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A two-dimensional steady-state model of light-driven phytoplankton produc- 
tivity and biomass in partially mixed estuaries has been developed. Effects of 
variations in river flow, suspended sediment concentration, phytoplankton 
sinking, self-shading and growth rates on distributions of phytoplankton 
biomass and productivity are investigated. 

Numerical simulation experiments show that biomass and productivity are 
particularly sensitive to variations in suspended sediment concentrations 
typical of natural river sources and to variations in loss rates assumed to be 
realistic but poorly known for real systems. Changes in the loss rate term within 
the range of empirical error (such as from dark bottle incubation experiments) 
cause phytoplankton biomass to change by a factor of two. In estuaries with 
adequate light penetration in the water column, it could be an advantage for 
phytoplankton to sink. Species that sink increase their concentration and form 
a phytoplankton maximum in a way similar to the formation of the estuarine 
turbidity maximum. When attenuation is severe, however, sinking species have 
more difficulty in maintaining their population. 

Introduction 

Estuaries represent complex environments in which river and oceanic inputs interact to 
affect biological and human activities. They serve as a source of freshwater for numerous 
cities and industries while at the same time are a sink for sewage and other waste 
material. These waters are typically nutrient rich and are, therefore, ideal environments 
for high biological productivity. For instance, virtually all of the coastal fisheries species 
in the Gulf of Mexico have been found to be estuarine-dependent (Texas Department 
of Water Resources, 1983). During the past few decades, estuarine research has been 
directed towards understanding the complicated physical and biological processes that 
act within these waters. 

The importance of phytoplankton-based systems to estuarine ecology has long been 
recognized by biologists and oceanographers (cf., review in Kremer & Nixon, 1978) and 
perhaps more recently by geochemists. While several factors, biological and physical, 
may be important to the development and maintenance of phytoplankton communities, 
physical processes, until recently, have received little attention. It is now acknowledged 
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that distributional effects due to variations in physical processes must be clarified before 
variations in a community can be attributed solely to physiological differences. 

Recent studies (Perterson et al., 1978; Festa & Hansen, 1978;Rattray & Officer, 1981) 
have demonstrated the importance of physical processes in explaining some observed 
geochemical and biochemical phenomena in partially-mixed estuaries. Simple steady- 
state models show that the formation of a suspended sediment turbidity maximum and 
observed non-conservative distributions of dissolved silica are coupled to estuarine 
circulation dynamics. A similar analysis of the importance of physical processes in 
controlling the production or supply of phytoplankton (organic material), a basic energy 
source for geochemical phenomena in partially mixed estuaries, has not been reported. 

The primary objective of this paper is to examine some effects of estuarine circulation 
and other environmental factors on phytoplankton development and distributions in 
partially-mixed estuaries. A simplified two-dimensional, steady-state model of light- 
driven phytoplankton productivity and biomass in the main channel of a river-estuarine 
system is developed. Steady-state circulation and suspended sediment models (Festa 
& Hansen, 1976; 1978) are extended to include photosynthetic carbon assimilation by 
phytoplankton. Effects of variations in river flow, suspended sediment concentration, 
phytoplankton sinking, self-shading and growth rates on steady-state distributions of 
phytoplankton biomass and productivity are investigated. 

Numerical oceanic models of phytoplankton development, which have been applied to 
Puget Sound (Winter et al., 1975), Narragansett Bay (Kremer & Nixon, 1978) and 
elsewhere, serve as an excellent frame of reference for this study. Phytoplankton 
contributions from shoals to adjacent main channels are believed to be important 
(Cloern & Cheng, 1981), but are not considered herein. Effects of nutrient availability 
and temperature are also neglected. 

Careful field studies are essential to better define phytoplankton structure and 
development in relation to estuarine circulation and river flow (Tyler & Seliger, 1978). 
In situ experiments in northern San Francisco Bay (Peterson et al., 1985a, b; Cole & 
Herndon, 1979), of 12- and 24-h average phytoplankton productivity in relation to depth 
variations in light intensity provide information on phytoplankton productivity and are, 
therefore, used as a guide in selecting various model parameters. 

Factors affecting phytoplankton development 

Circulation and light are the factors herein considered to be of fundamental importance 
for understanding the complex ecological systems in most estuaries. Water circulation 
influences phytoplankton development by affecting rates of supply, removal, and 
dilution of phytoplankton; whereas light drives the photosynthetic activity essential for 
that development. Others factors such as phytoplankton sinking, self-shading and net 
growth rates are also included. Effects of nutrient availability and water temperature, 
often considered to be important in coastal environments, are neglected for reasons 
described below. 

? 

b 

Water circulation 
The mean or tidally-averaged circulation in partially mixed estuaries is characterized by 
three distinct flow regimes (Figure 1): an upstream regime where the flow is seaward at 
all depths, a downstream regime where the flow is seaward in the upper water column 
and landward in the lower water column, and a transitional regime where the upper 
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Figure 1. Schematic representation of net drift in vertical section through a 
riverine-estuarine system, in which the length of the arrows indicate relative current 
strength. 

water column flows seaward and the bottom waters have zero or negligible flow (the null 
zone). The strength of estuarine circulation and location and extent of each regime 
depends strongly on the intensity of river transport. As river transport increases, 
estuarine circulation becomes stronger and the location of the null zone and salt 
intrusion moves seaward. In addition, water residence time (the average time for water to 
enter and leave an estuary) decreases. 

A basic role of estuarine circulation in controlling phytoplankton development can be 
illustrated by examining the relation between water residence and phytoplankton 
turnover time (Callaway & Specht, 1982). A measure of in situ phytoplankton turnover 
time is defined here as the ratio of the standing stock to its integral photosynthetic 
production. In some estuaries or portions thereof, and at certain times of the year, rates 
of physical removal may dominate over rates of in situ production. For example, if water 
residence time is small (on the order of hours or days), development of phytoplankton 
concentrations by in situ processes may be time-limited because maximum or full blooms 
may take longer (days or weeks). 

