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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-
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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:
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oHB) 9, - 9 VB
. 2 (VBH) =
ot ox (UBH)+ oy (VBH)
i[Kh a(HB)J + J (Kh a(yé“‘)]+ﬂeffEH (1)
ox ox Jy 9y

where x and vy, respectively, denote streamwise and
cross-stream distance; B(x, y, t) is the depth-averaged
phytoplankton biomass concentration at time t; zi.i; (X,¥, 1)
is the effective rate d depth-averaged phytoplankton
growth; H(x, y,t) is the total water column height;
Ulx, y,t)and V(x, vy, t)arevertically averaged velocities
inthe x and y directions, respectively; and Ky (x, v, t)is
the horizontal diffusion coefficient. u.; accounts for
depth-variablelight availability,instantaneous local wa-
ter column height, respiration, zooplankton grazing, and
benthic grazing, 11 is calculated during every time step
at every horizontal gridpoint andis,.therefore, afunction
d the current local phytoplankton biomass, turbidity,
benthic grazing rate, and water-surface elevation.

Theincorporation d benthic grazing into the general
form d p. is accomplished by depth-averaging the
vertical phytoplankton transport equation over the
water column height H:

Al e e

1
il
1 @
= E 7_L]JnethZ

B(z, t)is the depth- and time-variable phytoplankton
biomassin [mgchl am™3]; zisthedepthin[m](z=0 at
the water surface, z = —-H at the benthic boundary);
IhetlZ, 1) isthe net phytoplankton growth (grossgrowth
minus respiration and zooplankton grazing losses) in
[d71); w is the vertical velocity d the phytoplankton
in [md!], which, in the interior d the water column,
is assumed to equal the phytoplankton sinking rate,
W,; and K,(z, t) is the vertical turbulent diffusivity in
[m24d-1]. Carrying out the integration:

OB 1 o . 9B _ -
‘g{+—[-_[_-l:w - z‘a_;J = et B (3)

where the overbar represents an average over total
depth H. We apply the following conditions at the top
and bottom boundaries (Koseff et al. 1993):

(wB K, %gjz - 0 (4)
(wB-K, gf j = —uBa (5)

where a is the benthic grazing rate in [m®m=2 d-!].
Condition (4) enforces zero flux d phytoplankton at
the water surface, and Condition (5)limits the bottom

flux d phytoplankton to a benthic grazing flux cast in
advective form. Substitution d Conditions (4) & (5)into
Eqg. (3)produces the following:

3B
If turbulent mixing is vigorous (see Koseff et al. 1993)
such that B is approximately uniform over the full
depth, then we can assume the following:

1
+ H [0-(—0B,—_g)] = tpet B (6)

B = B0y = By = B(anyz) (7)

Eq. (7) alows us to decompose the growth term as
follows:

Hnet B = llnetE = llnetE (8)

Thus, under the assumption d 'well-mixedness, Eq. (6)
becomes:

By B
ot = Hnet o
- a N
= (‘Hnet_EJB 9
= HeffB

Eq. (9)provides a general approach for calculating the
growth d a vertically uniform phytoplankton popula-
tion subject to grazing at the bottom boundary. The
assumption inherent to Eq. (9)(i.e. d vertically homo-
geneous scalar concentrations) is consistent with
the TRIM2D vertically averaged model and allows us
to substitute B for B in the depth-averaged simulations
described below.

One condition which must be satisfied for the
assumption d vertical homogeneity (Eqg.7) to be valid
is the dominance d vertical mixing over sinking. The
relation between mixing and sinking d the phyto-
plankton can be parameterized in terms d the turbu-
lent Peclet number, Pe, = W.H/K,. Pe, is the ratio d a
time scale for mixing through the water column (7, =
H?*/K,) to atime scalefor sinking (1 nx = H/W,). f 1,1 1S
small relative to T, (i.e. Pe, < 1), then mixing is fast
relative to sinking, and the water column is approxi-
mately homogeneous. On the other hand, if 1, islong
relative to 14,y (i.e. Pe; > 1), then sinking is dominant,
potentially producing vertical inhomogeneities. Thus,
Eq. (7) is only valid when Pe  is small. A typical
value o Pe, for shallow regions d SSFB is Pe, =
(0.5)(2)7100 - 0.01, and a typical value for the channel
is Pe, = (0.5)(15)/1000 - 0.01 (seeFischer et al. 1979 for
estimates d K,). The choice d W, = 0.5md!isappro-
priate for actively growing nanoplankton-dominated
communities (Cloern1991). Since thetypical sized Pe,
for both channel and shoal domains is small, our
assumption d vertical well-mixedness d the phyto-
plankton is appropriate, especially for the early stages
d bloom development.
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Calculatingthe effectivephytoplanktongrowthrate, g

