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PREFACE 

The compilation of papers presented here represents the formal 
contributions of participants in the workshop on phytoplankton- 
reservoir interactions held April 10-12, 1979. The workshop was spon- 
sored by the U.S. Army Corps of Engineers, Waterways Experiment Station 
and conducted by Tetra Tech, Inc. 

The purpose of the workshop was to provide current discussion 
related to: 

a. understanding the important or key phytoplankton- 
reservoi r interactions 

b. determining whether these factors are incorporated 
in existing phytoplankton algorithms, and 

c. identifying areas required additional research. 

The formal papers include an introduction describing the purpose 
and scope of the Waterways Experiment Station Environmental and Water 
Quality Operational Studies (EWQDS) research program, followed by tech- 
ni cal papers. 

The first paper, by Bierman, provides a review of processes and 
formulations related to nutrient kinetics with emphasis on the compari- 
son between fixed and variable stoichiometry models. 
by Goldman, reviews current knowledge and practice related to the 
effects of temperature on phytoplankton behavior. The third paper, by 
Lehman, provides a discussion of current and suggested approaches to 
modeling zooplankton-phytoplankton interactions. The relative import- 
ance of mass transport as compared to kinetic factors using both theor- 
etical concepts and field data is discussed by DiToro. Megard discusses 

The next paper, 
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the importance of light and its relation to mixed depth in controlling 
algal production. 
the various ecological processes is provided by Park and Collins. A 
paper by Scavia then provides some important perspectives on the use and 
interpretation of model results. Particular attention is given to trans- 
fer rates between state variables. 

A review of current models and approaches to combining 

The remaining papers provide background on reservoir behavior and 
use of bioassay techniques. Harris relates the importance of physical 
and nutrient conditions to phytoplankton production in Hamilton Harbour. 
Nitrogen fixation rates in two southwestern reservoirs are described 
by tawley. Kimmel and White provide an initial evaluation of DCMU- 
enhanced chlorophyll fluorescence as an indicator of phytoplankton 
physiological status. Poppe provides a brief review of phytoplankton 
effects on reservoir use and Porcella provides a review and comments on 
the use of algal bioassays. 

Taken as a whole, the workshop papers provide a perspective on the 
current "state of the art" in reservoir phytoplankton evaluations. 

Taylor -- et al., Larnbou -- et al., and Hern -- et al. provide a description 
and analysis of data from the U.S. EPA National Eutrophication Survey 
related to phytoplankton and temperature, nutrients, and light attenu- 
ation. 
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INTRODUCTION 

Kent W. Thornton 
Envi ronmental Laboratory 

USP,E Waterways Experiment Station 

Reservoirs have historically been constructed to store water for 
flood control, water supply, irrigation, power production or other 
purposes requiring water storage. Design and management criteria 
have generally been directed toward determining reservoir yield, re- 
servoir capacity, sediment trap efficiency, and other procedures 
designed to provide for better water quantity management. 

Reservoir water quality has also become important in recent years 
for recreational and aesthetic reasons, reduced water treatment costs, 
improved reservoir re1 eases , the requi rements of 1 egi sl ative acts , and 
other reasons. In October, 1977, the U.S. Army Corps of Engineers 
(CE) initiated Environmental and Water Quality Operational Studies 
(EWQOS) under the sponsorship of the Office, Chief of Engineers and 
management of the U.S. Army Engineer Waterways Experiment Station 
(WES). 
designed to address many of the water quality problems associated with 
CE water resources projects, including both reservoirs and waterways. 
The fundamental objective of EWQOS is to provide new or improved 

ogy to solve sel ected environmental qual i ty problems asso- 
with CE Civil Works activities in a manner compatible with 
zed project purposes. 

EWQOS is a six-year, $30 million program of applied research 

techno 
ci ated 
author 

EWQOS ORGANIZATION 

EWQOS is divided into two major interactive components--research 
projects and field studies. Six research project areas are supported 
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by reservoir or waterway field studies. Six research project areas 
are supported by reservoir or waterway field studies (Table 1). 
Projects 1-111 interact with the reservoir field studies while Pro- 
jects IV-VI interact with the waterways field studies. Theoretical, 
developmental, and laboratory research will be conducted in the re- 
search project areas to address specific environmental quality 
problems such as resolubilization of phosphorus under anoxic condi- 
tions, denuded shorelines due to fluctuating water levels, or the 
impact of bendway cutoffs on fish productivity. The field experiments 
are designed to supplement, test, and corroborate research project 
results, and provide a system for testing various control or manage- 
ment techniques such as destratification or hypolimnetic aeration. 

This workshop will focus primarily on the reservoir portion of 
EWQOS and Projects I and 11. There are three objectives of EWQOS 
reservoir research: (a) to improve the understanding and description 
of important ecological processes in CE impoundments including the 
cause-effect relations between the design and operation of reservoirs 
and water quality; (b) use this increased understanding of ecological 
processes to develop, improve, and verify predi ctive techniques such 
as mathematical reservoir ecological model s ; and (c) develop and modify 
methods to manage various water quality constituents or processes such 
as nuisance algae blooms or anoxic hypolimnia. 

PHYTOPLANKTON-EIJVIRONMENTAL INTERACTIONS IN RESERVOIRS 

Since many of the water quality and environmental problems occur- 
ring in CE reservoirs result directly or indirectly from phytoplankton 
blooms, it is important to understand the factors and interactions re- 
sponsible for the onset, duration, and magnitude of phytoplankton 
blooms. It is also important to understand some of the interactions 
among species and environmentai factors producing successional changes 

4 
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in the plankton assemblage. Visual surface accumulations of phyto- 
plankton, taste and odor problems following the senescence of a bloom, 
and other conditions perceived by the public to be problems must be 
understood before realistic and cost-effective control techniques can 
be developed and applied. 

Many mathematical formulations and computer algorithms presently 
exist to simulate the complex biological, chemical, and physical inter- 
actions involved in phytoplankton dynamics, yet the predictive capa- 
bility of most algorithms, under a variety of conditions, is minimal. 
This is a function of at least two factors: the diffuse nature of 
information on these interactions and the lack of knowledge in reser- 
voir phytoplankton ecology. 

The majority of information on phytoplankton is found in journal 
There is generally a time lag of one articles and published reports. 

to two years from submission of a manuscript to its publication in the 
open 1 i terature. 

The specific objectives of the Workshop on Phytopl ankton- 
Environmental Interactions in Reservoirs, therefore, were fourfold: 

a. To discuss current, unpublished research on 
phytopl ankton ecology 

b. To analyze and identify the important phyto- 
plankton-environmental interactions in reservoirs 

c. To determine if these factors or interactions are 
incorporated in existing phytoplankton algorithms 

d. Identify areas requiring additional research 

9 



POTENTIAL APPLICATIONS OF WORKSHOP INFORMATION 

An immediate use of this information will be in designing 
laboratory and field experiments. These experiments will investigate 
those processes and interactions that workshop participants believe 
are central to a better understanding of phytoplankton dynamics and 
the factors regulating phytoplankton populations. The experimental 
results will be incorporated in the ENQOS research projects develop- 
ing improved predictive techniques and environmentally compatible con- 
trol procedures and influence research in related areas. 