Water circulation plays a significant role in phytoplankton dynamics by also affecting 
other factors that influence phytoplankton concentrations and physiology. For example, 
the depth of light penetration and, ultimately, photosynthetic activity in an estuary 
depends upon the concentration of suspended particulate matter (SPM), both living and 
non-living. The lower layer of estuarine flow, where net landward flowing oceanic water 
converges with net seaward flowing river water, acts to concentrate suspended particles. 
When the particles are predominately suspended sediments, this concentrating mechan- 
ism results in a phenomena known as the turbidity maximum (Postma, 1967; and 
others). The location and particle concentration of the maximum has been shown to 
depend on the strength of estuarine circulation and the settling velocity of the particle, 
i.e. related to the particle size of the sediment (Festa & Hansen, 1978). For constant 
particle size, as river transport increases, the location of the maximum shifts seaward and 
its particle concentration decreases. For constant flow conditions, the particle con- 
centration of the turbidity maximum may increase with increased grain size or settling 
velocity. When the particles are phytoplankton, estuarine circulation acts to concentrate 
distributions in a similar manner (Cloern et al., 1983); nevertheless, the importance of 
this effect is often obscured by other factors. Besides sinking, phytoplankton are 
photosynthetically produced in situ as a function of light intensity, specific growth rates 
and respiration and consumption processes. 

Recently, some relevant field studies have related the importance of estuarine circu- 
lation to phytoplankton development. In the Hudson River estuary, for example, 
phytoplankton are more concentrated in the landward-flowing bottom waters than in the 
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seaward-flowing surface waters (Malone, 1977; Malone et al., 1980). Water residence 
time for certain river flow conditions is short, on the order of six days, and is insufficient 
for complete in situ phytoplankton utilization of the enormous New York City waste- 
derived nutrient source. As a result, a major portion of these nutrients are carried beyond 
the mouth of the Hudson to coastal shelf waters. An unknown fraction of these waste- 
derived nutrients doubtless returns to the estuary, perhaps in the form of phytoplankton. 
The relation between physical processes and phytoplankton distributions have also been 
clearly shown for the Chesapeake Bay (Tyler & Seliger, 1978), and its tributary Potomac 
River estuary (Tyler et al., 1982). Even in San Francisco Bay, a geometrically complex 
estuary with more intense vertical mixing than Chesapeake Bay, a variety of phyto- 
plankton-related studies have also identified, or inferred, the importance of seasonal and 
spatial variations in estuarine water circulation to phytoplankton development (Cloern et 
al., 1983). 

Light 
The growth and development of phytoplankton ultimately depends upon the distri- 
bution of the light field in estuarine waters (cf. Hitchcock & Smayda, 1977). The amount 
of light transmitted in wavelengths of photosynthetically active radiation, PAR, approx- 
imately 400-700 nm, is affected by atmospheric attenuation, water surface reflection and 
water-column attenuation. Factors determining and influencing temporal and spatial 
variations in light arriving at the water surface are, in general, well documented (Smith & 
Morgan, 1981; and other authors). A portion of the solar and sky radiation incident upon 
a water surface is reflected depending on such factors as sun angle, degree of overcast and 
roughness of the water surface (Cox & Munk, 1956). The penetration and distribution of 
underwater radiant energy which is not reflected is primarily determined by absorption 
and to a lesser extent by scattering phenomena (Jerlov, 1976, 1977). The effects of light 
reduction at or above the water surface is beyond the scope of this simple steady-state 
model study. The major emphasis will be on the effects of light attenuation in the water 
column (Hojerslev, 1978); the supply of radiant energy at the water surface available for 
photosynthetic activity is, therefore, assumed constant. Light attenuation by the water 
itself is considered negligible [e.g., 0.04 m- ' for A= 400 to 600 nm and 0.14 m- ' for 300 
to 700 nm (Smith & Baker, 198l)l. 

In estuaries, the decrease in light intensity with increasing water depth is 
predominately due to absorption of light by suspended particulate matter. As concentra- 

increase at the expense of the photic depth. Thus, the effect of water-column light inten- 
sity on phytoplankton is complicated by the large spatial variations in concentrations of 
suspended sediment. As previously discussed, circulation dynamics plays an important 
role in determining these distributions and in turn, the horizontal and vertical dis- 
tribution of light. Phytoplankton distributions also directly affect the amount of light 
present in the water column. Like sediment, they too absorb light and limit their own 
development by a negative feedback process referred to as self-shading. 

A decrease in water transparency due to the presence of suspended material is com- 
monly observed in estuaries. Examples of severe light attenuation due to extremely high 
river-borne concentrations of suspended material have been reported near the mouth of 
the Seine (Romana, 1979) and Amazon (Edmond et al., 1982) rivers. There, the major 
phytoplankton blooms are prohibited from appearing until after concentrations of 
suspended material are reduced by sinking and dilution with seawater. 

tions of suspended particles, including phytoplankton, increase, the aphotic depth will 4 

% 
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Nutrient availability 
Plant nutrients, which fertilize plant growth, are supplied from both natural and 
anthropogenic sources. These nutrients may be introduced to the system over a large 
area, such as through the atmosphere, or may enter at a fixed point, such as through a 
waste outfall. The availability of nutrients provides a control on the upper limit of 
phytoplankton biomass and possibly plays a role in altering community species. 

Estuaries are rich in nutrients relative to levels observed in the ocean (Redfield et al., 
1963) and eutrophic lakes (Schindler, 1977; Schelske, 1979). Concentrations of nitrogen 
and phosphorous, for example, required for nutrient limitations are relatively low when 
compared to those commonly reported values for urbanized estuaries including the 
Hudson (Simpson et al., 1977), Delaware (Sharp et al., 1982), and Potomac River 
estuaries (Callender & Hammond, 1982) and San Francisco Bay (Conomos et al., 1979). 
For this and other reasons (cf. Goldman et al., 1979), nutrient concentrations are at or 
near saturation levels in many estuaries. Nutrient availability is, therefore, considered to 
be of secondary importance. 

Water temperature 
Water temperature varies in response to seasonal climate and to the temperature of the 
estuarine source waters. The most significant effect of temperature on phytoplankton 
development is thought to occur at water temperatures generally below 10" C where 
phytoplankton growth could decrease and certain species could be eliminated (Fogg, 
1965). Because water temperatures are generally above than 10" C in most mid-latitude 
estuaries during most of the year, neglecting temperature effects seems reasonable 
except during the mid winter season (cf. Malone, 1982; Tyler & Seliger, 1981). Winter 
conditions are, therefore, not considered in this study. 

Model development 

Development of a light-driven phytoplankton model involves determination of the 
circulation field, determination of the suspended sediment field, and incorporation of 
both these fields and other factors into a model of particulate organic carbon. The  
circulation and suspended sediment fields are obtained by using the steady-state models 
of Festa and Hansen (1976; 1978). Modifications have been made to allow for effects of 
variable width. 

Circulation 
The problem considered is that of a steady-state, two-dimensional laterally homo- 
geneous estuary. The coordinate system is Cartesian in x and z, where x increases toward 
the river and z is positive upwards. A linear equation of state, p =po(  1 +PS), is assumed, 
and the Boussinesq approximation employed. 

