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Introduction

Unpoiluted water mainteains in solution the maximum quantity of
dissolved oxygen, which is in equilibrium with the partisl pressure
of oxygen in the atmosphere. When dissolved oxygen is removed from
solution, an unbalence is created and the deficiency is made up by
oxygen passing into solution through the water surface exposed to the
atmosphers. Ths rate of transfer of oxygem from the atmosphere to
water is influenced by physical "factors, such as winds and wavss, and
chemical factrs, such as surface active agents and oil films. This
phase of the project deals with the effect of surface active agents

on the reaeration process.



Review of Previous Work

The rate at which reaeration takes place is proportional to the dissolved
oxygen deficit and may be expressed as:

= K i‘cg ‘o G] = =KD (1)

in which rate of reasration

it

digsolved oxygen ssturation

= dissolved oxygen concenbtration
= dissolved oxygen deficit
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coefficient of reseration

Bquation (1) is based on the assumption that the concentration of dissolved
oxygen is uniform throughout the depth of the water body and, under this condition
of uniform concentration, the reaeration equation is simply a re—éxpression of
Figk's Law of Hydro-diffusion. K, the coefficient,reasration, is referred to as
the volumetric coefficient. Its physical significance may be appreciated when it
is thought of as a unit rete of oxygen trensfer - i.e. ppm oxygen transfer per day
per unit of dissolved oxygen deficit. A more fundamsntal measure of the precess
is expressed by the transfer coefficient, Ky, which is defined as follows:

K = K, ° 4 (2)
V .
in which A I surface area
4 Vv = wvolume of liguid
K, = oxygen transfer coefficient

In general, the trensfer mey be classified as either surface or bubble aera-
tion. In the former case, the ratic of the surface area to volume remasins con=-
stant, as in natural stresms and certain mechenical seration devices. In the
latter case, however, this rabip changes during the transfer process. Exasmples
of this type are compressed gir =zmd spray aeration. This work is concerned with
the surface aerstion mechanism and the effect of surface active agents on this
type of aseration.

The transfer cosfficient was first defined by Lewis and Whitwan (1). This
model is based on the assumption that there are two £ilms located at the air-water
interface, through which the gas must pass by molecular giffygioy - For gases of
low solubility, such as oxygen and carbon dioxide, the liguid film is the con-
trolling resistance and the transfer coefficient may be written:

g, = DL
I, = =
Y (3)
in which DL = goefficient of molecular diffusion of oxygen
' Y = film thickness

With the present state of our kmowledge, it is not possible to express the hypo-
thetical film thickness in terms of physically or chemically measurable parameters.
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The thecry, however, has provided a means of undsrstanding the mechanism and re-
porbing daba. '

The most significent development in recent yesrs has been presented by
Denckwerts {2) who proposed a theory defining the tramsfer coefficient as followss

] @

By -

£

in which = rats of surfecs renewsl.

¥
The advantage of thils soncept is that it better lends itself to quanbtitative e=
valuation as compared to the two={ilm model. The renewal rate may bs expressed
in terms of turbulence parsmeters and these, in turn, may be releted to physical-
ly measureble factors, such as the depth snd veloecibty of fluid flow. - By contrast,
the nature of the film thickness is relatively indefimable. In splite of this
short coming, the two-film model has providsd e basis for the formulation of an
hypothesis to deseribe the effect of surface active agents on reseration.

Sinece the controllimg resistence inm the process is located in the £ilm at the
gas=liguid interface, it follows that substances which alber the characteristics
of the interface influence the gas transfer., Thess substances are the surface
active agents, such as detergents and many crgsnie compounds. The sffsct on these
substances has been recognized, measured snd reported. No abtbempt will bs mads to
indicabe all of the rsferences in this regard, but it iz sigpificent te note that
much work is being done in meny fields both here end in other countries, notably
England. Recenbt reports on bubble sasration include complets bibliographies and
some interesting hypotheses. All the investigators (3), (L), (5) agres that an
incresse in surface activity as measured by the criterion of the. surface tension
of the agente decresses the transfer coefflclent. The struchure snd nature of the
substence appeared to have a marksd effect (3), particularly the number of the
carbon atoms and the hydrophilic and the hydrophoble portions. The reduction in
the transfer coefficient to a minimum value was assumed to be relabed bto the crite-
ical micelle concsniration (L), In all of these cases which reported on bubble
asration, the results were difficult to evaluzte because of the inbterference of
the substences on the dleameter and surface sreas of the alr bubbles. In general,
however, it was reported that the trausfer ccefficient dropped sharply to minimun
value at a relatively low comcentration of surfece active asgent sund remained son=
ghant with incrsasing coheentrabion. '

Fewsr references appesr on the effects of surface astive agents on surface
seration. Some of these reports {6), {7), {8) are of direct significance in this
work. These investigators also sgree that the surfece sotivity is a primary factor
end that the transfer cosfficients drop to e minimum abt relatively low concentrs=
tions. However, when the concentrabion of surface acbive substence wes incressed,
the value of ths transfer cosfficlent also increased and approached that in pure
water., The minimum valws of the transfer coefficient is assosiated with that of
critical micells formatiom, but with very pure substances, no effest was noted on
the transfer of serbon dioxide to water (&), '

Before procesding with the theorsticsl development, it is necessary to review
cerbain aspescts of gurface chemistry of these subsbances. The discussion which
follows is taken from the standard refersuces {9), (10}, {11), {12) in +this fisld.



Surface Chemistry Effects

Surface active substances tend to concentrate at the gas-liquid interface
and their surface concentration is greater than that of an sgusl mess in the
bulk of the #iwid,” This condition is referred te positive adsorption and is
characteristic of detergents and many orgemic substances. Qn the other hand,
inorganic ionized substences are negatively absorbed. They are drawn intc the
bulk of the solution and the surface laysr has a concentration less than that
of the bulk. This phenomencm is described by the Gibbs adsorption equation as
follows (5)2

[T = =c_dX :
R 1 (5)

in which

Bl

excess concentration in the interfacs

BB

c = econcentration in the bulk of sclution
X surface tension
T

= sabsolute temperature
B = gas constant

Ac is positive when the differential of surface tension with respect to cone
centration is negaetive, 1.8., when the surface tension decreases with concen=
tration. This condition is typical of surface active agents. Conversely A ¢

is negative, when there is an incrsase in the surface tension with concentratxang
as in solutions of inmorganic electrolytes.

The verification of the Gibbs equation depends on accurate measurements of
the surface excess or degree of adsorption of the solute. The experimental tech-
niques involved in such measurements have proved to be quite difficult. One of
the most direct methods consists in actually cutting off a thin layer of solutiom,
including the surface, by meens of a travelling knife and is known as the micro=-
tome method. The concentration of solube in the removed surface layer is then
compared with that in the bulk of the solution. Agreement between experimental
and theoretical results has been very good in some cases and poor in cthers. The
widest discrepancies have occurred with solutions of surface active agents. Dis=
crepancies may be due to a difference betwsen the actual molecular condition of
the system being measured and our concept of that system. Lack of agreement be-
tween theory and experiment may also arise from a neglect to consider other vari-
ables (such as electrical variables, etc.) which may affect the system. In any
event, -the qualitative relationships among surface tension, adsorption, and con-
centration which are implicit in the Gibbs equation have never been seriously
questioned, In effect there is a layer in the surface region which is far rich-
er than the interior in solute molecules. In the case of surface active agents,
this adsorbed layer is equivalent to a film of solute molecules in the surface.

Surface films of insoluble substesnces have received considerables attention
and a brief review of the pertinent facbors is presented. Soms of these consider-
ations may be applicable to this study. Films have been classified as followse
(1) Gassous films, in which the molecules are separate and move sbout independ-
ently. The lateral adhesion is very small. (2) Condensed films, in which the
molecules are closely packed due to strong lateral adhesion. The melecules are
usually normally oriented to the surface. {(3) Liquid-expanded films, which are
still coherent but less so than the condensed films. (L) Vapor-expanded films,
which are mors coherent than the liquid-expanded, but less cohersent than the
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gassous £ilms.

The vapor-expanded end liquid-sxpended filus represent intermediste degrees
of lateral cohesion emong the surface molecules. The same spreading substance
can somebimes form different types of film ab different temperatures. Further-
more, cne type of film may be transformed into enother type in the same menner
that ordinary phase changes teke place in ithree dimensions. Chenges in the Lype
of film may often be brought about by adding a second insoluble film-forming
component to the material which is alresdy spread.

Gondensed films are often characterized by heving their molecules oriented
normal to the surface pleans. In gaseous films, howsver, most of the evidence
indicates that the molscules Llie flat in the surfece and have random orientabion.
Studies in the hemologous series of straight-chain fatby acids illustrate the
trensgition from gaseous %o condensed films as The molecular wsight increases.

It may be noted at this point that the sdsorbed surface laysr of solute molecules
in solutions of positively adsorbed solutes, including surface active agents, u-
sually exhibits the structure of a gaseous monofilm, l.8. the molscules lis flat
in the surface and have rendom orientabiom.

The main theoretical relationship betwsen the study of movofilms and surface
active agents is established by the high degree of surface adsorption of the
latter., The relatively dense adsorbed layer is in effect a monofilm. In most
cages of dilube solutions at the air-solution interface, this film is of the
gasesous btype and it is inadvigable to sssume sny high degrese of orientation or
any strong laberal adhesiom. The film can and does affect the free surface ene
ergys, viscosity, opbical properties, snd surface potential. Although the ad-
sorbed surface films of most solubls surface active agente are of the gaseocus
type, condensed films have been observed. In general, gaseous films ars chare-
acterized by large areas snd low pressures, while the condensed film is marked
by the large pressures snd small arsas. The intermediate zons covers the
liquid-expandsd and vepor-expended films and the verious reletions showa in
this figure are dus to chenges in temperature, concentration amd molecular
structurs.

The sclutions of surface active agents are charactsrized by a uwnique btype
of colloidal system In which aggregates form by the association molecules and
ions. These aggregates or micelles begin to form in significent quentity only
when a definite concentration value or rangs is reachsd, ususlly referred to as
the criticel micelle concsntration. Below this concentration, the solution is
ionic. Over the relatively short range of micelle formation, changss take place
in the physical properties of the solubion, such as conductivity, density, freesz-
ing point, viscosity and surface btensiom. The concentration et which this change
takes place i1s dependent upon the chain length of the surface active substance.
Experimental dabta furthsrmore, indicates that the nature of the micelle changes
with increasing concentration.

Burface active agen®ts produce chenges in the vigcosgity of the solubion and
in perticular, in the surface wviscosity. Lt is probable that any chenge in the
viscosity affects the diffusion coeffisient of the ges in the liquid. Viscosziby
relationship sre defined for the compressed film bubt vot Tfor the gassous films.
Since most debergent solubtions are of this typs, there is no general relation-
ship availlable bebwssn the consentration and viscosiby or diffusivity.



Theoretical Development

Based on the assumption that the diffusion is molecular in nature through a
very thin film at the liquid~air interface, it follows that substances which con=-
centrate at the interface interfere with the transfer of gas from the atmosphere
to the liquid.

It is assumed that such substences have a two=fold effect on gas transfer by
virtue of their effect on: (1) the diffusion coefficient, which is reduced with
increasing concentration because of the change in the surface or bulk viscositys;
(2) the film thickness, which varies with the excess surface concentration. Since
a defined surface film exists in solutions of surface~active substances, some form
of Equation (3) may be assumed as an appropriate model. In sccordance with this
model end the mbove assumptions, the reduction in the transfer coefficient varies
inversely as the diffusion coefficient and directly as the excess surface concen=
trations

A K o £§ (6)

It is assumed that the diffusion decrsases with concentration of surface
active agent as follows:

D = Fe™P (7)
in which F = constant

c = concentration of surface active agent

b Z exponent

Substituting for M its value from the Gibbs equation (Equation 5) and for DL

its value as given by Equation (7) and combining constants and exponents, the
following equation is obtained:

AK = -Bo® (8)
de
in which MAK = KomKC = chenge in transfer coefficient
K, = coefficient at zerc concentration
K, = coefficient at concentration ¢
B = constant (for a given temperature)
m = exponent = b <+ 1

Depending on the relationship between the concentration and surface tension, d¥ / de
will have various forms. A relationship between these variables cannot as yet be
expressed as a general equation valid for all solutes, although many empirical re-
lationships (12) have been proposed.

A function which defines the surface tension data of the soluticns dealt with

in this work iss

&z - fX-x]z-z 00 (9
do \



in which surface tension

4]

w= limiting surface tension

concentration of surface active agent

i

constant

1]

B E o ;q x <
1

B

exponent

From a preliminary analysis of the solutions investigated in this work it
appears that the exponent m has & value of either 1 or 2. The vast majority of
the substances tested in this work or reported elsewhere are correlated with m = 2.
Only this condition, therefore, is considered in the following development.

Equation (9) integrates to for m = 2:

1 = fpet+ 1, © (10a)
Y Yo .
Rearranging terms, there results:
¥ = Yo {10p)
fchEP + 1
Substitution of Bquation (9) for m = 2 in Equation (8) yields:
AKX = Béfzcm[x -X.;IZ = Bzfzcm,Vz . {(11)

The final form of the equation is obtained by substituting Equation (10b) in
Equation (11) end rearrenging terms:

2. m
Bofo Y o ¢
Kz K — 22707 {12)
o] o] ] 2
in which T o= X~ Xa
Xo = gsurface tension of water

The constants A and f are related to the nature and type of surface active sub-
stance. The constent f may be determined from published surface tension data or
from laboratory measurements and the conshent A from the experimental date of the
aerabien runs.

A graphical interpretation of the mathematical development is shown qualita=-
tively in Figure 1. The first plot shows a typicel relationship between the sur-
face tension and the concentration of surface active agent., Assuming a functional
relationship as indicated by Equation (9), it follows mathematically that the ex-
cess surface concentrabion takes the form shown in the second plot. 1t is empha=
sized that this is strictly a mathematical interpretation of the Gibbs eguation.
From the viewpoint of the simple surface active agent, this representation may be
assumed since most investigators have found that the concentration of the simple
agent decreases!with increasing total concentration. There is ne doubt that the
viscosity and particularly the surface viscosity increases with increasing bulk
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concentration of surface active agent, which results in a decrease in the value
of the oxygen diffusivity. There are many possible mathewmatical relationships
between concentration of agent and diffusivity, and the power form of Equation (7)
is one which is assumed to define the relationship shown in this figure.

It follows mathematically from these assumptions that the transfer coefficient
varies as shown. It may be observed that the minimum value of this coefficient is
displaced from that of the maximum excess concentration, Furthermore, the trans-
fer coefficient does not return to its original value in water at higher concen-
trations. Both of these effects are due to the assumed variation in diffusion
coefficient. As a matter of fact, the transfer coefficient may decrease again with

further increase in concentration.



Experimental Apparatus & Procedure

The experimental procedure consisted in determining the reaeration coefficient
in pure water and in solutions of various concentrations of detergents. The appac
ratus consisted of a lettice work oscillabting vertically in simple harmonic motion,
which caused a uniform degree of turbulence throughout the sclution. The lattice
work comslsted of two layers of screening placed one on top of the other such that
the openings of one was bisected by the wiring of the other. The screening was
1/L" in diameter with L 3/L"% of water depth, containing 1600 ml of solution. 4&n
operating speed of 82 strokes per minute was employed, which was induced by a gear=
reduced motor. The motor speed of 1750 rpm was reduced to approximately 200 rpm,
which in turn was further decreased to 82 rpm by means of & pulley and belt ar-
rengement. The amplitude of the oscillabing grid was approximately equal to the
depth of the water, which insured a uniform concentration of dissclved oxygen through-
out the depth. A volume of solution was used such that a cover of l/h ineh of fluid
above the uppermost position of the grid was sffected. With this condition no sir
bubbles were introduced and oxygen was transferred only through the water surface ex-
posed to the atmosphere. The test temperature was held constant at 25°C <& 0.59C by
a constant-temperature bath in which the cylinders were immersed.

A second experimental apparatus was also employed in which agitation was in-
duced by means of a propeller which was attached to a shaft of a varisble speed
motor. The test cylinder contained about 1600 ml. The submergence of the liquid
over the propeller at rest was L inches and spproximately 1 inch during rotation.
The speed of rotation was 750 rpm.

The reseration coefficient was determined by means of the non=-steady condition,
as indicated in Equation (1). The values of dissolved oxygen concentration required
for this calculation were measured polarographically. The following surface = active
substances were used in seolutions of various concentrations for which the reaeration
coefficient was measureds sodium lauryl sulfate, peptone, caproic and heptanoic
acids, Solutions of potassium chloride and magnesium carbonate were also tesbed.

The selected substances were dissolved in distilled waber to obtain stock solutions
of high concentration. Appropriats amcunts of the stock sclubion were then added to
deaerated distilled water to obtain the desired concentrations. The procedure of
adding the solute to the deasrated water was found necessary since with most surface
active substanceg, foaming . = > e4 > when the sclution was subjected to a nitrogen
purge. The test cylinder with this sclution was placed in the experimental apparatus.
The initial sample was then taken. After the polarographic scale reading wasg records=
ed, the ssmple was returned to the test cylinder. Careful technique in the removal
and the return of the sample was observed; so as not to introduce oxygen into the
solution. After reburn of the initial sample, the grid or the propeller was placed
in operation. At specified time intervals, usually between 5 and 10 minutes, the
grid was stopped and a sample was removed. After the reading, the sample was re-
turned and the procedure repeated. The time required to obtain a reading is so

short that the amount of oxygen absorbed by the solution or the sample is negligi-
ble., The length of the test run was usually in the order cof 30 to U0 minutes, which
resulted in approximately 60% replacement of the dissolved oxygen.

This procedure was modified in cased where either low concentrations or non-
ionizable materials required the addition of electrolyte to the sample. Replenish-
ment of the test volume was then made by mesns of a fresgh semple of the estimabed
mean disgolved oxygen concentration. FPolarcgrams for sach sclution were measured
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and appropriate volitage values used. A 0.6 voltage was suitable for most solutions.

Knowledge of the saburation values is required in the calculation of the reae-
ration coefficient., The procedure for the laboratory determinstion of the satura=
tion values is as fellowss

1,
26

3.

L.
5o

60

A large volume of distilled water was asrated for a period of 12 to 2L hours.

Three samples were siphoned from the volume intoc 300 ml DU bettles and
allowsd to stend for 10 to 15 minutes.

An eppropriate amount of solute was added in highly concentrated form to
obtain the desired conceniration to two of the bottles. The botiles were
stoppered and shaken to insure complete mixing.

The bottles were opened and allowed to sband for 10 to 15 minutes.

The dissolved oxygen concentration was measured in each of the 3 bottles,
employing the Winkler procsdure. These values indicated the effect the
substance has on the saturation velue at the given concentration,

The above testing was performed over the rempe of concentrations expected
in the laboratory runs.

In order fto measure dissolved cxygen values accurabely, it is necessary to cal=-

ibrate

the polarograph daily for each solution employed. This procedure is as

follows:s

1.

26
36

o
Se

6.

Three to five samples of distilled water were prepared, approximately
2000 ml in volume, each sample having a concentration of dissolved oxygen
between 1 snd 2 ppm apart. A nibrogen purge of varying duration was used
to obtain this range of D¥ concentration.

A water sample from sach 2000 ml flagk was placed into 3-300 ml IO bobtles.

The solute was added to obbain the desired concentration tc all the botiles,
which were stoppered and shaken.

For each seriss of 3 bottles, the DO in one samples was measured polaro-
graphically and the Winkler method was employed on ths cther two,

The Winkler IX values were plotted against the polarcographic scale readings,
which points defined a straight line.

Saturation values were alse debermined polarographically in saturated
samples.

Values of surface tension were determined by means of a Cence du Nouy Tensio-

meter.

Surface tension measurements were mede on the solutions which were tested.

A period of a few minubtes was allowed before measurements were made in order +o
achisve equilibrium., These values were then checked after a period of approximately
30 minutes.



Discusgion of Results and Procedures

The experimental apparatus which was first employed proved toc be un-
satisfactory because reproducible results were difficult to achieve. The
second device, simpler in comcept, proved to be more consistent in this
regard. Consequently most of the %est work was performed with the pro=-
peller apparatus. The advantage of the first apparatus is that the fluid
turbulence parsmeters could be more directly correlated to geometric and
dynamic characteristics of the mechanism and grid. For this reason, con=-
gideration.is still being given to this apparatus and it is hoped that
future work may be done with it. For the present, the propeller device
will be used and one of the next steps is to investigate the effect of
varying speeds on the reduction of the transfer coefficient.

