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ABSTRACT: The formation and spatial distribution d phytoplankton blooms in estuaries are controlled
by (1)local mechanisms, which determine the production-loss balance for a water column at a par-
ticular spatial location (i.e. control if a bloom is possible),and (2)transport-related mechanisms, which
govern biomass distribution (i.e. control if and where a bloom actually occurs).In this study, the first o
a 2-paper series, we use a depth-averaged numerical model as a theoretical tool to describe how inter-
acting local conditions (water column height, light availability, benthic grazing) influence the local
balance between phytoplankton sources and sinks. We also explore trends in the spatial variability d
the production-loss balance across the topographic gradients between deep channelsand lateral shoals
which are characteristic d shallow estuaries. For example, under conditions d high turbidity and slow
benthic grazing the highest rates d phytoplankton population growth are found in the shallowest
regions. On the other hand, with low turbidity and rapid benthic grazing the highest growth rates occur
in the deeper areas. We also explore the effects d semidiurnal tidal variation in water column height,
aswell asspring-neap variability. Local population growth in the shallowest regionsisvery sensitive to
tidal-scal e shallowing and deepening d the water column, especially in the presence d benthic graz-
ing. A spring-neap signal in population growth rate is also prominent in the shallow areas. Population
growth in deeper regions is less sensitive to temporal variations in tidal elevation. These results show
that both shallow and deep regions d estuaries can act as sources or sinksfor phytoplankton biomass,
depending on the local conditions & mean water column height, tidal amplitude, light-limited growth

rate, and consumption by grazers.
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INTRODUCTION

Phytoplankton bloomsare key componentsd coastal
ecosystem dynamics. Our interest in blooms is moti-
vated by (1) growing concern about changing bloom
dynamics (frequency, duration, magnitude, species
composition) as an element d global change, espe-
cialy as a response to anthropogenic nutrient enrich-
ment d coastal waters (Anderson & Garrison 1997);
and (2) our evolving understanding d blooms as bio-
logical mechanisms d rapid transformation d nutri-
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ents, trace metals, and carbon (e.g. Cloern 1996). Our
conceptual model describes blooms as population re-
sponses to changing physical dynamics (Legendre
1990), such asthe establishment d fronts (Franks1992),
formation d vertical stratification (Koseff et al. 1993),
or hydrologic changes in residence time (Relexans et
al. 1988). Our conceptual model also includes recogni-
tion that blooms are patchy — phyloplankton biomass
is spatially heterogeneous. For example, observations
by Huzzey et al. (1990)in South San Francisco Bay (see
Fig. 1) demonstrate large spatial gradients and rapid
temporal evolution d those spatial patterns during the
1982 spring bloom. We understand, in general, that
patchiness like that shown in Fig. 1 arises from 2 kinds
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d processes: (1) spatial variability in population
dynamics, and (2)spatially variable transportsd water
and plankton. The former is the result d horizontal
variations in thelocal balance between phytoplankton
production and loss (i.e. local combinations d water
column height, turbidity, grazing rates, etc.). Such
local conditions control net population growth rates for
a water column at a particular spatial location and,
thus, determine if a bloom is possible. The second pro-
cess governing bloom patchiness—transport—opro-
vides communication between different subenviron-
ments within a system, over both short (onthe order
hours) and long (on the order d weeks) time scales.
Transport determines the conditions experienced by
the plankton while and after it grows and, thus, con-
trols if and where a bloom actually occurs. Therefore,
while local conditions control population growth rates,
large-scale transport processes control biomass con-
centrations and distribution. In order to understand
bloom occurrence and patchiness, we must investigate
the interactions governing both local mechanisms and
transport-related processes.