The horizontal and vertical momentum balances, continuity of flow, and conservation 
of salinity are: 

U,+(uIJ),+(uWz= -Pol~P,+(A,bu,),+(A,bu,),, (la) 
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where U=ub, W=wb, p=p’-j; pgdz, u and w are the horizontal and vertical 
components of velocity, respectively, b is the channel width, p’ is the hydrostatically 
reduced pressure, S is the salinity field, po is the density of freshwater, /? is the coefficient 
of ‘salt contraction’, A,, A, and K,, K,  are the horizontal and vertical exchange 
coefficients of momentum and salt, respectively, and g is the gravitational acceleration. 

Although tidal fluctuations have been averaged out, the tidal currents are considered 
to be the primary source for turbulent mixing. For simplicity, the exchange coefficients, 
a measure of the tidal current strength, and the depth of the estuary, H, are chosen to be 
constant. The channel width, b, is chosen to be a smoothly varying function of x ,  such 
that, 

b=b,+(b,-b,) (1 -tanh ( C X ) } ,  (le) 

where b, and b, represent the widths at the river and ocean boundary, respectively. 
Equations (la), (1 b), and (lc) are used to write a vorticity equation in terms of a stream 

function, w where U =  - y2 and W= ty,. The vorticity equation and salt equation, (Id), 
are iterated numerically to a steady-state, subject to the following boundary conditions. 
At the river boundary, zero salinity and a parabolic velocity profile having a transport 
T, = U,b,H, where U, is the vertically-averaged river flow, are specified. At the seaward 
boundary, bottom salinity is specified and horizontal diffusive fluxes of salt and vorticity 
are assumed constant, but unspecified. A zero vertical flux of salt is required at a no-slip 
bottom and free-slip surface boundary. 

Suspended sediment 
The suspended sediment model is consistent with the circulation model; the same 
exchange coefficients are used for sediments as for salinity, and advection is by currents 
derived from the circulation model. Consideration is limited to conditions in which 
sediment concentrations have a negligible effect on water density. 

The equation governing the distribution of suspended sediment is: 

where C* is the concentration of suspended sediment, w* is the settling velocity of the 
sediments and all other parameters are as previously described. The settling velocity is 
considered to be constant; therefore, specifying w* is approximately equivalent to 
specifying the particle diameter of the sediment to be modelled. 

The sediment equation is solved subject to the following boundary conditions. At the 
river end, the bottom sediment concentration is specified and an exponential vertical 
profile is maintained. At the seaward boundary, the horizontal diffusive flux of sediment 
is unspecified but required to be horizontally non-divergent, and a bottom sediment 
source is maintained. Zero total vertical flux of sediment is required at both the bottom 
and surface boundaries; that is, zero net deposition or erosion of bottom sediments and 
sediment conservation at the surface is assumed. 

L 

Particulate organic carbon 
The equation used for modelling phytoplankton or, equivalently, particulate organic 
carbon is: 

(b~)~+(~~),+(W~),+(~b~),=(~,b~,),+(~,b~,),+bdf,[~,~,C*]-f~[~]}, (3) 
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where C is the concentration of particulate organic carbon (POC), o is the sinking 
velocity of the phytoplankton,f, and fz are functions which represent gross productivity 
and consumption, respectively, Z is the ambient PAR light intensity (quantum flux 
density) in the water column, and all other parameters are as previously defined. 

Phytoplankton productivity, f,, depends on the concentration, C, a light-saturated 
specific growth constant, a, and an exponential function which describes the relationship 
between light intensity and productivity as follows: 

(44  fl = aCP - exp( - U4)ly 
and 

I=Z, exp-j; (K*C*+kC)dz, (4b) 

where I, is the ambient surface light intensity, K and K* are the average spectral 
extinction coefficients for absorption of visible solar light by phytoplankton and 
suspended sediment respectively, and 1, is the light intensity of light saturation (Chalker, 
1981). The value of I, is determined empirically from light intensity and phytoplankton 
productivity observations, and is a function of such factors as temperature and shade 
adaption (Peterson et al., 1985a, b). Inasmuch as such factors are beyond the scope of 
this study, Zs is assumed to be constant. 

Phytoplankton consumption, fz, which herein includes losses due to respiration, 
predation by bacteria and zooplankton, and mortality is given as: 

f 2 = G  (5) 

where y, the specific loss constant, is directly proportional to a, the specific growth 
constant (Shigesada & Okubo, 1981; Wroblewski & O’Brien, 1976). 

Boundary conditions are specified as follows. Zero total vertical flux of POC is 
required at the surface and bottom boundaries: 

WC - KvCz = 0, at z = 0, - H. (64 

POC sources are maintained at the bottom, at the seaward and river boundaries: 

C=C,, at (x,z)=(O,-H), (6b) 

C=C,, at (x,z)=(L,-H), (6c) 

where C, and C, are the POC concentrations at the seaward and river ends, respectively; c 

L is the computational length of the estuary. An exponential profile is maintained at the 
river end: 

C=C,exp{p(z+H)}, at x=L ,  ( 6 4  

where p = o/KV. This is the appropriate analytical solution at the river end, where the 
horizontal advective and diffusive POC flux divergence is zero. At the seaward bound- 
ary, the horizontal diffusive flux of POC is unspecified but required to be horizontally 
non-divergent: 

(K,bC,),=O, at x=O. (6e) 

The numerical formulation and procedures are identical to those described in Festa 
and Hansen (1976; 1978). Diffusion is approximated by the time-centered scheme of 
DuFort-Frankel; a 33 x 17 finite difference grid is used for all calculations. 
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Model calculations 

This model has been developed to help understand the basic processes which influence 
the distribution of phytoplankton in partially mixed estuaries. Qualitatively, the results 
presented here will behave similarly for a range of estuarine dynamics; quantitatively, 
they will depend critically on the choice of parameters. 

Circulation and suspended sediment distribution 
Circulation fields are obtained for depth-averaged river flows ranging from 0.8 to 
4 cm s- ', depth, H, of 10 m and length, L, of 120 km. A horizontal salinity difference, 
AS, of 27%0 is maintained between the seaward and river boundaries. A complete listing 
of the model parameters for both circulation and suspended sediments is presented in 
Table 1. The mixing coefficients are considered typical of estuaries with moderate to 
high tidal mixing, such as San Francisco Bay. Suspended sediment fields are calculated 
for sediment having a settling velocity, w*, of -6 x cm s-' and a river source, C,*, 
having a range of 0 to 50 mg I-'; the ocean source, C,* is considered to be 115 of the river 
source. 