In the previous section, the effective rate d depth-
averaged phytoplankton growth in a well-mixed
water column was shown to equal the sum d i
(which incorporates al pelagic processes) and -o/H,
the loss to benthic grazing. In TRIM-BIO, values d
o are based on measurements d benthic bivalve bio-
mass in SSFB (Thompson 1999) and account for
effects d concentration boundary layers (O'Riordan
et al. 1995). The H in this loss term is taken as the
instantaneous, local water column height. Our ap-
proach for calculating i,.;, the pelagic portion d s,
is summarized here.

e IS based on the general form:

e = P.(chl:C)-resp-ZzpP (10)

where P is the daily, depth-averaged rate & photo-
synthesis (carbon assimilation per unit d chlorophyll
biomass), chi:C is the cellular ratio d chlorophyll a to
carbon in phytoplankton, resp is the rate d lossto res-
piration, and ZP is the zooplankton grazing rate.

The calculation d chl:C is based on the approach
d Cloern et al. (1995), who suggested the following
functional dependenced chl:C ontemperature T, day-
averaged, depth-averaged irradiance T, and nutrient-
limited growth rate p':

chl: C = 0.003+0.0154eXp(0.0SOT)eXp(—0.0SS;T')p’ (1

This empirical model describes an adaptive rate d
chlorophyll synthesis which decreases with increased
light and increases with increased nutrient availability.
Although TRIM-BIO does not explicitly cal culate phyto-
plankton-nutrient dynamics, we have assumed a sim-
ple hyperbolic dependence d p' on phytoplankton
biomass B which reflects nutrient limitation (p' = 0) for
very large B and no nutrient limitation (p'= 1) for very
small B (Lucas1997). These assumptions are consistent
with observations in SSFB (Cloern 1996) and other

estuariesd strong inverse correlations between phyto-,

plankton biomass and nutrient concentrations. This ad
hoc representation d nutrient limitation was included
to constrain the magnitude d blooms in long-term
simulations.

Irradiance in the water column is attenuated by both
abiotic and biotic (self-shading) components and de-
creases exponentially with depth. The abiotic light
attenuation coefficient, k,, is based on SSFB field mea-
surements (Thompson 1999). Sdf -shading is incorpo-
rated by adding a biotic component d light attenua-
tion, calculated as the chlorophyll-specific attenuation
(0.016 m? (mg chl a)!) multiplied by the chlorophyll
biomass [mg chl am™3] (Bannister 1974).

Thealgal respiration,resp, isthe sum d afixed basal
rate and a component associated with cell synthesis
and proportional to the variable specific growth rate
(Cloern et al. 1995). The zooplankton grazing rate,
ZP, is assumed to be a constant 0.1d!, based on sea-
sonal studies d the zooplankton community composi-
tion, abundance, and size-dependent grazing in SSFB
(Cloern1982).

Calculation d P is based on the following asymptotic
function d local, instantaneous photosynthesis (Webb
et al. 1974):

p(z,t) = pmax“-—exp(_l(zvt)a/pmax )] (12)

where p,.., iISthe maximum local, instantaneous photo-
synthetic rate [mg C (mg chl a h)™!], I(z, t)is the irra-
diance at depth z and time t [pmol m™2 s7!], and a
defines the photosynthetic efficiency at low irradiance
[(mg C (mg chl a h)') (umol m™2 s7Y71]. The daily,
depth-averaged rate d photosynthesis, P, is then rep-
resented by:

3
H

— o

P = pdzdt

T

(13)

—, 0

—;? max [1— €Xp(—1(Z,D)a/Pmax Y1dzdt

SR o—R

iy

To estimate the double integral in Eq. (13), we use
(following Cloern et al. 1995) the polynomial approxi-
mation d Platt et a. (1990,1991).This analytical solu-
tion requires, in addition to p,., and a, values for sur-
face irradiance, photoperiod, light attenuation coeffi-
cient, and water column height. Parameter values used
in this study (Tablel) are based on measurementsin
SSFB during February and March d 1993 and 1994
(Caffrey et al. 1994, Edmunds et al. 1995, Thompson
1999), because the SSFB spring bloom typically begins
during one d those months.

To summarize, the procedure for calculating the
effective phytoplankton growth rate, ji.s, is as follows:
(1) Specify a and k,. (2) Specify surface irradiance,
photoperiod, P-l parameters, water temperature. (3)Cal-
culate irradiance in the water column; update day-
averaged irradiance for chl:C calculation. (4) Estimate
p'. (5) Calculate chl:C. (6) Solve for P. (7) Calculate
et (EQ.10). (8) Calculate pre = pner — i/H.

