletonema costatum)
in northern San Francisco Bay. The model is formulated around a con-
ceptualization of this estuary as two distinct but coupled subsystems—a
deep (10—20 m) central channel and lateral areas with shallow (<2 m)
water and slow circulation. Algal growth rates are governed by solar irradia-
tion, temperature and salinity, while population losses are assumed to
result from grazing by calanoid copepods. Consequences of estuarine gravi-
tational circulation are approximated simply by reducing convective-
dispersivetransport in that section of the channel (null zone) where residual
bottom currents are near zero, and lateral mixing is treated as a bulk-
exchange process between the channel and the shoals.

Model output is consistent with the hypothesis that, because planktonic
adgae are light-limited, shallow areas are the sites of active population
growth. Seasonal variation in the location of the null zone (a response to
variable river discharge) is responsible for maintaining the spring bloom of
neritic diatoms in the seaward reaches of the estuary (San Pablo Bay) and
the summer bloom upstream (Suisun Bay). Model output suggests that
these spring and summer blooms result from the same general process---
establishment of populations over the shoals, where growth rates are
rapid, coupled with reduced particulate transport due to estuarine gravi-
tational circulation. It also suggests, however, that the relative importance
of physical and biological processes to phytoplankton dynamics is different
in San Pablo and Suisun Bays. Finally, the model has helped us determine
those processes having sufficient importance to merit further refinement
in the next generation of models, and it has given new direction to field
studies.

Introduction

Many of the world's largest estuaries are sites of concentrated urban/industrial activity as
well as productive aquatic ecosystems that can support fisheries having commercial and
recreational value. Because estuaries have ecological and economic importance, and because
they are often subjected to extreme natural and man-related stresses, there is need to under-
stand those interactions between the physical, chemical, geological and biological processes
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that determine their water quality and productivity. Our understanding of estuaries as
ecological systems requires a knowledge of factors that regulate phytoplankton productivity
and biomass, since phytoplankton dynamics govern other dynamic properties of the water
column (e.g. transparency, concentration of nutrients, dissolved O, and CO,, and particu-
late and dissolved organic matter, secondary productivity). This paper describes a numerical
model that simulates population dynamics of one dominant phytoplankton species in the
northern San Francisco Bay estuary. The model was developed to: (i) test hypotheses con-
cerning mechanisms that regulate phytoplankton biomass in this estuary, (ii) provide
initial estimates of the relative magnitudes of individual processesgoverning phytoplankton
dynamics there, (iii) assist in the planning of field studies, and (iv) lay a foundation for
long-term development of realistic ecosystem models.

Most existing models of estuarine ecosystems (e.g. Chen & Orlob, 1975; Kelley, 1976;
DiToro e al., 1977) treat the phytoplankton as a homogeneous assemblage. However,
estuarine phytoplankton communities can be extremely diverse, ranging from freshwater
assemblages at the estuary head to marine assemblages at the mouth. Since each assemblage
responds differently to environmental variations (salinity, temperature, solar irradiance and
nutrient concentrations), the assumption o homogeneity among estuarine phytoplankton
is often a crude approximation that may lead to invalid conclusionsfrom simulation models.
Therefore, we choseto incorporate physiologically-realisticgrowth kinetics of one dominant
species, rather than treat the phytoplankton as a homogeneous unit. The intention was to
develop a realistic monospecific model, with the expectation that generalities from this
particular model will further our knowledge about phytoplankton dynamics in general.

San Francisco Bay

San Francisco Bay, California, is a complex system comprising two distinct but connected
estuaries [see Conomos (1g79) for a detailed description]. The South Bay is a large embay-
ment that receives only small inputs of freshwater from loca runoff and sewage effluent.
The northern reach is a partially mixed estuary that links Californias two longest rivers,
the Sacramento and San Joaquin, to the Pacific Ocean (Figure 1). The northern reach has
been the subject of considerable study recently (Conomos, 1979); this research has been
directed primarily toward assessing the impacts of past and proposed future diversions of
freshwater and is partly motivated by a concern for the valuable striped bass (Morone
saxatilis) fishery supported by the estuary (Stevens, 1g79). We have concentrated initial
modeling efforts on this northern reach where sufficient data exist to permit development
of preliminary models.