This and the companion paper (Lucaset al. 1999, in
this issue) present a theoretical study in which we use
numerical experiments d phytoplankton population
dynamics with a 2-dimensional hydrodynamic model to
illustrate how local- and transport-related processes
caninfluence bloomformation (i.e. whetherabloom oc-
curs) and bloom patchiness (i.e. wher e a bloom is ob-
served) in a shallow estuary. Our study was motivated
to understand the mechanismsthat can giverise to the
kind d spatial and temporal variability illustrated in
Fig. 1. We emphasize, though, that the goal d thiswork
isto explore the sensitivity d estuarine phytoplankton
dynamics to various processes, as opposed to faithfully
reproducingin detail an observed bloom event.

Both papers are new contributions to a series
numerical investigations designed to search for gen-
eral principles d bloom development in estuaries.
They build from previous investigations which used
1-dimensional vertical models (Cloern1991, Koseff et
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Fig. 1. Observed chlorophyll a distributions (in mg m3) in
South San Francisco Bay during spring 1982 (from Huzzey
etal. 1990, Fig. 5)

al. 1993, Lucas et al. 1998) and a pseudo-2-dimensional
model (Vidergar et al. 1993, Lucas 1997, Lucas et al.
unpubl., Thompson et al. unpubl.) to explore inter-
actions between density stratification, vertical mixing,
sinking, light-limited production, and grazing by zoo-
plankton and benthic invertebrates to define the sets
d conditions under which blooms can develop. The
1-dimensional approach assumed horizontal unifor-
mity as a simplification that permitted a systematic
exploration d vertical processes. For example, in the
first paper, Cloern (1991)demonstrated the importance
d variations in vertical mixing intensity over the
spring-neap cycle. In the second paper, Koseff et al.
(1993)illustrated the significance d hourly scale fluc-
tuationsin vertical mixing and the requirement d den-
sity stratification for bloom inception in a turbid chan-
nel region subject to rapid consumption by benthic
invertebrates. In the third paper, Lucas et al. (1998)
explored the details d vertical stratification and their
effects on 'leakage' d phytoplankton biomass from a
surface layer and constraints on bloom development.
The pseudo-2-dimensional model (Vidergar et al.
1993, Lucas 1997, Lucas et al. unpubl ., Thompson et al.
unpubl.) maintained vertical variability while adding
idealized lateral transport and provided a first ook at
the significance d shoal-channel exchange in system-
wide bloom dynamics. Here, we employ a 'vertically
well-mixed' assumption (whichwe juslily below) and
consider more detailed horizontal transport and vari-
ability. We use this incremental approach d systemat-
ically considering the separate effects d vertical and
then horizontal processes as a rational progression
toward development d a full 3-dimensional represen-
tation d estuarine phytoplankton dynamics.

In this paper, we present our approach to modeling
the biology, and then focus on local mechanisms con-
trolling phytoplankton population growth in a shallow,
tidally driven, turbid estuary where algal grazing by
benthic consumers may be rapid. In the companion
paper (Lucas et al. 1999), we discuss details d the
hydrodynamic modeling approach and then identify
several nonlocal mechanisms involving horizontal
transport and its interaction with spatially variable
local processes in controlling system-level bloom dy-
namics. Our study d the local processes in this first
paper, without the added complexities associated with
transport, provides the basis for interpreting system-
wide, transport-influenced bloom dynamics in the
companion paper.

We use South San Francisco Bay (SSFB)as a repre-
sentative case for illustrating typical bathymetric vari-
ations and their effects on the distribution d phyto-
plankton sources and sinks in a shallow estuary (this
paper), as well as representative transport-related
mechanisms controlling system-level bloom dynamics
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(Lucaset al. 1999). SSFB is a large subsystem o San
Francisco Bay and is characterized by a deep channel
(approx. 10 to 15 m deep) bounded by broad subtidal
shoals (approx.2 to 6 m deep) and intertidal mudflats
(seeFig. 2).Under conditions d peak freshwater flow
from the Sacramento-San Joaquin River Delta, SSFB
may become significantly fresher and in some years
even sustain persistent density stratification in the
channel for several days (Lucas et al. 1998). Local
runoff delivered to SSFB via smaller creeks, as well as
effluent from sewage treatment plants, can also influ-

