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PREFACE

The disposal of nutrient-containing wastes into fresh waters has resulted in a
dramatic increase in problems of cultural eutrophication in the United States.
If cultural eutrophication is to be prevented in existing and planned
reservoirs, methods for monitoring and predicting water quality and
biological community changes must be developed. The research reported here
forms a part of a larger program-plan developed by the principal investigators
for mass-balance analysis of productivity and community variation in fresh
waters which we hope will eventually provide “‘water quality’’ information
useful in basin-wide planning.

Many students and several associates provided valuable assistance in this
work. In particular, we thank Jack Cosby for his general help and
encouragement and M. Dale Phillips for his work on enrichment experiments
in Sugar Hollow Reservoir.

Special acknowledgement is accorded Dr. John Cairns, Jr., of the Center for
Environmental Studies at Virginia Polytechnic Institute and State University,
who generously gave his time to a critical review of the manuscript.
Acknowledgement is also made to Katherine Miller Kurtz and Charlotte
R. Hungate, who did the typesetting for this Bulletin.
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ABSTRACT

This research project developed a mathematical model of a lake ecosystem
and then tested its ability to indicate what ecological changes—in particular
eutrophication—would result from changes in the physical environment.

The model was developed using a digital computer. /n situ enrichment
experiments then were performed to assess the relationship between nutrient
concentrations and the growth of phytoplankton. The investigation included
an evaluation of the use of nonlinear parameter estimation in determining the
model’s growth constants. The model did demonstrate that it could provide
useful qualitative information.

Field experiments did not, however, produce data suitable for quantifying the
relationship between species diversity and nutrient addition showed that a
diversity index holds little promise for use as a quantitative indicator of
eutrophic conditions.

The field experiments and the study of parameter estimation indicate that in
situ enrichment experiments will not provide adequate data for accurate
determination of model parameters. Growth parameters can be estimated on
the basis of careful laboratory experiments, but extrapolation of this data to
field conditions proved questionable. For this reason and others, the
researchers conclude that the principal application of lake ecosystem models
is for qualitative determinations. Even for this limited use, the researchers
caution that each such model must be carefully designed for each specific
application.



&



INTRODUCTION

Spurred primarily by the problem of cultural eutrophication—the increased
productivity in natural waters due to artificial nutrient enrichment—investi-
gators in various fields have presented models of phytoplankton production
in freshwater lakes or impoundments (Ref. 13, 11, 46, 29, 45). Although a
desirable goal is ““a lake model which with obtainable inputs in any specific
lake situation can be employed to predict the response of that lake to its
various influents, and hence to disclose the necessary controls and monitoring
programs for protecting the lake” (Ref. 39), none of the models yet
presented can approach this goal.

The effectiveness of a model as a predictive tool is directly related to how
well the model describes the natural environmental interactions, and from
where and how the values for the parameters in the models are derived. While
development of lake ecosystem models has been relatively straightforward
and based on biological and physical principles, the matter of parameter
estimation for the models has been largely neglected.

In most attempts at modeling a lake ecosystem, the biological growth
parameters have been estimated using data from laboratory cultures. It is
questionable whether values derived from experiments in artificial environ-
ments can be extrapolated to a natural environment. On the other hand,
because of a multitude of complexities introduced in experiments under
natural conditions, data from in situ experiments may be difficult to analyze.
A combination of methods may be necessary in order to best approach the
problem.

An area that has not been fully explored is the use of mathematically sound
techniques for estimating growth parameters from either laboratory or in situ
nutrient uptake data. The techniques which have been most widely used in
the past may produce misleading results.

The research described here was designed 1) to develop a “‘reasonable’” lake
ecosystem model; 2) to conduct in situ nutrient enrichment experiments to
provide data for calibration and testing of the model; and 3) to examine the
feasibility of using parameter estimation techniques with field and laboratory
phytoplankton data to determine the appropriate growth constants for use in
a lake model.

In addition, the data collected from /n situ nutrient enrichment experiments
in Sugar Hollow Reservoir provided an evaluation of the utility of a species
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diversity index in describing water quality, the parameter estimation
techniques allowed testing of the ability to discriminate among several
possible models of nutrient uptake, and the lake model yielded significant
results regarding a possible explanation of the ““paradox of the plankton’”’

(Ref. 30) and the possibility that inhibition of photosynthesis at the surface
of lakes may be due to nutrient limitation.



BACKGROUND AND PREVIOUS WORK

There is a large and rapidly growing literature on lake ecosystem models (see
Ref. 39 for a recent compilation of papers). Most of these models are based
on the continuity equation and are constructed by specifying particular forms
for the source/sink terms in the equation.

In a phytoplankton model, the primary source term is growth. The
relationship between phytoplankton growth and nutrient concentration is
often modeled by a Monod expression which is a reasonable assumption since
uptake response to various concentrations of macro- and micro-nutrients has
been widely reported as fitting a rectangular hyperbola (Ref. 5, 17, 20, 37,
26, 23, 8, 9, 47, 15, 16).

Various models have been proposed that separate the process of nutrient
uptake and growth (Ref. 6, 7, 15, 16). These types of models are supported
by evidence of nutrient uptake in the dark, variations of cellular con-
centrations of nutrients, rapid uptake by nutrient-starved cells relative to
growth rate, and luxury uptake of one nutrient which is present in excess
while another nutrient limits growth (Ref. 32, 47, 31, 34, 14, 22). Most of
these models rely on the Monod expression for substrate-nutrient limitation,
and before any model can be used for predictive purposes the growth
constants appearing in this expression must be estimated.

The data used for determining growth parameters are usually derived from
single-species laboratory cultures. A laboratory population is subject to
“unnatural” selective pressures and thus extrapolation of laboratory-derived
constants to a natural community is questionable. Few in situ determinations
of values for uptake parameters have been made and only whole community
values have been reported (Ref. 45. 17). Several attempts were made in the
course of this research to provide data from /n situ experiments which could
be used to calibrate a lake model. We were therefore led to examine methods
of analyzing such data.