The primary source (>9o9%,) of freshwater to northern San Francisco Bay is the
Sacramento-San Joaquin River system that passes through a series of leveed idands and
sloughs (the Delta). A relatively deep (10-20 m) and narrow channel occupies the central
region, and lateral to this channel is aseries of shallow embayments (San Pablo Bay, Grizzly
Bay and Honker Bay, Figure 1) which have mean depth less than 2 m. Annual variations
in the distributions of salinity, temperature, and suspended sediment in the estuary are
closaly coupled to variations in freshwater discharge through the Sacramento—San Joaguin
Delta. Discharge typically varies between about 1 X 107 and 2 10® m3 day~! (Peterson
et al., 1975a), is maximal in late winter to early spring, minimal during late summer, and
variable during fall [e.g. Figure 2(a)]. Empirical functions [Figure 2{b)-(d}], based upon
7 years of field study (Smith et al., 1¢%9g), represent mean spatial and seasonal variations of
salinity, temperature and turbidity (measured as light extinction coefficient ¢). Surface
salinity typically varies from an annual minimum of about 25%, to an annual maximum of
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Figure 1. Map of San Francisco Bay showing location of U.S. Geologica Survey
sampling stations (solid circles) and stations (open circles) where samples were
collected for phytoplankton enumeration (Storrs et al., 1964). Gray stipple demar-
cates shoal areas (MTL depth <2 m); dashed line represents the central shipping
channel (10-m isobath).

about 33%, at the seaward extent of the northern reach (defined here as Station 17 —Figure 1).
Sdinity at a position just west of the Delta (Station 3) varies between o-1%, and about
6%, [Figure 2(b)]. Annual variations in temperature [Figure z(c)] are most extreme in
the landward reachesof the estuary, varying from about 8 °C to 22 °C; the seaward boundary
experiencesasmaller annual variation in temperature, from about 11 °C to 17 °C. Suspended
sediment load and turbidity decrease from the Deltatoward Golden Gate, and increase with
increasing river discharge [Figure 2(d)]. During summer, daily irradiance is higher in
landward portions of the northern reach because of morning fog and overcast near the
Pecific Ocean [Figure 2(e)].

Two different patterns of temporal variation in phytoplankton standing crop are seen
within the northern reach. Whereas San Pablo Bay has maximum standing crops during late
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Figure 2. (a) Five-day mean values of discharge (USBR, Sacramento, California)
through the Sacramento-San Joaquin Delta during 1962, and empirical functions
describing mean seasonal variations in (b) salinity, (c) temperature, (d) extinction
coefficient and (e) daily surface insolation at the seaward (Station 17), middle
(Station ¢) and landward (Station 3) reaches of northern San Francisco Bay.
Frames (b)-(d) are based upon data of Smith & al. (1979); frame (e) is based upon
data from the Bay Area Air Pollution Control District. (f) Also shown is the
boundary condition of S costatum population density specified at Station 17 in

the simulation model.

spring-early summer, Suisun Bay has maximum phytoplankton densities in late summer—
early fall (Cloern, 1979); during some years, Suisun Bay aso has a spring phytoplankton
bloom (Ball & Arthur, 1979). The few published studies of phytoplankton composition
(Storrset al.,1966; U.S. Bureau of Reclamation,1976) suggest that neritic diatoms dominate
the spring and summer blooms, with Skeletonema costatum accounting for roughly half
(up to 99%; Ray Wong, persona communication) of the alga cells present during

blooms.
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Figure 3. Spatial variations of water density, residual circulation, concentration of
suspended particulates and net transport of particulates within the null zone of a
partially mixed estuary [redrawn from Meade (1972)].

Model development

Conceptual modd

We conceptualize the northern reach of San Francisco Bay as two distinct but closely
coupled subsystems—the deep channel and the expansive shallows adjacent to the channel
(Figure 1). Tidal-current charts (Coast and Geodetic Survey, 1964) and hydrodynamic
models (Walters & Cheng, 1979) indicate that circulation is relatively strong in the channel
but weak over the shdlows. Temporal variations in the distribution of many properties
(e.g. suspended particulates, dissolved nutrients) along the channel are regulated by seasonal
variations in river flow (Peterson et a., 19754; Conomos, 197g). Seasona variations in
discharge have a particularly strong influence on the distribution of dense particulates
(including diatoms) since the transport of suspended particulates is governed by estuarine
gravitational circulation (Conomos & Peterson, 1g%7;7; Arthur & Ball, 1979). As dense particu-
lates are carried downstream in the surface layer, they settle and merge into the landward-
flowing bottom density current which transports them upstream (Postma, 1967; Meade,
1972; Figure 3). Consequently, dense particles accumulate inthat part of the estuary (‘'null
zone") where residua (tidally-averaged) bottom currents balance convective currents from
river flow. An impact of estuarine circulation, then, is a significant reduction in the net
transport of particulates by convection-dispersion near the null zone. Seasonal variations
inthelocation of the null zone, aresponse to variableriver discharge (Peterson et al., 1975),
thus partly explain the spring diatom bloom in San Pablo Bay and summer bloom in Suisun
Bay, since the null zone is located seaward during high discharge of spring and moves
landward during the summer period of low river flow.