Oakland

J

San Francisco 1 Airport

Alrp((}rt L J . _,l \/—t
* Alameda
Creek

v " Dumbarton
%, Bridge

Coyote
Creek

o~
o

South Bay (SSFB)

Fig. 2. South San Francisco Bay, with depth contours (mean tide
level) shown in meters. Inset shows proximity to northern San Fran-
cisco Bay and Sacramento-San Joaquin River Delta. Dashed line: | at-
eral transect in Figs. 8 & 9. A and B: locations corresponding to the
deep site and shallow site, respectively, referred toin Fig. 4

ence the water density distribution in SSFB. The
impact d freshwater input on the hydrodynamics o
SSFB, however, is mediated by wind and, more impor-
tantly, the tides. Both the semidiurnal tide (withmean
amplitude = 2 m) and its fluctuation over the spring-
neap cycle are significant in regulating the amount d
turbulent mixing present in the water column to
counter the stabilizing effects d freshwater inputs.
This strong tidal influence, coupled with the shallow
depths in SSFB, typically results in vertically well-
mixed conditions, with stratification usually only d the
‘strain-induced periodic' (or SIPS) type (seeSimpson et
al. 1990 for a description).

Although we use geometry, physical forcing, and
biological parameter ranges characteristic d SSFB,
the purpose d this modeling study is to develop gen-
eral insights into physical-biological mechanisms
potentially important to a large class d estuaries. The
overall goal d both papers is to address several fun-
damental questions. In this paper, we ask: (1)How are
bloom dynamics related to local conditions which con-
trol the balance between the phytoplankton source
(primary production) and loss (respiration, grazing) at
a specific location? How does water column height
influence this local production-loss balance? (2) How
do local sources and sinks d phytoplankton biomass
vary spatially as afunction d bathymetry? (For exam-
ple, for a given set d conditions, which regions in an
estuary have the potential to serve as the primary
sources d phytoplankton biomass to the overall
system?) (3) How does the local production-loss bal-
ance vary temporally, as a function d tidally varying
water column height?

Building on the information presented in this paper,
the second paper (Lucas et al. 1999) addresses the
following: (4) How do tidally driven low-frequency
(residual) transport processes interact with spatial-
temporal variability d local conditions to control
phytoplankton bloom development and location in an
estuary? (5) How do tidally driven high-frequency
(tidal-time-scale) transport processes interact with
spatial-temporal variability d local conditions to con-
trol phytoplankton bloom development and location?
(6)Do regionswith local conditions favorable to bloom
development always sustain high phytoplankton bio-
mass? Do regions with local conditions unfavorable to
bloom development necessarily have very low bio-
mass?

The first 2 questions are central to the bloom prob-
lem because many shallow coastal ecosystems (estuar-
ies, tidal rivers, lagoons) have complex bottom topog-
raphy, with regions d shallow water connected to
regions d deep water by circulation and mixing pro-
cesses. The shallow and deep domains provide very
different environments for the production d phyto-
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plankton biomass. For example, the shallow domains
of San Francisco Bay can be zones d rapid phyto-
plankton population growth because production may
be light-limited and mean irradiance is inversely pro-
portional to water column height (Alpine & Cloern
1988). Phytoplankton losses, such as grazing by ben-
thic suspension-feeders, also vary with water column
height. Although coastal ecosystems provide a spatial
mosaic d environments for net phytoplankton growth,
we do not understand well how this horizontal vari-
ability d the production-loss balance governs theiniti-
ation and patchiness d blooms. Spatial mapping often
shows highest biomass (chlorophyll concentration) in
the shallow domains d San Francisco Bay (Cloern et
al. 1985), and this same general pattern has been
observed in other estuaries such as the Ems-Dollard,
The Netherlands (Colijn 1982), Delaware Bay, USA
(Pennock 1985), and Chesapeake Bay, USA (Malone et
al. 1986). Numerical modeling has also suggested sig-
nificant differences between the growth environments
in deep and shallow regions (Cloern & Cheng 1981,
Vidergar et al. 1993). Is there a general rule that
shallow domains are always regions d positive net
phytoplankton population growth?