The CE, as any construction agency, must prepare an assessment 
or statement of environmental impact associated with proposed opera- 
tional changes in an existing reservoir or the creation of a new res- 
ervoir. Questions, arising from other regulatory agencies concern 
the potential for increased eutrophication and nuisance phytoplankton 
blooms. Techniques are required to predict the potential magnitude, 
frequency and timing of these blooms. This information is required 
to evaluate the detrimental effects on project purposes such as rec- 
reation, water supply, fish and wildlife enhancement, and other 
purposes. Since the results of these predictive techniques will 
impact decisions concerning the feasibility and desirability of multi- 
million dollar projects, it is also important to know the accuracy, 
precision, and validity of these estimates. Current models may not 
have a resolution greater than the prediction of seasonal succession 
for plankton Divisions or a magnitude of * 100% of observed plankton 
concentrations. However, it is important that decisionmakers have 
an accurate and realistic assessment of modeling capabilities. 

It is hoped the workshop will initiate a continuing dialogue 
amont participants on phytoplankton-environmental interactions in 
reservoirs. 

10 



PHYTOPLANKTON-NUTRIENT KINETICS MECHANISMS 
IN MATHEMATICAL SIMULATION MODELS, WITH 

SPECIAL ATTENTION TO RESERVOIRS AND IMPOUNDMENTS 

Victor J. Bierman, Jr. 

Large Lakes Research Station 
U.S. Environmental Protection Agency 

Grosse Ile, Michigan 48138 
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INTRODUCTION 

Accelerated rates of eutrophication in reservoirs and impoundments 
have become a major water quality issue (Ackermann -- et al. 1973). 
cessive phytoplankton growth interferes with the uses of these water 
bodies as sources for drinking water and water recreation. Nutrient 
sources can include, but are not limited to, agricultural runoff, run- 
off from livestock feeding activities, and discharges from wastewater 
treatment plants. Some of the consequences of excessive nutrient en- 
richment include filter-clogging and taste and odor problems in water 
treatment plants and thick algal scums and fish kills which interefere 
with recreational uses. 

Ex- 

To develop management strategies for dealing with the problems 
caused by nutrient enrichment, a quantitative connection must be made 
between causes (external loads) and effects (concentrations of nutri- 
ents and phytoplankton in the water body). Mathematical simulation 
models have been developed for this purpose and have been applied to 
a wide variety of water bodies, including reservoirs and impoundments 
(Bierman -- et al. 1973, 1979; DiToro and Matystik 1979; Anderson -_ et al. 
1976; Canale 1976; Hydroscience 1976; Thomann -_ et al. 1975; Baca -- et al. 
1974; O'Connor -- et a1 1973; Larsen -- et al. 1973; Chen and Orlob 1972). 
All of these models include dynamic mass balance equations for phyto- 
plankton concentration which contain individual terms for phytoplank- 
ton production rates and phytoplankton loss rates in the water column. 
Phytoplankton production rate is a function of the ambient temperature, 
light, and nutrient levels. 

The purpose of this paper is to review the various formulations 
that have been used to describe phytoplankton-nutrient kinetics in 
deterministic simulation models. The rationale and assumptions of 
each formulation are discussed, along with the data required to imple- 
ment each formulation. Special attention is given to the nutrient 
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recycle characteristics of the various formulations and to nutrient 
interaction effects in cases where there is more than one potential 
limiting nutrient. 

SCOPE 

The scope of this review is restricted to phytoplankton-nutrient 
Most of the kinetics under optimum temperature and light conditions. 

discussion involves phosphorus and nitrogen because of their over- 
whelming importance to the issue of eutrophication. Silicon is 
briefly discussed because of its role as a potential limiting nutrient 
to diatoms. Although carbon constitutes a larger proportion of phy- 
toplankton biomass than either phosphorus or nitrogen, phytoplankton- 
carbon kinetics are not discussed. 
_ _  et al. (1973a, 1973b) in the Canadian Shield and the laboratory re- 
sul ts by Goldman I_ et a1 . (1974) indicate that only under conditions of 
extreme nutrient enrichment will carbon be important in limiting phy- 
toplankton growth rates. 

The -__ in situ results by Schindler 

PHYTOPLANKTON-NUTRIENT KINETIC MECHANISMS: PHOSPHORUS AND NITROGEN 

Fixed Stoichiometry Models 

The most widely used mechanism for calculating specific growth 
rates in phytoplankton simulation models is the hyperbolic equation 
by Monod (1949) 

- S 
psp I-lmax K, + s - 

where 1-1 

the nutrient concentration in the water column and Ks is the half- 
saturation constant. The basis for the development of this mechanism 

is specific growth rate, umax is maximum growth rate, S is 
SP 
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was the observation that specific growth rates for bacteria could be 
related to the concentration of a carbon substrate by a hyperbolic 
function. This mechanism was later adopted for describing the speci- 
fic growth rates of phytoplankton as a function of phosphorus and ni- 
trogen concentrations. The Monod equation has been used in many dif- 
ferent simulation models (Canale -- et al. 1976; Scavia _- et al. 1976; 
Thomann et al. 1975; Larsen -- et al. 1973; Chen and Orlob 1972), as well 
as for the interpretation of laboratory kinetics data (Middlebrooks 
and Porcella 1971; Schelske -- et al. 1974). The Monod equation is func- 
tionally identical to the Michaelis-Menten equation for enzyme kine- 
tics and the two names are frequently used interchangeably. 

-- 

A basic assumption of the Monod equation is that the stoichio- 
metric composition of the phytoplankton cells remains constant as the 
concentration of the limiting nutrient changes in the external medium. 
A ccrollary to this assumption is that specific growth rate is directly 
coupled to this external concentration. The processes of nutrient 
uptake and cell growth are assumed to be coupled over the entire range 
of nutrient concentrations. An instantaneous change in external con- 
centration corresponds to the production of phytoplankton biomass in a 
fixed ratio, or yield. 

The principal advantage of the Monod equation is its simplicity. 
It is strictly an empirical equation which does not explicitly include 
any of the complex physiological processes occurring at the cellular 
level. Only two coefficients need to be determined to apply the Monod 
equation: vmax and Ks. In practice, values for these coefficients are 
usually determined from bioassays on the system of interest or by sim- 
ply starting with a range of reported values from the literature and 
then calibrating the model to the available field data. 

Variable Stoichiometry, Cell Quota Models 

Over the past ten years, results from an increasingly large body 
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of experimental evidence have challenged the basic assumptions of the 
Monod equation as applied to phosphorus and nitrogen limited phyto- 
plankton growth. It is now generally recognized that the processes of 
nutrient uptake and cell growth are actually quite distinct and that 
growth rates are controlled by intracellular nutrient levels instead 
of by external concentrations (Rhee 1973, 1974, 1978; Droop 1968, 1973, 
1974; Caperon and Meyer 1972a, 1973b; Fuhs 1969; Fuhs _ _  et al. 1972; 
Eppley and Thomas 1969; Azad and Borchardt 1970). 
led to the development of so-called cell quota models. 