It was noted above that the values of static surface tensions were
employed in the correlation of the data in accordance with the equations
which were developed. It appears that the dynamic surface tension is a
more representative characteristic of a fluid system which is subjected
to agitation. There is little evidence of the existence of thick orien=-
ted films at surfaces which are in rapid motion. Films subjected to
motion or agitation are swept away and thinned to relatively fine layers.
Therefore, it appears that films which may be regarded as condensed in
the gtatic sense could be gaseous in the dynamic state provided the fluid
agitation is sufficient. This condition alsoc has a bearing on the time
required for static equilibrium of the surface. In some cases, this time
is in the order of hours. In most cases, however, the order of magnitude
is seconds or minutes. It is pertinent to observe that average times of
renewal in the transfer equation is the same order of magnituds. A com~
parison of these time periods and the associated effect on the transfer
process should be very informative.

A further difficulty encountered was in the measurement of surface
tengion. The values given in the literature for such substances as
heptanocic and caproic acids could not be checked by the methods employed
in this work. It was concluded that the wvalues reported in the litera-
ture were for highly purified compound, while those used in this work
were laboratory reagent grade, not necessarily of the same degree of
purity, Furthermors, certain substances such as peptone were eliminated
becauge of their erratic composition and surface tension values.
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Analysis of Data

The reseration coefficient was determined by means of Bquation (1). The labo=
ratory data of dissclved oxygen concentrations with the associsted times of aera-
tion end the saturation values of oxygen in the various solutions are employsd in
this calculation., The DO deficits were plotted on a lggarithmic scale versus an
arithmetic scale of time. The expsrimental points define a straight line, which
was drawn by eye. The slope of this line is a direct measure of the reseration co-
efficient as followss

D
K =z Llog S
% Dy,
in which E = reassration coefficient
t = elapsed time
D =~ IR deficit at zere time
Dt Z DO deficit afber time, t.

For each substeance tested, there was svailable the reseration coefficient and
the surface tension at varicus concemtrations. The snalysis procesded as followss

1.

2,

3o

It is first necessary to assume a value of the limiting surface tension, if
Thig is not availeble from the laboratory data. This walue is then sub-
tracted from each of the measured surface tensions. The reciprocal of this
difference is pleotted against its associated concentration, in accordance
with the BEquation (10a). The linearity of this plot confirms the use of
this equation to define the surface tension - concentration relationship.
The value of the consbtant, f,, is messured from the slope of this line,
With the exesption of caproic acid, all of the substances tested in this
work were correlated by means of squation,

Based on the relationship, as determined in step 1, the surface tensions
are calculated for each concentrabion. The ratic of AKX over (.- X.)2 is
plotbed against its associated concenbtration on log-log paper in accordsnce
with Equation {11). A line is £it by eye, from which the power, m, of ths
concentration and the combined constant Byfy are determined. Mn example of
this correlation is shown in Figurs 2.

Egquation (12) may now be used directly to calculate the transfer coefficient
for various concentrations of surface active agent. These results are come=

pared to observed date end this comparison is shown graphically in Figure 3.
Also indicated are the obsgerved surface tension dsta and the calculabed line
from Beuation {100).

Extensive work was conducbed on varicus concenbrations of sodium lguryl sulfate.
Since these experiments were performed with the first test spparatus, repreducibile
ity was difficult to aschieve. To indicabe the variation of the transfer at one
specific concentration Figurs L is presented. ALl concentrstions showed comparable
variations. In spibe of this condition, the average value of the transfer coeffi-
cient at sach concentration indicated the tread of a reduction and a subsequent rise
in the value of the cosfficient, as shown in Figure 5.
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The data collected on caproic acid also showed the general pattern of chenging
coefficient, as shown in Figure 6, Since these were preliminary tests, the data
on both caproic acid and sodium lauryl sulfate were nct snalyzed as described above,
but the data presented to indicate the order of magnitude of the reduction in

transfer.

The date for pepione showed a constant value for the reaseration coefficient at
low concentrations up to 200 ppm and evidenced a slow decrease after this point.
"At a concentration of 2500 ppm, ne rise in the curve was evident. The reaeraticn
data for the solutions of potasgsium chloride and magpnesium carbonate indicated
slight changes. The differences, however, were not sufficiently significant to

draw any conclusions.

Data from snother source (6) were also available to test the proposed hypo=
thesis. These experiments were conducted in order to determine the effects that
surface active agents have on the carbon dioxide transfer coefficient. Since car-
bon dioxide is a sparingly soluble gas, like oxygen, the hypothesis may be assumed
to apply. The data were analyzed as described in steps 1, 2 and 3. The comparison
between the calculated and observed values of the transfer coefficient and surface
tension for different flow conditions is shown in Figure T for various concentra-=
tions of the commercisl detergent, Tespol.



mlha

Conclusions and Future Work

From the results of this and other studies, the following conclusions may be
drawns :
]
1. The addition of surface active apgents caugses a reduction in the oxygen trans-
fer coefficient in surface aeration to a minimum value. Further addition
causes & rise in curve to a value which approaches that of pure water.

2. This phenomenon may be related to the excess surface concentration as define
ed by the Gibbs absorption equation and to the variation of the oxygen dif=-
fusion coefficient, sach of which may be expressed as functions of bulk con-

. centration of surface active agent.

3. The proposed hypothesis provides some insight into the nabure of this inter-
ferenca. The equations, which are developed from the hypothesis, agree
reasonably well with the experimental data.

s Further work should be conducted covering a wide range of substances to
verify the hypothesis proposed in this work.

In the future, it is planned to investigate:

1. A series of substances, which are of the basic components of commercial
detergents.

2. A homologous series of organic compounds, which are surface active.

3. The effect of various degrees of agitation on the process in conjunction
with 1 and 2. '
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FOREWORD

As part of the Great Lakes Basin Commission's Great Lakes Environmental
Planning Study (GLEPS), a variety of alternate control strategies for re-
ducing pollutant inputs to the Great Lakes have been studied and their
cost-effectiveness compared. Further, the probable response of the Great
Lakes system to these alternative strategies has been sought. An effective
way of assessing this response is through mathematical models. Therefore,
a detailed evaluation of models that have been developed for understanding
or managing Great Lakes waters was conducted early in the GLEPS study.
Since then, additional reports on specific models either have been or will
be prepared.

This report constitutes a contribution to the subregional model section
of GLEPS. It documents the development and calibration of what is probably
the most sophisticated model of any Great Lakes embayment. The model
addresses the relationship between nutrient input reductions and biological
changes, particularly the change in phytoplankton biomass. The model has
already found practical application in the negotiations of the 1978 Water
Quality Agreement between the U.S. and Canada where it was used to estimate
phosphorus loads necessary to achieve alternate water quality objectives
for Saginaw Bay. It is hoped that publication of this report will assist in
the wise management of Saginaw Bay and the Great Lakes ecosystem in general,
as well as provide scientific insight on processes affecting phytoplankton
dynamics.

William C. Sonzogni, Ph.D.
Director, Scientific and

Technical Assessment
Great Lakes Basin Commission Staff
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ABSTRACT

A multi-class, internal nutrient pool, phytoplankton simulation model
was developed and applied to an extensive set of field data acquired in 1974
on Saginaw Bay, Lake Huron. Phytoplankton biomass was partitioned into five
functional groups: diatoms, greens, heterocystous blue-greens, non-hetero-
cystous blue-greens, and "others". The nutrients included in the model were
phosphorus, nitrogen, and silicon. The model was applied to a single
spatial segment encompassing the inner portion of Saginaw Bay.

To supplement the results of traditional chemical and biological mea-
surements, an extensive series of phytoplankton cell volume measurements
and zooplankton dry weight measurements were conducted at the species level
to provide data for comparison with model output. These data provided addi-
tional insight into the biological dynamics of Saginaw Bay, quite apart from
their use in the model calibration.

Component analyses were conducted to determine the relative importance
of temperature, Tight, and nutrients in controlling phytoplankton growth
rates. Results indicated that temperature and light were relatively more
growth rate Timiting than nutrients. In an average sense, results indicated
that nitrogen was relatively more growth rate limiting than phosphorus over
the annual cycle. Further analysis indicated that there were important
differences among individual phytoplankton groups. At various times, and
for various phytoplankton groups, phosphorus, nitrogen, and silicon were all
important in limiting either the rate of growth and/or the maximum sizes of
the phytoplankton crops.

Component analyses were conducted to determine the relative importance
of phytoplankton Tloss processes. The results indicated that non-predatory
death processes were very important, especially for blue-greens. Grazing
was the most important loss process for diatoms and green algae during the
July-August period. '

Model results confirmed the soundness of pursuing a strategy of phos-
phorus control to reduce excessive phytoplankton growth in Saginaw Bay. Re-
sults were consistent with the hypothesis that while nitrogen and silicon
were important in phytoplankton-nutrient dynamics, the supply of phosphorus
will ultimately determine the size of the nuisance blue-green component of
the total crop because No-fixing blue-greens do not have absolute require-
ments for dissolved nitrogen and silicon.

An analysis of phytoplankton-phosphorus dynamics indicated that phos-
phorus requirements of spring and fall diatom crops were satisfied primarily

111



by external loading; phosphorus requirements of summer blue-green crops were
satisfied primarily by recycle processes within the water column. Upon cell
death, direct nutrient recyclie to the available compartments in the water
column from excess internal phytoplankton stores was extremely important for
both phosphorus and nitrogen.

An extensive series of sensitivity analyses was conducted with the
calibrated model. These analyses included systematic variations to exter-
nal forcing functions, phytoplankton growth rates, and other rate coeffi-
cients in the model. Results were expressed in terms of percent changes
in phytoplankton peak concentrations and annual integrated gross produc-
tions, relative to the final calibration.
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SECTION 1
INTRODUCTION

This project was initiated as part of the Upper Lakes Reference Study
(ULRS) sponsored by the International Joint Commission (IJC). The princi-
pal goal of the ULRS was to acquire baseline data on water quality condi-
tions in Lake Superior and Lake Huron. Saginaw Bay is an important com-
ponent of the Lake Huron system and is one of the most highly enriched
bodies of water in the Laurentian Great Lakes. The development of water
quality models on Saginaw Bay was closely coordinated with comprehens1ve
field and laboratory experimental studies.

The principal issue addressed in the model development effort was cul-
tural eutrophication, defined as overproduction of phytoplankton biomass due
to increased nutrient loadings as a result of man's activities in the water-
shed. The purpose of the modeling effort was to develop a deterministic
phytoplankton simulation model that could describe the cause-effect connec-
tion between external nutrient loading and phytoplankton growth in Saginaw
Bay. The objectives were twofold: first, to gain insight into the relevant
physical, chemical, and biological processes affecting phytoplankton growth;
and second, to use the model as a tool for comparing future effects of
various wastewater management strategies.

This report constitutes a documentation of the model development and
calibration phase of the project using a spatially simplified version of the
model. The model was calibrated to a comprehensive set of field data ac-
quired during 1974 on Saginaw Bay. Ongoing efforts involve the calibration
and verification of a spatially segmented version of the model to two in-
dependent sets of data acquired on Saginaw Bay during 1974 and 1975. This
more advanced version of the model will be used to generate a set of revised
predictions corresponding to expected reductions in external phosphorus
loads. Subsequently, these a priori results will be compared to the outcome
of a follow-up field survey to be conducted in 1980 on the Lake Huron-
Saginaw Bay system

The emphasis in the present report is on the research aspects of the
model development and calibration. 1In this context, model development is
seen as providing a quantitative framework for organizing and interpreting
experimental data. The calibrated model is seen as providing a tool for
testing different hypotheses on a whole-system scale.



SECTION 2
CONCLUSIONS

As a result of this phytop]ankfon modeling study of Saginaw Bay, the
following conclusions were drawn:

1.

The feasibility of applying a sophisticated, multi-class, internal
nutrient pool kinetic model to an actual physical system has been
demonstrated.

The model development effort was responsible for stimulating
several important by-products as a result of model requirements

for experimental data. Chief among these by-products was an exten-
sive set of phytoplankton cell volume measurements at the species
lTevel which was required to provide calibration data for model
output. These data constitute an independent set of measurements
for phytoplankton abundance in Saginaw Bay, in supplement to
traditional measurements of chlorophyll concentrations. Valuable
new insights were gained by comparing and contrasting these two
data sets.

Model results indicated that temperature and 1ight were the domi-
nant factors controlling phytoplankton growth rates in Saginaw
Bay. Most of the difference between maximum theoretical growth
rates and actual specific growth rates was due to non-optimal
temperatures and vertically-averaged, non-optimal Tlight inten-
sities that usually existed in the water column.

Results indicated that grazing was the most significant loss process
for diatoms and greens during the July-August period. Grazing ac-
counted for 25 to 70 percent of total losses for diatoms, and 40 to
70 percent of total losses for greens during this period.

Results of component analyses for phytoplankton loss processes indi-
cated that non-predatory death processes were important, especially
for blue-green algae. Respiration, defined as population losses due
to self-maintenance requirements, accounted for 15 to 50 percent of
total losses for diatoms and greens, respectively, and 20 to 65 per-

‘cent of total losses for blue-greens. Decomposition, assumed to be

principally mediated by bacteria, accounted for 25 percent of total
losses for diatoms and greens, and 40 percent of total Tlosses for
blue-greens during periods of peak biomass.



In an average sense, model results indicated that nitrogen was re-
latively more growth rate limiting than phosphorus over the annual
cycle. -Further analysis of results indicated that important dif-
ferences occurred among individual phytoplankton groups. Results
for diatoms indicated that nitrogen was rate limiting for most of
the year; however, phosphorus, nitrogen, and silicon were equally
rate Timiting in mid-May, and extreme silicon limitation occurred
from mid-May to the end of June. Results for-greens and non-No-
fixing blue-greens indicated that nitrogen was relatively more rate
limiting than phosphorus for the entire year. Results for No-
fixing blue-greens indicated a shift from nitrogen limitation to
phosphorus Timitation during the period of minimum dissolved avail-
able nutrient concentrations in the water column.

Results of sensitivity analyses for nutrient recycle, and results

of nutrient Tload reduction simulations, confirmed the soundness of
pursuing a strategy of phosphorus control to reduce excessive phyto-
plankton growth in Saginaw Bay, especially the nuisance blue-green
component of the total crop. Results of the load reduction simula-
tions indicated that blue-green production responded to a much
greater degree than diatom production for a given change in phos-
phorus load. Results of the sensitivity analyses indicated that
nitrogen control in the absence of phosphorus control would in-
crease the production of No-fixing blue-green phytoplankton.

Results of an analysis of phytoplankton-phosphorus dynamics indi-
cated that external nutrient loads satisfy most of the phytoplankton
growth requirements during the early and latter parts of the year,
and that nutrient recycle satisfied most of the phytoplankton growth
requirements during the third quarter of the year. The most impor-
tant recycle mechanism for phosphorus and nitrogen was direct re-
cycle from the excess intracellular pools upon cell losses due to
grazing, respiration, and decomposition. Recycle as a result of
respiration and decomposition losses alone contributed 70 percent of
the nutrient requirements for growth of blue-green algae during the
month of August.

An extensive series of sensitivity analyses was conducted with the
calibrated model. One of the most significant results was the ex-
treme sensitivity of the phytoplankton to variations in the light
extinction coefficient in the water column, and the relative in-
sensitivity to variations in incident solar radiation. In general,
the phytoplankton were sensitive to variations in maximum growth and
ingestion rates for the phytoplankton and zooplankton, respectively,
and to varijations in the associated half-saturation concentrations.
The phytoplankton were more sensitive to variations in zooplankton
assimilation efficiency and phytoplankton respiration rate than to
variations in any other loss-related parameters. It was significant
that the phytoplankton were relatively insensitive to variations in

- the conversion rates from unavailable to available nutrient forms in

the water column. This result was most probably due to the rela-
tively short hydraulic detention time of the bay.
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SECTION 3
RECOMMENDATIONS

Based on the results and conclusions of this phytoplankton modeling
study of Saginaw Bay, the following recommendations are made:

1.

Measurements of phytoplankton cell biovolumes at the species level,
and quantum measurements of underwater 1ight intensities should be
conducted on a routine basis as part of the Great Lakes surveillance
program.

Research is needed on phytoplankton-nutrient kinetic interactions at
non-optimal temperature and Tight levels. Temperature and light are
usually the principal factors controlling phytoplankton growth rates
in natural systems; however, most present phytoplankton-nutrient
kinetics research is conducted at optimal temperature and light
levels.

Research is needed to better understand and quantify non-predatory
death processes for phytoplankton.

Research should be continued with a spatially segmented version of
the model. The field data show that there are strong horizontal
gradients within the inner portion of Saginaw Bay. The present
spatially simplified model does not describe any of these vari-
ations, nor does it describe any of the strong horizontal gradients
between the inner and outer portions of the bay.

The Saginaw Bay system should be used as a case study for inter-
comparisons of different types of phytoplankton models. -Saginaw
Bay is a highly complicated system, but is of manageable propor-
tions. The existing data base is sufficiently comprehensive to
provide calibration data for any existing phytoplankton simulation
model.



SECTION 4
BACKGROUND

This section contains a brief summary of those background aspects of
Saginaw Bay that are germane to the model development effort. Refer to
Freedman (1974) and Bratzel et al. (1977) for more comprehensive information
on existing conditions and historical trends. Detailed results of the field
surveys that were conducted on Saginaw Bay as part of the ULRS are contained
in separate project reports by Smith et al. (1977), Stoermer et al. (1979),
and Gannon and Bricker (1979).

Saginaw Bay is a broad, shallow extension of the western shore of Lake
Huron (Figure 1). The bay is oriented in a southwestward direction and is
approximately 82 km Tong and 42 km wide. For convenience, Saginaw Bay is
usually divided into the indicated inner and outer portions. These por-
tions are approximately equal in surface area; however, only 30 percent of
the total water volume is contained in the inner portion. Average depths of
the inner and outer portions are approximately 6 m and 15 m, respectively.

The total area of the Saginaw Bay watershed is approximately 21,000
km2. The Saginaw River is the major tributary, accounting for over 90
percent of total tributary inflow to the bay. The principal land use cate-
gories in the watershed are agriculture and forest. The total population of
the watershed is slightly over 1.2 million. Most of the population is con-
centrated into four major urban-industrial centers in the State of Michigan:
Bay City, Midland, Saginaw, and Flint. These centers are all situated along
the Saginaw River or its major tributaries.

The principal water uses in Saginaw Bay include municipal and industrial
water 'supply, waterborne transportation, recreation, commercial fishing, and
waste assimilation. These uses are severely impacted by considerable quan-
tities of waste discharges and runoff to the bay as a result of human activ-
ities in the watershed. Saginaw Bay has been identified by the IJC as one
of 44 Great Lakes "Problem Areas" (Great Lakes Water Quality Fifth Annual
Report - Appendix B 1977).

Taste and odor and filter-clogging problems experienced by municipal
water treatment plants on Saginaw Bay are of principal importance to the
present study. Measurements of threshold odor and phytoplankton cell num-
bers were conducted on a daily basis at the Saginaw-Midland Water Supply
System intake from November 1973 to October 1974 (Chartrand 1973). This
intake, located in the outer portion of the bay, accounts for over 80 per-
cent of the total municipal water supply. Forty-two percent of threshold
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Figure 1. Saginaw Bay and its watershed.
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odor numbers were found to be equal to or greater than the U.S. Public
Health Service standard of 3. Statistical analyses of these data revealed
a strong correlation between threshold odor number and phytoplankton cell
number concentration, particularly for the blue-green component of the total
crop as represented by the alga Aphanizomenon at the intake site (Figures
2-3). Bratzel et al. (1977) suggested that high threshold odor numbers ap-
pear to be due to the products of decomposition of algal biomass by Actino-
mycetes (aquatic fungi) and by the Aphanizomenon themselves.

One of the principal reasons for pursuing the development of a multi-
class phytoplankton model on Saginaw Bay, as opposed to a conventional
chlorophyll-based model, was to directly address water use interferences
caused by the blue-green component of the total phytoplankton crop. Dolan
(1977) showed that there was a statistically significant correlation between
measurements of blue-green algae concentrations in the inner bay, and
measurements of threshold odor at the Whitestone Point intake in the outer
bay. Even though the Saginaw-Midland intake is located in the outer bay,
Paul (1977) showed that blue-green algae produced in the inner bay and
transported by water movements to the outer bay are responsible for taste
and odor problems at this intake.

6.0
ODOR vs. SUM OF APHANIZOMENON AND SEP
— DIATOM NUMBERS

’ “November, 1973—Qctober, 1974

THRESHOLD ODOR NUMBER

ODOR =4.33 X 103 SUM + 0.766
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MILLILITER (X 1072)

Figure 2. Statistical correlation between threshold odor and phytoplankton
cell number concentration at the Whitestone Point water intake.
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SECTION 5
MODEL DEVELOPMENT

INTRODUCTION

This section contains a description of the various processes and me-
chanisms included in the model. Emphasis is placed on conceptual develop-
ment. The actual equations for all state variables are contained in Appen-
dix A. References to these equations are made throughout the text, as ap-
propriate. Appendices B through D contain tabulations of model coefficients,
initial conditions, and forcing functions. The information contained in the
appendices is sufficient to reproduce any of the results in the report.