The third question above is important because the
bloom-patchiness problem in tidal systems is further
complicated by water-level fluctuations. As an exam-
ple, San Francisco Bay has a mean depth & 6 m
(Conomoset al. 1985) and atidal amplituded 1to2m,
so the water column height changes (onaverage) by 15
to 30% over the semidiurnal tidal period. This tidal-
scale variability is especially important in the shallow
subtidal and intertidal domains where an overlying
water column forms and disappears with each tidal
cycle. Thus, the spatial pattern d phytoplankton growth
environmentsis not static, but instead is dynamic over
the tidal period. The interaction between water-level
fluctuation and bottom topography (i.e. temporal and
spatial variability in the local production-loss balance)
could be a key mechanism that regulates bloom for-
mation and patchiness in shallow tidal systems. This
hypothesis guided the specific numerical experiments
described below.

MODELING APPROACH

Our general approachistoinclude the key biological
processes relevant to bloom development, but to
describe these with minimal complexity. For example,
since our objectiveisto understand the early stages o
blooms, and since blooms usually begin when nutrient
concentrations are above limiting levels, we do not in-
clude explicit simulation d coupled phytoplankton-
nutrient dynamics here. Furthermore, our model-

building is done as a complement to along-term study
d San Francisco Bay (Cloern 1996) and is driven by
questions arising from field observations and modeling
of that system. However, since the goal o thiswork is
to search for general relationships and since the spatial
distributions d key parameters (e.g. benthic grazing
rates, light attenuation coefficients) vary between
systems and seasonally, we have opted for uniform
(or near-uniform, in Lucas et al. 1999) distributions d
these parameters. Certainly, incorporating more de-
tailed spatial and temporal variability for benthic graz-
ing and turbidity would add another layer d complex-
ity to the concepts we demonstrate here and would
compound the effects d bathymetry discussed in later
sections. Without understanding the most basic case,
however, understanding the more complicated case
would be extremely difficult.

The hydrodynamic model which formed the basis
d this modeling effort is TRIM2D (Casulli 1990a,b,
Cheng et al. 1993), a depth-averaged hydrodynamic
model d tidal flow in a bathymetrically complex
estuary. Because the model equations are vertically
averaged, each transported variable is assumed to be
uniformin the vertical dimension. This approach auto-
matically precludes investigation d the effects o ver-
tical density stratification, which has been shown in
certain scenarios to be crucial to bloom development
(Koseffet al. 1993, Lucas et al. 1998).Here we use the
depth-averaged model in the context & SSFB, whichis
representative d aclassd estuarieswhich are usually
well-mixed inthevertical or only subject to SIPSon the
semidiurnal time scale. Modeling has shown that the
effecton bloom initiation o stratificationformation and
erosion over such short time scales is hardly different
fromthe effect d an unstratified condition (Lucaset al.
1998).Thus, for the purposes d modeling phytoplank-
ton dynamics, the assumption d vertical scalar homo-
geneity is appropriate for a large class d shallow
coastal systems such as Boston Harbor, USA (Signell &
Butman 1992), the Dutch Wadden Sea (Zimmerman
1976), and the Bay d Brest, France (Le Pape et
al. 1996), for which density stratification is generally
absent or ephemeral.

Incorporation of phytoplankton dynamicsinto
TRIM2D

Incorporation d phyloplankton dynamics into the
TRIM2D hydrodynamic model (to produce TRIM-BIO)
required description d phytoplankton growth, con-
sumption, and transport. Thus, a growth/consumption
term was added to the vertically averaged conserva-
tive scalar transport equation for the case d phyto-
plankton, giving:






