These results have 

From the results of the various preceding studies it has been 
found that specific growth rate is related to the internal level of the 
limiting nutrient by a hyperbolic function 

where q is the total cellular level of the limiting nutrient, qo is the 
minimum stoichiometric requirement, or cell quota, and K is a half- 
saturation constant. For phosphrous and nitrogen, Rhee (1 973, 1978) 
has shown that K = 9,. In this case 1-1 = /2 when 9 = 2q0 and 
Eq. 2 similifies to 

9 

9 sp %nax 

This equation is generally referred to as the Droop cell quota model 
after the original results by Droop (1968) on vitamin BI2 limitation on 
Monochrysis lutheri - 

In contrast to the Monod equation, the basic assumption of cell 
quota models is that the stoichiometric composition of the phytoplank- 
ton cells varies as a function of the balance between nutrient uptake 
rate and cell growth rate. In cell quota models it is possible for 
phytoplankton to accumulate surplus internal nutrients during periods 
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when nutrient concentrations are high, and then to use these internal 
stores for growth during periods when nutrient concentrations are low. 
This so-called "luxury uptake" phenomenon can occur because the time 
constants for nutrient uptake are on a scale of hours and the time 
constants fgr phytoplankton growth are on a scale of days. 

The principal advantage of cell quota models is that they real- 
istically describe the experimentally observed mode of cell growth 
without including any of the actual biochemical complexity. As with 
the Monod equation, only two coefficients need to be determined to 

and K (= 9,). In practice, apply the Droop cell quota model: 
values for these coefficients can be determined in a manner similar 
to the coefficients for the Monod equation. 

q vmax 

Cell quota models cannot be used directly in phytoplankton simula- 
tion models because they do not describe the functional relationship 
between specific growth rate and external nutrient concentration. Fur- 
thermore, cell quota models are only valid under steady-state condi- 
tions and simulation models must be capable of describing dynamic con- 
dit ions. 

Cell quota models can be adapted for use in phytoplankton simula- 
tion models by first considering the relationship between internal 
nutrient levels and nutrient uptake rates. At steady-state, nutrient 
uptake rate is equal to cell growth rate because the value of q is 
constant. This equivalence can be expressed by the equation 

= u  q "sp sp (4) 

where V 
rate. Also at steady-state, the relationship between specific nutri- 
ent uptake rate and the external nutrient concentration has been ob- 

(mass cell-' - time-') is the specific nutrient uptake 
SP 

served to follow Michaelis-Menten kinetics (Rhee 1973; Eppley _- et al. 
1969; Dugdale 1967) 
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S v = v  sp max KM + S 

where Vmax (mass - cell-' - time-') is the maximum uptake rate and KM 
is the Michaelis constant or half-saturation concentration. 

It is important to recognize that Eq. 5 will describe the correct 
relationship between V and S only if q is held constant. Corre- 
sponding to each value of q, that is, to each steady-state, a unique 
hyperbolic relationship will be obtained. A family of different 
hyperbolae can be obtained, each corresponding to one of the possible 
steady states for a given system. Rhee (1973) has shown that for the 
case of phosphorus uptake by Scenedesmus, cells at various steady 
states have a common half-saturation concentration, KM, and different 
maximum uptake rates, Vmax. 
creasing internal phosphorus, q. In the limit as q approaches the 
minimum cell quota, qo, 
uptake rate. 
siological limit for the particular system, Vmax approaches its mini- 
mum values. 

SP 

Vmax was observed to decrease with in- 

approaches the true physiological maximum 'max 
In the opposite limit as q approaches its maximum phy- 

The notion of Vmax as a variable which corresponds to local maxima 
instead of to a unique physiological rate is a point of some confu- 
sion. It is perhaps convenient to define an operational Vmax which 
corresponds to the maximum uptake rate which can occur under a given 
set of experimental conditions. In the context of phytoplankton simu- 
lation models, however, it is more useful to consider the true physio- 
logical maximum uptake rate because such models must be capable of 
describing conditions over the entire range of all possible st-eady- 
states. 

A relationship between specific growth rate and external nutrient 
concentration can now be established by combining Eqs. 3-5; however, 
the result will only be valid for constant q ,  that is at steady-state. 
Some method must be devised to account for the observed variation in 
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as the internal nutrient level changes. Droop (1974) has dis- 'ma x 
cussed this problem with the use of Michaelis-Menten kinetics for 
nutrient uptake and has pointed out that some form of feedback or 
"product control" is necessary. Since the Michaelis-Menten equation 
describes a unidirectional reaction with no equilibrium state, uptake 
rate is a function only of the external nutrient concentration and 
there is no provision for nutrient control. 
Eq. 5 for nutrient uptake would be the infinite accumulation of non- 
limiting nutrients in the phytoplankton cells. Clearly, this is not 
physiologically possible. 

One consequence of using 

Variable Stoichiometry, Internal Pool Models 

Recently there have been several attempts to combine the cell 
quota concept for steady-state conditions with modified dynamic equa- 
tior;s for nutrient uptake. The resulting so-called internal pool models 
are capable of correctly describing the limiting behavior of nutrient 
uptake rates as a function of changes in internal nutrient levels. 
Various internal pool models have been used in theoretical as well as 
applied phytoplankton simulation models (Koonce and Hasler 1972; 
Bierman _- et al.1973, 1979; Bierman 1976; Lehman -- et al. 1975; Jorgensen 
1976; Nyholm 1978; Desormeau 1978). These formulations differ primar- 
ily in the feedback mechanisms used to adjust the maximum nutrient up- 
take rates in response to changes in internal nutrient levels. 

Koonce and Hasler (1972) proposed a modification of Michaelis- 
Menten kinetics using a linear correction factor 

where qm is the maximum internal nutrient level. Lehman -- et al. (1975) 
proposed a different modification of Michaelis-Menten kinetics using a 
ratio correction factor 
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nal nutrient concentration, Smin is the minimum internal nutrient con- 
centration and PK1 is an affinity coefficient. The quantity PK1 has 
physical significance because it is the equilibrium constant for the 
reaction between the nutrient and an assumed membrane carrier mole- 
cule. Such a molecule has been isolated in the bacterium Escherichia 
coli and its binding constant with phosphate has been measured 
(Medvecz ky and Rosenberg 1970 , 1971 ) . 

The principal advantage of using internal pool models is that the 
experimentally-observed modes of phytoplankton nutr.ient uptake and 
growth can be described over the full range of dynamic conditions that 
occur in the natural environment. An obvious disadvantage is addi- 
tional complexity in terms of data requirements and computation. Not 
including the coefficients which must be determined for the growth 
components of the preceding models, three independent coefficients 
must be determined to use Eqs. 6, 7 and 9, and four independent co- 
efficients must be determined to use Eq. 8. Since most phytoplankton 
simulation models already contain coefficients for which direct meas- 
urements are not available, the additional degrees of freedom imposed 
by the use of internal pool models can confound the interpretation of 
the model results. 