- RATIONALE AND APPROACH

. Phytoplankton dynamics is a function of temperature, light, nutrients,

zooplankton grazing, system morphometry, and hydrography. It is not pos-
sible to simulate all of these dynamic processes to their ultimate Tlevel of
detail. An intractable computational problem would result and, assuming
solutions could be obtained, the output of such a simulation would be in such
complex terms that the desired information would be impossible to understand.
Judgements must be made regarding the level of resolution of phytoplankton
biomass, the principal nutrients, and the space and time scales to be simu-
lated. These judgements must be made within the context of the purposes for
which the model is being developed, and within the state of our knowledge of
the processes to be simulated.

Although the present model was developed for Saginaw Bay, an attempt was
made to structure its mechanisms in a general fashion so that it could be ap-
plied to other physical systems, particularly Great Lakes systems. A pre-
lTiminary application of the model has been made to data from the Inter-
national Field Year for the Great Lakes (IFYGL) on Lake Ontario (Bierman,
unpublished results).

Phytoplankton

Phytoplankton biomass, on the basis of dry weight, was resolved into
five functional groups: diatoms, greens, heterocystous blue-greens, non-
heterocystous blue-greens, and "others" (Figure 4). The latter category
includes primarily dinoflagellates and cryptomonads. Heterocystous blue-
greens consist of those species capable of fixing atmospheric nitrogen, as
well as using dissolved combined nitrogen. Non-heterocystous blue-greens
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consist of those species which have an absolute requirement for dissolved

combined nitrogen. Throughout this report, these two groups of blue-green
algae will be referred to as "Np-fixing" and "non-No-fixing" blue-greens,

respectively.

The principal reason for this multi-class approach was that there are
important physiological differences among the five groups. Diatoms are the
only group with a major absolute requirement for silicon. The Np-fixing
hlue-greens are the only group which can grow independently of the supply of
dissolved available nitrogen, defined as the sum of ammonia, nitrate, and
nitrite. The relative maximum growth rates and temperature optima among the
groups are such that a typical successional pattern during the growing season
begins 1in spring with diatoms, progresses to greens and "others", and finally
leads to the development of blue-greens in late summer and fall. An impor-
tant characteristic shared by all of the groups is an absolute requirement
for phosphorus.

Another important basis. for differentiation was that diatoms, greens,
and "others" are grazed by zooplankton and blue-greens are not significantly
grazed. Freedom from grazing can frequently contribute to blue-green algae
forming objectionable floating scums.

The above differences among the five functional groups are directly re-
Tated to important jssues in the Great Lakes. Schelske and Stoermer (1971)
hypothpswzed that increasing silica depletion in Lake M1ch1gan will lead to
a species shift from diatoms to green and blue-green algae. Vanderhoef et
al. (1974), and Mague and Burris (1973) reported the occurrence of No fixa-
Tion in Green Bay and the Western Basin of Lake Erie, respectively, when
dissolved nitrogen levels became extremely low. As 1nd1cated previously,
taste and odor problems in Saginaw Bay are strongly correlated with the blue-
green component of the total phytoplankton crop. These issues can only be
directly addressed using a model which partitions phytoplankton biomass into
separate functional groups.

Nutrients

The nutrients included in the model are phosphorus, nitrogen, and sili-
con. These are generally considered to be the most important nutrients
Timiting growth rates and maximum sizes of phytoplankton populations in
natural waters. Schindler (1977) re-emphasized the importance of phosphorus
as a limiting nutrient. He hypothesized the existence in lakes of biologi-
cal mechanisms which are capable of correcting algal deficiences of carbon
and, at least in some cases, of nitrogen. On the basis of bioassay experi-
ments with natural populations, Schelske et al. (1978) reported that phos-
phorus is_.the principal growth-1limiting nutrient in all of the Great Lakes
except Lake Erie. 1In Lake Erie, an oversupply of phosphorus leads to severe
depletion of dissolved nitrogen. In Saginaw Bay, the fimportance of silicon
is indicated by its severe depletion during the spring phytoplankton peak
(Smith et al. 1977).

ATthough carbon constitutes a larger proportion of phytoplankton biomass
than either phasphorus or nitrogen, carbon is not included explicitly in the
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model. Considerable evidence that carbon is rarely growth-limiting has been
obtained in the in situ work by Schindler et al. (1973a, 1973b) in Canadian
Shield lakes, and in the laboratory experiments by Goldman et al. (1974).

Phytoplankton have absolute requirements for small quantities of many
other nutrients besides phosphorus, nitrogen, silicon, and carbon. Goldman
(1972) reviewed the role of micronutrients in limiting the productivity of
aquatic systems. He concluded that it is unusual to find significant defi-
ciencies of micronutrients in eutrophic lakes, but that such deficiencies
are more common in oligotrophic Tlakes.

The actual complexity of phytoplankton nutrient requirements notwith-
standing, it was the operational assumption in the present study that no
other elements besides phosphorus, nitrogen, and silicon are important in
limiting either the rate of phytoplankton production or the maximum sizes of
phytoplankton crops.

Space and Time Scales

The spatial and temporal scales used have been largely dictated by the
resolution of the field data available for comparison with model output.
Other important considerations were computational complexity and the stage
of development of the model.

The present spatially simplified version of the model described only the
inner portion of Saginaw Bay (Figure 1). This version can not describe any
of the spatial gradients in water quality that exist in the inner bay. Smith
et al. (1977) showed that there are substantial horizontal gradients in this
.region; however, the inner bay is well-mixed in the vertical. Since Saginaw
Bay constituted the first comprehensive application of the model, it was de-
cided to calibrate a spatially simplified version, prior to introducing the
additional complexities of spatial segmentation.

The temporal resolution of the model was on the order of one month.
There were 13 sampling cruises on Saginaw Bay in 1974 during the period from
late-March to mid-December. The time interval between each cruise varied
from 18 days to one month. Neither the high frequency phenomena that occur
over a 24-hour cycle, nor the sharp transient variations in water movements
that occur due to the shallow nature of the inner bay were described by the
mode1l.

PHYTOPLANKTON KINETICS

The present version of the model kinetics has evolved from earlier work
that dealt initially with microbial substrate uptake kinetics (Verhoff and
Sundaresan 1972; Verhoff et al. 1973). This work was later expanded to in-
clude phytoplankton growth kinetics modeling (Bierman et al. 1973; Bierman
1974). Preliminary applications have been described at various stages in the
overall study of Saginaw Bay (Bierman 1976; Bierman and Richardson 1976;
Bierman and Dolan 1976).
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Nutrient Uptake and Cell Growth

The phytoplankton nutrient uptake and growth processes in the model are
described by Equations A.1.0 through A.5.0. An internal nutrient pool model
was used to describe phytoplankton kinetics as a function of phosphorus and
nitrogen. This model considered cell growth to be a two-step process in-
volving separate nutrient uptake and cell synthesis mechanisms. A large body
of experimental evidence indicates that these two processes are, in fact,
quite distinct (Rhee 1973, 1974, 1978; Droop 1973, 1974; Fuhs 1969; Fuhs et
al. 1972; Eppley and Thomas 1969; Caperon and Meyer 1972a, 1972b; Azad and
Borchardt 1970). A basic assumption of internal nutrient pool models is that
stoichiometric compositions of phytoplankton can vary as a function of the
balance between nutrient uptake rate and cell growth rate. In such models it
is possible for phytoplankton to accumulate surplus internal nutrients during
periods when nutrient concentrations are high, and then to use these internal
stores for growth during periods when nutrient concentrations are low.
Several other workers have also developed internal pool phytoplankton models
(Nyholm 1978; Jorgensen 1976; Lehman et al. 1975; Grenney et al. 1974;

Koonce and Hasler 1972).

In contrast to the internal nutrient pool approach, the hyperbolic equa-
tion by Monod (1949) is the most widely-used mechanism for describing phyto-
plankton kinetics in simulation models (Canale et al. 1976; Scavia et al.
1976; Thomann et al. 1975; Larsen et al. 1973; Chen and Orlob 1972). The
Monod equation 1is functionally identical to the Michaelis-Menten equation for
enzyme kinetics, and the two names are frequently used interchangeably. A
basic assumption of the Monod equation is that specific growth rate is
directly coupled to the external concentration of Timiting nutrient. A cor-
ollary to this assumption is that stoichiometric composition of phytoplankton
cells remains constant as the concentration of 1imiting nutrient changes in
the external medium. An instantaneous change in external concentration due
to phytoplankton uptake corresponds to production of phytoplankton biomass
in a fixed ratio, or yield.

The principal advantages of using an internal nutrient pool model are
that more realistic descriptions can be obtained of non-steady-state condi-
tions and nutrient recycle. Major disadvantages include increased computa-
tional complexity and the need to specify additional model coefficients.

The principal features of the internal nutrient pool model used here
were:

1. Growth rates depended on internal nutrient levels and not
on external nutrient levels.

2. Nutrient uptake rate was a function of both external and
internal nutrient levels.

3. The active internal nutrient pool which participated in

the nutrient transport mechanism was proportional to the
total internal nutrient level. This was a feedback me-
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chanism which prevented the cell from absorbing arbitrarily
large amounts of a nutrient and depleting the external en-
vironment.

Figure 5 is an illustration of these features for the special case of phos-
phorus. Net specific phosphorus uptake rate was a function of the balance
between external and internal phosphorus. The internal dissolved phosphorus
concentration, PCA, was related to a minimum value, PCAMIN, which was assumed
to be a small number. This relationship was a function of P, the total
amount of phosphorus in the cell. The quantity PCA was considered to be the
active pool which participates in the uptake kinetics reaction with the ex-
ternal dissolved phosphorus. An identical parameterization was used for
nitrogen kinetics.

- NUTRIENT UPTAKE

ALGAL CELL
- e ]
@ | @ |
PCM L~ e -

i PCA > INTERNAL |

EXTERNAL | INTERNAL PHOSPHORUS {

DISSOLVED DISSOLVED STORAGE |

PHOSPHATE | PHOSPHATE |~ A
I

- |

@ Net specific uptake rate = Maximum uptake rate » £(7) 7(L) [_____1 _ 1
1+ (PK1)(PCA) 1+ (PK1)}{PCM)

(2 PCA = (PCAMIN)e(P/PO ~ 1)

Figure 5. Nutrient uptake mechanism used in the model for phosphorus
and nitrogen

The quantity PK1 has actual physical significance because it was the
equilibrium constant for the reaction between phosphorus and an assumed mem-
brane carrier molecule. Such a molecule has been isolated in the bacterium
Escherichia coli, and its binding constant with phosphate has been measured
{Medveczky and Rosenberg 1970, 1971).

One of the consequences of an internal nutrient pool model 1is that there
does not exist a unique value for net specific uptake rate, given a value for
dissolved phosphate concentration in the medium. Instead, there exists a
family of values, each corresponding to a different level of internal phos-
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phorus (Figure 6). Negative values for net specific uptake rate correspond
to the rate of phosphorus leakage back to the medium which can occur under
certain conditions (Nalewajko and Lean 1978; Button et al. 1973). If cells
are assumed to be starved, that is, if P = PO, then net specific uptake rate
becomes half-maximum at 15 pg P/1 in the example shown. Since the conven-
tional Michaelis-Menten approach to nutrient uptake kinetics does not include
a feedback mechanism, Michaelis-Menten kinetics is actually a special case of
the present kinetics theory in which the cell's nutritional state is assumed
to be constant. As PCA approaches PCAMIN in step 1 of Figure 5, the first
term in brackets approaches unity, and the equation for net specific uptake

rate reduces to the familiar hyperbolic form of the Michaelis-Menten equa-
tion.

+1.00
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Figure 6. Degree of saturation of the phosphorus uptake system for
non-Np-fixing blue-greens as a function of internal and
external phosphorus levels.

In contrast to the phosphorus and nitrogen kinetics in the model, silicon
kinetics was described using the conventional Monod hyperbolic equation for
specific growth rate as a function of external silicon concentration (Equa-
tion A.3.2.3). This approach was consistent with most of the available data
for phytoplankton - silicon interactions. Guillard et al. (1973) and Kilham
(1975) reported that growth rates of silicon-limited diatoms were related to
silicon concentration in the medium by a hyperbolic equation. Paasche (1973)
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found a similar hyperbolic relationship, but only after a correction had been
made to dissolved reactive silicon concentration to account for the fraction
- that could apparently not be used by the diatoms tested. Kilham also re-
ported such a "threshold effect", however, she pointed out that this effect
was observed with some species and not with others. Guillard et al. did not
use a threshold correction for their results.

Recently, there has been some evidence that an internal nutrient pool
model might yet be an appropriate description for phytoplankton - silicon
kinetics. Conway et al. (1976) reported that silicon uptake by diatoms can
be decoupled from cell growth, and that uptake, under certain conditions, ap-
peared to be internally controlled. Davis et al (1978) actually proposed an
internal nutrient pool model to describe their experimental results for a
silicon-limited diatom under steady-state and transient conditions. In any
case, the silicon kinetics used in the present model should be considered
provisional, pending the outcome of additional research.

Another important feature of the model is that a threshold hypothesis,
as opposed to a multiplicative hypothesis, was used to calculate actual
specific growth rate from the individual nutrient reduction terms. These two
hypotheses can be stated in the following manner for the case where there is
potential growth rate limitation by either phosphorus or nitrogen:

I. Multiplicative

u (@, - q..) (q q, )

sp__ p po . n "~ 'no 1
Hnax Kp * (qp B qpoj Ko ¥ (0 = dpg)
I1. Threshold
bsp_ .1 - po) oo gy
Hnax Kp * (qp B qpo7 9o Yo
Usp = (a, - qno) iﬂ_ < EE_ 2b
Hnax  Kn ¥ {9y = dpg) %o 9po
where Hsp = specific growth rate
Upax = Mmaximum growth rate
dp> 9n = total cellular levels of phosphorus and
nitrogen, respectively
Upos 9no = minimum stoichiometric requirements, or
cell quotas, for phosphorus and nitrogen,
respectively
Kp» Kp = half-saturation constants.
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The question of which hypothesis to use has been an open one in the
modeling literature, although the multiplicative hypothesis has probably been
the more popular of the two. Still a third hypothesis, based on electrical
resistors in parallel, has been used by Scavia and Park (1976). The basis
for the use of the threshold hypothesis here was a series of recent measure-
ments conducted with Scenedesmus sp. under conditions of potential limitation
by both phosphorus and nitrogen (Rhee 1978). Results of these measurements
were consistent with results of similar measurements by Droop (1974) with
Monochrysis Tutheri under conditions of potential Timitation by both phos-
phorus and By2. In both studies, laboratory data were subjected to
rigorous statistical analyses which confirmed that the threshold hypothesis
correctly described the data, and that the multiplicative hypothesis should
be rejected.

The kinetic theory developed above for phosphorus, nitrogen, and silicon
applies only under conditions of optimal temperature and light intensity.
Both nutrient uptake rates and growth rates in the model must be corrected
for non-optimal conditions. The light reduction factor used here was based
on a standard calculation developed by 0'Connor et al. (1973). A vertically-
averaged light reduction factor was calculated as a functijon of incident
solar radiation, extinction coefficient, photoperiod, and optimal phyto-
plankton light intensity (Equation A.15.2). This Tight reduction factor
implicitly included the effect of the depth ratio of photic zone to total
water column. The temperature reduction factors in the model {Equations
A.16.0-A.16.4) were specified as proportions of maximum growth rates for each
phytoplankton group in the model. Discussion of these factors will be defer-
red to a later section on model calibration.

There remain several unresolved research problems which preclude the
development of a truly general set of kinetic equations for describing phyto-
plankton-nutrient kinetics over the full range of actual environmental condi-
tions. One of these problems 1is the specification of kinetic rates when
temperature and light are simultaneously at non-optimal levels. This is the
vertically-averaged condition of epilimnetic waters during most of the year
in most lakes. It was assumed here that individual temperature and light
reduction factors operated on each other in a multiplicative fashion (Equa-
tions A.1.2 and A.3.2.1-A.3.2.3). This approach is standard practice in
most phytoplankton models.

Another unresolved problem is interactions among nutrients during the up-
take process which have been reported by several workers (Ketchum 1939a;
Droop 1974; Conway et al. 1976). No such interactions were included in the
present version of the model. It should be noted, however, that the uptake
mechanism used here was only one application of a general substrate uptake
theory. This theory has already been used to investigate several different

types of interactions among substrates, including competition between more
~than one substrate for a single carrier molecule (Verhoff et al. 1973).
Presently, there are insufficient data to fully test these hypotheses for
phytoplankton-nutrient interactions.
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Respiration

Phytoplankton respiration losses were described using a temperature-de-
pendent, first-order decay term (Equation A.3.5). In the present context,
respiration is intended to refer to population losses due to self-maintenance
requirements, especially under non-optimal conditions. In laboratory systems
under optimum conditions, such losses usually account for a negligible pro-
portion of phytoplankton gross production; however, under natural conditions,
such losses can be considerable because vertically-averaged gross production
rates are usually much lower.

Decomposition

There has been recent experimental evidence that bacterially-mediated de-
composition of phytoplankton under aerobic conditions is an important loss
mechanism for viable phytoplankton cells in the water column. DePinto and
Verhoff (1977) reported that the presence of heterotrophic bacteria popula-
tions greatly accelerated decomposition and subsequent nutrient recycle of
Chlorella and Selenastrum cultures as compared to cultures which were kept
-bacteria~free. Gunnison and Alexander (1975) reported similar results for
different species of phytoplankton, and they suggested that decomposition of
the cell wall is a major determinant of algal resistance to microbial decom-
position.

The model included a temperature-dependent, second-order phytoplankton
decay mechanism to simulate the effects of microbial decomposition (Equation
A.3.4). A detailed discussion of the rationale for this approach, including
comparative simulations, has been presented by DePinto et al. (1976). 1In
essence, the decomposition rate for a given phytoplankton group was assumed
to be proportional to the product of the concentration of that group and the
concentration of total phytoplankton. This approach was based on the assump-
tion that total phytoplankton concentration was proportional to bacterial
concentration. Such an approximation is reasonable because phytoplankton
biomass serves as the principal carbon source for bacteria in the water
column. This approach to describing phytoplankton decomposition has the
impertant practical advantage of not requiring a separate set of equations
for describing bacterial kinetics.

Sinking

Phytoplankton sinking losses were described by assigning a constant
sinking velocity, or "escape velocity", to each phytoplankton group in the
model (Equation A.3.6). This velocity was intended to correspond to the
net, annual average flux of phytoplankton from the water column to the sedi-
“ment.

The present approach was motivated primarily by lack of viable alterna-
tives. 1In order to describe sinking losses in rigorous terms, it would have
been necessary to consider the hydrodynamics of the system, and the physi-
ology of the phytoplankton. There did not exist a calibrated hydrodynamic
mode] of Saginaw Bay which could describe vertical water movements. In
addition, although it is well-known that phytoplankton sinking rates depend
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on their physiological state (e.g., Titman and Kilham 1976; Smayda 1974), it
is not clear how to quantify this relationship. 1In previous work (Bierman,
unpublished results), variable sinking velocities were used as a function of
internal phosphorus and nitrogen levels in the phytoplankton; however, the
equations used were somewhat arbitrary, and the results were not signifi-
cantly different than the present results.

NUTRIENT KINETICS

Total and Available Forms

Each of the nutrients in the model was assumed to exist in two different
forms: an available form which could be used directly for phytoplankton
growth, and an unavailable form which could not be used by phytoplankton.
Available phosphorus in the model was considered to be the same as dissolved
ortho-phosphorus in the field data; available nitrogen was considered to be
the sum of ammonia and nitrate/nitrite nitrogen; and available silicon was
considered to be dissolved silicate silicon. Each of the unavailable nutri-
ents was dssumed to consist of both a dissolved and a particulate fraction,
although no explicit distinction was made between these fractions in the
model. A temperature-dependent, first-order mechanism was used to describe
the transformations from unavailable to available nutrient forms in the water
column (Equations A.8.6 and A.9.5). The unavailable nutrient forms were each
assigned a sinking velocity because they each contained a particulate frac-
tion. The sinking velocity for the unavailable nutrient forms was con-
ceptually identical to the sinking velocity for the phytoplankton; i.e., it
corresponded to a net, annual average flux from the water column to the
sediments.

Nutrient Recycle

One of the advantages of using an internal nutrient pool kinetics model
is that nutrient recycle can be described in a manner consistent with experi-
mental observations. Nutrient recycle in the model consisted of two distinct
components: a component associated with the minimum cell quota required by
the phytoplankton, and a component associated with the internal nutrient
level in excess of the minimum cell quota. Such a two-component recycle
phenomenon has been-observed for both phosphorus and nitrogen (e.g., Foree et
al. 1970; DePinto 1974; Rhee 1973). When phytoplankton losses occurred in
the model, the nutrient component associated with the minimum cell quota was
recycled to the unavailable compartment in the water column, and the nutrient
component associated with the excess internal level was recycled directly to
the available nutrient compartment in the water column. This is in agreement
with evidence (e.g., Rhee 1973) that the latter component consists of avail-
able nutrient forms and loosely-bound compounds which rapidly convert to
available nutrient forms. This two-component recycle mechanism was included
in the model for phytoplankton population Tosses due to grazing, decomposi-
tion, and respiration.