In addition to the consequences of estuarine gravitational circulation, we hypothesize
that spatial variationsin the growth rate of planktonic algae play a critical rolein regulating
phytoplankton biomass. Algal growth rates are governed by a complex interaction between
water chemistry (including salinity and concentrations of nutrients and toxins), light availa-
bility and temperature. Nutrients (N, P, Si) rarely approach rate-limiting concentrations
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TaBLE 1. Median (range) concentrations (pmol
1= of dissolved Si, NH,, NO3;+NO,, and Pin
Suisun Bay (Station 6) during winter (December—
April) and summer (July—October) 1969-1977
[data from Conomos et al. (1979)]

Winter Summer
Si 257 (203-389) 119 (47-207)
NH, 40 (1°6-9-2) 18 (0'4-5'7)
NO3;+NO, 219 (15'9-27'0) 73 (2:3-15°5)
P 20 (1°2—3°1) 2.4 (177~3°4)

in northern San Francisco Bay (Peterson & Conomos, 1975; Table 1), and in-situ measures
of primary productivity (Cole & Herndon, 19%79) suggest that phytoplankton populations
are not stressed greatly by toxins. Therefore, growth rates of planktonic agae (including S.
costatum) are governed primarily by light availability, salinity, and temperature. Concen-
trations of suspended particulates in the northern reach [Figure z(d)] are such that the
vertically-mixed water column of the deep (>ro m) channel does not have sufficient light
to support agal photosynthesis and cell division in Suisun Bay. Although the shoals are
generally more turbid than the channel, light availability in their shallow water column is
sufficient to support net photosynthetic carbon assimilation and cell division (Cloern, 1978).
We hypothesize, then, that two factors are responsible for the seasonal distribution of S.
costatum (and other neritic diatoms): (i) estuarine circulation, a physical processthat accumu-
lates diatoms and other particulates in the null zone, and (ii) positioning of the null zone
next to productive shallow areas where light availability is sufficient to support population
growth. Causes of phytoplankton population decline are poorly understood, but zooplankton
grazing is probably the major cause of loss.

Golden Gate Son Pablo Buy

Carquinez Straif
14 Suisun Bay
Sacramento

-_

Figure 4. Schematic diagram showing dimensions of the discrete channel and
shoal segments used to approximate the geometry of northern San Francisco Bay.
Alsoshown are computational nodes (numbered stations) used i n thefinitedifference
approximation of equation 1.
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Mathematical mode

The primary objective o this study was to develop a model to simulate changing phyto-
plankton biomass, along the longitudinal axis of the estuary channel, over moderate time
scales (days) and large spatial scales (kilometers). 1t was necessary, then, to utilize governing
equations that average out processes occurring over short time scales (e.g. tidal-cycle).
Vertical and lateral variations in phytoplankton biomass within the channel are normally
small, but lateral gradients between the channel and shoals are large (Cloern, 1979). We
approximated the entire system in a pseudo-two-dimensional manner by treating the
channel asavertically and laterally homogeneous, segmented system that exchanges material
across an interface with segments of the well-mixed, shallow embayments (Figure 4). The
complex process of lateral mixing, resulting primarily from tidal circulation, was approxi-
mated in a manner analagous to Ketchum’s (1950) treatment of estuarine flushing by tidal
mixing.