Criteria for choosing between the Monod equation and internal pool 
models are not well-established because only a few internal pool 
models have been used in actual applications. Jorgensen (1976) com- 
pared the resu 
results of a s 
a Danish lake. 
accurate descr 
(1979) pointed 
models is that 

ts of a simulation model based on Monod kinetics to the 
mulation model based on internal pools using data from 
He concluded that the internal pool model gave a more 
ption of the system dynamics. 
out that one of the problems with fixed stoichiometry 
it is not always possible to obtain a good fit to the 

DiToro and Connolly 

data for phytoplankton biomass and the concentration of a limiting 
nutrient simultaneously over the entire annual cycle. This occurs be- 
cause if the phytoplankton nutrient stoichiometry is specified to 
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correspond to the minimum cell quota, then a good fit will be assured 
only during periods of nutrient limitation. During periods when the 
nutrient is non-limiting, the phytoplankton biomass will tend to be 
overestimated. Canale -- et al. (1976) experienced this difficulty for 
phosphorus in the application of a fixed stoichiometry model to Grand 
Traverse Bay, Lake Michigan. The dissolved phosphorus concentration 
varied by a factor of four over the annual cycle in the bay. Healey 
and Hendzel (1976) reported that internal phosphorus levels varied 
from 1-8 pg P/mg algae in response to a variation from 10-50 yg/R of 
dissolved phosphorus in several Canadian prairie lakes. Variations in 
dissolved phosphorus concentrations of even greater magnitudes are 
common occurrences in reservoirs and impoundments (e.g., Huang _ _  et al. 
1973; Baca et al. 1974). It would appear that large seasonal varia- 
tions in limiting nutrient concentrations are an important criterion 
in the selection of an appropriate phytoplankton kinetics mechanism. 

RECYCLE KINETICS MECHANISMS: PHOSPHORUS AND NITROGEN 

Consideration of nutrient recycle kinetics is an often-overlooked, 
yet extremely important, criterion for choosing between fixed and 
variable stoichiometry models. It should be recognized that the choice 
of a phytoplankton growth kinetics mechanism always includes an impli- 
cit choice of a mechanism for nutrient recycle. 

Upon cell death due to grazing, decomposition, cell lysis, etc., 
nutrients can be recycled within the water column and made available 
for the growth of new phytoplankton. In phytoplankton simulation 
models, dynamic mass balance equations are usually included for un- 
available as well as for available nutrient forms. 

In fixed stoichiometry models, recycled nutrients are usually 
routed to the unavailable nutrient compartment and then converted to 
available nutrient forms by a temperature-dependent, first-order kine- 
tics mechanism. In variable stoichiometry models, nutrient recycle 
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consists of two separate components: a component associated with the 
minimum cell quota and a component associated with the internal nutri- 
ent in excess of the minimum cell quota. Such a two-component recycle 
phenomenon has been observed experimentally for both phosphorus and 
nitrogen (Foree -- et al. 1970; DePinto 1974; Rhee 1973). In a variable 
stoichiometry model, the nutrient component associated with the mini- 
mum cell quota is recycled to the unavailable compartment and the nu- 
trient component associated with the excess internal level is recycled 
directly to the available compartment. This is consistent with evi- 
dence that the latter component consists of available nutrient forms 
and loosely-bound compounds which rapidly convert to available forms 
(Rhee 1973). 

Bierman _ _  et al. (1979) have applied a multi-class internal pool 
kinetics model to a comprehensive set of field data from Saginaw Bay, 
Lake Huron. The results showed that nutrient recycle from the inter- 
nal pools contributed up to 70 percent of the phosphorus requirements 
of summer blue-green crops. 
the period of minimum external phosphorus loading and minimum available 
phosphorus concentration in the water column. Using an earlier ver- 
sion of the same model, DePinto et al. (1976) showed that nitrogen 
recycle from the internal pools of N2-fixing blue-green algae contri- 
buted a substantial portion of the phytoplankton requirements in Stone 

The peak contribution occurred during 

Lake after the initial spring nitrogen level became depleted. This 
latter result has particular significance for the situations in en- 
riched reservoirs and impoundments. If fixed stoichiometry models are 
applied to such systems without including some provision for nitrogen 
fixation and subsequent recycle, then the interpretation of the model 
results w i l l  be confounded (Baca et al. 1974; Hydroscience 1976). 

It might be argued that a fixed stoichiometry model with a single 
recycle Component to the unavailable nutrient compartment could ade- 
quately account for the above recycle processes by compensating with 

Not- 
ological 

a faster conversion rate from unavailable 
withstanding the fact that this is incons 

to available forms. 
stent with the phys 
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processes that are known to be occurring, such an approach can lead 
to serious difficulties. Phytoplankton-related detritus is only one 
of the many components which comprise the unavailable nutrient com- 
partments. 
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 is used for the conversion rate 
from unavailable to available nutrient forms to satisfy peak require- 
ments for phytoplankton uptake during periods of minimum nutrient con- 
centrations, then there is a risk of overconversion during periods of 
off-peak demand. In the limiting case of a long-term simulation, this 
could lead to unphysical results for the distribution of the individ- 
ual nutrient components (Bierman 1977). 

These compartments contain a wide variety of dissolved 

A refinement to nutrient recycle kinetics for fixed stoichiometry 
models was recently proposed by DiToro and Matystik (1979). 
model, nutrient recycle is partitioned into two separate components 
at a specified constant ratio. As in an internal pool model, one of 
these components is routed to the unavailable nutrient compartment and 
the other component is routed to the available nutrient compartment. 
In addition, the conversion rate from unavailable to available nutrient 
forms is made a function of total phytoplankton biomass. These modifi- 
cations have the effect of increasing the recycle rate only during 
off-peak periods. 
that there is no mechanism for quantifying changes in internal nu- 
trient levels and hence, there is no consistent way to specify changes 
in the ratio of the two recycle components. The dynamic solution of 
separate uptake and growth equations in an internal pool model avoids 
these problems, albeit at the expense of additional model complexity. 

In this 

A problem that still exists with this approach is 

DiToro and Connolly (1979) have more recently proposed a variable 
stoichiometry model based on cellular equilibrium partitioning instead 
of on the solutions to the full dynamic equations. This approximation 
reduces the computational complexity of the full dynamic equations, 
yet still retains the features of separate recycle components and 
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changes in internal nutrient levels in response to changes in external 
nutrient concentrations. 

SILICON KINETICS MECHANISMS 

Most of the available data for phytoplankton-silicon kinetics in- 
dicate that the Monod equation is valid for relating specific growth 
rate to external concentrations of silicon. Guillard _ _  et al. (1973) 
and Kilham (1975) reported that the growth rates of 
diatoms are related to the silicon concentration in 
ium by a hyperbolic equation. Paasche (1973) found 
bolic relationship, but only after a correction had 
dissolved reactive silicon concentration that could 

silicon-limited 
the external med- 
a simi 1 ar hyper- 
been made to the 
apparently not be 

used by the diatoms tested. Kilham also reported such a "threshold 
effect"; however, she pointed out that this effect is observed with 
some species and not with others. 
threshold correction for their results. 

Guillard -- et al. did not use a 

Recently, there has been some evidence that an internal pool model 
might yet be an appropriate description for phytoplankton-silicon kin- 
etics. 
can be decoupled from cell growth and that uptake, under certain con- 
ditions, appears to be internally-controlled. Davis -_ et a]. (1978) 
have actually proposed an internal pool model to describe their experi- 
mental results for a silicon-limited diatom under steady-state and 
transient conditions. 