Steps (3)through (8)are performed at every horizon-
tal grid location during every time step d a TRIM-BIO
simulation. Thus, the phytoplankton growth rate re-
flects a local balance between production driven by
the water column irradiance and loss to benthic and
pelagic consumption —a balance which can shift val-
ues d i from positive to negative, depending on
spatial location and tidal phase.
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LOCAL MECHANISMS

Table 1. Physiological and environmental constants and calculated variables.

Parameters are representative d South San Francisco Bay in early spring

Dependence of population growth on

(Caffrey et al. 1994, Edmundset al. 1995, Thompson 1999)

water column height

Name Units Value/range  Description
Here, we examine the dependence I — —
d p on H Recall that the effective | Farameters
eff : a (mgC (mgchl ah)ly 0.031 Photosynthetic efficiency
rate d depth-averaged phytoplankton (pmol m~2 s~1)! at low irradiance
growth takes the general form: D h 12 Photoperiod
o 1(0) mol m~2d! 28 Total daily surface irradiance
Hep = Hpo “H (14) (quantumflux, photosynthetically
active radiation)
where I, includes al pelagic pro- k, m! 0.25-10.0 Abiotic light attenuation coefficient
cesses (carbon assimilation, chloro- Pmax Mg C (mgchlah)™ 8.5 Maximum instantaneous
phyll synthesis, respiration, zooplank- - oc photosynthetic rate
ton grazing), and -o/H is the benthic o 13 Water temperature
grazing component. For the purposes zrd 0.10 Phytoplankton rate d loss
. . to zooplankton grazing
d the current discussion, we rename 32 1 . .
o m’m“d 0--10 Benthic grazing rate
these 2 components 11,e1agic aNd Hyenthic:
respectively, as a simple reminder d Variables .
the primary dependence d each term. chl:C  mgchl a(mgC)! Phytoplankton cellular ratio
. d chlorophyll ato carbon
Thus, the effective (net) rate d popu- o 020 Wat | heiaht
. m —
lation growth reflects the balance be- H m 0-20 M er:gal:m;‘ ?'9
tween the net pelagic source (ieiagic) i mol -2 d-! ear;] 1aal e e;’;lozd_
and the benthic sink (penmic) d phyto- T lm,z . Bept -averai dmth tance od
. . mol m ay-averaged, depth-averag
plankton biomass: irradiance
Lot Hpelagic + Hoenthic (15) P mg C (mgchl ad)™’ Daily, depth-averaged rate
d photosynthesis
resp d! Phyloplankton rate o loss to
where: - respiration
Hpelagic = Hnet = P-(chl:C)-resp—ZP Oy m3m?d! Critical benthic grazing rate
(16) Hoenthic 471 Benthic-grazing portion d pi.;
o Hes at Effective phytoplankton growth rate
and Hventhic = — 7 (17) 1
H Hnet d Net phytoplankton growth rate
(including pelagic processes)
Dependence d pie1aqic 0N H Hnet d-! Depth-averaged net phytoplankton
growth rate
Examination d the dependence o Hpelagic 47 Pelagic portion d pe
chl:C and photosynthesis P on irradi- (primarily light-dependence)

ance reveals opposite functional rela-
tionships. Specifically, chl:C decreases
as irradiance increases (i.e. the phyto-
plankton synthesize less chlorophyll f more light is
available);whereas, Pincreases asirradianceincreases
(i.e. assimilation d new cellular carbon is more rapid
if morelight isavailable) (Cloernet al. 1995).Thus, for
a given k;, chl:C increases and P decreases as H in-
creases, since depth-averaged irradiance varies in-
versely with H. These relationships areshownin Fig. 3a
for a k; d 1.5 m™!, the physiological/environmental
parameters listed in Table 1, and a water column
height H assumed to be constant in time. Note that the
rate d change d each d these quantities with respect
to total depth (i.e. the magnitude d the slope d the
curve) is greater for smaller H than for larger H. The

combined effect d these 2 functional relationships on
Hpelagic 18 shown in Fig. 3b, which reveals a general
increase d Hpeagic @ H decreases (dueto the overall
dominance d the P-Irelationship), then a reversal d
this trend for very small H (due to the increasing
importance d the chl:C-Irelationship for progressively
shallower depths). Thus, for deeper water columns,
Hpetaqic 1S dominated by limitations in light availability,
whereas Ipeiaqgic iN very shallow water columns is lim-
ited by photoinhibition d chlorophyll synthesis. How-
ever, the pipeqqic-H curve followsthe overall trend d the
P-H curve, indicating a general dominance d P effects
ON Mpeiagic. NOte further that, similar to chl:C and P, the
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Fig. 3. (a) ChL:C (phytoplankton cellular ratio of chlorophyll a to carbon)