The most widely-used method for calculation of nutrient-uptake parameters
is to use a linear transformation of the Monod expression and perform a
least-squares fit on uptake data (Ref. 5, 17, 26, 23, 21, 48, 15, 16). Data
from chemostat cultures are more easily analyzed by this technique than are
data from batch cultures. However, by using finite-differences to estimate the
uptake rates, batch-culture data have been used (Ref. 17, 20, 37, 23, 21, 48,
15, 16). Unless the sampling intervals are negligibly short, this use of
batch-culture data neglects the fact that the nutrient concentration changes



with time; yet, when the sampling interval is too short, the rate of change of
nutrient concentration would be insignificant or not measurable.

This traditional method of analyzing nutrient uptake data suffers from a
number of drawbacks: estimates obtained through the use of transformed
data may be biased; certain parameters which are independent in a dynamic
model may not be independent in the associated steady-state model and
hence may not be estimated from chemostat data; and certain models may
differ only in their dynamic behavior. Again, chemostat data could not be
analyzed to study the transient response of a phytoplankton population.
Other methods of parameter identification have been proposed and used, but
none of these methods directly fits a model (or equation) to a time series of
data measured during a batch-culture experiment. Moreover, an assemblage of
phytoplankton is made up of competing species and no method has been
proposed to identify the growth and uptake parameters for each species in a
whole community experiment. If “‘community values’ are derived from such
an experiment, use of the conventional regressions can easily give poor
estimates of the growth parameters if the community is composed of
dissimilar species (Ref. 50).

A method is available which overcomes the objections mentioned above. A
growth curve of biomass, measured through the course of a batch-culture
experiment, can be described by the solution to a differential equation which
incorporates a nutrient-uptake model, and the parameters in the model
equation can be estimated by fitting the solution to the time series of
measured data. This is accomplished by using nonlinear parameter estimation,
a procedure in which successive changes in the values of parameters are made
until the solution of the differential equation converges to the closest fit of
the model to the data. (The closeness of fit is a function of the difference
between the model prediction of the dependent variable and the measured
value—i.e., the experiment datum).

Sophisticated methods for parameter estimation are available for application
to a lake model. Marquardt (Ref. 38), Fletcher and Powell (Ref. 25), and
Bard (Ref. 2, 3) have presented methods especially suited to dynamic
equations with multiple observed variables and with the parameters appearing
in nonlinear fashion.



A LAKE ECOSYSTEM MODEL

A model for phytoplankton growth can be derived by applying mass balance
to a volume of lake water. A general form for this relationship is

O yg.(DVc) -V v+ S

ot

where ¢ = concentration of a dissolved or
suspended constituent such as a
nutrient or plankton species;

D = diffusivity;
v =velocity;
2S = sum of sources and sinks.

We have simplified this general form of the equation to include only changes
in the vertical direction and to account for any vertical motion by using a
dispersion coefficient. In this ecosystem model we consider several species of
phytoplankton and herbivores. The gross production of the phytoplankton is
controlled by incident radiation and by the concentration of two nutrients.
Nutrient uptake is modeled using Michaelis-Menten (Monod) kinetics. The
respiration term of the equation accounts for actual respiration as well as
nutrient recycling by decomposers. The resulting equations are:
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where:

F = input energy at depth z,

P = concentration of phytoplankton,

A = ability of the producers to utilize light through photosynthesis,
N1 = concentration of nitrates in solution,

N2 = concentration of phosphates in solution,

KM1 = nitrate half-rate constant,

KM2 = phosphate half-rate constant,

Ri = producer respiration rate,

G = grazing rate of herbivore,

H = concentration of herbivore,

E = grazing efficiency,

Rj = herbivore respiration rate,

HMAX = maximum herbivore concentration (carrying capacity),
Dv = dispersion coefficient,

DVH = “dispersion” coefficient for herbivores

C‘]'| = concentration of N1 in herbivore

Cq = concentration of N1 in phytoplankton,

Cg = concentration of N2 in phytoplankton,

C;‘ = concentration of N2 in herbivore,

UP = net growth of phytoplankton =

oP.

ot 0z o2

UT = net growth of herbivore =
ot 0z 0z

CARN

grazing rate of carnivores.

Although we do not believe that a superior formulation has been presented
elsewhere, several of the assumptions used to derive the above equations (and
equations used by others) may be questioned. Neglect of advection and use of
a vertical dispersion coefficient to account for all vertical motion may be
undesirable, especially in a predictive model. Some workers consider
formulations other than the Michaelis-Menten equation to be superior for
describing nutrient-limited growth (for example, Ref. 16, 8). The linear
relationship between light and photosynthesis has been questioned (Ref. 49).
Although these (and other) assumptions may be invalid, we do not believe

8



that there is presently enough understanding of /n situ growth kinetics to
allow formulation of a better model. As will become clear, the four previous
equations are structured so that useful qualitative information may be derived
from their solution, and the validity of some of the assumptions may be
examined using the model.

Solution of these four equations is accomplished by approximating the spatial
derivatives by finite differences and by using a Runge-Kutta method to solve
the resulting system of ordinary differential equations. The computer
program used to implement the solution is listed and documented in
Appendix .
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CALIBRATION OF THE MODEL: FIELD EXPERIMENTS

After preliminary reconnaissance of a number of impoundments in the
vicinity of Charlottesville, Virginia, Sugar Hollow Reservoir was chosen as the
location for initial field studies (started mid-July, 1972). This reservoir is
located at the edge of the Shenandoah National Park and serves as a water
supply for the city of Charlottesville.

Sugar Hollow Reservoir normally has low concentrations of nutrients (<.
g/l PO,4—P and ~4ug/| NO3—N), low primary productivity, a mean Secchi
disc depth of 3 m, and a phytoplankton community of more than 15 major
species. The average depth is 15 m and the depth of the thermocline in
summer is about 3 m, The lake, therefore, has many characteristics of an
oligotrophic impoundment.