The distribution of phytoplankton population density (P) in the channel was represented
by the one-dimensional convection-dispersion equation that is tidally and cross-sectionally
averaged (Harleman, 1g71), with an additional term accounting for lateral mixing with
the shoals [see Ketchum (1950) and Chapra (19%79) for similar formulations]:

oP oP 0*P

o ume B o 4 (pdP £ K@SP), (1)
L — - J L Y’_‘“”""'J \ v J [\ Y'_““J \,___Y_MMJ

time rate convective  longitudina  growth and exchange

of change flux dispersion loss rate with the

o P shoals

where P has units cdls ml~1, t is time (days), x is distance (m) along the channel east of
Golden Gate, u isresidual convectivevelocity (m day~!), 4 and dare specific rates of growth
and death (days~1), K isabulk exchange coefficient between the channel and shoals (days~1)
and Py is population density in the adjacent shoals. Processes of longitudinal transport and
population growth in the channel were solved in finite difference form (see below) using a
spatial discretization of the northern reach (Figure 4) where computational nodes correspond
to U.S. Geologica Survey stations. Phytoplankton dynamics in the shoals are governed
by two processes, net population growth and lateral exchange with the channel:

oP,
_af_ = (:usﬂds) P, - Ks (Psip)’
M 2

timerateof  growthandlossrates exchangewith
change of P over the shoals the channel

where u, and 4, are specific rates of growth and death in the shoals, and K is a coeflicient
to quantify the exchange of material from shoals to the channel. As explained below, the
bulk exchange coefficient K, is a scaled value of K, where the scaling factor is the ratio of
water volume over the shoals to volume of the channel (Figure s).

Convectionand dispersion in the channel. Convective velocity u, representing the net residual
currents, was computed simply as discharge through the Sacramento-San Joaquin Delta,
Q (m? day~1), divided by the channel cross-sectiona area A (m?):

0~

(3
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Figure 5. Schematic diagram showing two adjacent channel and shoal segments
along the longitudinal (x) axis of the estuary. Lateral to each channel segment,
having volume 7V, is a shoal segment having volume V; channel and shoal segments
are connected by a common cross-sectional area 4.

Glenne & Selleck (1969) estimated values of the longitudinal dispersion coefficient (E) by
fitting observed distributions of chlorosity and silicate concentration to the convection—
dispersion equation. They observed that estimated values of E were consistently higher in
the vicinity of San Pablo Bay than near Suisun Bay, and increased with increasing convective
velocity. Their measured values of E in San Pablo and Suisun Bays were fit separately to
functions of u:

E(x) = (144X 10%) u74® 0<a; <45 700
E(x) = (013 X10%) 2*%5 45 700<x;, (4)

where «x; is distance of the i-th station from Golden Gate and x¢=-45 700 m is where Car-
quinez Strait separates San Pablo Bay from Suisun Bay (Figure 4).

In-situ growth and death rate. Growth rate of Skeletonema costatum was estimated from an
empirical model (Cloern, 1978) that defines photosynthetic rate as a function of water
temperature (T, salinity (.S), surface irradiance (I), turbidity (¢), depth of the water column
(H) and photoperiod (/). The model is based upon a modification of Steele’s (1965) function
of irradiance:

I
exP/‘ SR —u, )
"7, )

‘Pnet (‘i ) =P

opt

where P, is net photosynthetic rate (pg C cell=! h=1) at irradiance I (Iy h~* PAR), P*isa

maximum rate that occurs at irradiance I, and a is a basal rate of excretory/respiratory

carbon loss (pg C cell -1 h~1). Each of the parameters in equation 5 varies with temperature

T: P* and I, increase nearly-exponentially up to a maximum at 26 °C; a is an exponential

function of temperature (Cloern, 1978). The response of S. costatum to variations in salinity
was approximated by the function:
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(6)

7S )7(5 38) exp (I_(Swz'S))’

157 157
where f(S) is a reduction factor (fraction of maximum photosynthetic rate) that equals one
at the optimum salinity (19-5%,) and declines as salinity deviates from this optimum.
Equations (5) and (6) predict net photosynthetic rate at any depth in a water column and
any time of day if depth and diurnal variations of irradiance are defined. We assumed a
constant coefficient of light attenuation &, giving depth variations in irradiance:
I(z, 1) = I(7) exp (—x), )

where z is depth (m), = is time (hour of day), ¢ is extinction coefficient (m~1), and I(z) is
surface insolation approximated by Vollenweider's (1965) function:

where I* is surface irradiance (ly h=1) at noon and A is photoperiod (h). Then mean daily
carbon assimilation (F:pg C cell~* day-1) in awater column of depth H (m) is:

f f 7@ 8D ep(s- 720 ) an]as )

Although equation (g) cannot be integrated anayticaly, the double integral does have a
simple series solution that converges rapidly [see Cloern (1978) for a derivation].