and P (photosynthetic rate), (b) peiagic (Pelagic portion of effective phyto-

plankton growth rate), and (c) fpenmic (benthic sink) versus total depth

(H) for light attenuation k, = 1.5 m™", ¢.= 0.1 m®* m~2 d°!, and other para-
meter values listed in Table 1

depth H decreases (i.e. as the water column
shallows, the access of the benthos to the
phytoplankton population in the water column
is enhanced). The plot of penmic versus H in
Fig. 3c for a benthic grazing rate of 0.1 m® m™>
d' also demonstrates that the rate of change
of 1yenmic With respect to H (i.e. the slope of the
curve} increases with decreasing H. Notice
further that the pepmic-H curve approaches
zero and its slope is almost zero for depths
greater than about 10 m, suggesting that (for
this small o) the effect of benthic grazing on
phytoplankton population growth is negligible
for deep water columns.

Requirements for balanced population growth

If the reversal in the pe,4-f relationship
for very shallow depths is neglected, the over-
all relationships of J1pejagic and Hpenmic With total
depth (H) are opposite: ppeqaqe generally
increases for smaller H, and pycnmic becomes
more negative for smaller H (see Fig. 3b,c).
Thus, for particular values of k; and o, we
would expect the ppeagic and —ppenmic curves to
cross each other at a point representing an
exact balance between net light-driven pro-
duction and consumption by the benthos
(i.e. pese = 0, or ‘balanced population growth').
Because of the simplicity of the piyeninic function
(Eq. 17), we can easily calculate the ‘critical’
benthic grazing rate at which this balance
occurs for a given H (assumed constant), k
and combination of biological/environmental
parameters. This critical grazing rate, oy, is
plotted as a function of H for several k; values
in Fig. 4. For a given k;, 0, is where a vertical
line corresponding to a chosen depth inter-
sects the curve. Any grazing rate above the
oy-H curve results in negative effective
growth, and any grazing rate below the curve
results in positive effective growth. For exam-
ple, Point A on Fig. 4 represents a deep, clear
site in SSFB (see also Fig. 2). For H=15m and
k, = 1.5 m™!, the critical benthic grazing rate

rate of change of e, With respect to depth gener-
ally increases (i.e. the slope is generally steeper) for
smaller H.

Dependence of pyenpmic on H

The influence of benthic grazing on the overall rate
of phytoplankton population growth increases as total

o, = 0.7 m® m 2 d"!. Therefore, any grazing rate greater
than about 0.7 m® m 2 d! will result in locally negative
net growth; any grazing rate less than that o, will
result in positive net growth. Compare this with a
shallow, turbid site represented by Point B in Fig. 4. In
this case, H = 1.5 m and k, = 10 m™!, and the critical
grazing rate is o, = 0.2 m® m=2? d°!, much smaller than
the o, associated with the deep, clear site. Thus, within
one estuary, o, can easily vary 3-fold.
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Fig. 4. o, (thebenthic grazing rate required to balance all pro-

duction) versus total depth (H)for several values d light at-

tenuation coefficient, k, (inm™'). Values d other biological

and environmental parameters arelisted in Table 1. A and B:

a deep clear site and a shallow turbid site, respectively, in
SSFB (seeFig. 2)

There are several features to note from the o,-H plot
inFig. 4. First, a, generally increases for decreasing k;,
since alower k;implies greater light availability, more
rapid growth, and therefore alarger grazing rate to off-
set production. Conversely, for very large k,, irradiance
is very low; therefore, only a small grazing rate is
required to balance pelagic production. Second, g,
generally changes much more rapidly for shallow
depths, which is consistent with the steeper slope d
the p1,0104ic-H curve (Fig. 3b) and the p,enmic-H curve
(Fig.3c¢) for small H.

Third, for most cases, the critical grazing rate a, in-
creases, peaks, and then decreases with increasing
H. The 'peak’ is associated with an H that optimizes
bloom potential, as measured by the largest allow-
able benthic grazing rate for balanced population
growth. On the left side d the 'peak’, @, increases as
H increases. Cases where the slope d the o,-H curve
is positive are associated primarily with lower k, and
smaller H (i.e. greater depth-averaged irradiance).
Thus, as a high-irradiance water column deepens, the
benthic suspension feeders must filter at a faster rate
if they are to balance production. This is due to the
rapid light-driven growth coupled with the decreased
benthic control associated with larger H. In this high-
irradiance case, water column deepening may affect
bloom development most significantly by regulating