Distributions of salinity, velocity, and suspended sediments (Figure 2) show the 
typical pattern of seaward flow of the surface waters and landward flow of the deeper 
waters, salt intrusion, and presence of a turbidity maximum. As the river flow increases, 
there is an increase in both stratification and strength of the estuarine circulation, salt 
intrusion is weakened, and the turbidity maximum moves seaward and decreases in 
magnitude. 

Particulate organic carbon distributions 

Steady state POC distributions are obtained for a river source, C,, of 25 pg at 1-' and an 
ocean source, Coy of 5 pg at I-'. The organic carbon to chlorophyll ratio is considered to 
be 40 to 1. Typical values of the parameters used for the model runs are as follows. The 
specific growth constant, a, is 0.5 d - '  and the specific loss constant, y, is 5% of a. The 
average spectral extinction coefficient for sediment, k*, is 0.1 m-' (mg 1-')-I and for 
POC, k, is 0.006m-' (pg at I-')-'. The value I,/I,, a measure of the surface light 
intensity, is 12 and the phytoplankton sinking velocity, w, is -4 m d-'. The range over 
which these parameters are varied is listed in Table 1; these values are consistent with 
observations in partially mixed estuaries (see appendix). 

4 

TABLE 1 .  Model parameters 

Circulation and suspended sediment model 

U,=(0.8, 1 ,2 ,4)cms-'  p=7.57 (%)-I 
H= 10 m g = 9 8 0 c m ~ - ~  
L= 120 km ns, = 27% 
b0=5km ~ , = 6 c m ~ s - '  
b , = l k m  K,=2  x lo6 cm2 s-' 
(=ax 10-5km-' A,= 10cmz s-' 

Particulate organic carbon model 

Cr=25pgat1-'  ~ = ( 5 % ,  10%) a k*=o.l  m - l  (mgl-')-I 
Co=5pgat1-'  carbon/chlorophyll ratio = 4011 w = - ( 0 , 2 , 4 , 6 , 8 ) m d - '  
a=(0.5, 1.0) d-' k=(0.6,5.4,6.0, 6.6) x m-' (pg at I - ' ) - '  Z,,/Z,= 1.2,6,9, 12 
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Figure 2. Salinity, stream function, horizontal velocity and vertical velocity fields for 
the case of U, = 1 and 4 cm s- l ,  H= 10 m and L = 120 km. Salinity is scaled by 
ASh=27K,  stream function by 100 m3 s- l  and w by cm s-'. Velocity fields are 
contoured in cm s-  '. 

Injluence of light 
Light intensity in the riverine/estuarine environment depends on light availability at the 
water surface, I , ,  and on light extinction due to particles (phytoplankton C,  and 
suspended sediment, C*) in the water. To better understand the influence of light on 
phytoplankton distribution, numerical simulations are made for two distinct estuarine 
environments, one which is free of suspended sediments and the other for which varying 
degrees of suspended sediments are present in the water column. 
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River flow I cm s-I  River flow 4 crn s- '  

Distance (krn) 

Figure 3. Simulation results with no suspended sediment in the system. Effects of 
surface light intensity 1 (where 1 = Io/ZJ on depth-averaged values of particulate 
organic carbon (phytoplankton biomass), gross productivity, percent surface light 
intensity and absolute intensity for U, = 1 and 4 cm s- '. Model parameters: a = 0.5 d- ', 
y = 5 % ,  k = 6  x m-' (pgat l- ')-' ,m= -4md- ' .  

Results are initially presented for a model in which only the surface light intensity, I,, 
is varied. The suspended particle concentration is set equal to zero and k and I ,  are con- 
stant. Variations in surface light intensity are therefore modelled by the dimensionless 
parameter A=Zo/Zs; il is varied between 1.2 and 12.0. The results, as expected, indicate 
that cumulative biomass and gross productivity per unit area decrease with decreasing il 
(Figure 3)  and the quantum flux density (i.e., the average water-column light intensity) 
also decreases. The value of the average water-column light intensity relative to surface 
light intensity increases (Figure 3) .  

Results are next presented for simulations where only the degree of self-shading (i.e., 
the phytoplankton extinction coefficient, k )  is varied. Once again, there is no suspended 
sediment in the water, and the surface light intensity is kept constant at a high light 
condition, A = 12. As might be anticipated, when K decreases both cumulative biomass 
and gross productivity per unit area increase (Figure 4). The average water-column 
biomass replacement time and light intensity is not affected (Figure 4). 

One of the more important results of these simple calculations is that when there is no 
suspended sediment in the system, the gross phytoplankton productivity per unit area is 
constant and independent of river flow (Figures 3 and 4). This happens because the 



Simulation of phytoplankton productivity 573 

Rwer flow I cm s'l River flow 4cm s-'  

Distance (km) 

Figure 4. Simulation results with no suspended sediment in the system. Effects of 
phytoplankton specific diffuse light extinction coefficients on depth-averaged values of 
particulate organic carbon, gross productivity, particulate carbon replacement time 
(biomass divided by gross productivity), percent surface light intensity and absolute 
intensity for U,= 1 and 4cms-'. Model parameters: a=O.5 d-', y=5%, 1= 12, 
w = -4 m d-'. Results for k =  6 x m- ' (pg at 1- ')-' not plotted for particulate 
organic carbon and gross productivity but follows the curve for 6 x m- ' ()rg at 
1- ')- ' but with the vertical scale multiplied by 10. 

cumulative water-column phytoplankton biomass, within the interior reaches of the 
model, is sufficient to behave as an essentially total light absorbing layer. 

Results are finally presented for cases in which suspended sediments are added to the 
system. Light penetration decreases as sediment increases (cf. Figure 5); when surface 
light intensity, I, and phytoplankton extinction coefficient, k, are kept constant. 
Obviously, the system is more complicated when sediments are present (Figure 6) .  
Phytoplankton productivity is now influenced by both suspended sediment and river 
flow. 