Conway -- et al. (1976) reported that silicon uptake by diatoms 

MULTIPLE LIMITING NUTRIENTS 

Growth Kinetics 

In models which include more than one potential limiting nutrient, 
a mechanism must be devised for calculating phytoplankton growth rates 
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when the levels for both nutrients are non-optimum. The two most 
widely used approaches have been the multiplicative hypothesis and 
the threshold hypothesis. These hypotheses are stated in the follow- 
ing manner for the case where growth rate can be limited by either 
phosphorus or nitrogen 

I. Mu1 tip1 icative 

11. Threshold 

The question of which hypothesis to use has long been an open one 
in the literature, although the multiplicative hypothesis has pro- 
bably been the more popular of the two. Recently, the results of two 
independent studies have given strong support to the threshold hypo- 
thesis (Droop 1974; Rhee 1978). In both of these studies, use of 
rigorous statistical techniques confirmed that the threshold hypothe- 
sis correctly described the data and that the multiplicative hypothe- 
sis should be rejected. A third hypothesis based on electrical re- 
sistors in parallel has been used by Scavia and Park (1976); however, 
the validity of this hypothesis has not been tested against experi- 
mental data. 

Nutrient Uptake Kinetics 

An unresolved problem is the interaction among nutrients during 
the uptake process which has been reported by several workers (Ketchum 
1939; Droop 1974; Conway -- et al. 1976). A more general version of the 
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nutrient uptake mechanism used by Bierman -_ et al. (1979) has been used 
to investigate several different types of interactions among sub- 
strates, including competition for a single carrier molecule (Verhoff 
and Sundaresan 1972; Verhoff -- et al. 1973). Presently, there are suf- 
ficient data to fully test these hypotheses for phytoplankton-nutrient 
interactions. 

RESEARCH NEEDS 

Some of the important unresolved research questions in the area of 
phytoplankton-nutrient kinetics involve nutrient recycle, nitrogen 
fixation, silicon kinetics and nutrient uptake kinetics. More research 
is needed on the nature of the recycle processes for phosphorus and 
nitrogen that occur as a result of both predatory and nonpredatory 
phytoplankton death in the water column. A closely related need is 
for more research on the factors controlling nitrogen fixation and sub- 
sequent recycle of available nitrogen. 
supply a substantial portion of the nutrient requirements for summer 
blooms of nuisance blue-green algae in enriched reservoirs and impound- 
ments. Without adequate knowledge of recycle processes, it is diffi- 
cult to relate the occurrence of such blooms to external nutrient 
loadings and ambient nutrient concentrations. 

These recycle processes can 

More research is needed on silicon kinetics because systems in 
which silicon limitation of diatom growth is important can respond 
differently to phosphorus and nitrogen loads than systems which are 
not silicon limited. This can occur because the temperature optima 
and successional patterns for diatoms are generally different than for 
other phytoplankton types. 

More research is needed on the kinetic mechanisms involved in 
nutrient uptake. Of particular importance is the process of feedback 
control. Most of the existing models for nutrient uptake are strictly 
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empirical. 
physiological information. None of these models, however, have been 
adequately tested on experimental data. 

Some of the existing models are based on more detailed 

In the general sense, the most urgent research need in the subject 
area is more experience in the application of phytoplankton simulation 
models to extensive sets of field data for different types of physical 
systems. This is the only means of establishing definitive criteria 
for choosing an appropriate set of phytoplankton-nutrient kinetic mech- 
anisms for a given application. It should be recognized that the prac- 
tical constraints of budget and time frame will frequently preclude 
the application of the most sophisticated kinetic models. Accordingly, 
emphasis should be placed on the further development of kinetic mech- 
anisms which avoid unrealistic data requirements and computational 
complexity, yet still constitute reasonable approximations of the major 
dynamic features of the system. Objectives need to be well-defined at 
the outset of a particular application and the inherent assumptions 
and limitations of the kinetics model used must be respected. Even 
the simplest kinetic models can be of great value in providing a con- 
ceptual framework for experimental design and data interpretation. 
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I NT RODU CT I ON 

The role of nutrient limitation in controlling the growth of phyto- 
plankton has been the subject of exhaustive study, dating back to the 
classical experiments of Ketchum (1939a, b) on phosphorus and nitrogen 
limitation in the diatom ~~itzs~hia closterium. Since that time tremen- 
dous progress has been made in our understanding of the nutritional re- 
quirements of phytoplankton, particularly the' dynamics of nutrient up- 
take and resulting growth, both at the biochemical and cellular levels. 

In nature primary productivity and the distribution of phytoplank- 
ton species are controlled, not singularly by nutrient availability, 
but by a complex web of interacting environmental factors (Braarud, 
1962). The most obvious of these influencing factors along with nu- 
trients are sunlight and temperature. 
photosynthetic activity and the former parameter has been relatively 
well studied. Yet, it is rather amazing that little attention has been 
given to the role of temperature in regulating photosynthetic and other 
metabolic activities of primary producers (see p. 86-87 in Parsons and 
Takahashi 1977). In this regard, the recent review on temperature 
effects by Eppley (1972) stands out as the only serious attempt to syn- 
thesize our knowledge on this subject and to address, with the meager 
temperature data available, the importance of this environmental para- 
meter in phytoplankton ecology. 

Both factors strongly influence 

In both the oceans and freshwaters, temperature varies over a wide 
1°C at lat- range (-2" to 30+"C), from average surface temperatures of 

itudes of 60-70"s to >25"C at the equator (Sverdrup -- et al. 1963). 
temperate latitudes of certain coastal regions and in many lakes it 
is not uncommon to have a 25-30°C variation in temperature over a 
yearly cycle (e.g., in Vineyard Sound, Cape Cod, Massachusetts, surface 
water temperatures vary from QO" in winter to close to ~ 2 7 - 2 8 ~ C  in 
summer - Woods Hole Oceanographic Institution records). 
amazing about these geographical and seasonal variations in temperature 

In 

What is truly 

34 



is that primary productivity does not seem to be greatly affected 
by this wide temperature variation (Eppley 1972) and species common 
to particular geographical environments and seasons have 1 ittle diffi- 
culty in growing, providing nutrients are available (Smayda 1958). 
example, blooms of the common neritic diatom Skeletonerna costaturn are 
typical in temperate coastal waters during the winter when temperatures 
are between 0°-5"C (Curl and Mcleod 1961; Smayda 1973). Similarly, 
numerous neritic diatoms are common in the northern latitudes, having 
been classified as cold water species by Hasle (1976). At the other end 
of the spectrum, many tropical species exist that appear only when water 
temperatures rise above 25°C (e. g. , Nannochloris sp. ). 

For 

Traditionally, the major problem in studying temperature effects 
in natural waters is that it is virtually impossible to isolate tempera- 
ture as a sole influencing factor. This is because, not only does light 
intensity and duration vary simultaneously with temperature changes, but 
also because nutrient availability is very closely connected to the 
structure and intensity of thermoclines. Hence, the objectives of this 
review are to outline the role of temperature in influencing the cellu- 
lar processes of photosynthesis, respiration, growth, and nutrient assi- 
milation primarily from existing laboratory experiments, and to synthe- 
size these data with data collected from previous field studies. 
fully, this review provides clues as to the importance of temperature 
in regulating biogeographical variations in species composition and 
primary productivity. 