the effectiveness d grazing (i.e. the p.;-H relation-
ship is primarily grazing-limited). On the right side d
the o, 'peak’, however, a decreases as H increases.
Cases where the slope d the o,-H curve is negative
are associated primarily with higher k, and larger H
(i.e. lower depth-averaged irradiance).In this regime,
light may limit net production, especially if the water
column is deep; therefore, progressively smaller graz-
ing rates would balance production for increasingly
deeper water columns. Thus, in a low-irradiance
environment, water column deepening may control
bloom development primarily by limiting light (i.e.
the p.-H relationship is primarily light-limited). For
the range d H and biological/environmental para-
meters chosen (see Table 1), the curve associated
with k, = 0.25 m~! does not exhibit a negative slope
regime. Such extremely low turbidity results in irradi-
ance which is high enough (even in deep water
columns) to ensure that the p.¢-H relationship is not
light-limited. In SSFB, k, is rarely below 1.0 m™.
Thus, in the shallow parts  SSFH variations in Hwill
most significantly impact a bloom by controlling the
grazing effect, while variability d H in the deeper
regions is most important as a means d regulating
the light field.

The final notable feature on Fig. 4 is the cross-over
d the o,-H curves themselves for very shallow
depths. The curves associated with the lowest k, val-
ues (representing the highest levels d depth-aver-
aged irradiance) cross below the curves associated
with the larger k; values. Essentially, for a very shal-
low and clear water column, the negative impact d
high irradiance on the chl:C ratio causes jiejaqc 1O
decrease (see H = 0 to 2 m range in Fig. 3b), thus
decreasing the benthic grazing rate which would bal-
ance population growth.

Trendsand implications

With the preceding concepts and examples in
mind, we now explore some d the trends and impli-
cations rooted in the relationships between 'local’
processes. Specifically, we will demonstrate the fol-
lowing: (1)For a well-mixed estuary with low benthic
grazing rates and high turbidity, effective growth
rates are higher in the shallow regions than in the
deep regions. (2) For a well-mixed estuary with rapid
benthic grazing and low turbidity, effective growth
rates are higher in the moderately deep and deep
regions than in the shallow regions. (3) The influence
d tidal fluctuations in water column height on effec-
tive growth rates is pronounced in the very shallow
regions and relatively insignificant in the deeper
regions.
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High k;/low o versus low k,/high o conditions

In this section, we use a variation of the ¢,-H plot to
demonstrate that for high turbidity (k,) and low benthic
grazing (o), effective growth rate (p1o) is higher in the
shallow regions, but, for low k; and high o, effective
growth rate is higher in moderately deep and deep
regions. Fig. 5 shows critical benthic grazing rate (o)
versus H for 2 values of k;, k9" and k{°". Also shown
are horizontal lines representing 2 hypothetical graz-
ing rates, o™ and ¢'®*. As mentioned above, for a
given k, and H, any grazing rate above the o,-H curve
results in negative effective growth, and any grazing
rate below the curve results in positive effective
growth,

If we consider the k/°¥/aM9% case, we notice that the
horizontal line representing the hypothetical benthic
grazing rate falls above the o,-H curve for small H and
below the curve for large H, since the ¢, (k{°") curve
has positive or approximately zero slope for all depths
plotted. Thus, for these k}°“/o™9" conditions, a deep
water column is more likely to sustain a positive g
than a shallow water column. On the other hand, for
the kM9P/ol°V case, the horizontal line representing
the hypothetical grazing rate generally falls below the
o,-H curve for small H, and above the curve for large
H, since, except for extremely small H, the slope of the
ax(k9") curve is sharply negative. For these k9" glow
conditions, therefore, a shallow water column is more
likely to sustain a positive py than a deep water col-
umn. These results show that shallow domains are
not always net sources of phytoplankton biomass, and
that blooms can develop more rapidly in shallow or
deep regions, depending on the local balance between
light-limited growth (iIpelagic) @and depth-scaled benthic
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Fig. 5. o, (critical benthic grazing rate) versus H (total depth)
for kI° = 1.0 m™' (low turbidity) and kM9" = 10 m™! (high
turbidity). Horizontal dotted lines: 2 hypothetical benthic
grazing rates, ¢"" = 1.0 m®* m2 d”" and o/°¥ = 0.1 m® m™2 4!