Silicon recycle in the model was handled differently than phosphorus or
nitrogen recycle because an internal nutrient pool mechanism was not used
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for silicon. When the above population losses occurred for diatoms, the
entire silicon content of the cells was recycled only to the unavailable
silicon compartment in the water column. As was the case for phosphorus and
nitrogen, unavailable silicon was subsequently transformed to available
silicon by a temperature-dependent, first-order mechanism.

ZOOPLANKTON KINETICS

Two zooplankton types were included in the model and they were assumed to
graze on the diatom, green, and "other" phytoplankton groups. Blue-greens
were not grazed. The zooplankton types were differentiated on the basis of
their maximum feeding rates, or ingestion rates. Higher predators, such as
carnivorous zooplankton and fish, were not included explicitly as state
variables. It was recognized that zooplankton grazing is a complex process
which involves phytoplankton size-selectivity and other preference factors
(e.g., McNaught 1975); however, no attempt was made to describe these obser-
vations in the present version of the model.

Zooplankton specific growth rate was a function of maximum ingestion
rate, assimilation efficiency, temperature, and phytoplankton concentration
(Equation A.10.0). Mechanisms proposed by Scavia and Eadie (1976) were used
to calculate effective phytoplankton half-saturation coefficients (Equation
A.10.1) and estimates for minimum concentrations of individual phytoplankton
groups necessary to stimulate feeding (Equation A.11.1). The need for such
mechanisms arises from the fact that most of data for phytoplankton-zoo-
plankton interactions are not of the type that can be used d1rect1y in models
which include more than one predator-prey pair.

Zooplankton 1loss rate was described by a temperature-dependent, two-
component decay mechanism (Equations A.14.1 and A.14.2). The first com-
ponent represented zooplankton respiration; i.e.,. population losses due to
self-maintenance requirements. The second component represented an assumed
second-order predatory death mechanism. Such a mechanism was a substitute
for explicitly including an additional trophic level above zooplankton. For
both phytoplankton and zooplankton, a constant refuge concentration was
specified. For the phytoplankton, this was a concentration below which no
zooplankton grazing could occur. For the zooplankton, this was a concentra-
tion below which no second-order predation could occur.
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SECTION 6
DATA BASE

INTRODUCTION

As part of the ULRS, intensive field surveys were conducted on Saginaw
Bay during 1974 and 1975. These surveys were coordinated by the Large Lakes
Research Station (LLRS) of-the United States Environmental Protection Agency
(USEPA). They involved close cooperation among several different institu-
tions. One consequence of this cooperation was that experimental designs
for phytoplankton and zooplankton analyses were modified during the project
for the specific purpose of supporting the model development effort.

This report contains only brief descriptions of contributions of the
different institutions involved in the Saginaw Bay surveys. Complete infor-
mation is contained in the individual project reports. A1l data collected
during the 1974 and 1975 surveys reside in data files at the EPA Washington
Computer Center, eijther as part of the STORET system, or as files in the
Great Lakes Data Base. In addition, as part of an international coopera-
tive effort, these data have been placed in the library of the International
Institute for Applied Systems Analysis (IIASA) in Laxenburg, Austria. Hence-
forth, only results of the 1974 survey will be discussed.

CHEMICAL DATA

Cranbrook Institute of Science (CIS) had principal responsibility for
organizing the sample collection effort, and for conducting water chemistry
and chlorophyl1l analyses (Smith et al. 1977). Thirteen sampling cruises
were conducted on a 59-station grid at multiple depths (Figure 7). Analyses
were conducted for 22 different parameters, including phosphorus, nitrogen,
silicon, chlorophyll, chloride, temperature, and Secchi depth. Average re-
sults for 33 stations in the inner portion of the bay were used for compari-
son with model output. Results for stations Tocated in the Saginaw River,
the principal tributary to Saginaw Bay, were used to ca]cu1ate external
nutrient loadings.

PHYTOPLANKTON DATA

Phytoplankton samples were collected and analyzed by the Great Lakes
Research Division (GLRD), University of Michigan (Stoermer et al. 1979).
Samp]es were collected on the same cruises and at the same stations as the
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chemical data. The only difference in the sampling design was that the
phytoplankton samples were collected only at a depth of 1 meter. In the
initial phase of the project, analyses were to have consisted only of species
identifications and number concentrations. Later, an extensive series of
cell volume measurements were conducted to transform the species count data
to biomass values which were required for comparison with model output.

Approximately 200 phytoplankton species were identified and counted in
Saginaw Bay. Cell volumes for these species were measured under a light
microscope. The species volumes were first integrated to the genus Tevel.
The genera were then assigned to one of five functional groups in the model,
and a final volume integration was performed. For comparison with model out-
put and for dimensional consistency with other model state variables, the
cell volume concentrations were converted to dry weight concentrations. The
assumption was made that dry weight was 25 percent of wet weight, and that
specific gravity was unity. These assumptions were based on a review of the
literature (Kuenzler and Ketchum 1962; Nalewajko 1966; Oksiyuk and Yurchenko
1971; Healey 1975).

Cell volumes for the principal genera and sub-groups observed in Saginaw
Bay are contained in Tables 1-3. As an independent check on the internal
consistency of the data, dry weight per cell and carbon content per cell
were calculated from measured cell volumes using two independent methods.

TABLE 1. CELL VOLUMES, DRY WEIGHTS, AND CARBON CONTENT OF PRINCIPAL
DIATOM TYPES IN SAGINAW BAY, 1974

Cell volume Dry weight!  Carbon< % Carbon
Type n3 mg/cell mg/cell by dry weight

Large Stephanodiscus 17994 4.50x10~6 0.879x10~6 20
Fragilaria 283 0.071 0.038 53
Rhizosolenia 3576 0.894 0.257 29
Tabellaria 1835 0.459 0.155 34
Synedra 311 0.078 0.040 52
Diatoma 601 0.150 0.066 44
Cyclotella 1469 0.367 0.131 35
Melosira 2191 0.548 0.177 32
Coscinodiscus 7964 2.00 0.473 24
Navicula 1449 0.362 0.130 36

0.352 . 0.127 36

Asterionella 1406

Average percent
carbon by dry weight  36%

TAssumes that dry weight is 25% of wet weight and that specific gravity is
1.00.

2Using regression equation between cell volume and cell carbon from Multlin,
et al., 1966.
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TABLE 2. CELL VOLUMES, DRY WEIGHTS, AND CARBON CONTENT OF PRINCIPAL
GREENS, DINOFLAGELLATES, AND CRYPTOMONADS IN SAGINAW BAY, 1974

Cell volume Dry weightT — Carbon? % Carbon
Type U mg/cell mg/cell by dry weight
Scenedesmus 774 0.194x10°0 0.080x10~6 42
Phacotus 2205 0.551 0.178 32
Sphaerocystis 112 0.028 0.019 66
Gleocystis 69 0.017 0.013 74
Oocystis 389 0.097 0.048 49
Staurastrum 48188 12.0 1.86 15
Mougeotia 392 0.098 0.048 49
Dinobryon 555 0.139 0.062 45
Cryptomonas 3268 0.817 0.240 29
Dinoflagellate 674 0.168 0.072 43
Flagellate 107 0.027 .0.018 €7
Mallomonas 1255 0.314 0.116 37
Peridinium 16708 4.18 0.831 20
Gymnodinium 283000 71.8 7.13 10
Average percent

carbon by dry weight

41%

TABLE 3. CELL VOLUMES, DRY WEIGHTS, AND CARBON CONTENT OF PRINCIPAL

BLUE-GREEN TYPES IN SAGINAW BAY, 1974

Cell volume Dry weightl CarbonZ % Carbon
Type u mg/cell mg/cell by dry weight
Non-Heterocystous 984 0.246x10"6  0.097x10"6 39
(non No-fixing) )
Heterocystous 848 0.212x10 0.082x10 38

(No-fixing)

TAssumes that dry weight is 25% of wet weight and that specific gravity is

1.00.

2Us1'ng regression equation between cell volume and cell carbon from Mullin,

et al., 1966.
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The ratio of carbon to dry weight was then calculated and compared with
literature values. Dry weights were calculated in the manner indicated
above. Carbon contents were calculated using a regression equation devel-
oped by Mullin et al. (1966) from measurements on 14 different phytoplankton:
species. A range of 36 to 41 percent was obtained for the carbon to dry
weight ratio using the data in Tables 1-3. This range compares favorably

to values reported in the literature (Ketchum 1939b; Boyd and Lawrence 1967;
Healey 1975).

As a by-product of the mathematical modeling effort on Saginaw Bay, an
opportunity developed to compare phytoplankton cell volume concentration to
chlorophyll concentration, a more traditional measure of phytoplankton
abundance. This was of interest because, in an earlier phase of model
development, only chlorophyll data were available for comparison with model
output (Bierman 1976; Bierman and Richardson 1976). When cell volume data
were subsequently obtained, it was immediately apparent that the pattern of
phytoplankton abundance in Saginaw Bay on the basis of cell volume was
drastically different than on the basis of chlorophyll (Figure 8). An
order-of-magnitude variation in the chlorophyll to total cell volume ratio
was observed. This variation was apparently related to the species com-
position of the total crop (Figure 9). Chlorophyll concentration is an in-
dicator of total phytoplankton concentration, but contains no information on
individual species groups.
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Figure 8. Comparison between dry weight biomass concentration
and chlorophyll concentration as indicators of
phytoplankton abundance.
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Rigorous statistical analyses of the above data by Dolan et al. (1978)
confirmed that significant differences existed between cell volume and
chlorophyll as measures of phytoplankton abundance. These differences were
found to be a function of both space and time in the bay. A large part of
the variation in the chlorophyll to cell volume ratio was explained by cor-
relating the ratio with the fraction of diatoms present. These results
provided strong additional support for the development of a multi-class
phytoplankton model for Saginaw Bay, as opposed to a model based solely on
chlorophyll concentration.

70OPLANKTON DATA

Zooplankton samples were collected and analyzed by the University of
Michigan Biological Station (UMBS), Pellston, Michigan (Gannon and Bricker
1979). The sampling design for zooplankton was identical to that for the
chemical data. As with the phytoplankton, the initial phase of the project
only involved species identification and number concentration; however,
measurements were later conducted for dry weights of the principal zooplank-
ton species to provide data for comparison with model output.

Twenty-seven crustacean zooplankton species were identified in Saginaw
Bay. Of this number, the ten most abundant species were judged to comprise
greater than 90 percent of the total zooplankton biomass on any given cruise.
Mean dry weights were calculated for these ten species using length-weight
regression equations. The equations were based on total length (exclusive of
caudal setae in copepods and caudal spines in Daphnia) measurements of 50-70
organisms for each species, and dry weight measurements of 5-20 organisms in
at least three length classes for each species. Results indicated that there
were large seasonal differences in the weights for most species (Table 4).

In general, zooplankton sampled in the spring were represented by much larger
and heavier organisms than their summer and fall counterparts. Accordingly,
three different seasonal sets of conversion factors were used to transform
the zooplankton species counts to dry weight concentrations, depending on

the times of the individual sampling cruises.

A special acknowledgement 1is made to D.C. McNaught, State University of
New York-Albany, for his advice on partitioning the zooplankton species into
the groups indicated as "fast" and "slow" feeding forms, or ingesters. This
information was based on an extensive series of zooplankton feeding measure-
ments in Saginaw Bay and Lake Huron (McNaught et al. 1979).

EXTERNAL LOADINGS

Determination of external loadings is one of the most important fac-
tors in the application of a mathematical model. In the case of Saginaw
Bay, these loadings originated from three different sources: tributary in-
puts, atmospheric deposition, and inflow of water from Lake Huron across the
boundary between the inner and outer portion of the bay. By far, the
largest of these sources was tributary inputs, principally from the Saginaw
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TABLE 4. DRY WEIGHTS OF PRINCIPAL ZOOPLANKON
TYPES IN SAGINAW BAY, 1974

Dry weight, pg/individual
Type Spring Summer Fall

Fast Ingesters

Bosmina longirostris 2.9 0.7 1.0
Eubosmina coregoni 2.8 1.2 2.1
Chydorus sphaericus 2.6 1.0 1.1
Diaptomus spp. copepodites 3.8 2.4 2.1
Daphnia retrocurva 2.5 1.2 1.7
Stow Ingesters
Eurytemora affinis 2.4 2.4 2.4]
Cyclopoid copepodites 3.4 1.6 2.7
Cyclops bicuspidatus 8.4 3.0 5.0
Cyclops vernalis 7.8 3.2 4,2
Mesocyclops edax 3.1 2.4 2.9

TNo data for spring or fall. Assumed to be the same as summer value.

River. The Saginaw River contributes approximately 95 percent of the total
tributary Toading to Saginaw Bay.

Nutrient loadings from the Saginaw River were determined on the basis of
an intensive field sampling program. For the first half of the year,
samples were collected at two-to-three-day intervals at the Dow Chemical
Company water intake plant at the mouth of the Saginaw River (Figure 7).
From July to December, samples were taken from the Midland Street bridge in
Bay City every two weeks. During the Tatter period, the Dow intake was
strongly influenced by intrusion of water from the bay because of Tow-flow
conditions in the river. The Midland Street bridge is approximately 8 km
upstream from the river mouth and is not subject to intrusion. Chloride,
~ total and dissolved forms of phosphorus and nitrogen, and dissolved sili-
con were measured. These data were augmented with similar measurements by
the Michigan Department of Natural Resources (MDNR) on samples collected
from the Midland Street bridge every two weeks.

Daily average flow rates were obtained from the United States Geological
Survey (USGS) for the four major tributaries to the Saginaw River: the
Cass, the Flint, the Tittabawassee, and the Shiawassee. A daily average
flow for the Saginaw River was obtained by summing these four rates, along
with a correction factor for the ungauged area near the mouth of the river.

Saginaw River loading rates were determined by calculating the product
of flow and concentration for each constituent, and then identifying all
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significant peaks and troughs. Subsequently, annual time-series were formed
for each constituent by linear interpolation between these significant values
(Figures 10-14). Tabulated values of loading rates used to construct the
time-series are contained -in Appendix D. Integration of the time-series
produced the total annual load for each constituent (Table 5). Results indi-
cated a sharp seasonal dependence in the loading for each constituent. Ap-
proximately 70 percent of the loading occurred in the first half of the year.
This is a typical pattern in temperate-zone lakes due to snowmelt and heavy
spring runoff.

Atmospheric contribution to the total Saginaw Bay load was based on data
from collection stations on Lake Huron that were established as part of the
ULRS (Mullin 1976). "Results indicated that the atmospheric load for total
phosphorus was approximately 4 percent of the total phosphorus Toad from
tributary sources. Incomplete data were obtained for nitrogen and silicon.

Boundary exchange for total phosphorus and total nitrogen constituted a
nutrient sink for the inner bay because concentrations of these constituents
were always lower in the outer bay. During periods of severe nitrogen deple-
tion in late summer, boundary exchange could constitute a temporary source
for dissolved available nitrogen. During most of the year, boundary ex-
change constituted a sink for dissolved available silicon; however, after
severe silicon depletion due to the spring diatom peak, boundary exchange
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Figure 10. Time series for Saginaw River load for chloride.
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Figure 11. Time series for Saginaw River loads for total phosphorus
and dissolved ortho-phosphorus.
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TABLE 5. SUMMARY OF SAGINAW RIVER LOADS FOR 1974

Total annual Toad in metric

Parameter ] ‘ tonnes!
Total P 1265
Dissolved POa-P 282
Total N 141102
Total Kjeldahl N 5240
Dissolved (NO3 + NOo)-N 8870
Dissolved (NH3-N) 934
Dissolved Si0p-Si ‘ 11550
Chloride 325600

]Saginaw River consititutes approximately 95% of the total tributary load
to Saginaw Bay. In addition, atmospheric phosphorus loading contributes
4% of the total phosphorus loading. Atmospheric loads for nitrogen and
silicon have not been determined.

2Sum of annual values for TKN and (NO3 + NO2)-N.

constituted a net source of dissolved available silicon. The boundary con-
centrations used for each constituent are contained in Appendix D. These
concentrations represent cruise averages of results from three field sta-
tions in the region of net inflow across the boundary between inner and
outer bay.
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SECTION 7
MODEL CALIBRATION

INTRODUCTION

In the application of a mathematical model to an actual physical system,
it is useful to distinguish three separate operational phases: development
of model equations, specification of coefficients used in the equations, and
specification of forcing functions, or external quantities which are neces-
sary to run the model. Section 5 of this report contains the development of
the model equations. The present section contains the specification of
forcing functions and model coefficients, and results of comparisons between
model output and field data.

In the present context, forcing functions include water temperature, in-
cident solar radiation, external loadings, boundary conditions, and water ex-
change rates. These quantities were not calculated internally by the model;
instead, they were determined independently and then supplied as input to
the model. A1l forcing functions were specified to the model on a daily
basis- using linear interpolation between measured values. In some cases,
values for forcing functions were estimated on the first and last days of
the year for the purpose of continuity.

Specification of model coefficients and comparison of the resulting
model calculations with field data constitutes the model calibration pro-
cess. This process is partly a science and partly an art. If all of the
equations in the model were developed strictly from first principles, then
it would be possible to uniquely determine all of the coefficients. In prac-
tice, the scientific literature is used as a basis for determining ranges and
boundaries for model coefficients. The modeler then varies these coeffi-
cients within their reported ranges to obtain the best correspondence be-
tween model calculations and actual data. This is not strictly a curve-
fitting process because coefficients are not allowed to assume arbitrary
values to obtain the best fit in a strictly mathematical sense. If the model
equations correspond well to the most significant dynamic processes which
occur in the system, then the calibrated model will be physically realistic.

In applying a mathematical model, the process of calibration should be
distinguished from the process of verification. Verification constitutes an
independent check on the physical realism of a calibrated model. Verifica-
tion involves an attempt to use a calibrated model in a predictive mode for
the same physical system under a substantially different set of forcing con-
ditions. Frequently, verification is not possible, either due to Tack of
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adequate resources or to lack of significant change in the system forcing
functions over a period of time. An alternate type of independent check on
the physical realism of a model is to apply the model to a different physical
system.

FORCING FUNCTIONS

Water Exchange Rates

Saginaw Bay is only a part of the larger Lake Huron system. Water ex-
change with Lake Huron is an important component of the variation in chemical
and biological parameters in Saginaw Bay. Current meter measurements were
used to construct the steady-state current pattern in the bay for typical
wind conditions. Net circulation in the inner bay is counterclockwise, with
Lake Huron water flowing in along the northwestern shore and out along the
southeastern shore (Figure 15). During the winter months, movement of
Saginaw River water beneath the ice is also an important component of the
inner bay circulation.

In the present study, chloride, a conservative tracer, was used to
quantify water exchange rates in Saginaw Bay on a time-variable basis.
Richardson (1974, 1976) applied both steady-state and time-variable chloride
models to the bay. He concluded that the steady-state approximation was not
realistic, except during stable periods in summer and fall. This result was
significant because only a small part of the external nutrient loading to
Saginaw Bay occurs during these stable periods. In addition, since the
hydraulic retention time of the bay is only approximately four months, it was
important to quantify water circulation on a time-variable basis.

A time-variable chloride model, similar to that used by Richardson
(1976), -was applied to the inner portion of Saginaw Bay to quantify advec-
tive flows and dispersions. The external chloride Toad was specified to the
model on a daily basis using linear interpolation between the measured
chloride loads (Table D-1). A good fit was obtained to field data (Figure
16). Advective flows and dispersions from the model were transformed to net
exchange flows (Figure 17 and Table D-10). These net exchange flows were, in
turn, used as input to the phytoplankton model in a piecewise 1inear fashion.

Water circulation in Saginaw Bay is characterized by a slow, stagnant
period early in the year, followed by a period of very rapid flushing during
May-June. Subsequently, a stable summer-fall circulation is established.

Light

A time-series for incident solar radiation was developed using monthly
average values from Thomann et al. (1975) for Lake Ontario (Figure 18 and
Table D-12). Saginaw Bay and Lake Ontario lie at the same latitude. Lake
Ontario values were modified for Saginaw Bay to account for an ice cover
which existed on the inner bay for 75 days in 1974. The effect of ice cover
on light transmission can vary over wide 1imits (e.g., Bolsenga 1978). For
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reasons of simp]icity and lack of a more rigorous alternative, incident solar
radiation to Saginaw Bay was reduced by 50% during the period of ice cover.