A floating rack supporting 14 polyethylene bags was constructed and placed
in the lake. The bags were open to the atmosphere and extended 3 m in
depth. Besides two controls, combinations of high (0.5 mg/l) and low (0.3
mg/l) nitrate and high (0.1 mg/l) and low (0.05 mg/I) phosphate enrichments
were made, in replicate, and growth was monitored. Phytoplankton,
phosphate, nitrate, dissolved oxygen, chlorophyll-a, and light and dark bottle
productivity were sampled at three depths every two days in each bag and in
the lake. The experiment was continued for four weeks, until the produc-
tivity, chlorophyll-a, and nutrient concentrations reached equilibrium.

We had planned to use these data to estimate the growth coefficients for the
various phytoplankton species and to verify the predictive capability of the
ecosystem model. We found, however, that quantitative estimates could not
be derived from these data. In addition, the polyethylene bags used in the
field experiments during the first year’s work were open to the atmosphere at
the top and extended vertically through the thermocline. Effects observed in
the bags were thus depth-averaged, and inferences regarding growth rate
differences with depth and light availability were not possible.

However, these data were used to determine whether a species diversity index
is a useful quantitative index of water quality or ““trophic condition” of a
reservoir. Mitchell and Buzzell (Ref. 47) attempted to quantify the
relationship between a species diversity index and nutrient concentration.
They used laboratory microcosms, contained in carboys, to quantitatively
assess the effects of pollution and/or nutrient input in terms of the diversity
index of the microcosm populations. They added nutrients in the un-
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controlled form of a.commercial grade garden fertilizer or sewage water.
Mitchell (Ref. 40) also used this technique to analyze the effects of detergent
input into aquatic systems. Mitchell’s work has been criticized in the
literature: it “‘contains both errors in logic and factual misrepresentations’
and ““The use of microcosms to simulate lakes has many faults’’ (Ref. 27).
The in situ experiments in Sugar Hollow Reservoir were designed to overcome
the defects in the approach taken by Mitchell.

Significant results from this study in which nutrients were added as an initial
pulse are:

1. diversity initially decreases when nutrients are added to an
oligotrophic lake in the form of phosphate and/or nitrate;

2. the decrease is very rapid;

3 the decrease is not correlated with either the nutrient added or its
concentration;

4, diversity tends to increase after the initial decrease.

It can be concluded that there is an inverse relationship between nutrient
additions and the diversity index of the phytoplankton. However, the
relationship is a qualitative one. Considering this, it is unlikely that the
diversity index can be used as a quantitative indicator of eutrophic
conditions. Likewise, it would be most unlikely that the diversity index could
be used to make quantitative predictions regarding the effects of nutrient
additions on the aquatic community. (Ref. 44 will have further details of this
study.)

In the summer of 1973 another attempt was made to use observed in situ
species growth to determine the actual Michaelis-Menten growth constants for
phytoplankton populations in the reservoir. Smaller, enclosed bags were used
in this experiment, and data were collected every four hours. The results
showed that uptake was very slow, and it was concluded that the standing
crop in Sugar Hollow Reservoir was not great enough to provide meaningful
nutrient variation in the short-term enrichment experiment.

To test this hypothesis, the experiment was repeated in the Rivanna River
Reservoir, which has characteristics indicating that it has a much higher
standing crop and productivity than Sugar Hollow. The Rivanna Reservoir
exhibits problems associated with eutrophication.
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The response in the bags in the Rivanna Reservoir was clearly more rapid and
larger in magnitude than that in Sugar Hollow. However, the water in the
Rivanna Reservoir was quite turbid and this interfered with the determination
of nutrient concentrations. Consequently, although it was obvious that the
enrichment caused rapid growth (and, by inference, uptake), quantitative
measurements of nutrient concentrations could not be obtained and thus the
data were unsuited for estimation of growth parameters.

From these field studies it is obvious that /n situ experiments cannot be used

to estimate phytoplankton growth parameters under some conditions, and
that experiments must be very carefully tailored to the particular situation.

13
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PARAMETER ESTIMATION: METHODS

Although the field experiments did not provide data suitable for estimating
growth coefficients for the model, the feasibility of using parameter
identification techniques for such purposes was thoroughly investigated. We
felt that insight might be gained regarding design of an in situ experiment to
collect such data. Also, in the event that it should prove necessary to resort to
laboratory culture data, the technique might still be required to estimate the
parameters. Complete details of this portion of the research are given by
Lederman (Ref. 35).

Data to test the parameter estimation technique were generated using the lake
model, equations 2—5. The growth parameters Vm, Km, and R, were chosen
from ranges of values given in the literature (Ref. 13, 27). For example, the
value of Vm which was used for one simulation represents a doubling rate of
1.1 day_1 for constant light of 500 Kcal m~2 hr 1 in the absence of
nutrient limitation and respiration. The numerical value is

2

11 day m* hr ~ 2 -1

— X — X ———— =~ .00009 m“ Kcal

day 24 hr* 500 Kcal
High values of Km were chosen as being representative of a eutrophic
environment. The values for respiration were assumed to be a rate of
reduction of biomass that would approximately halve the biomass in five days
in a dark environment.

Parameter values for three different species (Table 1) were chosen and the
simulations were run to equilibrium from the same initial conditions for
biomass and nutrient. The total nutrient (the sum of the nutrient in biomass
and in solution) for all simulations in this study was 750 mg N03—N m_3.
Simulations were made assuming both constant and diurnally varying light.
The equilibrium values from the constant-light simulations were then used as
initial conditions for simulations of constant-light, batch-enrichment experi-
ments. The initial conditions for the diurnal-light, batch-enrichment
simulations were taken as the values of biomass and nutrient at the end of the
first dark period following the light period when values indicated equilibrium
conditions. The initial nutrient level for each simulation was increased with
four different levels of nutrients and the equations were integrated for 72
hours. Biomass and nutrient values representing experimental samples were
taken each hour. The 24 “perfect’” data sets were noise-corrupted with
normally-distributed percent error with a mean of zero and a standard
deviation of 10%. This standard error is representative of the chemical-
measurement error to be expected over a large part of the range of
magnitudes of experimental data (Ref. 7).
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TABLE 1
Growth Parameters Used in Simulations

Vm Km R
SPECIES m? Keal ™! mg NO3—N m~—> e
1 .00009 10. .0035
2 .00019 14. .003
3 .00029 20. .0055
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Similar computer experiments were run simulating batch culture experiments
with two and three species. Three two-species combinations of the three
species listed in Table 1 were chosen. The simulations were run for a diurnal
light environment (this avoided exclusion of one of the species through
competition). After 360 hours of simulation, the system had reached a
dynamic equilibrium and the initial conditions for the enrichment runs were
established. Four enrichment levels were again chosen and the simulations
were run for 72 hours, with nutrient and the biomass of each species recorded
for each hour.