Effects of tidal shallowing and deepening

In this section we demonstrate the effects of tidal
shallowing and deepening of the water column on 1.4
in the presence of benthic grazing. Again, we show
o-H curves for low and high turbidity cases for 2 dif-
ferent tidally averaged depths, H=15m {(Fig. 6a) and
H=5m (Fig. 6b). Because we are considering an H
which varies in time, we calculated o, separately for
each mean depth using a chl:C based on the average
daily irradiance over the associated tidal range of
depths. We include annotations indicating typical
depths for high and low water during spring and neap
tides for the 2 different mean depths in SSFB. The
average tidal range in SSFB is =2 m, decreasing some-
what during neap tide and increasing during spring
tide.
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Fig. 6. o, (critical benthic grazing rate) versus H (total depth) for
k"= 1.0 m™! (low turbidity) and k/¢"= 10 m™* (high turbidity)
for mean heights {a) H=1.5m and (b) H = 5.0 m. Vertical lines:
typical tidal elevations for high and low water during spring
and neap tides in SSFB. M: mean water column height (H]},
LN: low water, neap tide, HS: high water, spring tide, etc.
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Notice that for both values d k; the slope d an a,-H
curve is generally steeper for smaller H (Fig.6a) than
for larger H (Fig.6b). For this reason, we see that the
fluctuation in Hover atidal cycle may result in a wide
range d a, if the mean depth is relatively small
(Fig.6a). For example, for low k; and some large ben-
thic grazing rate (e.g. a= 1 m® m? d-"), p. in a very
shallow environment may be negative during low tide
and positive during high tide, due to grazing regula
tion. For high k, and some small benthic grazing rate
(e.g. &= 0.1m3®m2d"), pyinavery shallow environ-
ment may be positive during low tide and negative
during high tide, due to light limitation. For a larger
mean depth (Fig. 6b) we see, first d all, that the k9"
curve is not visible. This is because ipeagic for the
deeper, turbid water column is always negative (i.e.
respiration and zooplankton grazing losses are greater
than gross photosynthesis),resultingin negative a. In
other words, for this deeper, turbid water column, only
a benthic source could produce a bloom. This scenario
is not considered here and so is not plotted. The k/°¥
curveis shown, however. In this case, the changein a,
isnot great from one end d thetidal range to the other
(slope= 0); therefore, u.; will not change significantly
from high to low tide.

In Fig. 7, we demonstrate the effects d semidiurnal
shallowing and deepening on benthic grazing strength,
emnic  (Fig. 7a), and effective growth rate, ji
(Fig. 7b,c), for 2 different mean depths found across
the SSFB shoals (H = 1.5 and 5.0 m). Time series o
both instantaneous and day-averaged p.; are shown
fora=0.6m*m2d!and k, = 2m™". For the shallower
location, the large downward spikes in instantaneous
Uiy (Fig. 7b) are due to a greatly enhanced grazing
effect during lower low water (Fig. 7a). Because tidal
range increases on spring tides and decreases on
neap tides, lower low water is extra low during spring
tide, resulting in further enhanced grazing effects and
more strongly negative instantaneous . during
spring tide/lower low water than during neap tide/
lower low water. The effect d grazing at the deeper
station shows far less temporal variability (Fig. ?a),
resulting in very little tidal-scale variation in ji.
(Fig.7c).

The effect d spring-neap variations in tidal range
on day-averaged p.; is aso shown. Although day-
averaged p.i; alone does not perfectly reflect the non-
linear dynamics d phytoplankton population growth
and decline over the course d a day, we use it here as
an indicator & how local conditions change as a func-
tion d tidal range over the spring-neap cycle. Whereas
Lot 1N the deeper water column (H= 5 m) shows only
small semidiurnal oscillations and consequently no dis-
cernable spring-neap variation (Fig.7c), day-averaged
1o Tor the shallower water column (H = 1.5 m) is neg-

ay-averaged |

' Instantaneous

Anstantaneous

)
s 1 Day-averaged
2

L0 e e ; ———
25 30 35 40 45 50
Julian Day

Fig. 7. Time series d (&) pyenmic (grazing effect) and (b,c)

Herr (total phytoplankton effective growth rate) for mean

depths H = 1.5and 5 m, benthic grazing rate a = 0.6 m® m2
4!, and turbidity k;=2m™!

ative on spring tide and positive on neap tide (Fig.7b).
This neap-spring cycle in the balance between local
production and consumption in shallow estuaries can
be an important mechanism o weekly scale variability
d phytoplankton biomass. The periods d rapid phyto-
plankton biomass growth in SSFB correlate strongly
with the spring-neap cycle (Cloern 1991, 1996), and
past analyses have suggested that neap-tide blooms
are the result d reduced turbulent mixing (Cloern
1991) and suspended sediment concentrations (Cloern
et al. 1985, Thompson 1999). Our modeling analysis
(Fig. 7) has identified a third possible mechanism o
neap-tide blooms in shallow domains: in the presence
d benthic grazers, the narrower tidal range and asso-
ciated higher water levels at lower low water during
neap tide dampen the effect & low-tide benthic con-
sumption, resulting in larger growth rates (p.5) during
the lower low water phase d maximum benthic con-
sumption.
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Application to areal estuarine transect