Assuming that mean carbon quota (gc) of S. costaturn is 20 pg C cell ~* (McAllister et
al., 1964; Eppley & Sloan, 1965; Jorgensen, 1968), then specific growth rate is given by:

P

- 10
H % s ( )
where P was computed from equation (g), using input values of temperature, salinity, extinc-
tion coefficient, total insolation (Figure 2) and depth of the channel and shoals (Figure 4).
We assumed that photosynthetically available radiation is o-5 times total solar radiation,
and that extinction coeflicient of water over the shoals is 1-25 times extinction coefficient

in the channel [a mean value from U.S. Bureau of Reclamation et al., (1977)].

In addition to carbon losses from respiration [equation (5)], losses of S codaturn were
assumed to be aresult of zooplankton grazing, where dominant zooplankters in the northern
reach aretwo calanoid copepods of similar size, Acartiaclausiand Eurytemora affinis (Painter,
1966). Although ingestion rate of these copepods is a complex function of particle (detritus,
phytoplankton, and microzooplankton) density and size distribution (Richman et a., 1977),
we approximated algal losses to grazers by assuming that each copepod effectively filters
0007 1day~1[thisisamean valueinferred from the studiesof Nival & Nival (1976), Conover
(1956) and O’Connors et al. (1976)]. Then specificlossrate of S costaturn issimply filtration
rate times zooplankton density Z (copepods [71).

d = 0007 Z. (1)

Zooplankton density was described by simple functions (see below) fit to measured copepod
densities (Storrs et a., 1963, 1964) in San Pablo and Suisun Bays during 1962 (Figure 6).
Zooplankton density in the shallows of San Pablo Bay was assumed to be 1-5 times their
density in the adjacent channel [a mean value from Painter (1966)].
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Lateral exchange between channel and shoals. The last term of equation (1) accounts for mass
transport of material across the channel/shoal boundary. This formulation derives from
the assumption that material flux across the interface is directly proportional to the differ-
ence in phytoplankton population density between a shoal segment and adjacent channel
segment. The coefficients K and K quantify unidirectional transport of phytoplankton,
and are defined as:

ag A
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Figure 6. Mean population density of copepods in San Pablo Bay (a) and Suisun
Bay (b) during 1962 [from Storrs et al. (1963, 1964)].

where q is an effective exchange velocity (m day™?), 4 is cross-sectional area (m?) common
to a channel and shoal segment (Figure 5), V; and V7 are volumes (m?) of shoal and channel
segments as defined in Figure 4. The lateral exchange velocity a, was assumed to be con-
stant, and was estimated numerically by picking that value (3750 m day~?) that permitted
the ratio P,/P to reach, but not exceed, two. This is consistent with field observations that
mean phytoplankton biomass over shallow areas is roughly double that in the adjacent
channel (U.S. Bureau of Reclamation et al., 1977).

Estuarine gravitational circulation. Realistic description of particulate transport within an
estuarine circulation cell requires vertical, two-dimensional hydrodynamic and transport
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models. Although this transport mechanism is complex, its net effect is simply to reduce
the convective--dispersive displacement of heavy particles. We therefore approximated
this mechanism by reducing calculated values of » and E within a 10-km segment of the
channel defined as the null zone. Convective velocity u was set to zero and values of E were
reduced by afactor of o-g in the null zone; this reduction produced simulations that match
closely the longitudinal distribution of phytoplankton biomassin the channel of San Pablo
and Suisun Bays (e.g. Cloern, 1979). Location of the null zone center varies nearly linearly
with river discharge (Figure %), and was positioned near San Pablo Bay during high dis-
charge of spring and in Suisun Bay during summer (Peterson et al., 1975b).
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Figure 7. Position of the null zone (distance east of Golden Gate) as a linear
function of net discharge through the Sacramento-San Joaquin Delta [based upon
data of Peterson et al. (19755)].

Method d solution. Population densities of S. costatum were simulated in northern San
Francisco Bay over an annual cycle representative of 1962, starting with initial conditions
o 10 cellsml~* for @l x, on Julian day 1. At the seaward boundary of the northern reach
(Station 17%), the density of S costaturn was specified as a large spike centered around day
110 [Figure 2(f)]. This boundary condition was picked to fit measured densitiesin San Pablo
Bay during the spring of 1962, and is consistent with the hypothesisthat population develop-
ment of neritic diatomsinside Golden Gateisinitiated by input of allochthonous populations
derived from coastal water [see Cloern (1979)]. The landward boundary was specified as
a location in the Sacramento River, arbitrarily fixed at 100 km from Golden Gate, where
population density of S costaturn is aways zero.