This same procedure was used to generate data for a simulation of growth
when three species are competing for the nutrient. A dynamic equilibrium
was established and the values for each species and the nutrient in solution
were used as initial conditions for the four enrichment simulations.

A five-species (Table 2) simulation was also run with the lake model,
following the previous procedure but making only one enrichment run.
However, instead of taking biomass measurements for each species, the
community biomass and the nutrient in solution were recorded each hour.
These data were noise-corrupted using the method described previously. The
data were analyzed with the parameter estimation procedure to determine the
feasibility of deriving community uptake values and to assess the meaning of
the estimated values.

The feasibility of using parameter estimation techniques for determining
phytoplankton growth constants was evaluated. A computer program
parameter estimation package (Ref. 3) was used to back-calculate the
parameter values from the simulated data, and the estimated values were
compared with the known input values to the simulations. Parameters in a
dynamic system (a number of coupled first-order differential equations) are
easily handled with Bard’s program through use of special sub-routines, some
of which must be supplied by the user, so the program is well-suited for the
phytoplankton-nutrient problem. The program uses a Gauss-Newton method
with modifications (Ref. 28, 18, 2, 10) to maximize the likelihood function.
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TABLE 2

Growth Parameters Used in the Community Simulation

Vm Km R
SPECIES m?2 Keal ™! mg NOg—N m ™3 hr 1
1 .00009 10. .0025
2 .00014 15. .003
3 .00019 13. .0045
4 .00024 17. .005
5 .00029 20. .0055

18



PARAMETER ESTIMATION: RESULTS AND DISCUSSION

The estimated values for the parameters for the single-species, constant-light
data (perfect and noise-corrupted) are listed in Table 3. The enrichment levels
in the table represent additions of 100, 250, 350, and 500 mg N03—N m_3
An estimation run will be referred to by numbers representing the number of
the species and the level of enrichment. Some of the simulation runs reached
equilibrium within five hours, although a minimum of 10 hours of data was
used. The values estimated from the perfect data were all very close to the
true values. The standard deviations of the residual error (mean = 0) were in
all cases less than 0.2 mg N03—N m-3 for a range of data from 1250 to less
than 1 mg NO3—N m~ *. For these runs, the standard deviations of the
biomass and the nutrient residuals are the same. With perfect data, all the
residuals represent estimation error, and the estimation error for the
predicted nutrient values are the negative of the error for the biomass
predictions. The parameter values estimated from the noise-corrupted data in
most cases were of the correct order of magnitude for Vm and Km. They
cannot be considered close enough to the true values to be good estimates
(the criterion for goodness being that the estimates for the three different
species should show significantly different uptake values). The estimates for
R were, in most cases, unacceptable. Two standard deviations of the residuals
are given for the noise-corrupted data because each perfect datum was
independently corrupted.

The results of the single-species, diurnal-data estimation runs are listed in
Table 4. Seventy-two hours of data were first used in the estimation runs.
Only species-1 estimations converged with this length of the time series data.
A possible explanation for lack of convergence is that species 2 and 3 had
relatively faster growth rates and thus reached a dynamic equilibrium in less
than 72 hours. Smaller data sets were then used until the estimation
procedure converged. Estimated parameter values for the perfect data were,
in all but one case (species 3-500 enrichment), very close to the true values.
The standard deviation of the residuals were all less than 0.3 mg NO3—N
m_3. The values estimated from the noise-corrupted data were all of the
correct order of magnitude, with the Km estimates being consistently the
poorest. The estimated values for Vm and R were similar within the four
experiments for each species, and were different between species. The
standard deviations of the residuals were within 10% of the means of samples
in each run in most cases. For example, the mean of the samples in the run
for species 3-500 enrichment was 1,052 mg NO3-N m—3.

Table 4 also contains the estimates from the community data. The estimated
values are close to the average of the values for all the species in the run. The
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fit to the data was very good, with a residual standard of 0.02 mg NO3—N
m~ ~. The values estimated from the noise-corrupted data correspond very
well to the perfect-data estimates.

The results of the two-species estimation runs are given in Table 5. All the
estimates were close to the true values, and the standard deviation of the
residuals was less than 0.4 mg N03—N m~23 for all runs. Two of the runs
never converged. A possible explanation is that the species combinations and
the nutrient level may have been too small for a determination between the
response of species 1 and 2. The uptake response of species 3 in the species
1,3-500 enrichment may have been so rapid relative to species 1 that the
determination of values for species 1 was impossible. The estimated values for
the three-species experiments (Table 6) were also close to the true values for
the three runs that converged.