Hope- 

GROWTH RATE KINETICS 

Eppley (1972) in his temperature review postulated that "tempera- 
ture does not seem to be very important in the production of phytoplank- 
ton in the sea." He suggested that a reason for this seeming non- 
dependence on temperature is that phytoplankton growth rates in nature 
are typically well below maximum potential rates, so that temperature 
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effects are essentially blotted out by other limiting factors. 
support this concept he compiled data from the literature on growth 
rate-temperature responses for many species of marine phytoplankton 
grown in the laboratory under a variety of batch culture conditions. 
An enveloping curve representing the highest observed growth rates 
over a temperature range Oo-4O0C was drawn and the empirical equation: 

To 

= 0.851 (l.066)t 1-11.0 

was determined in which pl0 was the growth rate in doublinglday (base 
2) and t was the temperature in "C. 
this curve described an upper growth rate limit of marine phytoplankton 
that was far greater than typical growth rates found in natural waters 
at corresponding temperatures (Fig. 1). Thus, for the first time it 
was possible to quantify the potential growth rate response of marine 
phytoplankton to temperature and establish upper boundaries for growth 
rates in natural waters from observations of only temperature. That a 
single curve was established from data representing experiments with 
about 130 species or clones lent support to the idea that there is a 
common or universal effect of temperature on phytoplankton growth rates 

The argument was advanced that 

Eppley's concept of describing temperature effects as a response 
of maximum growth rate was expanded on by Goldman and Carpenter (1974). 
We collected data from the literature of 
temperature from continuous culture studies and formed the Arrenhius 
plot (Fig. 2): 

(maximum growth rate) vs 

* 9 -6472/T 1.1, = (5.4 x 10 ) e 

* 
in which pewas themaximum specific growth rate in l/day (base e) and 
Twas the absolute temperature in OK. The maximum growth rate is inde- 
pendent of nutrient concentration and simply represents the maximum 
possible growth rate of an organism for a given set of light and tem- 
perature conditions; hence, we could then conveniently insert equation 
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TEMPERATURE "C 

FIGURE 1. Variation in the growth rate (ulo) in doublings/ 
day of photo-autotrophic unicellular algae with 
temperature. Data are all for laboratory cultures. 
From Eppley (1972). 
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FIGURE 2. Effect of temperature on the maximum specific growth 
rate (Ge) of marine and freshwater algae grown in 
continuous culture. Composite curve is based on 
studies with 12 different algal species described 
in Goldman and Carpenter (1974). 
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2 in the Monod equation, which describes the effect 
ing nutrient concentration on growth rate, so that: 

9 -6472/T 1-1 = (5.4 x 10 ) e 

of external limit- 

(3) 

in which S was the concentration of limiting nutrient and Ks was the 
half saturation coefficient for growth. 
cribe the response of growth rate to the simultaneous effects of limit- 
ing nutrient concentration and temperature. 
constructed several hypothetical situations describing conditions under 
which competition between phytoplankton species could be strongly influ- 
enced by temperature. 

With equation 3 we could des- 

Using this equation, we 

A complicating factor to the above approach is 
that Ks is probably as much temperature dependent as 
there are virtually no data in the literature on the 
pendency of Ks. 

A 

p. Unfortunately, 
temperature de- 

In later studies with large-scale outdoor mass cultures of marine 
phytoplankton grown on saturating nutrients (Goldman and Ryther 1976), 
I observed that over a several-year period there was a systematic 
change in species composition with season that could be attributed 
directly to temperature (Figs. 3 and 4): ' Skeletonema costatum dominated 
when water temperatures were below 10°C, Phaeodactylum tricornatum, a 
pennate diatom, prevailed between 10"-20"C, and above 25°C one of 
several species , including Amphora sp., Nitzschia dosterium and 
Stichoccus sp., was dominant at a given time. The ability of the above 
species along with several other species to win out in competition in 
well defined temperature regions was demonstrated under exacting 
laboratory conditions with continuous cultures for which temperature 
was isolated as the only variable (Fig. 5). 

The overall effect of temperature on phytoplankton growth rates 
As shown by the curves of Eppley (1972) and is clearly established. 

Goldman and Carpenter (1974), for a given species and in a defined 
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FIGURE 3. Summary of data collected in outdoor ponds at Environmental 
Systems Laboratory of ldoods Hole Oceanographic Institution 
from January, 1974, through April 1975. A - Pond tempera- 
ture data; B - Particulate carbon data; C - Species data 
(P = Phaeodactylum tricornutum, N = Nitzschia closterium, 
S = Stichococcus Sp.; SK - Skeletonema costatum). From 
Goldrnan and Ryther (1976). 
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FIGURE 4. Summary of data collected in an outdoor pond at 
Environmental Systems Laboratory of Woods Hole 
Oceanographic Institution from September, 1976, 
through Flay, 1977. ,4 - Solar radiation data; 
B - Pond temperature data; C - Species data 
(dashed 1 ines = Phaeodactylum tricornutum; 
shaded area = Skeletonema costatum). 
data . 

Unpublished 
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DAYS FROM lNTRODUCT/ON OF CONTAMINANT 

FIGURE 5. Competf tion between Thalassiosira pseudonana (sol id 
1 ines) and Phaeodactylum tricornutum (dashed 1 ines) 
at 10, 15, 20, and 25°C in laboratory continuous 
cultures. T. pseudonana at 10 and 25°C and 
P. tricornutum at 15 and 20°C were the contaminants. 
From Go1 dman and Ryther (1976). 

42 



temperature region there is a direct correlation between temperature 
and growth rate, i.e., increasing temperatures lead to increasing growth 
rates. Each species may respond to temperature in this fashion only 
in an unique temperature range, which then characterizes the organism 
as belonging to a particular class based on its thermal-response char- 
acteristics. 
Goldman and Carpenter (1974) suggest a universal type of response of 
phytoplankton species to temperature, it is evident from the competition 
situations depicted in Fig. 3 of Goldman and Carpenter (1974), that the 
slope of the temperature curve is as important as the range for which 
the curve applies in determining a given species' ability to compete 
with other species. For example, based on my temperature curve, at 
10°C the maximum growth rate should be %-0.58/day. This implies that 
under continuous culture conditions it should be impossible to main- 
tain a steady-state population of a particular species. Yet, at this 
temperature and growth rate it was possible to maintain healthy and 
significant steady-state populations of Skeletonema costatum and ~ h d -  

assiosira pseudonana 3H (Goldman and Ryther 1976). In later continuous 
culture studies with T. pseudonana 3H under NH4 limitation 11 was found 
to be 3.06/day at 19°C (Goldman and McCarthy, 1978), a datum point 
falling significantly above my temperature curve. Clearly then, there 
are species that display quite atypical growth rate-temperature re- 
sponses, and it must be concluded that the approach of Eppley and myself 
only tells a portion of the story. 

Although the growth rate curves of Eppley (1972) and 

+ 

CHEMICAL COMPOSITION AND NUTRIENT UPTAKE RATES 

Temperature appears to have a dramatic effect on the physiology 
of phytoplankton cell s. 
oratory conditions increasing temperatures led to both a decrease in 
cell size and an increase in cellular dark respiration in the fresh- 
water green alga Scenedesmus obliquus. Jorgensen (1968) carried this 
observation considerably further when he showed that both the carbon 

Margal ef (1954) first observed that under 1 ab- 
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assimilated per cell in one generation period and the cellular protein 
content of Skeletonema costatum increased with decreasing temperature 
in the range 7"-20°C even though the growth rate increased as expected. 
He suggested that this increased protein content reflected a build-up 
of enzymes as the cell adapted to the lower temperatures so as to main- 
tain high photosynthetic rates. 