With the addition of and increase in suspended sediment, both gross productivity and 
biomass are supressed in comparison with results for experiments when the system was 
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Distance ( k m )  

Figure 5. Simulation results with no phytoplankton in the system. Effects of suspended 
sediment concentrations on depth-averaged values of percent surface light intensity 
and absolute intensity for U,= 1 and 4cms-' .  Model parameters: High 
C,* =50 mg I-', Low C,*=25 mg I-' ,  A= 12, o= -4 m d-'. 

devoid of suspended sediment. This is similar to but not the same as the response with 
increasing specific diffuse light extinction coefficients for phytoplankton (Figure 4). 
When suspended sediment is present, phytoplankton productivity is sensitive to increas- 
ing river flow because phytoplankton are competing with suspended sediment for light. 
The competition is less favorable for phytoplankton at higher river flows because in this 
model suspended sediment concentrations in the estuary are largely controlled by the 
river suspended sediment concentration (Figure 5) whereas phytoplankton biomass is 
largely controlled by growth (i.e., Figures 3 and 4). An increasing fraction of phyto- 
plankton are swept away at higher flows but river-borne suspended sediment concentra- 
tions are relatively constant. The result is a decreasing proportion of phytoplankton to 
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Figure 6. Simulation (sim) results and calculated (cal) results (following Megard et al., 
1979; see text). Effects of suspended sediment concentrations on depth-averaged values 
of particulate organic carbon, gross productivity, and percent surface light intensity for 
V,=1 and4cms-'.  Modelparameters: a=0,5d-' ,y=5%, I = 1 2 , k = 6 ~ 1 O - ~ m - '  
(pg at 1-  ')- ', w = -4 m d- '. Results for high and low suspended sediment correspond 
to distributions depicted in Figure 5. 

suspended sediment with increasing flow and phytoplankton photosynthesis proportion- 
ately decreases with increasing flow (i.e., Figure 6, proportionately more light is 
attenuated by suspended sediment). In a real system, this competition is amplified 
because river-borne suspended sediment concentrations typically increase with 
increasing river flow. 

Although the river/phytoplankton/light/suspended sediment system is very compli- 
cated, the effects of suspended sediments on productivity per unit area may be closely 
estimated from the simple equation of Megard et al. (1979) for studies of phytoplankton 
productivity in lakes (Figure 6). The Megard equation is given as: 

kC 

kC+ k*C* 

where P is gross (or net) productivity per unit - area, P,,, is the maximum value 
obtained with no suspended sediment, kC and k*C* are the mean values of water- 
column light extinction due to chlorophyll (phytoplankton) and suspended sediments, 
respectively. 

The  above equation (7) is applied here to distributions averaged over the mixing 
depth (total depth of the estuary). The  Megard coefficient also provides a close 
estimate of depth-averaged phytoplankton biomass if maximum biomass without 
suspended sediment is multiplied by the coefficient which is influenced by suspended 
sediment (Figure 6). 
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River flow I crn s-' 

Figure 7. Simulation results for effects of maximum specific growth rate on depth- 
averaged values of particulate organic carbon and gross product using for U,= 1 and 
4cm s-I .  Model parameters: High Cr*=50mg 1-', Low C,* =25 mg 1-', y =5%, 
, l=12,k=6x 10 -3m- '  (pgatl-')- ' ,w= - 4 m d - ' .  

Influence of growth 
Specific growth rate, a, is the phytoplankton productivity per unit biomass. In con- 
sidering combinations of variable maximum growth rate, suspended sediment and river 
flow, the distributions, as expected, have many variations. Without suspended sediment, 
depth averaged gross productivity is twice as high for a maximum growth rate of 1 d- '  
as 0.5 d-l .  With the addition of suspended sediment, or when phytoplankton are com- 
peting with suspended particulate matter for light, the depth averaged gross productivity 
is generally more than two times higher for a maximum growth rate of 1 d- '  compared 
with 0.5 d-'. Thus, when a increases, there is a corresponding or greater increase in the 
water-column average growth rates, but C is relatively unchanged (Figure 7). This 
occurs because the equations as written describe collective losses, y, as a constant fraction 
of a and not biomass (i.e., analogous to an income tax rather than a property tax) (Angus 
&Wilson, 1976). 

Influence of consumptive rates 
Phytoplankton biomass is very sensitive to changes in consumptive rates (Figure 8). This 
is especially important because the values of collective losses in natural systems are 
poorly known (Kalff & Knoechel, 1978; Shigesada & Okubo, 1981). For example, phyto- 
plankton 'respiration' rates are estimated at less than 5% of maximum productivity 
(Malone & Neale, 1981), but with a 'f 100% error (Malone & Neale, 1981; Platt & 
Jassby, 1976). In view of our present state of knowledge, we conclude that a very simple 
model of consumptive rates is adequate if not preferable. 

Influence of sinking 
At low river flow (e.g., U, = 1 cm s- ') phytoplankton concentrations are enhanced by the 
estuarine mechanism in systems with high phytoplankton sinking rates and with a 
relatively high light intensity (e.g., with a low concentration of suspended sediments, 
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R ~ v e r  flow I cm s-' River flow 4 c m  s- '  

Distance ( k m )  

Figure 8. Simulation results for effects of specific loss rate on depth-averaged values of 
particulate organic carbon, gross productivity, percent surface light intensity and net 
productivity for U,= 1 and 4 cm sC'. Model parameters: a=0.5  d -  ', 1= 12, 
k = 6 x  1 0 3 m - '  (pgat I-')- ' ,w= -4md- ' .  

Figure 9, upper panel). However, when available light is decreased (e.g., the concentra- 
tion of suspended sediments is increased) this mechanism may become disadvantageous 
and non-sinking forms may attain higher concentrations than sinking forms (Figure 9). 
At high river flow non-sinking forms attain higher concentrations than sinking forms 
with or without suspended sediment (Figure 9, lower panel). 

Overview 
T o  gain a greater understanding of estuarine systems a variety of techniques including 
field, laboratory and modelling efforts are necessary (cf. Nixon et  al., 1979). In this sec- 
tion we attempt to relate some of the numerical results to observations. The implications 
from the results of the numerical simulations are prefaced with a reminder that while 
many of the simplifying assumptions in numerical simulation models may seem rather 
severe, the assumptions in obtaining some of the field observations (e.g., incubation 
experiments) can be no less severe. 