Because our treatment of lateral transport (bulk exchange across an interface) has a
different characteristic time scale than longitudinal transport (convection and dispersion),
we utilized a numerical scheme that solves equation (1) intwo steps. During the simulation,
population densities in the channel were first incremented over time step At (o-25 days) by
solving the finite difference analog of the convection-dispersionequation (equation 1 minus
the last term, which represents latera exchange), using the Crank—Nicholson method
{(McCracken & Dorn, 1964), at spatial nodes shown in Figure 4. Between time steps At,
acycle wasinitiated to solve for lateral transport and population growth in the shoals. This
ves accomplished by calculating the change of Pdue to the last term of equation (1) (0P/dt—
K(P,-P)) and equation 2 alternately. I n finite differenceform, using a time step of o1 At,
these equations become
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P(t--o'1At) = P(t)-+[K(P,—P)] [o'1At], (14)
P(t+01At) = P(8)+[{4,—dy) Pi—K(P;—F})] [o1Ad]. (15)

The small time step used for the lateral transport process was required to maintain conser-
vation of mass.

The model was calibrated to fit measured population densities of S. costatumin the channel
of mid-San Pablo Bay and Suisun Bay during 1962 (Storrs et al., 1964). After the boundary
condition [Figure 2(f)] was specified to initiate the spring bloom in San Pablo Bay, subse-
quent calibration was effected by adjusting (i) the degree of transport reduction in the null
zone and (ii) the linear functions used to define zooplankton abundance (Figure 6). Both
simulated and observed populations grew rapidly in San Pablo Bay during early spring,
then declined to low levelsin mid-summer, and increased slightly during late summer—early
fall [Figure 8(a)]. Simulated and observed populations in Suisun Bay exhibited a converse
pattern, with a small spring increase followed by an early summer minimum and then a
late summer maximum [Figure 8(b)].
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Figure 8. Simulated (solidline) and measured densities of S costatumi nthe channel
of mid-San Pablo Bay (a; Stations 12 and 14) and mid-Suisun Bay (b; Stations 5
and 7) during 1962. Measured densities (Storrs et al., 1964) represent the mean
(circles) and range (dashed line) of four samples (near-surface and near-bottom
samples at higher high and lower low tides) collected at each of four stations
(see Figure 1).

Discussion

Becausethis model simulates observed temporal changesin Skeletonema costatum abundance
(particularly the small spring and large summer blooms in the Suisun Bay Channel), is
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Figure 9. Computed magnitude of each process affecting population density of
S. costatum in mid-San Pablo Bay (Station 13) and mid-Suisun Bay (Station 6)
channel and shoals, at nine times of the simulated year; also shown is the net rate
of population change (x). Note the scale differences between channel and shoals.

consistent with observed spatial distributions of neritic diatoms and incorporates most
processes thought to be significant regulators of diatom biomass, it can be used to elucidate
mechanisms that create these temporal and spatial distributions. The magnitude of each
term in equations (1) and (2) was computed and stored at monthly intervals during the simu-
lation to indicate relative importance of all hypothesized mechanisms (ér-situ growth, zoo-
plankton grazing, convection, longitudinal dispersion, and exchanges between the channel
and shoals) effecting population change (Figure 9). The spring period of rapid population
growth in San Pablo Bay was initially (day go) dominated by longitudinal dispersion (i.e.
mixing with coastal waters assumed to have a large population density of S. costatum).
Subsequent population growth (day 120) in the channel was maintained by a combination
of in-situ growth, mixing with coastal waters, and inputs from the shoals where resident
populations had become established and were growing rapidly [Figure g(a),(b)]. From late
spring through summer (day 150-253), biomass of S. costatum was maintained near steady-
state in the channel because losses from grazing and longitudinal dispersion roughly balan-
ced population gains from in-situ growth and transport from the shoals. Once S. costatum
became established over the shallow areas of San Pablo Bay, its population dynamics
were controlled there by a balance between rapid #n-situ growth and loss to zooplankton
(which was considerable) and transport loss to the channel [Figure g(b)].