Morris and Farrell (1971) and Morris and Glover (1974) 1 i kewise 
showed an increase in the cellular dry weight and protein content of 
two other species, Dunaliella tertiolecta and Phaeodactylum tricornutum, 
with decreasing temperature, but could not discern any effect on the 
dry weight content of Nitzschia closterium. 
questioned whether the cells were really adapted to growing at lower 
temperature because they observed variations in photosynthetic rates 
during batch growth. 
synthetic rates similar at a particular temperature for cells grown at 
different temperatures. However, two major problems with the above 
approach were that the cells were grown at one temperature and then 
immediately exposed to different temperatures for measurement of photo- 
synthetic rates during 1% hour incubations, and that cells from batch 
cultures (in which growth rate is difficult to control) were used. 
Adaptation to large temperature changes (that typically occur slowly 
in nature) may require long periods of adjustment by phytoplankton 
species in order for them to gear up the proper biochemical machinery 
to cope with the new conditions. Sudden temperature changes, in con- 
trast, may lead to shock effects and could have biased the results of 
Morris and Glover (1974). In addition, relating photosynthetic capa- 
city to growth rate is extremely difficult when batch cultures are used. 
Morris and Glover (1974) realized these potential pitfalls and concluded 
their paper with the caution that "further elucidation of the biochem- 
ical mechanism for this effect (adaptive response) must depend on the 
use of continuous cultures." 

Morris and Glover (1974) 

Only toward the end of batch growth were photo- 

Eppley (1972) summarized the data available and showed that both 
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the carbon content per cell and the carbon/chlorophyll ratio increased 
with decreasing temperature for several marine phytoplankton species. 
Using continuous cultures, I was able to show that for a fixed growth 
rate of O.G/day and over a temperature range of 1O0-3O"C both the 
cellular carbon and nitrogen contents varied with temperature for four 
of five species grown (Goldman and Ryther 1976; Goldman 1977b). 
tonema costatum, Phaeodactylum tricornutum and Monochrysis lutheri all 
displayed the characteristic increase in organic matter with decreasing 
temperature. Dunaliella tertiolecta was found to have a U-shaped re- 
sponse to temperature with highest cellular organ c found at the tem- 
perature extremes 10°C and 30°C and Thalassiosira pseudonana 3H showed 
no variation in both cellular carbon and nitrogen over this temperature 
range (Fig. 6). Williams (1971) earlier found the same U-shaped re- 
sponse in a freshwater Chlorella species grown in continuous culture 
at a fixed growth rate. 

Skele- 

Two important conclusions were drawn from the above results. 
the U-shaped response of phytoplankton organic matter to temperature 
may be typical of many species. For example, based on further unpub- 
lished results of mine, when the temperature range was expanded below 
10°C (the lowest temperature used in my earlier study) there was a sig- 
nificant increase in the cellular organic matter of Thalassiosira 
pseudonana 3H (Table 1). Hence my inability to observe this U-shaped 
response in all the species tested may have resulted because the tem- 
perature range used was too limited and/or the temperature intervals 
were too large. 

First, 

The second important conclusion is that because a constant growth 
rate (p) was used in the above study, cellular nutrient responses to 
temperature could readily be translated into nutrient uptake rate re- 
sponses. The cellular nutrient uptake rate is defined as: 

P = UQ 
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FIGURE 6. Effect of temperature on steady-state cell numbers 
(solid lines) and nitrogen cell quota (dashed lines) 
for five marine phytoplankton species grown in con- 
tinuous culture at a dilution rate of O.G/day. 
From Goldrnan (1977b) 
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Table 1. Variation in several cell constituents for Thalassiosira 
pseudonana 3H grown in continuous culture at a growth 
rate of 0.3/day (unpublished data). 

~~ 

Cell Constituents 

pg/ce11 pg/ce11 pg/cel1 
Temperature Carbon Nitrogen Chlorophyll a 

7.5 

11.5 

14.5 

18.5 

23.0 

7.4 

4.6 

4.0 

4.2 

3.4 

1.2 

0.6 

0.5 

0.4 

0.4 

0.28 

0.14 

0.13 

0.17 

0.18 

i 
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in which p is the cellular nutrient uptake rate in nutrient/cell/time 
and Q is the cell quota in nutrient content/cell. Thus, for 1-1 held 
constant p is directly proportional to Q and the data shown in Fig. 6 
represents p when Q is multiplied by O.G/day, the growth rate used. 
For a species like Skeletonema costatum, it is clear that p increases 
with a decrease in temperature. Such an effect is a classical example 
of the uncoupling of growth and nutrient uptake rates. The implica- 
tions of this finding are important to our understanding of why certain 
species, although experiencing low growth rates at low temperatures, 
are able to thrive because of enhanced nutrient uptake rates. The net 
result is that there are fewer but larger cells at low temperatures 
representing potentially similar standing crops on a weight basis as 
at higher temperatures (Goldman, 1977a). 

PHYTOSYNTHETIC AND RESPIRATION RATES 

The effects of temperature on photosynthetic and respiration rates 
in marine phytoplankton are poorly understood. Whereas, it is well 
established that temperature influences phytoplankton photosynthetic 
rates only at light saturation, this effect is clearly demonstrated 
only when carbon uptake per chlorophyll is considered (Steemann Nielsen 
and Jorgensen 1968); carbon uptake rates per cell show a temperature 
dependency even at low light intensities, but this dependency dis- 
appears when carbon uptake per unit of chlorophyll is used in place. 
The implication is that the chlorophyll content per cell decreases with 
decreasing temperature, as Steemann Niel sen and Jorgensen (1968) showed 
for Skeletonema costatum at 2°C. Yet, the effect of temperature on 
the chlorophyll content of phytoplankton cells is not nearly so clear. 
For example, Morris and Glover (1974) show that the chlorophyll con- 
tent per cell first increases with decreasing temperatures for Phaeo- 
dactylum tricornutum in the range 7"-18°C and then decreases at the 
lowest temperature. In contrast, the chlorophyll content per cell in 
Nitzschia closterium decreases continuously with decreasing tempera- 
ture. For DunaJiella teriolecta their results are even more puzzling: 
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a continuous decrease in cellular chlorophyll with decreasing tem- 
perature in the range 12"-24"C on the first day of batch growth, but 
an opposite effect by the fourth day. 

Even more puzzling, the data of Eppley (1972) indicate a constant 
chlorophyll/cell ratio in the range 12"-25"C for Dunaliella tertiolecta 
and a U-shaped response for Ditylum brightwelli (Table 2). 
U-shaped response appears evident in my Thalassiosira pseudonana 3H 
data shown in Table 1. 
data is that the chlorophyll content per cell is strongly influenced by 
growth rate at a fixed temperature (Perry 1976). 
tions of nutrient limitation growth rate may be more influenced by 
available limiting nutrient than by temperature, with the result that 
the chlorophyll content is influenced simultaneously by both growth 
rate and temperature. This effect is clearly demonstrated by Perry's 
data showing varying chlorophyll/cell with growth rate under phosphorus 
limitation and constant temperature and by my data (Table l), showing 
varying chlorophyll/cell with varying temperature but constant growth 
rate. 