The estimated parameter values for the perfect data were generally very close
to the true values. The usefulness of nonlinear parameter estimation to
calibrate a nutrient uptake model was substantiated. The estimation
technique, while generally useful, may not give reliable estimates with certain
data sets. In this simulated-data study, each set of simulated data was
independently used to estimate parameter values. Better estimates would be
expected if the data from separate simulation runs were grouped together as
input. Increasing the sample size permits better estimates of the population
statistics and better maximum likelihood estimates. In some of the estimation
runs, the sample size may have been so small that the distribution may not
have been normal with mean of zero. The assumption, as previously stated, is
that the errors are normally distributed, independent between samples, and
have a mean of zero. For species 3-350 enrichment run, the mean of the
residuals was 36 with a standard deviation of 67 mg NO3—N m~ >,

While the fit of the uptake model to noise-corrupted data had residuals within
the range of the imposed measurement error, difficulties were encountered
with the estimation of different parameters in the constant-light and
diurnal-light situations. The estimated respiration values for constant-light
data were neither close to the correct values nor consistent within each
species run. The true respiration rate is almost two orders of magnitude
smaller than the true Vm and the noise in the data probably makes the effect
of the respiration term hard to determine relative to uptake. In the diurnal
runs, the estimates for Vm and R were fairly reliable. The estimated Vm and
R values for all data sets were not only close to the true values, but also
consistent for each species. In the diurnal experiments, the return of nutrient
to the medium through respiration during low light and the dark period
allowed R to be reliably estimated.
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Diurnal data are better suited to calibration of the uptake model in terms of
convergence, consistency, and reliability. The Km estimates, however, are
very poor for noise-corrupted data. It may be necessary to use both constant-
and diurnal-light data in order to obtain good estimates of all parameters. The
estimates of Vm and R from the diurnal data could be held constant in
estimation runs made with the constant-light data so as to obtain a good
estimate of Km.

Although simulated data were employed in the present study, current
laboratory techniques should allow meaningful experimental data to be
collected. Obviously, statistical techniques such as nonlinear parameter
estimation will be necessary in the analysis of phytoplankton data. From a
simulation study, the investigator obtains information which can be later
applied to experimental design and which can provide insight concerning the
strengths and weaknesses of the method of analysis. Since a batch experiment
is a mass-balanced system, the design of the measurements could be adjusted
to decrease the magnitude of the measurement errors. Nitrate, assuming it is
the limiting nutrient in the culture medium, can be precisely and accurately
measured with an autoanalyzer. The precision of the sample measures can be
maintained through frequent standardization of the entire range of the
expected nitrate levels in the experiment. Measurement of biomass, total
nitrogen in living phytoplankton cells, is a procedure that can be precisely
and accurately carried out with a.carbon-nitrogen analyzer. Biomass-nitrogen
and nitrate-nitrogen could be measured through the course of the batch
experiment. The levels of these two variables should be similar for part of the
experiment. The experimenter can determine whether the sum of biomass-
nitrogen and nitrate-nitrogen remains constant through the midrange of the
time-series measurements. If so, the assumption of mass balance between the
two variables is substantiated.

Nitrogen was used as an example because it has predictive relevance in lake
ecosystem models since it is considered to be one of the most frequently
limiting nutrients. Much experimental work has also been carried out on
nitrate and ammonium limitation of algal cultures (Ref. 8, 9). 15N could also
be used in batch experiments and the nutrient in solution could be measured
at lower concentrations with greater repeatibility and reliability than with
standard nitrate analysis. Other nutrients such as phosphate and vitamin B12
can be labelled with radioactive phosphorous or cobalt and their concentra-
tions easily determined by scintillation counting.

The application of nonlinear parameter estimation to multispecies batch-
culture data, though easily and successfully applied to simulated data, may be
infeasible for actual experimental data. The methods of chemical analysis
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.presently available cannot easily provide separate measures of the biomass for
each species in an experiment. If this difficulty in measurement could be
overcome, parameter estimation would be very useful in the recognition of
species interactions. For example, the uptake parameters for two species
could be estimated from single-species experiments. The uptake parameters
for the two species could then be estimated from two-species experiments.
The comparison of the single-species and the two-species estimates would be
an indicator of the presence and degree of interactions.

Single measures or trophic-level measures of community parameters, while
providing no information about each species’ response, may be useful for
qualitative prediction of growth yield or potential. Moreover, the results of
the simulation study demonstrate that quantitative prediction could be
possible through use of community uptake values. The parameters of each
species in the simulated community of this study were such that each species
had similar abilities to compete in a diurnal-light environment. It is not
unreasonable that the “community estimates’”” for this case would be an
average over all the species. However, this conclusion may not carry over to
an actual ecosystem. The dynamics of different species may be different and,
if so, should be described with the best model for each species. Also, a natural
community is usually made up of a few dominant species and many
subdominant species. Species succession and interactions may be such that
the community parameter values would describe the uptake for only the
experimental conditions and would be of limited predictive usefulness.
Nevertheless, the measurement errors may be so large (especially from an in
situ experiment with a natural community) that the community-parameter
estimates would be the best available method for calibration of the primary
trophic level in a lake ecosystem model.

The problem of model discrimination (i.e., determining the appropriate
equation relating nutrient concentration to phytoplankton growth) was also
addressed using parameter identification. Data were generated by solving a
Monod-type growth equation and noise-corrupting the results. Numerical
experiments were then performed to determine whether significant differ-
ences in the residuals were obtained when the generating model, a
Caperon-type model (Ref. 6) and a logistic-type model were used for the
estimation. A complete discussion is given by Lederman (Ref. 35).

The three models in this study predict dissimilar nutrient uptake responses by
phytoplankton. Therefore, given perfect data, discrimination between models
is possible. Discrimination between models given noise-corrupted data (the
only case of practical importance) may be very difficult. The standard
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deviations of the nutrient residuals were the only criterion for discrimination
for the cases tested here. This brings into question the arguments of various
investigators that their model is better than models proposed by other
workers. Careful design of experiments may make discrimination possible,
but this study indicates that the predictions of all models could result in
similar fits to error-corrupted data. The results of this study also demonstrate
that the criterion for discrimination should be expanded to take into account
the reproducibility of parameter estimates between experiments (enrichment
levels).
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EXAMPLE APPLICATIONS OF THE MODEL

We had originally planned to calibrate the lake model using data from in situ
nutrient-enrichment experiments. However, as discussed above, we were
unable to determine the pertinent growth parameters from the field data and
our study of parameter estimation applied to nutrient uptake indicates that it
may be impossible to design an experiment to accomplish this. Thus, some
serious questions regarding the predictive utility of phytoplankton models
may be raised. Nevertheless, such models reproduce observed behavior fairly
well in some cases (Ref. 13) and the results from them definitely provide
good qualitative information.