Light is sharply attenuated in the riverine/estuarine environment by high con- 
centrations of suspended particulate matter including inorganic particles and living 
phytoplankton. Perhaps the clearest finding with regard to field observations is that 
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Figure 9. Simulation results for effects of sinking on depth-averaged values of particu- 
late organic carbon, gross productivity and net productivity for U, = 1 (upper panel) 
and 4 cm s-  ' (lower panel). Model parameters: a=0.5 d-  ', y=  5%, I =  12, k = 6  x 
(pg at l-')-' .  High (C*=50mg1-'), Intermediate (C,*=33,3mgl-'), Low a 

( c*=25  mg I-'). 

phytoplankton productivity and biomass are strongly suppressed by increasing con- 
centrations of suspended sediments in the approximate range of 10 to 100 mg 1-' (see 
also Wofsy, 1983). Effects of suspended sediment on phytoplankton biomass and 
productivity even below concentrations of 10 mg 1- ' have been identified for relatively 
clear coastal ocean water (Smith, 1982). This seems especially relevant because the 
concentration of suspended sediments in rivers is typically within this range or higher 
(Milliman & Meade, 1983, and references cited). Results from the numerical simulations 
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TABLE 2. Estuarine examples of suspended sediment concentrations and phytoplankton 
productivity (PP) in the region of the turbidity maximum (TM) and outer estuary (OE) 

Estuary OE TM OE TM References 

Delaware <20 40-70 640 230 Sharp et al. (1982), Biggs et  al. (1983), 
Sharp & Pennock, personal communi- 
cation (1982) 

San Francisco Bay < 20 > 50 360 270 Cole (1982), Peterson et  al. (1985a, b)  
Seine <20 100-600 -1000‘ < 50a Romana (1979) 
Tamar 1 2 0  >200 ?b ?b Morris et al. (1982) 
Bristol Channel < 20 > 75 450 20 Joint & Pomroy (1981) 
Gironde <20 >loo0 > 100’ < 50” Romana (1982) 

“Estimated for upper meter. 
bPhotosynthetic removal of plant nutrients appears not to be important relative to 
mixing river water and seawater in this estuary (Morris et  al., 1981). 

usually agree with the distribution of phytoplankton productivity and biomass observed 
in estuaries with high concentrations of suspended sediments (Table 2). Because the 
formulation of Megard et al. (1979) describes the general effects of suspended sediments 
on phytoplankton productivity in the numerical simulation model, their equation may 
provide a useful frame of reference for analysis of real systems. 

The suspended sediment particles discussed above reduce the availability of surface 
light for phytoplankton growth. Living phytoplankton also attenuate light primarily by 
absorption, in effect a self-shading mechanism. Field studies in Chesapeake Bay clearly 
indicate this mechanism is an important feature of estuarine phytoplankton development 
(Seliger et al., 1975, figure 10, p. 199; see also Wofsy, 1983). The importance of self- 
shading is also obvious in numerical models of phytoplankton growth because unrealisti- 
cally high values result when such effects are neglected (Shigesada & Okubo, 1981, and 
others cited therein). Although the details of the mechanism are complex (Fushansky, 
1981), it serves our purposes here to ‘isolate’ self-shading effects by simulations without 
sediments. 

Cumulative phytoplankton biomass per unit area is constant when the one- 
dimensional steady-state equation of self-shading with variable phytoplankton settling 
velocity is solved analytically (Shigesada & Okubo, 1981, figure 4, p. 322). The estuarine 
model produced somewhat similar results. The difference is that longitudinal as well as 
vertical processes influence cumulative phytoplankton biomass while cumulative pro- 
ductivity per unit area remains constant. Interestingly, this result has been demonstrated 
empirically for higher plants (Gabrielsen, 1948; also discussed in Bjorkman, 1981), 
where productivity approaches a constant value as the concentration of leaf chlorophyll 
(instead of phytoplankton chlorophyll) per unit leaf area increases (Figure 10, adapted 
from Gabrielsen, 1948; also note Figure 4, the simulated response with different values 
of k ) .  As k increases in the estuarine model, both cumulative biomass (Talling, 1981; 
Takahashi & Parsons, 1972; Parsons et al., 1977, table 2, p. 104), and, within the 
assumptions in the model, productivity decreases because it takes less biomass to ‘soak 
up’ the same amount of light. In real systems the potential effects of variations in k has 
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Figure 10. Productivity per unit area as a function of chlorophyll concentration per 
unit area: (a) adapted from Gabrielsen (1946), gives results for higher plant leaf 
surfaces; (b) gives examples of depth-integral values for numerical simulations in this 
study with no suspended sediment and k =6  x m-'  (pg at I-')-' (see Figure 4). 
Note the linear, or near-linear, part of the curves lies well below chlorophyll concen- 
trations of 100 mg m-*. 
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not yet been fully appreciated (Morel & Bricaud, 1981; Kiefer &Mitchell, 1983; Fasham 
& Platt, 1983). 

The temporal and spatial variations in respiration rates in real systems are generally 
unknown (Kaloff & Knoechel, 1978). Numerical simulation studies of phytoplankton 
dynamics (Winter et al., 1975; Jamart et al., 1977) indicate that it may be more reason- 
able to assume the rates are not constant but decrease with decreasing ambient light 
(increasing water depth). This is consistent with the fact that respiration in plants tends 
to decrease with decreasing ambient light intensity (cf. Rivkin et al., 1982). 

In situ incubation experiments suggest that respiration rates are slightly lower in the 
turbidity/phytoplankton maximum in San Francisco Bay (lowest average water-column 
light intensity) than in upstream and seaward directions (Peterson et al., 1985a, b) .  In 
fact, observing the sensitivity of phytoplankton development to respiration in the 
numerical model leads us to that discovery. We do not place great significance to the 
difference between simulated and observed results for San Francisco Bay (Figure 11). It  

I I I I ..... - 

- - 

- - 

- 

-* - 
( b )  

I I I I . 
0 2 0 0  4 0 0  6 0 0  8 0 0  1000 

Chlorophyll (mg m-') 



Simulation of phytoplankton productivity 581 
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Figure 11. Observed 24-h mean phytoplankton productivity San Francisco Bay estu- 
ary; simulated values shown as a continuous variation with depth. Observed data from 
Peterson et a2. (1985a, b). Outer estuary: 26 August 1967, chlorophyll =3.2 pg 1-', 
salinity = 30%; turbidity maximum: chlorophyll = 8.4 pg 1- ', salinity = 4.4%0, distance 
between stations approximately 50 km. Simulations outer estuary: chlorophyll = 
7 1  g 1 salinity =26%; turbidity maximum: chlorophyll = 16.8 pg I-', 
salinity = 4.2%. Depth-average value of suspended sediment at 3.75 km and 52.5 km as 
per high suspended sediment concentration in Figure 5. Model parameters: a =  1 d-', 
y=5%,1=12,k=6x 10-3m-1 (pgatl-')-',w= -4md- ' .  

seems significant, however, that in this instance numerical simulation results would 
appear closer to observations if higher specific growth and respiration were specified 
where average water-column light intensity is higher (outer estuary) rather than as a 
constant. 