Although phytoplankton population dynamics have different patterns in San Pablo Bay
and Suisun Bay, the development of phytoplankton populations in Suisun Bay is analagous
to population development in San Pable Bay. Note that population growth in the channel
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of Suisun Bay was initiated by dispersive inputs from downstream [day 120- Figure g(c)],
and that this initial allochthonous input established S. costatum in waters over the shoals.
During summer, S. costatum growth rates in the shallow areas exceeded loss rates to the
channel [Figure 9(d)] and net population growth occurred in Suisun Bay. Aswater tempera-
ture and solar insolation declined in the fall (Figure 2), growth rates in the shallows could
not match transport losses to the channel, and phytoplankton biomass became depleted
in Suisun Bay. The rate of population decline was greatly accelerated by convective losses
around day 285 when discharge increased dramatically during a storm [Figure 2(a)]; conse-
guences of this convective front were also seen in eastern San Pablo Bay [nhote model output
at station 12—Figure 8(a)].

Theanalysis presented in Figure 9 offers several important generalizations about popula-
tion dynamics of neritic diatoms in northern San Francisco Bay. The seasona cycle of
phytoplankton population development in both San Pablo Bay and Suisun Bay is initiated
by allochthonous inputs that become established over the shoals. Rapid growth there,
coupled with reduced transport away from the channel in the null zone, leadsto net popula-
tion growth. Although Suisun and San Pablo Bays have analagous general patterns, the
model has elucidated the key differences between them. First, there was a 30-60 day delay
between the time populations became established in San Pablo Bay and the time at which
they moved upstream to Suisun Bay [Figure g(a),(c)]. This delay was a direct result of
seasonal variations in discharge through the Sacramento-San Joaquin Rivers; note that
upstream movement of S. costatum occurred during the period of declining discharge
[Figure 2(a)]. Waters over the shoals of San Pablo Bay were apparently conducive to S
costatum growth during spring, since calculated growth rates were large [Figure g(b)].
However, there was a lag between the time S. costatumwas introduced into the shoals of
Suisun Bay (day 120) and the time when calculated growth rates became significant there
[day 150; Figure g(d)]. Presumably, population growth was limited there by low salinity
during early summer; calculated growth rates accelerated as discharge declined and salinity
increased. Predicted growth rates were consistent with the hypothesis that light availability
in the channel of San Pablo Bay was always sufficient to permit net population growth,
whereas this was never the casein Suisun Bay. This suggests that all neritic diatoms in the
Suisun Bay channel are derived from either the shoals or from downstream. It is informa-
tive to compare the relative importance of processes leading to population decline over the
shoals. Zooplankton grazing dominated in the shoals of San Pablo Bay, while transport
losses to the channel were more important in Suisun Bay [Figure g(b),(d)]. This results
from (i) higher zooplankton biomassin San Pablo Bay, and (ii) the fact that effectivemixing
between the shoals and channel is scaled by the lateral dimension of the shallows, and is
thus slower in the larger San Pablo Bay.

One of the more valuable insights generated by this model is the observed importance
of the shoals and material retention by estuarine gravitational circulation to the population
development of S costatum in Suisun Bay. When the model was run without these two
mechanisms (i.e. by just solving the one-dimensional convection-dispersion equation),
simulated population density never increased in Suisun Bay, except for a small dispersive
input from San Pablo Bay during spring (Figure 1o0). It is possible to simulate a summer
bloom in Suisun Bay without the mechanism o estuarinecirculation (i.e. by simply coupling
the shoalsto the channel), but this requires unrealistic valuesfor lateral exchange coefficients.
I'tisnot possibleto simulate the summer bloom with the mechanism of estuarine circulation
alone (i.e. by uncoupling the shoals from the channel). Although the methods used to
simulate growth and transport in the shoals and, particularly, the method of handling
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Bay (Station 13) and Suisun Bay (Station6) with (solidline) and without (broken
line) the mechanisms d estuarine circulation and shod-channd interactions.

estuarine circulation were only crude approximations to complex phenomena, these obser-
vations clearly demonstrate that the inclusion of both mechanisms is necessary to simulate
population development of neritic phytoplankton in the landward reaches of northern
San Francisco Bay.

Implications for field studies. Results of this model have stimulated a reassessment o field
studies in northern San Francisco Bay. Whereas most sampling (biologica and chemical
constituents, salinity, temperature, etc.) has historically been concentrated in the central
channel, model results suggest that phytoplankton productivity (and, hence, rates of other
dynamic phenomena) is significantly greater in shallows than in the channel. Field studies
are now underway to follow phytoplankton population dynamics and primary productivity
in both regions. The model has also focused interest in the rate of mixing between water
over the shoals and in the deeper channel.