Several runs of the model were made to indicate the usefulness of this
qualitative information and potential applications in real situations. Values of
the parameters were chosen from those reported in the literature (Ref. 13).
These values and the initial conditions for the five cases given below are listed
in Appendix I1.

The most significant results generated from solving the equations are:

1)  The model produces a “‘realistic’’ sequence of events as shown in
Figure 1 (e.g., a spring bloom and smaller fall bloom are
predicted, with a different dominant species in each);

2) the response to nutrient enrichment is what would be expected—
excess algal production followed by increased respiration in the
hypolimnion;

3) stratification has a marked effect on the phytoplankton produc-
tivity; artificial destratification reduces the magnitude of the
spring bloom and in certain instances would prevent anoxic
conditions from developing in the hypolimnion; artificial stratifi-
cation (e.g., from a thermal effluent) has the opposite effect;

4) diurnal light variation and vertical mixing suffice to maintain a
large number of species in coexistence (Figure 2); this provides a
possible explanation of ““the paradox of the plankton’ (Ref. 30);

5) nutrient depletion causes decreased production efficiency in the
near-surface waters (Figure 3); this phenomenon has been
observed in the field (Ref. 48) and has been attributed to direct
light inhibition of photosynthesis. The model indicates that
nutrient depletion is a possible alternate explanation.
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Figure 1

Lake ecosystem simulation for a year.

Numerals 1, 2, and 3 refer to the three phytoplankton species, the H refers to
the herbivore species, and N to nutrient. Note that the spring bloom is
dominated by species 2 while the fall bloom is dominated by species 3. A
diurnal cycle is superimposed on the annual cycle.
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Figure 3.

Relative gross production for 12 hours vs
depth for simulation of nutrient-limited
growth in a water column.

Depth (m)

Relative Gross Production
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The first two results actually check only the reasonableness of the model;
many alternative model formulations would predict similar behavior (Ref.
12). The effects of stratification have also previously been investigated using a
phytoplankton model (Ref. 36).

The last two results, however, have not been reported. The possibility of
environmental variability negating competitive exclusion has been suggested
(Ref. 30), and models have indicated that seasonal variation does allow a
number of species to co-exist (Ref. 33). The results of this model show that
short-term environmental changes also allow a number of species to co-exist.

The fifth result listed above has important implications regarding interpreta-
tion of measurements of primary productivity. If nutrient depletion can be
important in open waters, then it would surely influence light-dark bottle
measurements of productivity (Ref. 79). Also, any model that incorporated a
light inhibition function would produce erroneous predictions if the decrease
in production were due to nutrient limitation rather than the assumed light
limitation.
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SUMMARY

The lake ecosystem model produces a “‘realistic’” sequence of events
(e.g., a spring bloom and smaller fall bloom are predicted).

The response to nutrient enrichment is what would be expected—excess
algal production followed by increased respiration in the hypolimnion.

Stratification has a marked effect on the phytoplankton productivity;
artificial destratification reduces the magnitude of the spring bloom and
in certain instances would prevent anoxic conditions from developing in
the hypolimnion; artificial stratification (e.g., from a thermal effluent)
has the opposite effect.

Diurnal light variation and vertical mixing suffice to maintain a (large)
number of species in coexistence; this provides a possible explanation
of ““the paradox of the plankton’ (Ref. 30).

Nutrient depletion causes decreased production efficiency in the
near-surface waters; this phenomenon has been observed in the field
(Ref. 48) and has been attributed to direct light inhibition of
photosynthesis. The model indicates that nutrient depletion is a
possible alternate explanation.

In situ enrichment experiments showed that diversity initially decreases
when nutrients are added to an oligotrophic lake in the form of
phosphate and/or nitrate; the decrease is very rapid; the decrease is not
correlated with either the nutrient added or its concentration; diversity
tends to increase after the initial decrease.

It can be concluded that there is an inverse relationship between
nutrient additions and the diversity index of the phytoplankton;
however, the relationship is a qualitative one. Considering this, it is
unlikely that the diversity index can be used as a quantitative indicator
of eutrophic conditions.

The usefulness of nonlinear parameter estimation to calibrate a nutrient
uptake model for one species was established. However, adequate data
cannot be obtained from /n situ experiments, and careful laboratory
experiments using both constant and diurnal light conditions are
necessary to obtain good estimates of all parameters.
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The application .of nonlinear parameter estimation to multispecies
batch-culture data, though easily and successfully applied to simulated
data, is probably infeasible for actual experimental data.

Discrimination to choose the “‘best” model among several alternates
was shown to be very difficult; results show that the criteria for
discrimination should include the reproducibility of parameter esti-
mates between experiments.



CONCLUSIONS

The lake ecosystem model which was developed predicts effects of biological
changes in an impoundment in response to various changes in the physical
environment and can provide qualitative information which may be of
considerable value in planning situations. However, this research has indicated
that there are severe problems associated with using lake ecosystem models to
quantitatively predict the effects of nutrient enrichment. Several investigators
(Ref. 11) have proposed using such models for planning purposes, but our
work has shown that predictions based upon these models must be viewed
with skepticism.

The most difficult aspect of verifying the models is in determining “correct””
growth parameters. Our field experiments and study of parameter estimation
indicate that /n situ enrichment experiments will not provide adequate data
for accurate determination of the parameters. The fact that a very important
parameter—the half-saturation constant—can be grossly misestimated from
poorly-chosen data demonstrates that model “‘calibration” using field data is
unwarranted. Although growth parameters can be estimated using careful
laboratory experiments, extrapolation to field conditions is questionable.

Therefore, even if model predictions compare reasonably well with field
observations, predictions of changes in response to other hypothetical
environmental conditions should be used only in a qualitative or semi-
quantitative manner. Results of models extrapolated to different conditions
should not be used for precise management decisions.
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This program was written by T. Lederman and W. Keene as part of a research
project supervised by G. Hornberger and M. Kelly. The work was supported
by the Department of Interior, Office of Water Research and Technology
Grant A-045-VA. The purpose of this project was to develop a model to
study problems associated with lake eutrophication. The program is a digital
computer simulation of the interactions among two limiting nutrients, 1-15
producer species, and 1-3 herbivore species in a vertically mixed one-
dimensional lake. The model consists of mass balance equations and
incorporates Michaelis-Menten growth mechanics.