Inner bay average Secchi depths (Figure 19 and Table D-13) were used to
directly specify the light extinction coefficient in the water column. Phy-
toplankton "self-shading" was not explicitly included in the model because
most of the Tight extinction in Saginaw Bay was of non-planktonic origin.
Secchi depth showed 1ittle variation with time, in spite of large variations
in phytoplankton concentration (compare Figures 8 and 19). Any "self-
shading" effects that did occur were included implicitly in the Secchi depth
measurements.

Secchi depth measurements were transformed to extinction coefficients by
a regression equation (Equation A.15.2.4) developed using simultaneous
quantum measurements and Secchi depth measurements taken at 16 stations on
each of 12 sampling cruises on Saginaw Bay during 1976. This equation con-
stituted a revision to results of a similar study conducted earlier on Lake
Huron by Beeton (1958).

Temperature

A time series for water temperature was developed using inner bay cruise
averages (Figure 20 and Table D-11).
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External Loads and Boundary Concentrations

The basis for development of external loadings and boundary concentra-
tions was presented in Section 6. Tabulated values for all loads and
boundary concentrations are contained in Appendix D.

MODEL COEFFICIENTS
Approach

Determination of model coefficients is an integral part of the calibra-
tion process. Some model coefficients were determined independently of this
process and were left unchanged during the calibration runs. At the opposite
extreme, some coefficients were determined strictly by calibration to field
data. Most coefficients, however, were varied within their ranges reported
in the literature until the best fit was obtained to the data. A1l final
calibration coefficients are tabulated in Appendix B. A discussion of the
rationale and sources for the coefficients is contained below.

Cell Quotas for Phosphorus and Nitrogen

Biological state variables in the model were expressed in terms of dry
weight concentrations, and percent phosphorus and nitrogen by dry weight.
There was no explicit consideration of cell sizes or number concentrations.
The variables PSA and NSA (percent P and N by dry weight) were proportional
to the variables P and N (moles P and N per cell) through the conversion fac-
tor FACT (mg dry weight per cell). In practice, starting with values for
FACT, values were chosen for PO and NO such that the corresponding values for
PSAMIN and NSAMIN were consistent with reported values for minimum cell
quotas of these nutrients. It should be noted that PSA and NSA are the more
fundamental variables because all nutrient kinetics were expressed in terms
of these variables and their minimum values.

The values used for FACT were based on results contained in Tables 1 to
3. The grouped category labeled "Targe Stephanodiscus" was responsible for
most of the diatom biomass in the bay, and its value of FACT was used for
diatoms in the model. For the same reason, the value of FACT for Scene-
desmus was used for green algae in the model. The average of individual
values of FACT for "other" phytoplankton species was used for this group in
the model because no single species dominated the observed assemblage. The
values of FACT for the blue-green groups were taken directly from Table 3.

Values for PO were selected so that the corresponding values for PSAMIN
for blue-greens and non-blue-greens were 0.07% and 0.05%, respectively.
These choices were consistent with a Titerature review by Healey (1975). An
independent method of estimating these values is to consider the value of
0.08% for surplus internal phosphorus proposed by Fitzgerald and Nelson
(1966) as a threshold between growth rate limitation by phosphorus and phos-
phorus sufficiency. If it is assumed that this threshold occurs when the
value of PSA is two to five times the value of PSAMIN (e.g., Rhee 1978;
Droop 1973), then this corresponds to a range of 0.02 - 0.08% for PSAMIN.
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More recently, Shuter (1978) reviewed the literature and reported a range
for minimum cell phosphorus quota of 0.025 - 0.584%. The difference in the
values used here for PSAMIN between blue-greens and non-blue-greens was in
the same proportion as the difference reported by Shuter.

Determination of values for NO and hence, NSAMIN, was more straightfor-
ward than for PSAMIN because nitrogen constitutes a much higher proportion of
cellular biomass than phosphorus. Accordingly, the reported data show much
less variation. A value for NSAMIN of 2.5% N by dry weight was used for all
phytoplankton groups in the model. This choice was consistent with the re-
sults of Healey (1975), Fitzgerald (1969a), and Shuter (1978).

The parameters KPCELL and KNCELL were internal half-saturation levels for
phosphorus and nitrogen, respectively. These were specified equal to the in-
dividual values of PSAMIN (PO) and NSAMIN (NO) for each phytoplankton group
in the model (Rhee 1978; Droop 1973). This implies that specific growth
rates become half the maximum growth rates when either total cellular phos-
phorus or total cellular nitrogen, whichever is controlling, is twice the
minimum cell quota.

Phosphorus and Nitrogen Uptake Kinetics

Several coefficients needed to be specified for the phosphorus and nitro-
gen uptake kinetics equations. The parameters PCAMIN and NCAMIN corresponded
to minimum concentrations of phosphorus and nitrogen, respectively, to which
the phytoplankton could deplete the external environment. In practice,
given values for PCAMIN and NCAMIN, Equation A.15.0 was used to calculate
phosphorus and nitrogen concentration factors, CONCP and CONCN. The assump-
tions of specific gravity equal to unity, and of dry weight equal to 25% of
wet weight in Equation A.15.0 have been discussed earlier. Values used for
PCAMIN and NCAMIN (Table 6) were consistent with the results of Nalewajko and
Lean (1978) and Rhee (1974, 1978). The corresponding values for CONCP and
CONCN were consistent with the results of Provasoli (1969), Button et al.
(1973), and Fitzgerald (1969a). T

Given values for the above coefficients, specification of PK1 and NK1
determined the half-saturation concentrations for the phosphorus and nitro-
gen uptake mechanisms, respectively. Literature values for such phosphorus
concentrations were not extensive, although somewhat more information was
available for nitrogen. Phosphorus uptake half-saturation concentrations
from 18 - 87 ug P/1 have been reported for several diatoms (Kilham et al.
1977; Fuhs 1969). Rhee (1973) reported a concentration of 20 ug P/1 for
Scenedesmus sp., and Healey (1973) reported a range of 30 - 60 ug P/1 for
Anabaena, depending on the cation concentration in the medium. As a general
guiding principle, there was considerable evidence in the literature that the
phosphorus uptake mechanisms of blue-green algae, especially non-N2-fixing
blue-greens, were more efficient than the phosphorus uptake mechanisms of
other algae (Bush and Welch 1972; Huang et al. 1973; Hammer 1964; Shapiro
1973; Pearsall 1932). Fitzgerald (1969b) presented evidence that non-No-
fixing blue-greens could effectively out-compete N2-fixing blue-greens for
available phosphorus at low concentrations. Nitrogen uptake half-saturation
concentrations from 1.4 - 70 ug N/1 have been reported in the Tliterature
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(Eppley and Thomas 1969; Carpenter and Guillard 1971; Toetz et al. 1973;
Eppley et al. 1969). There did not appear to be any evidence for systematic
variations among different phytoplankton groups. The values used for phos-
phorus and nitrogen uptake half-saturation concentrations for the five phyto-
plankton types in the model are contained in Table 6.

No distinctions were made among phytoplankton types in the model with re-
gard to either R1PM, maximum phosphorus uptake rate, or RINM, maximum nitro-
gen uptake rate. Values used for these coefficients were based on the liter-
ature survey by Healey (1975).

A comparison of relative phosphorus uptake efficiencies for the five
phytoplankton groups in the model is presented in Figure 21. This compari-
son assumed that the cells were phosphorus-starved (PCA - PCAMIN as P - PO),
and that temperature and light were at optimal levels (f(T) = f(L) = 1). For
the coefficients used, non-Np-fixing blue-greens had the most efficient
phosphorus uptake kinetics, followed by green algae. Efficiencies of dia-
toms, "others™, and No-fixing blue-greens were all equal to each other, and
at a lower level than non-No-fixing blue-greens and green algae. For the
coefficients used, there were no distinctions among the phytoplankton groups
in the model with regard to nitrogen uptake kinetics. Under the same assump-
tions as in Figure 21 for phosphorus, specific nitrogen uptake rates for all
five phytoplankton groups became half-maximum at a dissolved available nitro-
gen concentration of 30 pg N/1.

Phytoplankton Growth Rates

Maximum growth rate, RAMAX, and a temperature reduction factor, f(T),
must be specified for each phytoplankton group in the model. The typical
pattern of seasonal succession in most temperate-zone lakes is from diatoms
to greens to blue-greens. Results of an extensive literature review by
Canale and Vogel (1974) support the hypothesis that this pattern is corre-
lated with progressively higher temperature optima and progressively lower
maximum growth rates. Values for RAMAX and the functions for f(T) used in
the model were generally consistent with these results. One difference is
that the specific growth rate for diatoms in the model reached a plateau at
10°C, and declined after 14°C. Lin and Schelske (1978) reported the exist-
ence of such plateaus in specific growth rates for various Great Lakes dia-
toms. Stoermer and Ladewski (1976) reported that natural populations of
Stephanodiscus binderanus and Stephanodiscus tenuis prefer temperatures in
the range from 6 - 9°C, and then rapidly decline after approximately 14°C.
These two species account for most of the diatom biomass in the inner portion
of Saginaw Bay. Another difference is that "others” in the model had higher
maximum growth rates at lower temperatures. This phytoplankton group was
especially difficult to characterize because it contained a wide variety of
species. The temperature-dependent specific growth rates used in the model
are presented in Figure 22. Values for each phytoplankton group represent
the product of RAMAX (Table B.1) and f(T) (Equations A.16.0 - A.16.4) for
that group.

43



0.50 NON-HETEROCYSTOUS

BLUE-GREENS

0.40 = GREENS

DIATOMS
“OTHERS”
HETEROCYSTOUS BLUE-GREENS

0.30 i~

0.20

0.10

SPECIF!IC PHOSPHORUS UPTAKE RATE, day®

0 l 1 I 1
0 100 200 300 400 500
CONCENTRATION DISSOLVED PHOSPHATE
PHOSPHORUS, ug/! A

Figure 21. . Specific phosphorus uptake rates as a function of external
phosphorus concentration for the phytoplankton groups
in the model (assuming (P = PO).

12,00

GREENS
1.60 - , OTHERS . S
DIATOMS \ \ .

I>~

1+

o

2

: 1.20 I~

o NON-HETEROCYSTOUS
T BLUE-GREENS
=

O 0.80 -

o

o P

) N\ HETEROCYSTOUS
e BLUE-GREENS

[&]

S 0.40

o,

w

. 1 1 | 1 J
0 4 8 12 16 20 24 26
TEMPERATURE, °C

Figure 22. Temperature dependence of specific growth rates
for the phytoplankton groups in the model.

44



Silicon Coefficients

Silicon-related coefficients need to be specified only for diatoms in
the model. The value used for SSA, the fixed silicon stoichiometry, cor-
responded to 20% silica (Si0p) by dry weight. Reported values for this
coefficient span a wide range from 4 - 75% (Lewin 1962; Parker et al. 1977;
Lund 1965). The value used for KSCM, the half-saturation concentration for
silicon-controlled growth, was 100 pg Si/1. A range of 8 - 94 1g Si/1 has
been reported for this coefficient (Guillard et al. 1973; Paasche 1973;
Kilham 1975).

Atmospheric Nitrogen Fixation

Fixation of atmospheric nitrogen could occur in the model if the cal-
culated concentration of dissolved available nitrogen fell below 150 pg N/1
(Ogawa and Carr 1969). Operationally, the internal nitrogen level for the
No-fixing blue-greens was specified to be an inverse function of the ex-
ternal dissolved available nitrogen concentration. In the limit as this ex-
ternal concentration approaches zero, total cellular nitrogen level ap-
proaches four times the minimum cell quota. This limit was based on observed
ranges for internal nitrogen accumulation (Fitzgerald 1969a).

Miscellaneous Coefficients

Values used for RADSAT, the saturation Tight intensity for diatoms,
greens, and "others", was consistent with the results of Strickland (1958),
Lin and Schelske (1978), Davis (1976), and Rhee (1978). The value for RADSAT
for blue-greens was consistent with results by the U.S. Environmental Protec-
tion Agency (1971).

The value used for RRESP, phytoplankton respiration rate, was consistent
with results summarized by 0'Connor et al. (1973), and with recent measure-
ments by DePinto (personal communication) using light and dark stage chemo-
stats.

Values used for RLYS, phytoplankton decomposition rate, were estimated
from the results of DePinto (1974) and Gunnison and Alexander (1975). A se-
cond-order kinetics mechanism was applied to decomposition data for Chlorella
from DePinto (1974). The result was used to specify RLYS for diatoms,
greens, and "others" in the model. The value of RLYS for blue-greens was
estimated to be approximately three times higher on the basis of comparative
results by Gunnison and Alexander (1975).

Net sinking rates must be specified for each phytoplankton group (ASINK)
and for each of the unavailable nutrient forms (TOPSNK, TONSNK, TOSSNK).
These rates are very dependent on the morphometry of a particular system,
especially in shallow systems such as Saginaw Bay. A value of 0.05 m/day for
unavailable nutrient forms was found to give the best calibration results for
total nutrient concentrations. As an estimate, this same value was used for
ASINK for all five phytoplankton groups. This was contrary to the conven-
tional practice of using lower sinking rates for blue-greens as compared to
non-blue-greens. In the present study, consistently better calibration re-
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sults were obtained when no distinctions were made among phytoplankton groups
with regard to sinking rates. This would tend to imply that vertical disper-
sion within the water column, and boundary conditions at the sediment-water
interface were more important in determining phytoplankton vertical dynamics
than were any inherent differences in sinking rates among the various phyto-
plankton groups. Another reason might be that the tendency of blue-greens to
form large colonies and filaments may more than offset their superior buoy-
ancy under certain circumstances (Rhee, personal communication).

A value of 0.005 day‘] was used for RTOP, RTON, and RTOS, the conver-
sion rates from unavailable nutrient forms to available nutrient forms in the
water column. This choice was based primarily on literature conversion rates
for phosphorus and nitrogen. The value used was an estimate for the silicon
conversion rate. Jewell and McCarty (1971) reported a range for phosphorus
and nitrogen conversion rates from 0.071 - 0.03 day'], based on measurements
with decomposing algae. Hefner (1978) reported a range for phosphorus con-
version rate from 0.002 - 0.004 day-!, based on bioassays with various
samples of tributary inputs to Lake Erie. Another approach can be taken for
estimating the phosphorus conversion rate using the results of Cowen and Lee
(1976) for runoff, precipitation, and river samples from Madison, Wisconsin,
and the Lake Ontario basin. These workers concluded that on the average, ap-
proximately 20 percent of the difference between total phosphorus and dis-
solved ortho-phosphorus became available over the course of an 18-day bio-
assay. This conclusion, combined with the fact that 76 percent of the total
phosphorus load from the Saginaw River is in a form other than dissolved
ortho- phosphorus (Table 5), leads to a conversion rate of 0.01 day'1.

It is interesting to note that the conversion rate used in the model cor-
responds to a half-time of 4.6 months. This implies that ignoring hydraulic
washout, approximately 50 percent of the unavailable nutrients in the peak
spring tributary load will be available for the growth of blue-green algae
during the late summer-fall period.

Zooplankton Coefficients

In general, the data were not as extensive for zooplankton coefficients
as they were for phytoplankton coefficients. Values used for RZMAX, maximum
ingestion rate, and ZASSIM, assimilation efficiency, were consistent with the
results of McNaught et al. (1979). The value used for AZMIN, phytoplankton
refuge concentration, was consistent with the literature results summarized
by Scavia and Eadie (1976). Al11 values of ZEFF, a preference factor, were
set equal to unity because no distinctions were made among the various phyto-
plankton-zooplankton pairs in the present version of the model. A1l of the
remaining zooplankton coefficients were based on estimates and/or calibration
to field data.

The fixed phosphorus and nitrogen stoichiometries of the zooplankton were
set equal to the values for PSAMIN and NSAMIN, respectively, used for dia-
toms, greens, and "others". This was done to avoid development of a compli-
cated system to account for mass transfer among model compartments with dif-
ferent stoichiometric compositions. The assumption that zooplankton have the
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same basic requirements for phosphorus and nitrogen as the phytoplankton was
probably a good approximation.

MODEL IMPLEMENTATION

The 23 simultaneous, ordinary, non-linear différential equations in the
model were coded in FORTRAN and implemented on a Digital Equipment Corpora-
tion PDP-11/45 computer. The equations were solved numerically using an
Adams-Moulton predictor-corrector algorithm. The time steps used were 30
minutes for internal and external dissolved nutrient concentrations, and 3
hours for all other equations. The initial conditions for each state vari-
able are contained in Appendix C. A typical 365-day run required approxi-
mately 15 minutes of CPU time.

Mode1 output was compared to cruise averages for the inner bay sampling
stations. Geometric statistics were used to reduce the phytoplankton and
zooplankton data. Dolan et al. (1978) reported that the phytoplankton data
are log-normally distributed. Since the zooplankton data were based on
species counts in a manner similar to the phytoplankton data, it was decided
to use geometric statistics for these data as well. Arithmetic statistics
were used for all other parameters because they were based on direct concen-
tration measurements.

A1l phytoplankton and zooplankton data are presented as the geometric
mean plus or minus one standard deviation of the data points about the mean.
A11 other data are presented as the arithmetic mean plus or minus one half
standard deviation of the data points about the mean. The arithmetic devia-
tions are presented differently because the data show large variations about
the mean, due primarily to the spatial aggregation of dissimilar water masses
into a single segment.

The operational criterion for a successful calibration was to obtain
model output as close as possible to the mean value for each cruise, for each
parameter. In cases where it was not possible to obtain model output within
a standard deviation or half a standard deviation of the mean, an attempt was
made to fit the peak concentrations as closely as possible, thus compromising
the fit during off-peak periods. This resulted in the smallest relative
error during periods when a given variable was most -important. This approach
was a realistic compromise from a management perspective, since most manage-
ment strategies are based on consideration of peak concentrations.

RESULTS

Phytoplankton

Results for total phytoplankton crop are shown in Figure 23. Both model
output and field data at each point in time are composites of the five phyto-
plankton groups. The total crop ranges over greater than an order of magni-
tude. After a very large spring peak there is a rapid decline and a subse-
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Figure 23. Comparison between model output and field data for
total phytoplankton biomass.

quent rise to a relatively steady, but much lower, total crop over the re-
mainder of the year. The model output was within a standard deviation of the
field data for most sampling cruises.

Diatoms accounted for approximately 99 percent of the total biomass in

_ the spring peak (Figure 24). After the spring peak, diatoms declined rapidly
by over two orders of magnitude. A second well-defined diatom peak occurs in
late-fall. The model output corresponded well with both of the diatom peaks;
however, the model output was within a standard deviation of the field data
for only half of the sampling cruises. Particular problems were encountered
in early spring and late summer. The former was a possible consequence of
the poorly known kinetic mechanisms under extreme non-optimal conditions.

The latter could have been due to transport effects which occurred on a
shorter time scale than the model forcing functions, or by failing to expli-
citly include a resuspension mechanism.

Green algae peaked in mid-summer at a level approximately an order of
magnitude lower than the diatoms (Figure 24). The model output was w1th1n a
standard deviation of the field data for all sampling cruises.

At their peak relative abundance, “others" accounted for only 12 percent
of total phytoplankton biomass. The concentrations of "others" remained re-
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Tatively steady at Tow values for most of the year (Figure 25). Model output
was within a standard deviation of field data for most sampling cruises.
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Figure 25. Comparison between model output and field data for
biomass of "other" phytoplankton.

The two blue-green phytoplankton groups peaked in late-summer and early-
fall (Figure 26). The non-No-fixing blue-greens peaked at a substantially
higher level than the No-fixing blue-greens. Model output was within a
standard deviation of field data for each of the blue-green types for most
sampling cruises. Simulations were consistent with the hypothesis that no
significant degree of atmospheric nitrogen fixation occurred in Saginaw Bay.
The rate of supply of dissolved available nitrogen appeared to be sufficient
for the non-Np-fixing blue-greens to exploit their more favorable phos-
phorus uptake kinetics and faster maximum growth rate. A more detailed dis-
cussion is contained in Section 8.

Summaries of peak phytoplankton concentrations and annual integrated
gross production values for each phytoplankton group in the calibrated model
are contained in Tables 7 and 8, respectively. Note that although the peak
total blue-green concentration was only 30 percent of the peak diatom concen-
tration, the annual integrated gross blue-green production was 65 percent of
the annual integrated gross diatom production. These differences were re-
flected in the fact that the blue-green peak was much broader than the diatom
peak. The persistence of the blue-greens was a consequence of their freedom
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TABLE 7. RESULTS FOR PEAK PHYTOPLANKTON CONCENTRATIONS
IN FINAL CALIBRATION

, Concentration

Phytoplankton group mg dry wt/liter
Diatoms

spring peak . 9.37

fall peak 1.24
Greené 0.574
Others 0.331
Blue-greens (non-N,) ' | 2.56
Blue-greens (N,) 0.311

TABLE 8. RESULTS FOR ANNUAL INTEGRATED GROSS PRODUCTION IN
FINAL CALIBRATION

Annual integrated gross production

Phytoplankton group mg dry wt/liter
Diatoms 24.8
Greens 3.5
Others ‘ 2.33
B]ue-greens (non-N») ’ 14.0
Blue-greens (Nz) \ 2.0
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from grazing and a prolonged period of near optimal temperature and light
conditions.