Simulated population dynamics in San Pablo Bay were initially governed by boundary
conditions [Figures 2(f), 10]. The spring bloom in San Pablo Bay was forced by assuming a
large increase in S. costatum abundance at the seaward boundary, and this spike initiated
the annual cycle of growth within the entire estuary. One mechanism that may account
for this spike is the transport of neritic diatoms into San Francisco Bay from coastal water
during the upwelling season. The timing and magnitude of specified boundary conditions
are consistent with observations of Malone (1971) and Garrison (1976) off central California;
S. costatum is a dominant species during the early upwelling season (February—-May). On
the other hand, neritic diatoms resident in the sediments of San Pablo Bay may serve as
seed populations that initiate the spring bloom there. Recent evidence (Ray Wong, personal
communication) suggests that viable Skeletonema costatum cells reside in San Pablo Bay
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sediments during winter. The question of what initiates spring population development in
San Pablo Bay (growth of endemic populations or allochthonous inputs) has been given
added importance by the model.

Finally, the sensitivity of this model to the formulation used for quantifying zooplankton
ingestion and the input values of zcoplankton density stresses the need for joint studies of
zooplankton and phytoplankton dynamics. We have assumed copepod densities that approxi-
mate distributions measured in 1962 and are consistent with general seasonal patterns.
However, considerable errors may exist in calculated loss rates because (i) data are not
sufficient to define accurately the abundance of copepods in the estuary during 1962, (ii) the
complex process of phytoplankton ingestion by copepods was treated in a simple (perhaps
unrealistic) manner, and (iii) grazing losses to other organisms were ignored. Simulated
biomass of S. costatum is very sensitive to grazing losses, and realistic models are highly
dependent upon accurate measures of zcoplankton biomass and species composition, as
well as measures of their trophic behavior (food selectivity and ingestion rates). Further,
phytoplankton ingestion by organisms other than copepods (planktonic larvae of inverte-
brates and fish, benthic invertebrates) must be quantified before realistic systems-level
models of the estuary can be developed.

Future modeling directions. This model is a simple approximation of an extremely complex
ecosystem. Obviously, a predictive capability requires a more realistic treatment of the
coupling between biological processes and transport processes in estuaries, but this simple
model has focused attention on those mechanisms having sufficient importance to justify
further refinement. Clearly, the effects of estuarine gravitational circulation on the distribu-
tion of planktonic diatoms must be given a more realistic treatment. This can be approached
by using simple two-layer hydrodynamic models of the channel (e.g. Pritchard, 1969;
Elliott, 1976). Or, perhaps it is necessary to couple detailed two-dimensional models of
estuarine hydrodynamics (e.g. Boericke & Hogan, 1g77) with settling rates and growth
kinetics of phytoplankton.

While monospecific models have utility, these is a more general need for models to
simulate dynamics of the entire phytoplankton assemblage. It is clear that species-specific
responses to chemical and physical characteristics are important, particularly in estuaries.
However, it is equally clear that separate treatment of al dominant species in a diverse
assemblage is beyond the scope of most modeling needs, and is impossible because of our
limited knonledge of species—specific growth kinetics. The best compromise may be to
partition important phytoplankton species into a tractable number of functional groups,
each of which comprises organisms having similar responses to salinity, temperature and
irradiance, and whose loss rates are similar.

Conclusions

This pseudo-two-dimensional model of S. costatum dynamics has been useful for generating
and testing hypotheses about mechanisms that regulate dynamics of neritic diatoms in
northern San Francisco Bay. |t suggests that seasonal changes in phytoplankton biomass
within the seaward and landward reaches of the estuary channel are governed by the same
general mechanism—retention of diatoms derived over shoals by estuarine circulation.
However, the relative importance of biological and transport processes differ between
San Pablo Bay and Suisun Bay. Future attempts to model phytoplankton dynamics in
partially mixed estuaries should incorporate a realistic approximation of the transport
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mechanism due to estuarine circulation, should acknowledge physiological differences
within the diverse phytoplankton assemblages of estuaries, should incorporate realistic
constructs of zooplankton grazing, and should consider the importance of shoals to total
productivity in any system where shallows constitute a significant proportion of the total
surface area.
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