In this section, weillustratethe impact d the mecha-
nisms described above on spatial distributions d pi¢ in
a bathymetrically complex system such as SSFB, and
o the temporal evolution d thosedistributions. By cal-
culating p¢; and several related quantities across a lat-
eral transect at different tidal phases, we illustrate that
(1) both deep and shallow regions may serve as
sources or sinks d phytoplankton biomass, depending
on the balance between local production and con-
sumption; and (2) tidal elevation changes can influ-
ence the spatial distribution d p.¢, especially in shal-
low regions and in the presence d benthic grazing.

For kMob/o*¥ and k°¥/o9" scenarios,
respectively, Figs. 8 & 9 show transverse
variations in H and 7 dependent vari- 0

is larger everywhere in the shoals than in the
channel because 7 is higher in the shoals (Fig. 8).
However, if the water is clearer (k°*/o™9"), Hpelagic 18
a weakly nonmonotonic function d H (and I'), reach-
ing a maximum at approximately H=2m (in this
case) due to the codependence d ppeiagic ON chl:C
and P (Fig. 9). In this low turbidity case, I in the
shoals is large enough such that chl:C decreases
sufficiently to influence ppeaqic; On the other hand,
Ppelagic 1N the channel is always dominated by P since
I never gets very large there. Thus, ppeiagic; Which
may easily double between channel and shoal (or
even within a compartment), can profoundly influ-
ence spatial variability d i

High K., Low a

ables (Tr Ch]ZC, :13' ppelagicr Hpenthicr Oy and 5

1.ir) calculated across thelateral transect E 104
indicated in Fig. 2. For each scenario, k; = 15
and a are specified as constants across o

wammnre: Mean Height
— — - High Tide

thetransect k,=10.0m !and a=0.1m°
m 2 d! for the kf'9P/o°¥ case, and k, =
1.0m' and a= 1.0 m® m™? d-! for the
kjow/gpigh case. H as well as H at high

[P ,.w fou]
doueIpeL]

and low tide (assuming a 2 m tidal
range) are shown, as are 6 d the 7 cal-
culated quantities for each tidal stage.
(chI:C is calculated based on the local
24 h average irradiance and so only 1
curveisshown.)

Spatial variability: Transects d e
(bottom panel d Figs. 8 & 9) reflect the
different roles a deep region and a shal-
low region may assume, depending on
the clarity d the water and the benthic
grazing strength. Transects d p for
the kPsh/glow case (minimum g in the
channel, maximum . in the shoals) are

[, {p e 1yo 8wr) O Sw]
ey oneIuASOI0yg

very different from the p trends for the 02 g
kiov/ohioh case (generally mmimum peg L05 g
in the shoals, larger p in the deeper 03 o1
regions). Similarly, a transects are op- :w: 0254 S LT

posite for the 2 scenarios mimimum 3§, E o

occurs in the channel for kfeb/glo%, but & o1

minimum &, occurs in the shoals for 5~°'0(5)“ -

AAa PP Node Grat, or e &7 oM s
case, 1 and a, are maximal at the w05 =
channel-shoal transition, wherethelight- |~ 7 1025 =&
grazing trade-off isoptimized. 00 T T T U e 0 -

These trends in spatial variability are 0
rooted in the lateral variation d pperagic
and  penmic FOr the more turbid
(K igh/olow) CaSE, Hpelagic (Effectivegrowth

rate in the absence d benthic grazing)

T
2000 4000 6000 8000 10000
L ateral Distance[m]

Fig. 8. Lateral transects d water column height (H)and 7 calculated quanti-
ties (seeTable 1 for definitions) at mean tidal elevation, high water, and low
water for the case: highturbidity, low grazing (k,=10.0m™', a=0.1m*m2d1)
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Spatial variability d the benthic sink ieqmic May aso
significantly affect lateral distributions d .. Since
Hess depends monotonically on o (Viai,enmie), iNcreased
a always decreases ji.;;. Because d the inverse mono-
tonic dependenced piyenmic ON H, phytoplankton growth
over the shoals shows a greater sensitivity to benthic

grazing than ¢ in the channel (see yenmic transects).

For this reason, a large benthic grazing rate resultsin
very negative p. in the shoals.