Zooptankton

There were two peaks in the total zooplankton data which coincided with
the rise of the two diatom peaks in the spring and the fall (Figure 27).
Model output showed these, plus an additional peak in August which apparently
coincided with the peak in green algae. It is not clear whether such an ad-
ditional peak occurred in the data. In any case, the model output was within
a standard deviation.of field data for most sampling cruises.
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Figure 27. Comparison between model output and field data for
total zooplankton biomass.

Nutrients

There was a large build-up of total phosphorus and total nitrogen early
in the year due to peak spring loads and reduced water exchange rates between
the inner bay and Lake Huron (Figure 28). This build-up was followed by a
sharp decline due to the rapid water exchange in May-dJune, and the decrease
in Saginaw River loadings. Although model output closely followed trends in
the data for total phosphorus and total nitrogen, agreement was not usually
obtained within one half a standard deviation. For both variables, model ,
output tended to be consistently higher than the respective means of the data
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during the first half of the year, and consistently lower than the respective
means of the data during the second half of the year. In addition, there
were several sharp transient variations which were not accounted for by the
model. Much of the difficulty was probably caused by the use of a constant
net settling velocity for the entire annual cycle. A three-dimensional
hydrodynamic model which includes a mechanism for resuspension is needed to
more accurately describe the temporal variation in total nutrient concentra-
tions. Such an approach was beyond the scope of the present study.

The trends observed for dissolved available phosphorus and dissolved
available nitrogen were similar to trends for total forms of these nutrients
(Figure 29). Declines in dissolved available phosphorus and nitrogen after
their spring peaks were associated with nutrient utilization by diatoms.

Both nutrients remained at their lowest levels during late-summer and fall
because of the prolonged blue-green bloom. For dissolved available phos-
phorus, model output was within half a standard deviation for most sampling
cruises. For dissolved available nitrogen, model output closely followed the
trend of the means of the field data; however, agreement was not usually ob-
tained within one half a standard deviation.

Results for dissolved available silicon (Figure 30) tended to be in-
versely proportional to results for diatoms because only the diatoms had a
silicon requirement. Two minima occurred in the silicon data which corre-
sponded to the spring and fall diatom peaks. The sharp increase in silicon
concentration after the spring minimum was probably caused by water exchange
with Lake Huron because the silicon loading from the Saginaw River was
greatly diminished after June (Figure 14). Model output followed the trend
of the means of the field data; however, agreement was not usually obtained
within one half a standard deviation. Overcalculation of dissolved avail-
able silicon in early spring was related to undercalculation of diatom bio-
mass during the same period (Figure 24). Lack of agreement after the spring
minimum was probably due to lack of sufficient temporal resolution in the
water exchange rates. ‘

Primary Production

Primary production data are extremely useful in the model calibration
process. Primary production is a rate measurement and not a concentration
measurement. This parameter corresponds to the positive term in the differ-
ential equation for phytoplankton biomass. Since the solution to this equa-
tion, biomass concentration, depends only on the algebraic sum of the various
rate processes in the equation, primary production constitutes an independ-
ent check on the internal consistency of phytoplankton dynamics.

Primary production data were not available on Saginaw Bay for 1974.
Glooschenko and Moore (1973) measured primary production and chlorophyll con-
centration at two stations on 8 sampling cruises in Saginaw Bay during 1971.
These data were of value in that the approximate seasonal magnitudes could be
compared to the 1974 model output. Although forcing functions for water cir-
culation, temperature, and Tight were not determined for 1971, nutrient load-
ing for 1971 was probably somewhat higher than nutrient.loading for 1974.
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Figure 30. Comparison between model output and field data
dissolved available silicon.

The upgrading of wastewater treatment plants in the Saginaw River basin began
in 1971.

Model output for estimated gross primary productivity was compared with
the cruise averages for the above data (Figure 31). The data were estimates
of near-surface primary production. Model output was transformed to surface
light intensity and a 12 hour daylight average. Dry weight to carbon conver-
sion factors used were 35 percent for diatoms and 50 percent for non-diatoms.
There was good agreement with regard to seasonal trends and magnitudes.

It is of interest to note the absence of a sharp spring peak in the 1971
primary production data. Glooschenko and Moore (1973) reported an apparent
inconsistency between the unimodal structure of their primary production
data, and the bimodal structure of their corresponding chlorophyll data.

The model results provided a possible explanation for this observation. The
model indicated that a very large phytoplankton crop resulted from a very
short, yet intense, period of primary production. Specifically, the half-
width for the calculated spring biomass peak was 22 days. The half-width of
the bjomass curve was its width in time at half of its maximum value. In
contrast, the half-width of the calculated spring primary production peak was
only 8 days. It follows that depending on the timing of the measurements, it
is not inconsistent to observe relatively low values for primary production,
simultaneously with relatively high values for phytoplankton biomass.
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Phytop]ahkton Internal Phosphorus

Data for phytoplankton internal phosphorus concentrations were not ac-
quired for Saginaw Bay in 1974. Such data were obtained in 1975 for nine
stations in the inner portion of the bay on four sampling cruises from July
to October. An acknowledgement is made to C. Kwei Lin, GLRD, University of
Michigan, for providing us with his unpublished internal phosphorus data.

"Model output for phytoplankton internal phosphorus concentration corre-
sponds to the sum of internal phosphorus above the minimum cell quota for
all five phytoplankton groups, divided by the total phytoplankton biomass.
Data for phytoplankton internal phosphorus corresponded to internal phos-
phorus above the minimum cell quota, as measured by the one hour boiling
water extraction method of Fitzgerald and Nelson (1966). This value for

phytoplankton internal phosphorus was then divided by the measured value for
total phytoplankton biomass.

Comparison between 1974 model output and 1975 data was confounded by
differences in forcing functions and external nutrient loads between the two
years. In addition, excess internal phosphorus and phytoplankton biomass
concentration were not measured using aliquots from the same water sample.
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Sampling for these two parameters was, however, conducted at the same times,
stations, and depths.

The magnitudes of model output and field data compared well during August
and October, and poorly during July and September (Figure 32). This was con-
sistent with known differences in external loading of dissolved available
phosphorus between 1974 and 1975. Phytoplankton internal phosphorus is a
sensitive function of the supply rate of dissolved available phosphorus. The
annual Toad of dissolved available phosphorus from the Saginaw River was 50
percent higher in 1975 than in 1974 (Dolan, unpublished results). Most of
the load increase occurred during the month of September. Differences
between model output and field data in this case can be partially normalized
by taking time averages. The average phytoplankton internal phosphorus con-
centration for the four sampling cruises in 1975 was 2.59 + 1.25 ug P/mg
algae. The average for the 1974 model output corresponding to the same time
period was 1.5 + 0.29 ug P/mg algae. Given the fact that the dissolved
available phosphorus load was 50 percent higher in 1975, there was generally
good agreement between model output and field data.
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‘Figure 32. Comparison between 1974 model output and 1975 field data for
excess internal (extractable) phytoplankton phosphorus concentration.

Sensitivity Analyses

To provide additional insight into the behavior of the model, 72 sensi-
tivity analysis runs were conducted after final calibration was obtained.
These sensitivity analyses included effects of systematic variations in three
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principal types of model input: first, variations of plus or minus 20 per-
cent and 50 percent in water exchange rates, temperatures, incident Tight in-
tensities, and light extinction coefficients; second, variations of plus or
minus 50 percent in phytoplankton growth rates; and third, variations of plus
or minus 50 percent in all other model coefficients. Results were expressed
in terms of percent changes in peak concentrations and annual integrated
gross productions, relative to the final calibration. Discussions of
selected results is included in the text. A complete tabulation of results
from all 72 runs 1in contained in Appendix E.
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SECTION 8
DISCUSSION

INTRODUCTION

In the preceding section of this report, the solutions of model equa-
tions were compared to values for the corresponding field measurements. In
contrast, the present section contains a discussion of the principal process
components in the calibrated model for phytoplankton and nutrients. To the
degree that the calibrated model constitutes a realistic description of the
actual processes which occur in the physical system, insights can be gained
by a detailed analysis of these components. The relative importance of
temperature, light, and nutrients in determining actual specific growth rates
is discussed for three of the dominant phytoplankton groups in Saginaw Bay.
Subsequently, the relative importance of each loss mechanism is discussed for
each of these groups. A discussion is included regarding the relative impor-
tance of phosphorus, nitrogen, and silicon as limiting nutrients. Finally,
some important aspects of phytoplankton-nutrient dynamics are discussed, with
special attention to the role of internal nutrient pool kinetics.

PHYTOPLANKTON GROWTH RATES

The differences between maximum phytoplankton growth rates and actual
specific growth rates that occur in the natural environment is a function of
ambient temperature, light, and nutrient conditions. In general, these ac-
tual growth rates are much less than maximum rates. Although phytoplankton
have absolute requirements for various nutrients, temperature and light ef-
fects are more important than is generally realized.

Figures 33-35 illustrate the results of component analyses of growth rate
terms in the model equations for diatoms, greens, and non-Np-fixing blue-
greens. The curves in each figure represent progressive reductions from the
maximum growth rate for each phytoplankton group. These reductions were
calculated using the values of individual terms in Equations A.3.2.1-A.3.2.3
for each group. The indicated resultant growth rates correspond to gross
production rates.

Water temperature places an upper Timit on the actual growth rate that
can occur at any given time, independent of light and nutrient conditions.
For all three phytoplankton groups, maximum growth rates can only occur
during limited periods of the year. A bimodal pattern occurred for diatoms,
partly because their growth rate was assumed to be optimal at lower tempera-
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tures and to decline at higher temperatures. The pattern for greens and non-
No-fixing blue-greens was unimodal and coincides with higher temperatures.

Substantial reductions in growth rates occurred due to 1light limitation.
This was because gross production rates in the model were vertically aver-
aged, and thus included the effect of exponential light extinction in the
water column. Mortimer (1969) pointed out that actual growth rates are a
function of the ratio of illuminated depth to stirred depth. Using Equation
A.15.2.4, average values for Secchi depth (Table D-13), and incident solar
radiation (Table D-12) for the June-September period, it can be shown that
incident solar radiation was reduced to 75 langleys/day at a depth of 1.4
meters. This Tight intensity was the average of saturation Tight intensities
for all phytoplankton groups in the model. In this case, 1.4 meters was the
i1luminated depth and the water column depth of 5.83 meters was the stirred
depth. Thus, only 24 percent of the water column received a non-limiting
light intensity.

Another consequence of exponential light extinction in the water column
is that phytoplankton growth is usually more sensitive to changes in extinc-
tion coefficient than to changes in incident solar radiation (Tables E-1 and
E-2). If, in the previous example, incident solar radiation was varied by
plus or minus 50 percent, then this would correspond to 29 percent and 15
percent, respectively, of the water column which would receive a non-limiting
light intensity. In contrast, if the extinction coefficient was varied by
plus or minus 50 percent, this would correspond to 16 percent and 48 percent,
respectively, of the water column which would receive a non-Timiting light
intensity. These results are consistent with experimental measurements con-
ducted by Fee (1974) in an effort to determine the effect of diurnal varia-
tions on phytoplankton production. Fee concluded that the effects of changes
in incident solar radiation occurred only in a relatively shallow layer.

After nutrient reduction effects were taken into account, resultant
growth rates in the model were found to average approximately 0.05-0.10 day~
over the annual cycle, with peak values of approximately 0.2-0.3 day‘].
These average values were consistent with experimental measurements conducted
by Schelske et al. (1978) in various regions of the Great Lakes. Peak values
corresponded to doubling times of two to four days, and were consistent with
experimental measurements by Moll (personal communication) in the Saginaw
Bay- Lake Huron system.

1

PHYTOPLANKTON LOSS PROCESSES

Phytoplankton net growth rate was equal to gross production rate minus
the sum of rates for individual loss processes. These loss processes in-
cluded respiration, sinking, grazing, and decomposition. Boundary flow
could represent either a gain or a Toss, depending on the direction of the
concentration gradient. Recall that the term "respiration" in the present
context was intended to refer to population losses due to self-maintenance
requirements, especially under non-optimal conditions.
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Figures 36-38 illustrate the relative contribution of each loss process
for diatoms, greens, and non-No-fixing blue-greens. The proportional con-
tribution of a given loss process was calculated at each point in time by
taking the ratio of that process rate to the sum of absolute values of all
individual process rates. The sum of absolute values of the proportional
contributions was equal to unity. A1l of the processes except boundary flow
constituted net losses relative to gross production and were assigned nega-
tive values. Boundary flow could constitute either a gain or a loss and was
assigned either a positive or a negative value, respectively.

During periods of increasing phytoplankton concentration, boundary flow
constituted a net Toss for all three phytoplankton groups. Phytoplankton
concentrations during these periods were higher in the inner bay than in the
inflow across the boundary between the inner and outer portions of the bay.
This implied that peak phytoplankton crops observed in the inner bay were
actually produced there, and were not due to water movements. During »
periods of low and/or decreasing phytoplankton concentrations, boundary flow
constituted a positive contribution. This reflected the fact that there
were spatial gradients in 1light extinction, temperature, and nutrients be-
tween the inner and outer portions of the bay which led to differences in
timing of the phytoplankton crops between these two regions. Note that
during periods when boundary flow contributions were positive, the sums of
other loss terms usually exceeded those of boundary flows and hence, bound-
ary flow was never sufficiently large to cause a net increase in inner bay
phytoplankton concentration.

Non-predatory death rates, here expressed as respiration and decompos-
ition, were quite significant, especially for blue-green algae. The impor-
~tance of including such non-predatory death mechanisms as cellular breakdown
and decomposition, and cell death through parasitism in mathematical models
has been emphasized by Jassby and Goldman (1974). It is interesting to note

that more than thirty years ago, Riley (1946) recognized the importance of
phytoplankton respiration. He suggested that as temperature increases, res-
piration can become a dominant population loss mechanism. Respiration in
the model accounted for 15 to 50 percent of population losses for diatoms
and greens, and for 20 to 65 percent of population Tlosses for blue-greens.
Decomposition accounted for approximately 25 percent of population losses for
diatoms and greens, and for 40 percent-of population losses for blue-greens
during periods of peak total biomass. Recall that the decomposition process
was assumed to be second-order with respect to total phytoplankton biomass
concentration. Note that even though blue-greens were assigned a non-zero
sinking velocity, non-predatory death processes still accounted for most of
the difference between their gross and net production rates.

During most of the year, sinking was the least.important of the loss pro-
cesses for all three phytoplankton groups. Part of the reason was that the
net sinking rates used were relatively small because of the substantial ver-
tical dispersion in the inner bay due to wind mixing and shallow depth. Note
that sinking rate accounted for a larger proportion of total population
losses during colder periods. This was because all other loss processes ex-
cept boundary flow were temperature-dependent, whereas sinking rate was as-
sumed to remain constant.
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Grazing was the most significant Toss process for diatoms and green algae
during the July-August period. Grazing accounted for 25 to 70 percent of
population losses for diatoms, and for 40 to 70 percent of population losses
for green algae during this period. A detailed examination of model results
indicated that from 3 to 90 percent of daily gross diatom production was
grazed during April and May, and from 99 to 1850 percent of dajly gross dia-
tom production was grazed during the July-August period. Corresponding re-
sults for green algae were 9-70 percent, and 24 to 130 percent of gross daily
production grazed. These ranges were consistent with experimental measure-
ments of grazing by zooplankton on natural phytoplankton populations in
Southern Lake Huron by McNaught et al. (1979). These results implied that
phytoplankton in Saginaw Bay did not come under control by grazing until mid-
summer. Blue-green algae were not subject to grazing in the model.

LIMITING NUTRIENTS

The relative importance of phosphorus and nitrogen as limiting nutrients
in the model can be determined by comparing values for the internal levels
of these nutrients in the phytoplankton, relative to minimum stoichiometric
requirements or cell quotas. The quantities appearing in the top graph of
Figure 39 correspond to averages of the ratios PSA/PSAMIN and NSA/NSAMIN for
all five phytoplankton groups. Results indicated that nitrogen was con-
sistently more rate-1limiting than phosphorus over the entire annual cycle.
Only during May and August do internal phosphorus levels approach internal
nitrogen levels. At all other times there is phosphorus sufficiency because
internal phosphorus levels range from three to five times the minimum cell
quotas.

The Tower graph in Figure 39 jllustrates the results of an independent
check on the condition of phosphorus sufficiency in Saginaw Bay. The aver-
age of ratios for excess internal phosphorus per mg of algae for the five
phytoplankton groups in the model was consistently greater than the 0.08%
critical level proposed by Fitzgerald and Nelson (1966). Recall that this
level was the threshold between growth rate limitation by phosphorus and
phosphorus sufficiency. The model output only approached the critical level
during May and August, corresponding to the two minima in average internal
phosphorus level.

Although nitrogen was relatively more rate limiting than phosphorus in
an average sense, important differences occurred among the individual phyto-
plankton groups. Figures 40 and 41 contain results for degree of saturation
of the individual nutrient reduction terms in the model for diatoms, greens,
and blue-greens. Results for diatoms indicated that nitrogen was rate
limiting for most of the year; however, all three nutrients were equally
limiting in mid-May, and extreme silicon Timitation occurred from mid-May to
the end of June. These results implied that while nitrogen limited the rate
of growth of diatoms for most of the year, a shift to silicon limitation was
more important in determining the size of the spring diatom peak. Results
for greens indicated that nitrogen was relatively more rate 1imiting than
phosphorus for . the entire year.

70



TOTAL QUANTITY OF INTERNAL NUTRIENT

10

MINIMUM STOICHIOMETRIC REQUIREMENT

0
_ 0.5
w
=i
g<
= 04
Z|5
olz &
I [=2]
ol
gg v E>(L3
I__Z\
<N
(S
Ou..e
Wi x 0.2
m| > o
| T o
=l E
2__1
Ef_‘ 0.1
< |2
LLI~

0
Figure 39.

— — PHOSPORUS

INNER SAGINAW BA‘.( 1974

— = NITROGEN

J ! F ! M ! A ! M | J ! J I A ! S ! 0] ! N I D
INNER SAGINAW BAY 1974
L — —CRITICAL LEVEL: FITZGERALD AND NELSON (1966)
—MODEL QUTPUT
JIFIMIAIMIJlJ[AIS'O‘NID
Average of individual phytoplankton groups for total cellular

phosphorus and nitrogen levels and excess internal (extractable)

phosphorus concentrations.

71



DEGREE OF SATURATION OF NUTRIENT

DEGREE OF SATURATION OF NUTRIENT

REDUCTION TERMS

REDUCTION TERMS

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

INNER SAGINAW BAY 1974
TN DIATOMS
-/‘ T e —

/,/ l ——— — .\.\ J
W | ‘ e -
\ 7

//, NS
! N/
- Tl AN
7 ! / >N
| s o e I , \ //\\-_/—-
I NS
F- . .I .
L
i ,-' PHOSPHOROUS
N A j SILICON e = NITROGEN
VS LIMITATION cmi=-+ S/L/CON
‘ [)
NITROGEN S / NITROGEN
e——— LIMITATION >e >l LIMITATION ————— 5|
T T I T I 1 T T I T [
J F M A M J - d A S 0] N D
INNER SAGINAW BAY 1974
GREENS
-
i //// \\\
- —— —
_____ \‘ T
\ V4
i PHOSPHOROUS o
----- NITROGEN ~vs
< NITROGEN X
~ LIMITATION
T T I T ] | T I i

J F M A ' M J ' JgT"TaAaTsToT"TN D

Figure 40. Degree of saturation of nutrient reduction terms for

diatoms and green algae.

72



DEGREE OF SATURATION OF NUTRIENT

DEGREE OF SATURATION OF NUTRIENT

REDUCTION TERMS

REDUCTION TERMS

1.0
INNER SAGINAW BAY 1974

NON-HETEROCYSTOUS
0.8 BLUE-GREENS

: /
0.4 PHOSPHORQUS \\ 7
' -——— NITROGEN

) NITROGEN

N LIMITATION
02
0.0 T = T

s T ma"Tm sy T AatTs o' N D

1.0

INNER SAGINAW BAY 1974
HETEROCYTOUS BLUE-GREENS

/ PHOSPHOROUS
0.4 - - ———= NITROGEN
) | NITROGEN 1 . NITROGEN _]
LIMITATION I / | LIMITATION
02
PHOSPHOROUS
LIMITATION
O' O T I} T T ]

S F M A M Ty Ty TATs "0 "N "D
Figure 41. Degree of saturation of nutrient reduction terms for
‘ blue-greens.