Many models of phytoplankton growth have been developed. The review by
Patten (Ref. 42) summarizes the earlier attempts and presents criticisms of
them. More recent models which parallel our work include those reported by
Chen and Orlob (Ref. 77), DiToro et al. (Ref. 13), and Grenney (Ref. 29).

The following growth equations are given for quiescent water.

Producer equation for species i(i=1,. ..., 1):
P. N1 N2 J
—L = AFP, ( P ) =RP =3 GP.H:
dt ' KM1+N1T  KM2+N2 b " IR
]:

where: F = input energy at the lake surface
P = concentration of phytoplankton
A = ability of the producers to utilize F through photosynthesis
N1 = concentration of nitrates in solution
N2 = concentration of phosphates in solution
KM1 = nitrate disassociation constant
KM?2 = phosphate disassociation constant
R = producer respiration rate
G = grazing rate of herbivore
H = concentration of herbivore

This equation incorporates Michaelis-Menten uptake dynamics. The general
form of the Michaelis-Menten term is:

N.
KM+N
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where: N = nutrient in solution
KM = disassociation constant

It can be seen that as N decreases, the term approaches zero; the rate of this
approach being dependent on Km. A detailed discussion of Michaelis-Menten
growth mechanics is given by Eppley et al. (Ref. 21) and Dugdale (Ref. 17).
In the case of two nutrients, as N1 becomes large its term approaches 1 and
N2 becomes limiting. This form thus approximates Liebig’s law of the
minimum.

Herbivore equation for species j(j=1,. ... ,J):
|
dH. HMAX. - H.
1 = PG H, {redad} § = BH; — CARNH,
= (i; EPGH ( HAX ) )= RjH; H
where: E = grazing efficiency

R = herbivore respiration rate

HMAX = maximum herbivore concentration
(carrying capacity)

CARN = grazing rate of carnivores

The logistic term (Hmax—H/Hmax) is used to limit herbivore growth at some
theoretical maximum limit. This is unrealistic because it does not deal
directly with the limiting factor. It was used because the dynamics of limiting
factors, such as density dependency, are not well understood.

Nutrient equation:

! J dH
dN _ P 9P H i
Z C| ( dt )+ Z Cl ( dt )
dt =1 =1
where: C = concentration of nutrient (either nitrates or

phosphates) in the phytoplankton or herbivore

Vertical dispersion is treated by finite differencing over the depth interval.
The general form of the equation is:

d_pde
dz dz
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The finite difference approximation is developed as follows:

Dp—q/3 On* Dpy.q)/2
Dn+1/22 (Dn+1+Dn)/2
p -dC Cn+1"Cn

| ~ S T
dz n+1/2 Dn+1/2( A, )

Cc -C
~1
dc ~p (=00 )
Ddz ln.1/2 n-1/2 Az
D ( Cr+17Cn )= D (Cn"Cn—l)
d_p dC ) = nt1/2 dz ~ “n-1/2 dz

dz - dz Az

1
2
N 377 PriqyaChrt) = (Pn1q/*Pn/9) Cp) + (D q/5C04) ]
where: Dn = dispersion rate at depth n
Cn = concentration of mixed material at depth n
/\z = depth interval

The term represents an input due to mixing and takes on positive or negative
values depending on the concentration gradient.

Boundary conditions require a modification of the above equations. Since
material is not lost to the atmosphere, the surface layer is only mixed with
the layer below it. This condition is met by the following equations:

Dn+1 _= Dn—1
Cn+1 B Cn——1

Material can be transported across the bottom into the sediment and vice
versa. This is treated as a source and sink term in the equation. Due to a lack
of time and information, we were unable to incorporate this transport into
our simulation. The source and sink terms in the equations were set to zero
and consequently dispersion at the bottom and surface is treated in a similar
manner.

Mixing is the first step toward including effects of water motion. In this
model the dispersion coefficient must handle all effects. Thus, the general
mass balance equations are:

50



P, KB | N1 : N2 o
de AFP_ ~RP_. —
ot J' N KM14N1 (KM2i+ Nﬁ Rifni

1 2
(_‘L-:Gipn,iHnJ) t D) (0nyy2,Phe i) —
':

(n+1/2,*Pn-1/2,) Pl * (Opiqs2, iPaori) )

where: Dn,i = dispersion rate for producers at depth n;
Pn,i = concentration of the ith producer species
at depth n;
Hn,j = concentration of the jth herbivore species
at depth n;
OH HMAX. -H

_ I
nJg _ i nj
= EG.P. M. . (—— 3 Odyy o
dt (i§ Jo1rntlonyj ( HMAX ))
1 2
RiHnj= CARN; Hy 5+ (=) (D24 ) =

((Pp41/2 Pn-1/2,) Hnj) * Pny2iHnag )

where: Dn,j = dispersion rate for the jth herbivore species

at depth n;

oH_ I oP_. i OH _ .

nJ _ E n,l n,
— = C: )} + C.{ ) +
| J

ot i=1 GR =1 ot

2
( (Z];) ((Dns1/2Nn+1) = ((Dpyq/otDp g/ N +

(Pn.1/2Nnq) )

Since the equations are solved at discrete depths, consideration has been
made to attenuation with depth of the available surface light. Light
attenuation results from the effects of producer self-shading, sediment, and
the water itself. The equation is:

_ —(KW+KS+KB)
B =Fpsi® AZ
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where: Fn = light flux at the depth being considered
Fn+1 = light flux at one depth interval above
KW = water attenuation coefficient
KB = biological attenuation coefficient
AZ = depth interval

The above system of equations is coupled nonlinear partial differential
equations, for which the solution must be numerical. There is a variety of
methods of solution from which to choose. Most work has been in
finite-difference solutions. We chose to finite-difference the spatial derivative,
thereby reducing the problem to one of solving a system of ordinary
differential equations. A Runge-Kutta technique, which is a widely-used
method in ecological modeling, was used for the time variable.
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ASSUMPTIONS, LIMITING OR RESTRICTIVE FACTORS
1) Phytoplankton follow Michaelis-Menten growth mechanics.