Temporal variability: Sernidiurnal shallowing and
deepening d the water column also causes great vari-
ability in phytoplankton growth rates. In the turbid
kPiov/glov case (Fig.8), 1.y iNncreases as the water col-
umn shallows, similar to theincrease in pegic With de-

Low K, High a

creasing H (sincea shallow water column maximizes I
and SiNce [pentnic IS NOt Strong enough to counteract the
Hpelagic-I relationship). However, in the k}°¥/ahioh case
(Fig. 9), pesr in the shoals generally decreases as the
water column shallows, due to the increasing magni-
tude of ppenmic With decreasing H. An exception isin
the channel-shoal transition, where the tidal variability
d the benthic grazing effect ison the order d the tidal
variability d pi,eaqic and is therefore not as dominant as
in the shallower areas.

Tidal changes in surface elevation combined with
topographic variability can, therefore, result inarange d
spatial-temporal trendsin g, depending on the light-
grazing balance. Temporal effects are most pronounced
in shallow regions and have the potential
to switch pi.i; from positiveto negative over
haf atidal cycleand to resultinrapid bio-

mass depl etion during low tidein the pres-

H [m]

Mean Height
— — - High Tide

ence d strong benthic grazing.

CONCLUSIONS

We have used a depth-averaged repre-
sentation d phytoplankton growth to ex-

57 0.035
© 0.03
E 0.0251
<

= 0.024
o 0.015-

plore local phytoplankton dynamicsin a
shallow estuary. Specifically, we have in-
vestigated dynamicswhich depend upon
the local water column height, H. Our

)
S

E o01

depth-averaged formulation is based on
the assumption that the water column is
vertically well-mixed. Although this ap-
proximationisstrictly validfor shallow sys-
tems subj ected to strong turbulent mixing,

T
~J
W

T
13
[y

ey Jnauksoloyq

(=)

0.75 4

C[dh

{n
<
[,.(p & 1o Bw) O Sw]

this approach has allowed ustoidentify a
number d potentially important general
trends.

The functional relationship between

phytoplankton growth rate and water
column height is variable, depending on
whether the local limitations d growth
are dominated by benthic grazing or light
availability. Specifically: (1)If the benthic
grazing rate is high and turbidity is low
(i.e. light is abundant),then the effective
phytoplankton growth rate will generally

decrease as the water column shallows,
spatially or temporally. Thisis due to the
enhanced benthic control on a shallow
water column relative to a deep water col-

4000 6000
Lateral Distance[m]

Fig. 9. Lateral transects d water column height (H)and 7 calculated quanti-
ties (seeTable 1 for definitions) at mean tidal elevation, high water, and low
water for the case: low turbidity, high grazing (k,= 1.0m™!, a=1.0m*m =2 d})

umn. (2) f the benthic grazing rate is
small and turbidity is high (i.e. light is
limiting), then the effective phytoplankton
growth rate will generally increase asthe
water column shallows, spatially or tem-
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porally. This is due to the greater depth-averaged
irradiance in ashallow water column relative to a deep
water column. Thus, both shallow and deep regions can
serve as sources or sinks for phytoplankton biomass,
depending on therelative strength d local light-driven
production and benthic consumption. Similarly, either
high or low tide can represent maximum production or
consumption, depending on the light-grazing balance.
Therefore, although phytoplankton biomass is often
observed to be highest in the shallow domainsd some
estuaries, shallow regions are not always sites d posi-
tive net phytoplankton population growth and can,
under some conditions, act as biomass sinks.

In the presence d benthic grazing, effective phyto-
plankton growth rates in very shallow environments
will exhibit great sensitivity to tidal shallowing and
deepening d the water column, potentially switching
from source to sink over a6 h period. This effect isdue
primarily to the enhanced depletion d phytoplankton
by the benthos in shallow water columns; however,
tidal variationsin depth-averaged irradiance may have
an effect as well. Effective growth rates in deep
regions are much less sensitive to semidiurnal tidal
variations in water depth and maintain relatively static
values. Thus, with respect to bloom development,
well-mixed shoals are much more dynamic environ-
ments than deep channel regions, exhibiting a broader

range d effective growth rates over tidal time scales
and potentially acting as a significant source and sink
for phytoplankton biomass.

The semidiurnal variability in effective phytoplankton
growth ratesat shallow sitestranslatesinto spring-neap
variability aswell,dueto thevariation intidal range over
the spring-neap cycle. In fact, variability in tidal range
alone can result in day-averaged effective growth rates
in shallow regions which are positive during neap tide
and negative during spring tide. Weekly time scale vari-
ability in tidal range, combined with nonzero benthic
grazing, may therefore offer a mechanism for the com-
mon occurrence d bloom initiation during neap tides.

Inthe companion to this paper, Lucaset al. (1999)dis-
cuss transport-related mechanisms which, in conjunc-
tion with the local mechanisms described above, may
control if and where phytoplankton blooms will occur.
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