73



Results for the blue-greens (Figure 41) were especially interesting be-
cause of dynamic changes that occurred during the period of minimum dissolved
available phosphorus and nitrogen concentrations in the water column. Nitro-
gen Timited the rate of growth of non-Np-fixing blue-greens for the entire
year; however, the degree of phosphorus 1imitation nearly converged with the
degree of nitrogen limitation in mid-August. For the Np-fixing blue-
greens, nitrogen limited the rate of growth for most of the year, with the
exception of a two month period of phosphorus limitation from mid-August to
mid-October. This period coincided with the period of lowest dissolved
available nitrogen concentration in the water column (see Figure 29). This
result was a consequence of the atmospheric nitrogen fixation mechanism in
the model. The N2-fixing blue-greens accumulated excess internal nitrogen
stores, thus causing a shift from nitrogen to phosphorus growth rate limita-
tion. In contrast, note that the non-No-fixing blue-greens showed a sub-
stantial increase in the degree of nitrogen limitation during this same
period. Recall (see Figure 26) that mid-August was the time when peak bio-
mass concentrations occurred for both of the blue-green phytoplankton groups.
The model output was consistent with the hypothesis that at this time, non-
No-fixing blue-greens were Timited by nitrogen, and N2-fixing blue-greens
were Timited by phosphorus. This set of circumstances was identical to that
reported by Fitzgerald (1969b) for Lake Mendota on the basis of experimental
measurements of internal phosphorus and nitrogen concentrations in mixed
blue- green blooms during the period of minimum dissolved available concen-
trations.

The above results imply that the concept of a single limiting nutrient
for a natural system can be overly simplistic. At various times, and for
various phytoplankton groups, more than one nutrient can be important in
Timiting the rate of growth and/or in determining peak biomass concentra-
tions. Another implication is that if bioassays are to be used for deter-
mining nutrient Timitation in a natural system, then the results may depend
on the timing and the proportions of the various individual functional groups
of phytoplankton.

NUTRIENT RECYCLE

The importance of internal nutrient pool kinetic mechanisms in phyto-
plankton models is a matter of some debate. A common agrument against the
use of internal nutrient pools is that they describe processes which occur
over very short time scales, compared to the monthly or seasonal time scales
usually of interest. A corollary to this agrument is that variations of in-
ternal nutrient levels over seasonal time scales are usually small, and that
the effects of such variations can either be incorporated into other state
variables, or compensation made by adjusting the model coefficients. In-
deed, the seasonal variations in internal nutrient levels in the present
study were not large; however, it will be shown that arguments based on rela-
tive time scales are not the sole criterion for using internal nutrient pool
kinetics. Consideration of nutrient recycle kinetics is an often-overlooked,
yet extremely important, criterion for choosing between fixed and variable
stoichiometry models. The choice of a phytoplankton growth kinetic mechanism
always includes an implicit choice of a mechanism for nutrient recycle.
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Recall that as a consequence of internal nutrient pool kinetics used in
the model, nutrients recycled from grazing, decomposition, and respiration
consisted of two separate components. The component associated with the
minimum cell quota was recycled to the unavailable nutrient compartment in
the water column, and the component associated with the excess internal
level was recycled directly to the available nutrient compartment in the
water column.

To emphasize the importance of two-component nutrient recycle, sensi-
tivity analyses were conducted in which the recycle components corresponding
to excess internal nutrijents for grazing, decomposition, and respiration were
routed directly to the unavailable nutrient compartments in the water column
instead of to the available nutrient compartments. This was not as drastic
as simply "turning off" these direct recycle components because conservation
of mass was still preserved. The difference was that all recycled phosphorus
and nitrogen was then required to be shunted through the conversion process
from unavailable forms to available forms before they could be reused for
phytoplankton growth. This is the conventional approach to nutrient recycle
used in most Monod/Michaelis-Menten, fixed stoichiometry models.

Results of the recycle sensitivity analyses are shown in Figure 42 for
nutrients and Table 9 for phyteplankton. For both phosphorus and nitrogen,
dissolved available concentrations were substantially reduced after the
spring diatom peak, relative to the calibration results. This was because
most of the external loading occurred in the first half of the year, and
hence, recycle processes were relatively more important Tlater in the year.

Results of the recycle sensitivity analyses for phytoplankton are pre-
sented in terms of annual integrated gross production. This quantity was a
good indicator of the relative amounts of phytoplankton produced in each
functional group. In general, non-diatoms were affected to a much greater
degree than diatoms. For the case where internal phosphorus was not re-
cycled, both blue-green groups were reduced. The Np-fixing blue-greens
were reduced by a greater degree than non-N2-fixing blue-greens because
they were already phosphorus limited in the calibration. The non-N>-fixing
blue-greens were relatively more nitrogen limited than phosphorus limited,
and first needed to be forced into phosphorus Timitation before a production
decrease could occur. Consistent with this interpretation, the non-Np-
fixing blue-greens were reduced by a greater amount when internal nitrogen
was not recycled. The No-fixing blue-greens, however, were substantially
increased when internal nitrogen was not recycled because nitrogen limita-

- tion caused reductions in all of the other phytoplankton groups and, as a
result, phosphorus that was previously used by these groups was now left over
for the Np-fixing blue-greens. These results imply that for a system which
is relatively more limited by nitrogen than by phosphorus, control of nitro-
gen in the absence of phosphorus control could actually increase the produc-
tion of Np-fixing blue-green phytoplankton.

It might be argued that a fixed stoichiometry model with a single re-

cycle component to the unavailable nutrient compartments in the water column
could account for the recycle processes by compensating with a faster con-
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TABLE 9. RESULTS OF SENSITIVITY ANALYSES FOR INTERNAL
PHOSPHORUS AND NITROGEN RECYCLE

Percent change in annual integrated
gross production relative
to final calibration

Blue-greens  Blue-greens

Condition Diatoms Greens Others (non-N2) (N2)
Internal P _ '

not recycled to +6 -19 -27 -29 -39
available pool '

Internal N

not recycled to -2 -60 - =44 -65 +60

available pool

version rate from unavailable to available nutrient forms. Notwithstanding
the fact that this would be inconsistent with the known physiological pro-
cesses, such an approach could lead to serious difficulties. Phytoplankton-
related detritus is only one of many components which comprise the unavail-
able nutrient compartments. These compartments also contain a wide variety
of dissolved and particulate materials, both organic and inorganic, which
result from other chemical-biological processes in the water column and from
external loadings. If a higher value was used for the conversion rate from
unavailable to available nutrient forms to satisfy peak requirements for
phytoplankton uptake during periods of minimum nutrient concentrations, then
there is a risk of overconversion during periods of off-peak demand. In the
1imiting case of a long-term simulation, this could lead to incorrect results
for the distribution of individual nutrient components (Bierman 1977).

RELATIVE CONTRIBUTION OF PHOSPHORUS SOURCES

The above results jmplied that while nitrogen and silicon were important
in the phytoplankton-nutrient dynamics in Saginaw Bay, the supply of phos-
phorus will ultimately determine the size of the nuisance blue-green com-
ponent of the total crop because No-fixing blue-greens do not have absolute
requirements for dissolved nitrogen and silicon. - Because of this, it is
pertinent to investigate the relative importance of the various possible
sources of available phosphorus in the water column.

Figure 43 contains the results of a component analysis of the sources of
available phosphorus to the phytoplankton. Phytoplankton net phosphorus up-
take rate over the annual cycle has been juxtaposed against the relative
contributions of various processes responsible for supplying dissolved
available phosphorus to the water column. At any given time, it can be
determined which processes are contributing more significantly to the phos-
phorus requirements of the phytoplankton. Phytoplankton net phosphorus up-
take rate corresponded to the net uptake term in Equation A.5.0 for dis-
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solved available phosphorus. This value was the sum of individual uptake
rates for all five phytoplankton groups in the model. The relative contri-
bution of a given process was calculated at each point in time by taking the
ratio of that process rate from Equation A.5.0 to the sum of absolute values
of all jndividual process rates. The sum of absolute values of the relative
contributions is equal to unity. A1l processes except boundary flow consti-
tuted gains relative to phytoplankton uptake and are assigned positive
values. Boundary flow could constitute either a gain or a Toss relative to
phytoplankton uptake and was ass1gned either a positive or a negative value,
respectively.

One of the most noteworthy aspects of the phytoplankton-phosphorus dyna-
mics was that phosphorus requirements of spring and fall diatom crops were
satisfied primarily by external loading, and phosphorus requirements of sum-
mer blue-green crops were satisfied primarily by recycle processes within
the water column. This was consistent with the above results of the nutrient
recycle sensitivity analyses. During the July-September period, external
phosphorus load was at a minimum, and there was an almost continual loss of
dissolved available phosphorus from the inner bay due to boundary flow. Re-
cycle from zooplankton grazing, and subsequent excretion, contributed up to
35 percent of the available phosphorus required for phytoplankton uptake
after the spring diatom peak. Recycle from decomposition and respiration
together contributed approximately 70 percent of the available phosphorus
during peak requirements for blue-greens in August.

Transformation in Figure 42 refers to the conversion process from un-
available phosphorus to available phosphorus. The relative contribution of
transformation to net phytoplankton uptake ranged from 10 to 25 percent over
the annual cycle.
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SECTION 9
PHOSPHORUS LOAD REDUCTION SIMULATIONS

INTRODUCTION

Results of nutrient load reduction simulations were presented by Bierman
et al. (1975) using an earlier version of this spatially simplified model.
These results were used by the IJC as part of the ULRS (Bratzel et al.
1977), and later by Task Group III (Vallentyne and Thomas 1978) in develop-
ing the phosphorus loading objective for Saginaw Bay as part of the 1978
Water Quality Agreement. It was pointed out earlier that ongoing work in-
volves the calibration of a spatially segmented version of the model to two
independent sets of data on the bay for 1974 and 1975. This more advanced
version will be used to generate a revised set of predictions corresponding
to expected reductions in phosphorus loads. Subsequently, these revised re-
sults will be compared to the outcome of a follow-up field survey to be con-
ducted in 1980. Mindful of the fact that present results will be superceded
by final results from the spatially segmented model, a brief summary of
phosphorus load reduction results using the spatially simplified model will
be presented as an example.

RESULTS

Figure 44 contains results of phosphorus load reduction simulations for
diatom and blue-green phytoplankton groups in terms of percent changes in
annual integrated gross production. Controllable phosphorus in this example
corresponded to phosphorus loads from point sources. Best and worst case
results corresponded to different limiting assumptions for boundary concen-
trations on the inflow water between the inner and outer portions of the

bay. Only the average results between these extreme cases will be discussed
here.

The most important conclusions drawn from the phosphorus load reduction
results were:

1. Phytoplankton production in inner Saginaw Bay was sensitive to
changes in external phosphorus loads.

2. Blue-green production responded to a much greater degree than
diatom production for a given change in phosphorus load.
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For a total phosphorus load reduction of 57 percent, relative to 1974 condi-
tions, there was a 57 percent reduction in blue-green biomass production,
and a 14 percent reduction in diatom biomass production. This implied that
the percent change in blue-green biomass production was approximately pro-
portional to the percent change in external phosphorus load. These conclu-
sions were consistent with results of the Timiting nutrient analyses and

the nutrient recycle analyses presented earlier.

The above results were significant from a water quality standpoint be-
cause concentrations of blue-green phytoplankton in Saginaw Bay were closely
correlated with taste and odor problems in the municipal water supply. The
following correlation equation was found to be statistically significant at
the 99 percent confidence level (Dolan 1977):

TO = 2.03 + 1.87 (BG)

where: TO = Threshold Odor Number at the Whitestone Point
intake plant.
BG = Blue-green biomass concentration in the inner

bay in mg dry wt/liter.

Using this correlation, model output for blue-green biomass concentrations
from the phosphorus load reduction simulations was used to estimate the
corresponding taste and odor at the intake plant. Taste and odor at the
Whitestone Point intake plant, and annual average total phosphorus concen-
tration in the inner bay were used as the water quality criteria for the
development of the 1978 Water Quality Agreement total phosphorus loading
objective for Saginaw Bay.

The most important qualifications that must be stated for the above re-
sults are that the model was applied to data for only a single year, and
that boundary conditions for the load reduction simulations were arbitrarily
specified. The boundary concentrations in the region of the inflow to the
inner bay are not independent of the nutrient loads from the Saginaw River
because of the high degree of horizontal dispersion in the bay. Under
conditions other than calibration conditions, these concentrations can be
expected to vary. With the spatially simplified model there was no systema-
tic way to specify these variations. The principal motivation for ongoing
work with the spatially segmented model is to address these particular de-
ficiencies. The application of the spatially segmented model to two in-
dependent data sets should increase the scientific credibility of the final
results. The spatial segmentation scheme used will preclude the need to
specify inner bay boundary conditions because it will include both inner
and outer portions of the bay. The open boundary in this segmentation
scheme will Tie along Lake Huron proper. Concentrations in the region of
-inflow to Saginaw Bay from Lake Huron are relatively constant in time be-
cause they represent conditions in a much larger, oligotrophic water mass.
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APPENDIX A
MODEL EQUATIONS

STATE VARIABLE EQUATIONS

For each phytoplankton type, £, the rate of change of intracellular
phosphorus 1is given by:

d(ApPSAp)
A.1.0 —x - boundary contribution + net uptake
- grazing - decomposition ~ respiration - sinking
A.1.1 boundary contribution = % (ABD gPSABDp-ApPSAr)

A.1.2 net uptake = A£R1PM£f(T)£f(L)K

-4, moles P 1 1
x{0.322x10°7) "m“g‘F‘{ TPRTPCA; TTPKTEFEM]

A.1.3 grazing = PSA,RAGRZD,
A.1.4  decomposition = AgPSARLYS,TCROP-1.08 (T-20)
A.1.5 respiration = A,PSA,RRESP,f(T),

A.1.6  sinking = A,PSA,ASINK ,/DEPTH

Expanding by the chain rule for derivatives:
d(A@PSAK) dPSAp dAp
A.2.0 I = A,@ T + PSA,({ i
For each phytoplankton type, £, the rate of change in biomass is given by:

dAp
A.3.0 i boundary contribution + gross production

- grazing - decomposition - respiration - sinking
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A.3.1 boundary contribution = % (ABDp-Ap)

A.3.2 gross production = ApSPGR p

Specific growth rate of phytoplankton £, SPGRE} is set equal to the minimum
value of the following functions:

A.3.2.1  RAMAX, f(T), f(L)p [(P-PO)/(KPCELL + (P-P0))]

A.3.2.2 RAMAXp f(T)p f(L)pI(N-NO)/(KNCELL + (N-NO)) 1

A.3.2.3  RAMAX, f(T), f(L)pISCM/(KSCM + SCM) ]

A.3.3 grazing = RAGRZDp

A.3.4  decomposition = ApRLYSpTCROP-1.08(T-20)

A.3.5 respiration = AzRRESPﬂl.OS(T"ZO)

- A.3.6 sinking = A,ASINK,/DEPTH

In equation A.3.0, it is assumed that the contribution to the derivative
due to changes in intracellular phosphorus is negligible.

Setting the right hand sides of equations A.1.0 and A.2.0 equal and sub-
stituting equation A.3.0 gives the following equation for the state variable
PSAp: :

dPSAp
A.4.0 - boundary contribution + net uptake

- gross production
A.4.1 boundary contribution = 3 ABDK(PSABszPSAK)/Aﬂ

A.4.2  net uptake = RIPM,F(T),f(L),(0.322x107%) @E%EEFE

1 1
| X[} T PKTPCR, ~ T'# PR'zPCM]
A.4.3 gross production = PSAZSPGRE

dPCM . .
A.5.0 -a%- = boundary contribution - net uptake

H}

+ respiration + zooplankton excretion + decomposition

+

transformation + external loading
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A.5.1 boundary contribution = 3 (PCMBD-PCM)

_ -4, moles P
A.5.2 net uptake = (0.322x107 ) ~e P

1 1

A.5.3  respiration = £ Ap(PSAp-PSAMIN,)RRESP,1.08(T-20)
2
A.5.4 zooplankton excretion = % (PSAp-PSAMINp)RAGRZD,
A.5.5  decomposition = TCROP+1.08(T-20) 5 a,(psa,-PSAMIN,)RLYS,
2 |

A.5.6  transformation = RTOP-ToP-1.08(7-20)

A.5.7 external loading = WPCM/V

The equation for nitrogen concentration, NCM, is functionally identical to
equation A.5.0 for phosphorus concentration.

A.6.0 Q%%M = boundary contribution

- gross diatom production

+ transformation + external Tloading

<O

A.6.1 boundary contribution = § (SCMBD-SCM)

[l

A.6.2 gross diatom production pX A pSSA pSPGR

diatoms
A.6.3  transformation = RTOS-T0S-1.08(T-20)
A.6.4 external loading = WSCM/V

dzy,
“A.7.0 i = boundary contribution + growth rate

- death rate
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A.7.1 boundary contribution = 3 (ZBDk—Zh)

A.7.2 growth rate = RZ,Z, (refer to A.10.0)
A.7.3 death rate = ZDETH.,Z,, (refer to A.14.1 and A.14.2)
A.8.0 dTop _ boundary contribution + respiration

i at

+ decomposition + zooplankton excretion + zooplankton

death - transformation - sinking + external loading

A.8.1 boundary contribution = 8 (TOPBD-TOP)

A.8.2  respiration = %‘AZPSAMINKRREspgl.os(T-ZO)

A.8.3  decomposition = i-AKPSAMINZRLYSKTCROP-T.08(T"20)

A.8.4 zooplankton excretion = i.RZPEXkZh (refer to A.12.0)

(T-20)

A.8.5  zooplankton death = % BDETH,Z, (0.161x1077) M1 P ¢ 4q
b mg Z

A.8.6  transformation = RTOP-TOP-1.08(T-20)

A.8.7 sinking = TOP-TOPSNK/DEPTH

A.8.8 external loading = WTOP/V

The equation for unavailable nitrogen, TON, is fuhctiona]]y identical to
equation A.8.0 for unavailable phosphorus.

dT0S _— .
A.9.0 .l boundary contribution + respiration

!

+ decomposition + zooplankton excretion

transformation - sinking

-+

external Tloading

A.9.1 boundary contribution = 3 (TOSBD-TOS)
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(T-20)

A.9.2 respiration = z ApSSAyRRESP»1.08
' diatoms
A.9.3  decomposition = . 3 ApSSARLYSgTCROP-1.08( ~20)
‘ diatoms
A.9.4 zooplankton excretion = X RAGRZD, SSAp (refer to A.11.0)
diatoms

A.9.5 transformation = RT0S-T0S-1.08 {T-20)
A.9.6 sinking = TOS-TOSSNK/DEPTH
A.9.7 external loading = WTOS/DEPTH

PROCESS RATE EQUATIONS
Specific growth rate for zooplankton fo:
I ZEFFLpAp - AIMIN,

(T-20)| &
TRDUM,, ¥ LEFFpRp - AZVMINy,
2

A.10.0 RZp = RIMAX,ZASSIMp1.08

b} ZEFFMA/@ - AZMINy,

A.10.1 ZKDUMy, = KZSATy,

TTEFF oy

Rate at which phytoplankton £ is grazed by zooplankton:

RIMAX pZ p(ZEFFLp Ap - ADUMpp)

(T-20)
JKDUM], ¥ % ZEFFpzAz = AZMING
12

k

A.11.0 RAGRZD, = 1.08

ZEFFppAp
L

Note: % ADUMyp = AZMINj,

Rate at which phosphorus is excreted to the unavailable pool by zooplankton
k: ‘

% (ZEFFppAp - ADUMpp)PSAMIN p

A.12.0  RZPEX, = (1-zA551Mk)RZMAxk;,08(T-20)

7ROOM,, ¥ % ZEFFpA; - AZMING
£
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The process rate equation for nitrogen excretion is functionally identical
to equation A.12.0 for phosphorus. :

Rate at which silicon is excreted to the unavailable pool by zooplankton k:

. ZEFF,pAp - ADUM, ,)SSA
B (T-20) l|diatoms (ZEFFLpRp /=1L
A.13.0 RZSEX; = RIMAX, 1.08 IKOUN, ¥ 7, ZEFF; Ry =~ AZHIN;

2
Zooplankton death rate is given by:
A.14.1  ZDETH, = BDETH, 1.08(T-20) Z), < ISAFE,
- T-20
A.14.2 ZDETH,, = (BDETH, + PDETH,Z) 1.08( ) PSATh_Z Z, > ZSAFE,,

MISCELLANEOUS FUNCTIONS

A.15.0 PSAMIN, = PO,/FACT

A.15.1  PCAMIN,

A15.2 F(L) = E%;lgg%g;g [}"“1_ e‘“ﬁ]
e

PSAMIN(0.25x100)/CONCPp

A.15.2.1 PHOTO = 0.64 {0.78 - O.22[SINE(6.28*(TIME + 90)/365ﬂ}

A.15.2.2 a

RADINC /RADSAT

A5.2.3 o= ¢ "Re~DEPTH

i

A.15.2.4 Ke = 1.195/Secchi Depth + 0.159

RADINC, Secchi Depth and T were specified externally on a daily basis using
linear interpolation between measured values.