2) The nutrient per unit biomass in both the producer and herbivore is
constant. The ratio of nitrate to phosphate is 15:1.

3) Grazing is linearly related to the plant biomass.
4) There are no effects due to vertical migration of the herbivores.
5) There is a maximum carrying capacity for the herbivores.

6) There are no temperature effects on the system except those implied in
the seasonal variation of the dispersion rates.

7) There are no decomposers, and the nutrient egested by the herbivore is
immediately available to the phytoplankton.

8) There is no lateral motion—all mixing is vertical.
9) No transport occurs across the surface boundary.
10) There is no shading due to the herbivores.
11) Light is unidirectional—there is no scattering.
12) There is no differential absorption of light.
13) The sediment attenuation coefficient is treated as a constant.
14) The maximum time step was estimated empirically at half an hour.
Rate coefficients are in inverse hours; this restriction is advisable in

order to maintain reasonable numerical accuracy.

15) There is no carnivore storage; this biomass is returned to the nutrient in
solution.

53






RP, RH

KM1,
KM2

CP1,
CH1

CP2,
CH2

N1,
N2,
NT1,
NT2

DEFINITIONS AND VALUES OF CONSTANTS

Average monthly incident radiation values for the southeast United
States were obtained from Odum (Ref. 42). A fourth order
polynomial equation was fit to the data and used in the program to
generate average hourly light values (kcal/m“/hr) on a 24-hour-a-day
basis.

A value for the ability of each producer to absorb the incident light
was derived such that A x F when F equals 180 kca|/m2/hr gave a
doubling time of approximately one day.

A respiration rate was obtained such that in the absence of growth,
the producer biomass was reduced one half in five days. The same
respiration rate was used for the herbivore.

Dissociation constants for nitrate and ammonium were given by
Eppley et al. (Ref. 27). Under conditions of high nitrate concentra-
tions, higher KM values would be expected. Due to a lack of data for
freshwater systems, two values of 4 and 6 m.icrogram-atoms N/1 or
4000 and 6000 microgram-atoms N/m3, the unit volume used in the
simulation, was chosen. KM values for phosphate were set at an
arbitrary low value (10 and 20 microgram-atoms P/m3). The present
study is only concerned with the effects of nitrates; the low
phosphate KM helps retard the effect of the phosphate Michaelis-
Menten term and therefore keeps phosphates from becoming
limiting.

All standing crop concentrations used are in microgram-atoms.

nitrate/m3. The concentrations of nitrate in both the producer
(CP1) and the herbivore (CH1) are therefore 1. By assuming a
constant ratio of nitrate to phosphate of 15:1, a value of 0.07 was
consequently used for CP2 and CH2.

A high total nitrate concentration (NT1) of 20,000 microgram-
atoms nitrate/m> was used as a realistic value for a eutrophic
situation. An unrealistically high total phosphate concentration
(NT2) of 5,000 microgram-atoms phospha‘ce/m3 was used to retard
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the limiting effect of the phosphate Michaelis-Menten term. The
nutrient in solution (N) was obtained by the following equation:

Nutrient in solution = (total nutrient) — (nutrient in biomass)

A grazing rate was derived by assuming a filtering rate of 1
liter/day/gram herbivore. This gives a rate of 0.000042/hr on a mS
basis.

The efficiency is assumed to be 0.1.

The herbivore carrying capacity is assumed to be the point at which
all the nitrate is bound in the herbivore biomass. Therefore, HMAX
equals the average total nitrate, or 20,000 microgram-atoms N/m3.

Dispersion rates were taken from Bella (Ref. 4). His values ranged
from 1 cm2/sec (0.4m2/hr) for turnover conditions to 0.1 cm“/sec
(0.036m2/hr) for low mixing conditions. These values were used as
an order of magnitude indicator of the dispersion rates. Phytoplank-
ton and nutrients were mixed at the same rate at each depth, with
low mixing across the thermocline (when it was present). The
dispersion rate for the herbivores was the same at all levels, and it
was equal to the producer-nutrient dispersion above the thermocline.
This partially accounts for the effects of vertical migration and
predation. Dispersion values were changed every month to account
for seasonal variation. It would obviously be better to use changing
dispersion rates based on seasonal temperature changes, but informa-
tion on the dispersion-temperature relationship is not readily
available. Between October and March complete mixing occurred.
The dispersion rate equaled 0.4m2/hr at all depths. Between April
and June the lake was highly stratified. The dispersion rates above
the thermocline (which was between 3 and 4 m) was 0.144 m2/hr.

An attenuation coefficient of 0.02 is used. This value is typical of
clear water (0.018 = KW for distilled water).

A sediment and dissolved material attenuation coefficient of 0.1 is
used and is assumed to be constant throughout the year.

The biological attenuation coefficient was assumed to have a value
of 1 at a producer concentration of 50,000 microgram-atoms
nitrate/m>. KB varies with the concentration of the producer
biomass by the following relationship:



KB = CLIGHT Pi

|
i=1
where: CLIGHT = a constant relating KB with P.
A CLIGHT value of 0.00002 was calculated
from this relationship. This value may be
too low, in that a KB value of 1 would be
more likely to occur at a concentration

of 25,000 microgram-atoms nitrate/m3.

A listing of the FORTRAN computer program follows.
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APPENDIX 1l

INITIAL CONDITIONS AND PARAMETERS
FOR EXAMPLE APPLICATIONS
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A summary of the initial conditions and parameters used in the example
problems is presented on the following pages. This summary is complete for
examples 1, 2, and 3. The parameters for five species as listed in Table 2 were
used for examples 4 and 5.

The dispersion values were set at .144, .107, .04, .007, and .004 m2/hr at
depths of 1,3,5,7, and 9m respectively.
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