Factors relevant to phytoplankton buoyancy have been recently reviewed (Walsby & 
Reynolds, 1981). Sinking is an important phytoplankton loss mechanism and differences 
in sinking rates may account for some seasonal sequences of species in lakes (Kalff & 
Knoechel, 1978). As a first approximation, increasing cell size increases the sinking rate 
and, possibly, changes specific growth rates (Malone, 1981a, b; Banse, 1982). Both 
factors seem important in explaining differences in phytoplankton dynamics with cell 
size in estuaries and the sea (Malone, 198 1 a). 

Although there are very few field and laboratory studies of phytoplankton sinking 
rates relevant to riverine and estuarine systems, an interesting study illustrates that 
diatoms with very high sinking rates typically form the phytoplankton maximum in the 
relatively shallow null zone regime of northern San Francisco Bay (Cloern e t  al., 1983). 
These forms were absent during the 1976-1977 California drought when river flow 
weakened and the null zone shifted landward to deeper water (Cloern e t  al., 1983). 
Presumably, average water-column light intensity decreased because the water depth 
increased (Peterson e t  al., 1985a, b). Results from the numerical simulation model 
are consistent with these observations. The concentration of sinking forms is enhanced 
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relative to non-sinking forms by the estuarine circulation when light is apparently 
adequate but the situation is reversed when available light decreases (Figure 9). 

Field studies demonstrate that bloom development is prevented or destroyed in rivers, 
estuaries and coastal shelf waters when rates of dilution exceed net growth rates (Lack, 
1971; Malone, 1977; Lasker, 1975; Pingree et al., 1976). Thus, the typical response of 
phytoplankton biomass to increasing river flow is to reduce their concentration by 
increasing the dilution rate (Di Tor0 et al., 1971; Lack, 1971). Bloom development is 
supressed in several rivers in England when river flows exceed 10 to 30 cm s- (Lack 
et al., 1978). In some instances, during such high river flows estuarine phyto- 
plankton (chlorophyll) concentrations may even appear to be nearly linear when plotted 
against salinity (Peterson, 1979). A similar response is seen in numerical simulation 
experiments. 

It  is not surprising that effects of increasing suspended sediment concentrations and 
phytoplankton loss rates in partially mixed estuaries are especially important. What is 
less obvious is the importance of self-shading in waters, such as the Potomac River, that 
are relatively free of suspended sediments. During summer, the Potomac River estuary 
is characterized by high phytoplankton biomass and relatively low suspended sediment 
concentrations. During September 1978 phytoplankton chlorophyll was 200 pg 1-' 
(Peterson, 1980) which is similar to the model results with no suspended sediment 
(Figure 4). The implication of this result is that phytoplankton self-shading, i.e. the 
specific diffuse light-extinction coefficient K, is an important parameter in controlling 
high phytoplankton biomass and productivity in estuaries. This result should not be 
confused with results for deep and clear-water oceanic systems. In such systems the total 
concentration of chlorophyll per unit area is low (i.e. less than 100mgchlm-2) and 
numerical models show that self-shading is not important (Jamart et al., 1979; Woods 
& Onken, 1982). Low-biomass, low-suspended sediment systems are different, for 
example, because clear water absorbs more light than chlorophyll when chlorophyll 
concentrations are less than 2 pg 1-' (Yentsch, 1981). 

In light-limited partially mixed estuaries phytoplankton move and mix into and out 
of photic waters. Numerical simulation experiments indicate there can be a very fine 
balance between positive (nutrient sink) and negative (nutrient source) water-column 
photosynthesis and respiration (cf. Figure 8). Thus, with high suspended sediment 
concentrations (and, or, increased water depths) quantum flux densities for photo- 
synthesis may become lower than the phytoplankton adaptive capacity can adjust to (i.e., 
lower than compensation light intensities). During the growing season, plant nutrient 
concentrations in some estuaries may be depressed well below conservative mixing 
concentrations by increasing net phytoplankton growth and standing stock, whereas in 
others or portions thereof, plant nutrients may not be depressed and may even increase. 
We envision the next step in numerical simulation experiments is to study plant nutrient 
distributions and related parameters (i.e., pC0,) under variable conditions of photo- 
synthesis and respiration. 
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Appendix 

Parameter values commonly used in phytoplankton studies 
Sinking velocity Although sinking velocity depends on a variety of factors, one of the 
more important is cell size (Walsby 81 Reynolds, 1981). For example, large-celled 
diatoms and dinoflagellates sink from the upper photic water-depths at higher rates 
than forms with small cells (Malone, 198 l a ) .  Unfortunately and understandably, 
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phytoplankton sinking velocities are not a commonly observed parameter in phyto- 
plankton field ecology (Kalff & Knoechel, 1978). Nevertheless, a high value appears to 
be about 9 m d-' as illustrated by the large (150 pm diameter) diatom Coscinodiscus 
wailesii (Smyada, 1970; cited in Walsby & Reynolds, 1981). At the other end of the range 
certain forms of blue-green algae exhibit positive buoyancy (cf. Klemer et al. ,  1982). In 
essence, estuarine phytoplankton sinking rates are poorly known but probably vary from 
slight positive buoyancy up to and perhaps exceeding 10 m d-'. 
Extinction coeficients Light attenuation by suspended sediment is largely determined 
by the concentration and to some extent the size of suspended sediment (Di Toro, 1978; 
Biggs et al., 1983). The few available estimates indicate a specific diffuse extinction 

reasonable (Table Al).  
The specific extinction coefficient for phytoplankton chlorophyll (and accessory 

pigments; cf. Morel & Bricaud, 1981) varies partly because of complex differences in 
pigment packaging (self-shading or sieve effect; cf. Latimer, 1982; Fukshansky, 198 1). 
Specific absorption varies with species, its size, the concentration of accessory pigments 
and other factors (cf. Morel & Bricand, 1981; Welschmeyer & Lorenzen, 1981; Kiefer & 
Mitchell, 1983). A value of 0.02 or close to 0.02 m-' (mg chla m-3)- ' is commonly used 
as an average value for natural populations (Table A2). 
Carbon to chlorophyll ratio Determination of the carbon to chlorophyll ratio in natural 
phytoplankton communities is a nasty analytical problem partly because living phyto- 
plankton biomass is contaminated with a large and variable matrix of detritus (Banse, 
1977; Redalje & Laws, 1981). A further difficulty is that this ratio is not a simple physio- 
logical parameter; for instance, shade adaptation may decrease the carbon to chlorophyll 
ratio with decreasing growth-light intensities (Senger & Fleischhacker, 1978; Perry et 
al., 1981; Kiefer & Mitchell, 1983; and others). The carbon to chlorophyll ratio is 
assumed to be 40 to 1, although in this study other values may have served equally well 
(Table A3). 
Phytoplankton growth and respiration Maximum growth rates (optimal light, 
temperature and nutrients) of phytoplankton tend to decrease with increasing uni- 
cellular algae size. Maximum rates normalized to cell size show diatoms generally grow 
faster, approximately 2.5 to 1 d- ', than most dinoflagellates, about 1 to less than 0.5 d-'  
and other algae fall between these values or below dinoflagellate values (Banse, 1982). 
Rates of 1 to 0.5 (Table 1) are well within this range. Intuitively, we expect that average 

rates when averaged over a relatively long time. Therefore, moderate values seem more 
consistent with the experimental design of this study than 'high' values because the 
model parameters are considered characteristic of values averaged over one month 
and longer. This possible distinction is worth noting but is not as critical as other 
observational and model uncertainties. 