PHYTOPLANKTON TEMPERATURE REDUCTION FACTORS

A.16.0 f(T)diatoms - oiz(T-Z)/l.s o < ¥ 2:12
= (1.6 - 0.2(T-14))/1.6 T> 14

A.16.1 f(T)qreens

16.2 f
A-16 (T)others,

0.0824(T-3)/1.4

0.0706(T-3)/1.2
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A.16.3 f(T) = 0.03125(T-3) T<MN
non-heterocystous  _ —
blue-greens = (0.25 + 0.0833(T-11)) T>1

A.16.4 f(T) = 0.01875(7-3)/0.7 T<MN
heterocystous = (0.15 + 0.0611(T-11))/0.7 T>11

blue-greens

Note: The minimum value for f(T) for each species is arbitrarily specified
at 0.01 day-].
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APPENDIX B

MODEL COEFFICIENTS
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TABLE B-2. SUMMARY OF ZOOPLANKTON COEFFICIENTS

-y

Zooplankton Type

Coefficient Unit _Fast Ingester Slow Ingester
RZMAX day~] 0.70 | 0.10
ZASSIM - 0.60 0.60
KZSAT mg/liter 1.0 . 1.0
AZMIN mg/ liter 0.20 0.20
BDETH day™! 0.05 0.01
PDETH day ™! 0.50 0.10
ZSAFE mg/liter _ 0.01 0.01
PSAT mg/liter 1.0 1.0

TABLE B~3. SUMMARY OF COEFFICIENTS FOR UNAVAILABLE NUTRIENTS

Coefficient Units Value
RTOP, RTON, RTOS day~! 0.005

TOPSNK, TONSNK, TOSSNK meters/day 0.05
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APPENDIX C

INITIAL CONDITIONS
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TABLE C-3. INITIAL NUTRIENT CONCENTRATIONS.

Concentration

Parameter ug/liter

PCA 5.8

NCM 300

SCM 300

TOP 20.

TON 200

TOS ’ 300
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APPENDIX D

FORCING FUNCTIONS: EXTERNAL LOADS, BOUNDARY CONDITIONS, NET
EXCHANGE FLOWS, TEMPERATURE, AND LIGHT

TABLE D-1. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR CHLORIDE IN 1974.

Julian Day Load in Kilograms
1 1.05x10°
15 0.315
18 0.798
23 5.21
25 1.76
28 2.93
29 1.65
37 0.652
51 1.27
53 0.291
56 1.77
60 1.45
65 2.29
73 1.08
74 1.97
88 0.567
91 1.90
92 3.30
94 2.40
95 2.91
99 1.38
101 1.16
105 1.88
109 0.993
116 0.761
128 1.02
134 0.920
137 4.50
141 1.17
147 0.627
151 1.34
155 0.755
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TABLE D-1. CONTINUED

Julian Day Load in Kilograms
158 0.627x106
162 1.68
165 0.943
172 0.822
179 0.379
190 0.596
213 0.422
272 0.464
274 0.847
280 0.638
295 0.854
311 0.971
325 0.408
337 0.208
353 0.309
365 0.379
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TABLE D-2. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR TOTAL PHOSPHORUS IN 1974.

Julian Day Load in Kilograms

1 3069
16 1581
24 8649
29 A 27125
32 7037
34 2908
49 1265
56 5208
59 5828
66 32240
67 11625
74 4030
90 2585
95 11718
99 5456
114 4743
134 3286
141 17298
142 7254
147 ~ 3001
154 1965
162 6293
165 2709
206 ' 1262
295 1169
337 530
365 1277
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TABLE D-3. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR DISSOLVED ORTHO-PHOSPHORUS IN 1974.

Julian Day Load in KiTograms

1 1228

3 1228
18 . 289
21 1138
22 : 1609
24 1950
25 : 2226
28 4061
30 976
32 1519
36 . 834
49 434
56 1500
59 1327
64 ] 4216
67 1888
78 636
99 372
100 4340
101 1088
106 316
109 1147
126 440
134 1485
135 290
141 240
142 ' 775
153 165
155 701
158 _ 276
162 1218
165 499
171 1538
176 293
193 499
226 : 319
262 _ 394
274 : 946
280 601
295 818
305 846
311 ‘ 216
317 825
325 918
337 415
353 493
365 527
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TABLE D-4. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR TOTAL KJELDAHL NITROGEN IN 1974.

Julian Day Load in Kilograms

1 11620
14 3822
21 49560
25 19460
30 37660
38 8750
52 18900
59 11648
66 184800
72 21980
89 ' 21980
95 41720
101 ‘ 18060
105 25200
116 8008
123 10486
135 21840
141 48020
147 13902
158 8288
162 16100
165 8862
179 3654
279 5852
353 4354
365 : 4354
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TABLE D-5. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR NITRATE PLUS NITRITE NITROGEN IN 1974

Julian Day Load in Kilograms

1 20440
18 11074
24 93940
28 233800
- 30 117180
39 30240
53 33460
59 42000
65 ' 184800

74 57960 -
90 29960
95 136920
101 57680
106 54740
112 20160
137 31220
141 53620
142 25060
169 . 21140
179 ' 4536
189 4214
207 1355
225 1144
261 168
280 2268
353 1918
365 1918
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TABLE D-6. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR DISSOLVED AMMONIA NITROGEN IN 1974 '

“Julian Day Load in Kilograms

1 1764

2 o 1764
18 861
21 3472
28 9996
32 5446
38 1918
49 1033
52 1792
56 4690
59 3836
65 17220
73 4984
80 - 4214
87 2114
92 13720
95 890
101 1876
105 3654
109 902
119 1680
123 3234
134 2422
135 5012
141 480
142 4886
143 : 515
155 1400
162 3136
165 1792
172 1442
176 743
226 461
261 2226
352 2590

365 2590
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TABLE D-7. TIME SERIES VALUES FOR SAGINAW RIVER LOAD
FOR DISSOLVED SILICATE SILICON IN 1974

Julian Day Load in Kilograms

1 19880
18 9884
21 . 23464
23 71680
25 45640
28 68600
29 145320
32 34720
38 16212
39 24388
50 10024
53 48720
59 35560
65 162400
74 52920
78 39760
93 56000
95 93800
101 46200
105 57120
114 1599
120 15372
130 19572
134 14840
137 52080
147 19264
158 . 9072
162 27636
176 11256
179 6804
186 17640
193 5068
274 8820
295 6552
311 13916
325 7588
353 7364

365 7364
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TABLE D-10. WATER CIRCULATION RATES USED BETWEEN INNER AND OUTER
PORTIONS OF SAGINAW BAY

Time Interval Flow Rate
Julian Days | meter 3/second
0-74 176
75-124 499
125-149 2080
150-179: 1920
180-224 _ 900
225-350 672
350-365 83
Inner Bay Volume 0.806 x 1010 meters3

Inner Bay Average Depth 5.83 meters
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TABLE D-11. AVERAGE WATER TEMPERATURES IN INNER SAGINAW BAY

IN 1974
_ Temperature
Julian Day °C
1 0.29
52 1.25
109 6.44
119 8.71
135 . 9.87
155 16.6
170 15.4
190 21.9
207 21.6,
226 21.8
262 17.0
280 11.8
315 8.71
351 0.29
365 0.29
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TABLE D-12. VALUES USED FOR INCIDENT SOLAR RADIATION

Incident Radiation

Julian Day langleys/day

1 100
30 70
60 . ' 100
75 ’ 125
90 300
120 ' 440
150 600
180 | 660
210 625
240 540
270 390
300 210
330 115
360 | 100

365 100
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TABLE D-13. AVERAGE SECCHI DEPTHS IN INNER SAGINAW BAY

IN 1974
Secchi Depth

Julian Day meters
1 1.67
52 3.13
109 0.76
119 1.26
135 1.11
155 1.14
170 1.08
190 1.18
207 : : 1.13
226 1.01
262 0.77
280 0.84
315 1.12
351 1.28
365 1.67

117



APPENDIX E
RESULTS OF SENSITIVITY ANALYSES

This Appendix contains tabulated results for all 72 sensitivity analysis
runs with the calibrated model. Results are presented for individual phyto-
plankton groups in Tables E-1 to E-6. Table E-7 contains summary results
for average phytoplankton responses to each parameter varied, in order of
decreasing sensitivity. Only these average results will be discussed here.

In interpreting the results, it is important to maintain a proper per-
spective. The following considerations are pertinent:

1. Responses were not always symmetrical about the calibration results
for equal plus and minus variations in a given parameter.

2. Some individual phytoplankton groups responded to greater degrees
than other groups to variations in certain parameters.

3. Some of the parameter variations only had direct effects on certain
phytoplankton groups. For example, variations in silicon-related
parameters only had direct effects on the diatoms.

Mindful of these qualifications, the results can be a useful guide to the
relative importance of the various mechanisms and coefficients in the model.

One of the most significant results was the extreme sensitivity of the
phytoplankton to variations in the underwater Tight environment (XTINCO),
and the relative insensitivity to variations in incident solar radiation
(RADINC). This was consistent with the discussion in Section 8. Phyto-
plankton responses were relatively sensitive to temperature variations, but
only moderately sensitive to variations in hydraulic detention time (Q).
This latter result implied that the dynamic behavior of the calibration re-
sults was primarily a reflection of the biological-chemical kinetics in the
model, and not of the boundary conditions.

In general, the phytoplankton were sensitive to variations in maximum
growth and ingestion rates for the phytoplankton and zooplankton, re-
spectively, and to variations in the associated half-saturation concentra-
tions. The phytoplankton were relatively more sensitive to variations in
phosphorus half-saturation concentrations than to variations in nitrogen
half-saturation concentrations. The phytoplankton were more sensitive to
variations in zooplankton assimilation efficiency (ZASSIM) and phytoplankton
respiration rate (RRESP) than to variations in any other loss-related pa-
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rameter. Consistent with the discussion in Section 8 on limiting nutrients,
the diatoms were especially sensitive to variations in SSA, percent silica
by dry weight. The value for this coefficient had a strong influence on the
size of the spring diatom peak.

The phytoplankton were relatively insensitive to variations in net
sinking rates for phytoplankton (ASINK) and unavailable nutrient forms
(TOPSNK, TONSNK, TOSSNK). This was probably due to the relatively short
hydraulic detention time of the bay. In addition, the values found for these
coefficients in the calibration were apparently consistent with a relatively
high degree of vertical dispersion in the water column.

It was significant to note that the phytoplankton were relatively in-
sensitive to variations in conversion rates from unavailable to available
nutrient forms (RTOP, RTON, RTOS). This was most probably due to the re-
latively short hydraulic detention time of the bay. This result was the
opposite of what would be expected for systems with much Tonger hydraulic
detention times, such as the other major basins in the Great Lakes.
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TABLE E-1. RESULTS OF SENSITIVITY ANALYSES FOR EXTERNAL
FORCING FUNCTIONS - PEAK CROPS

Percent Change in Peak Crops Relative To
Final Calibration

Diatoms ' Blue-Greens Blue-Greens

Parameter Varied Total Zoo Spring Fall Greens Others (Non-N2) (N2)

Plus 20% |

Q -3 -4 472 -9 -7 -6 -3

T +2 +9 +2 -15 =17 +22 +56

RADINC 0 -2 +10 +] +1 -1 -1

XTINCO 0 +1 -34 -29 =21 -48 -54
Plus 50%

Q -8 -8 +27 =21 -15 -12 -10

T +10 -13 -36 -50 -40 +26 +43

RADINC _ 0 -4 +18 +1 +1 -2 -2

XTINCO +1 -23 -58 -57 ~-58 -83 -84
Minus 20%

Q ' +3 +4 -156 +14 +8 +5 +1

T - -3 -6 +10 =71 -75 -66 -70

RADINC -1 +4 -16 -3 -2 +1 0

XTINCO 0 +11 +24 +70 +56 +4 +55
Minus 50%

Q +9 +11 ~-43 +42 +21 +14 -10

T -4 -5 -43 -95 -91 -96 -97

RADINC 0 -6 -48 -20 -12 +5 0

XTINCO 0 +2 ~46 +524 +897 -90 +768
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TABLE E-2. RESULTS OF SENSITIVITY ANALYSES FOR EXTERNAL FORCING
FUNCTIONS - ANNUAL INTEGRATED GROSS PRODUCTION

Percent Change in Annual Integrated Gross
Production Relative to Final Calibration

Blue-Greens Blue-Greens

Parameter Varjed Diatoms Greens Others (Non-N2) (N2)
Plus 20%
Q +3 10 -4 -6 -4
T -4 +11 +5 +42 +120
RADINC +2 +1 +1 -1 0
XTINCO -11 -2b =21 -46 -55
Plus 50%
Q +8 -19 -8 -11 . -12
T -13 -30 +6 +106 +243
RADINC +3 +2 +1 -1 -2
XTINCOV -23 -61 -61 -85 -84
‘Minus 20%
Q -3 +15 +6 18 +1
T +13 ~-68 ~-62 -74 ~-78
RADINC -3 -3 -2 +1 0
XTINCO +11 +62 +69 -12 +141
Minus 50%
Q ' -8 +51 +17 +26 -12
T -9 -96 ~-92 -99 -390
RADINC -1 -20 -12 +5 -2
XTINCO +5 +308 +466 ~-94 +615
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TABLE E-3. RESULTS OF SENSITIVITY ANALYSES FOR PHYTOPLANKTON GROWTH RATE
COEFFICIENTS - PEAK CROPS

Percent Change in Peak Crops Relative to Final Calibration

Diatoms Blue-Greens Blue-Greens
Variation in RAMAX Total Zoo Spring Fall Greens Others (Non-N2) (N2)
Plus 50%
A1l Phytoplankton 0 +10  -10 +280 +414 -54 +604
Diatoms, Greens,
Others Only 0 +10 +21 +477 +607 -84 ' -40
Blue-Greens only 0 0 +7 -82 -70 +70 +186
Minus 50%
~ A11 Phytoplankton +1 -43  -54 -77 -84 -93 -94
Diatoms, Greens,
Others Only +1 -43  -59 -88 ~91 +27 -9
Blue-Greens Only 0 0 +11 +53 +32 -95 -88
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TABLE E-4. RESULTS OF SENSITIVITY ANALYSES FOR PHYTOPLANKTON GROWTH RATE
COEFFICIENTS - ANNUAL INTEGRATED GROSS PRODUCTION

Percent Change in Annual Integrated Gross Production
Relative to Final Calibration

Blue-Greens Blue-Greens

Variations in RAMAX Diatoms Greens Others (Non-N2) (N2)
Plus 50%

A11 Phytoplankton +3 +158 +248 -68 +590

Diatoms, Greens,

Others Only +12 +311 +364 -83 -40

Blue-Greens Only 0 -76 -59 +39 | +283
Minus 50%

A1l Phytoplankton =27 -82 -84 -94 -94

Diatoms, Greens, '

Others Only -28 ~-90 -89 +26 -14

Blue-Greens Only +2 +85 +45 -95 -93
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TABLE E-5.

RESULTS OF SENSITIVITY ANALYSES FOR MISCELLANEOQUS

COEFFICIENTS - PEAK CROPS

Percent Change in Peak Crops Relative To

Final Calibration

Diatoms Blue-Greens Blue-Greens
Coefficient Varied Total Zoo Spring Fall Greens Others (Non-N2) (N2)
PTus 50%
R1PM 0 0 0 0 0 0 0
RINM 0 +13 +10 +14 -1 +6 +12
P-Uptake Half-
Saturation Concentration O -8 -76 +66 -95 +6 -87
N-Uptake Half-
Saturation Concentration O +10 -19 -15 -10 -12 -17
KSCM 0 0 0 +4 +5 0 +1
SSA -9 -23 -1 +4 +4 +7 +9
RADSAT -1 +10 -30 -7 -4 +2 0
ASINK -2 +3 ~-10 -2 -1 -12 -17
RLYS 0 -4 -2 +4 -1 ~25 -27
RRESP -6 +5 -9 -12 -16 -54 -68
RZMAX +65 -10 -39 -71 -52 +25 +24
ZASSIM +69 +2 -27 ~-50 -30 +16 +16
KZ SAT -10 0 +14  +128 +126 -37 -26
AZMIN 0 +5 -11 +9 +12 -6 -4
BDETH : -12 -2 +12 +48 +38 -10 -6
PBETH -29 -2 +6 +68 +62 -25 -22
RTOP, RTON, RTOS +1 0 +6 +2 +2 +2 -3
TOPSNK, TONSNK, TOSSNK 0 -1 -3 0 0 -1 0
Minus 50%
R1PM 0 0 0 0 0 0 0
RTNM -1 + -37 -38 -15 -38 -33
- P-Uptake Half-
Saturation Concentration O 0 0 0 0 0 0
N-Uptake Half-
Saturation Concentration 0O +12 +13 +6 -7 +14 +22
KSCM 0 0 -1 -4 -5 0 -2
SSA +12 +70 0 -17 -11 -21 -29
RADSAT 0 -4 +26 +2 +2 -3 -4
ASINK +2 -0 +11 +4 +2 +12 +17
RLYS +2 +4 +7 -10 -4 +35 +50
RRESP +4 +6 +7 =24 -8 +37 +116
RZMAX -49 +11 +6  +393 +746 -96 -84
ZASSIM -58 +8 +23  +348 +540 -88 -73
KZSAT . +13 +2 -41 =77 -64 +23 +16
AZMIN 0 +9 0 -15 -22 +9 +4
BDETH +11 +3 -16 -38 -34 +10 +6
PDETH +79 +4 -10 +6 -17 +14 +15
RTOP, RTON, RTOS -1 -4 -6 0 +1 -4 +1
TOPSNK, TONSNK, TOSSNK 0 +2 +3 +1 0 +] -1
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TABLE E-6. RESULTS OF SENSITIVITY ANALYSES FOR MISCELLANEOUS
COEFFICIENTS ~ ANNUAL INTEGRATED GROSS PRODUCTION

Percent Change in Annual Integrated Gross
Production Relative to Final Calibration

Blue~Greens Blue-~-Greens

Coefficient Varied Diatoms Greens Others (Non-N2) (N2)
Plus 50%
R1PM 0 0 0 0 0
RTNM , +4 +11 0 .43 +11
P-Uptake Half-
Saturation Concentration -15 +59 -91] +11 -94
N-Uptake Half- ) ’
Saturation Concentration -4 -9 -5 -7 -16
KSCM -2 +3 +4 +1 +1]
SSA -27 +6 +5 +10 +8
RADSAT -6 -7 ~4 +1 0
ASINK -2 -1 -1 -1 -15
RLYS 0 +14 +6 -10 -25
RRESP -3 +9 -3 -41 -61
RZMAX -14 -55 -44 +25 +21
ZASSIM -9 -41 -30 +16 +15
KZSAT ‘ +5 +102 +103 -36 -18
AZMIN +1] +22 +18 -6 -2
BDETH +3 +31 +25 -11 -6
PDETH +4 +66 +70 - -25 -16
RTOP, RTON, RTOS +6 +5 +2 +6 42
TOPSNK, TONSNK, TOSSNK -2 -2 -2 -3 -4
Minus 50%
R1PM 0 0 0 0 0
RINM -10 -34 -14 -33 -36
P-Uptake Half-
Saturation Concentration 0 0 0 +1 -17
N-Uptake Half-
Saturation Concentration +4 +1 -1 +9 +19
KSCM +4 -4 -4 -1 -2
SSA +79 =22 -18 -26 -26
RADSAT +4 +3 +1 -2 -3
ASINK +2 +2 +3 +11 +15
RLYS +] -19 -8 +8 +43
RRESP +2 -25 -1 +7 +106
RZMAX +8 +277 +428 -94 -75
ZASSIM +8 +248 +342 -87 ~-60
KZSAT -12 -58 -48 +22 +12
AZMIN -2 -25 ~-24 +7 +]
BDETH -3 -28 ~-23 +9 +4
PDETH -9 -35 -20 +16 +16
RTOP, RTON, RTOS -6 -5 -1 -8 ~11
TOPSNK, TONSNK, TOSSNK +2 +3 +2 +4 +3
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TABLE E-7. SUMMARY OF AVERAGE RESPONSES TO SENSITIVITY ANALYSES

Average Absolute Percent Change for

all Phytoplankton Groups in Response
to + 50 Percent Variation

Parameter Varied

XTINCO

RAMAX

RZMAX

ZASSIM

RRESP

T

KZSAT

P-Uptake Half-Saturation Concentration
PDETH

SSA

Q

RTNM

RLYS

TOPSNK, TONSNK, TOSSNK
BDETH

AZMIN

RADSAT

N-Uptake Half-Saturation Concentration
KSCM

ASINK

RADINC

RTOP, RTON, RTOS

R1PM

180
145

(53 for diatoms)
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