By delinition, when the carbon to chlorophyll ratio and maximum specific growth rate 
are selected, maximum productivity on a chlorophyll basis is also determined. At a 
carbon to chlorophyll ratio of 40 to 1 and a specific growth rate of 1 d-', maximum 
productivity is 1.7 mg C (mg Chl)-l h-'. As per above, such values are assumed to 
represent rates averaged over relatively long time scales and are lower than the typical 
maximum rates as observed in die1 experiments (cf. Harding et al., 1981). 

Phytoplankton loss rates are very poorly known. Examples of natural phytoplankton 
respiration losses range from less than 5 to greater than 30% of carbon assimilated by 

. 

(I coefficient in the range of about 0.05 to 0.1 m-' (mg suspended sediment l-')-' is 

A values of maximum growth rates are closer to moderate observed rates rather than high 
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TABLE Al. Specific diffuse light extinction coefficient for estimating the effect of 
suspended sediment on light attenuation 

K* 
[m-' (mg I-')-'] Description Reference 

0.03 
0.035 
0.04 
0.05 
0.05 
0.09 
0.09 
0.1 
0.1 1 
0.16 

nonvolatile 
190 mg I-' 
150 mg 1-' 
30-87 mg 1-' 
12 pm mean diameter, 40-80 mg 1-' 
3 pm mean diameter, 5-8 mg 1- ' 
15-20 mg 1-' 

30-35 mg 1-' 
volatile detritus 

- 

Di Tor0 (1978) 
Colijn (1982) 
Colijn (1982) 
Colijn (1982) 
Biggs et al. (1983) 
Biggs et al. (1983) 
Champ et al. (1980) 
this papef 
Champ et al. (1980) 
Di Tor0 (1978) 

5 

"Initial average value for San Francisco Bay (1976-1977) was close to 0.1 (Peterson 
et al., 19856); over a larger data base (1976-1980) the average value is about 0.06 
(R. Smith, personal communication, 1982). 

TABLE A2. Specific diffuse light extinction coefficient for estimating the effect of 
phytoplankton self-shading on light attenuation 

K 
[m-' (mg Chla m-3)-'] Description Reference 

0.01 Chlorella pyrenoidosa Laws & Bannister (1980) 
0.012 Monochrgsis (Paulova lutheri) Droop et al.  (1982) 
0.014 natural populations Morel (1978) [cited in Malone 

(198 1 b)]  
0.008-0.021 natural populations Talling, 1981 

0.016 natural populations Bannister, 1974 
0.016 natural populations Smith & Baker, 1978 
0,017 Thalassiosira jluviatilis Laws & Bannister (1980)" 
0.018 Platymonas suecica Morel & Bricaud, 1981 
0.02 - this paperb 

0.02 natural populations Jamart et al.  (1977)' 
0.022 natural populations Megard et al.  (1979) 
0.03 natural populations Winter et al. (1975) 
0.03 natural populations Di Tor0 (1978) 
0.03 Chaetoceros protuberans Morel & Bricaud (1981) 
0.04 Coccolithus huxleyi Morel & Bricaud (1981) 

r( 

"Renamed T.  weissjlogii (Kiefer & Mitchell, 1983). , 
*Used in most numerical experiments (see Table 1) and assuming a carbon to 
chlorophyll ratio of 40 to 1. 
'Selected from the range of values compiled by Bannister (1974). 

. 

photosynthesis (Christensen & Packard, 1976; Turner & Allen, 1982; Verity, 1982). In 
general, such losses are directly related to the growth rate of the natural community (cf. 
Verity, 1982). As a first approximation, specific rates of 5 and 10% of the maximum 
growth rate are assumed to be reasonable. 
The parameters of light Although model results are the same with variable I, and I,, 
provided this ratio (Z,/ZJ is constant, the results are probably more clearly followed 
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TABLE A3. Examples of the ratio of phytoplankton carbon to chlorophyll (by weight) 

Reference C/Chl Description 

15 
12-36 
18-41 
20-60 

40 
40 
40 
49 
50 

25-80 

natural populations 
natural populations 
Thalassiosira fluviatilis 
natural populations 
natural populations 
natural populations 
natural populations 
natural populations 
natural populations 
natural populations 

Winter et al. (1975) 
Jamart et  al. (1979) 
Laws & Bannister (1980) 
Jamart et  al. (1977) 
this paper 
Cloern et al. (1983) 
Li et  al. (1983) 
Cloern (1982) 
Di Tor0 et  al. (1971) 
Parsons et al. (1977) 

when referenced to absolute values of light intensity. This is established as follows. 
For purposes of steady-state simulations, a nearly maximum value of summer sunlight 
averaged over 24 h is estimated to be approximately 3.6 x 10l6 quanta cmT2 s- l  
(600 pE rn-’s-’) PAR and I, for phytoplankton is commonly about 10% full sunlight 
(Peterson et al., 1985a, b) .  In this first study the selection of I ,  is somewhat arbitrary and 
a value of 0.3 x 10l6 quanta cm-2 s- l  (50 pEm-’s-’> is assumed. This value is at the 
low range of a large number of values which fall in the relatively narrow range of 50 to 
1 2 0 ~ E m - ~  sC1 (Talling, 1957a, by and cited in Harris, 1981, p. 136). Again, this is 
consistent with the parameters selected above in the sense that I ,  may or may not 
decrease, but typically does not increase with decreasing maximum productivity (cf. 
Platt et al., 1980; Peterson et al., 1985a, b). In this study I, is assumed to be a constant. 
For example, when Z,/Z, equals 6, then I ,  is 1.8 x 10l6 quanta cm-’s-l PAR. 