The same 

A major problem in trying to compare the above 

Hence, under condi- 

The continuous culture is the only growth system that can ade- 
quately be used to isolate temperature effects on various physiological 
parameters because grow-th rate is controlled directly by the dilution 
rate (medium flow rate/culture volume). Once a steady-state population 
is established, the specific growth rate is essentially equal to the 
dilution rate. Thus for a fixed dilution rate temperature can be 
varied and, as long as a steady state is established, various chemical 
and physiological parameters can be measured. 

The effect of temperature on phytoplankton respiration rates is 
perhaps the least understood response, and, yet, it may well be the 
important link to our understanding of temperature effects. Difficul- 
ties in measuring respiration rates in phytoplankton are well known, 
and to date satisfactory techniques for measuring photorespiration have 
yet to be developed. 
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Table 2. Calculated chlorophyll/cell values from carbon/cell and 
carbon/chlorophyl1 data presented by Eppley (1972) for 
two marine phytopl ankters. 

Temperature Carbon/Cell Carbon/chl.a Chl.a/cell 
"C pg/ce11 Ratio pg/cel1 Species 

Dit yl urn 5 
brightwellii 

7.5 

10 

15 

20 

Dunalliela 12 

16 
tertiol ecta 

19.5 

20 

21 

25 

1600 

1500 

1330 

720 

680 

41.8 

35.6 

25.9 

28.2 

25.3 

22.5 

41 

48 

50 

25 

14 

38 

29 

25 

24 

26 

16 

39 

30 

27 

29 

49 

1.1 

1.2 

1.0 

1.2 

1.0 

1.4 
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Tang and French (1933) demonstrated that dark respiration was 
more temperature dependent than photosynthesis. 
the dark reactions of photysynthesis, which involve many enzymatic 
processes, are temperature dependent but that the light reactions are 
insensitive to temperature changes. Zelitch (1971) points out that a 
temperature increase of 10°C more than doubles photorespiration in a 
20"-35°C range. 
over a 0-30°C range and is species specific. 

It is now known that 

The QI0 of the above metabolic processes is not linear 

With regard to marine phytoplankton, dark respiration has been 
well studied (see review by Lloyd 1974), but hardly any information is 
available on temperature effects. The studies of Steemann Nielsen and 
Hansen (1959) and Ryther and Guillard (1962) over 15 years ago stand 
out as the only attempts to measure temperature effects on dark res- 
piration in marine phytoplankton. Steemann Neilsen and Hansen (1959) 
measured photosynthetic and respiration rates along with growth rates 
of natural marine phytoplankton and concluded that, whereas growth 
rates were dependent on temperature, photosynthesis and respiration 
were not. Ryther and Gui llard (1962) , in a more detailed study, showed 
that dark respiration rates of six marine phytoplankton clones (five 
species) were temperature dependent , but the degree of this dependency 
was species specific. The highest respiratory coefficients (g carbon 
respired/hr/g chlorophyll ) were found in eurythermal clones and the 
increase with temperature was more regular. In contrast, the steno- 
thermal clones showed varying respiratory responses to temperature; 
but, in general, their respiration was low and not nearly as temperature- 
dependent as with the eurythermal clones. 

Packard -- et al. (1975) measured the effect of temperature on the 
respiratory electron transport system in natural marine phytoplankton 
and concluded that, although there were variations in this parameter 
with location, there did not appear to be a systematic variation with 
temperature. Fa1 kowski (1977) measured the adenylate energy charge in 
Skeletonema costaturn over a temperature range of 2"-30"C and found no 
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apparent variation, even though the growth rate increased tenfold. 
Both the data on Packard _- et al. (1975) and Falkowski (1977) point to 
the fact that temperature adaptation by marine phytoplankton may be an 
important mechanism for species selection in different temperature en- 
vironments. 

The importance of photorespiration in marine phytoplankton is un- 
clear, although it is well established that glycolate production is an 
end product of the process (Tolbert 1974). 
formation and excretion of dissolved organics, in general, is the sub- 
ject of much controversy (Sharp 1977; Fogg 1966, 1977). Sharp (1974) 
suggests that the excretion of dissolved organic carbon by health 
phytoplankton is minimal. 
that glycolic acid excreted from phytoplankton can represent a large 
fraction of photoassimilated C02. 
on this process has yet to be addressed. 

The importance of glycolate 

Yet Fogg (1966) in his review has shown 

The possible effect of temperature 

FIELD STUDIES 

The difficulties in isolating temperature effects from other influ- 
encing factors in field studies was stated earlier. 
researchers have attempted to sort out the influence of temperature on 
productivity of natural populations. Bunt's work on Antarctic phyto- 
plankton productivity (Bunt 1964a, b; Bunt and Lee 1970) , is instructive 
because he was able to demonstrate significant algal activity under 
the ice cover when temperatures were %1.5"C. In one case, a large bloom 
of Phaeocystis, a common cold water species, was observed in January, 
1963, when cell numbers reached 3 x 10 cells/liter and when the ice 
cover began to disappear in McMurdo Sound (Bunt 1977a). 
that photosynthetic rates of natural populations taken from temperatures 
<-1.5"C showed a marked increase between 5"-15"C (Bunt 1977b), suggest- 
ing that these species were not adapted to the cold temperatures. 
El-Sayed (1966) noted that there were significant variations in primary 

Yet a number of 

6 

He also showed 
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productivity in different regions of Antarctic waters even though 
temperatures were similar and. suggested that more laboratory studies 
were required to isolate temperature effects. 

The studies of Smayda (1973, 1975) on winter blooms of Skeletonema 
costatum in Narragansett Bay, Rhode Island and those of Malone (1976, 
1977) on productivity in the New York Bight include the most extensive 
and useful temperature-productivity data available. In both situations, 
Skeletonema costaturn was a dominant winter species. Smayda (1973) 
showed that the growth rate for this species was strongly temperature 
dependent, with rates of <l.O/day at temperatures <5"C. 
temperatures dropped to 0.9"C in Narragansett Bay temperature was the 
main factor controlling growth rates. 
strong temperature dependence at these low ambient temperatures, the 
dominance of Skeletonema is suggestive that this species has remarkable 
adaptive characteri sti cs , as proposed earl ier by Jorgensen (1 968). 
Malone's data from the New York Bight sheds some light on this subject. 
He found that the loglo of the assimilation number increased linearly 
with increasing temperatures for natural populations of phytoplankton 
from September 1973 through August, 1974, for temperature >8"C. Below 
8°C when Skeletonema was the dominant species there was a dramatic rise 
in the assimilation number, once again suggesting the remarkable adap- 
tive capacity of Skeletonema. 
with my own data (Goldman 1977b), in which I showed that nutrient up- 
take rates of Skeletonema increased with decreasing temperature. Malone 
(1977) confirmed and expanded on the above results by showing that the 
nano and net plankton fractions of populations from the Bight displayed 
the same remarkable increase in assimilation number when temperatures 
fell below 8°C. 

When winter 

Yet, even though there is a 

These results were in close agreement 

The major conclusion of the above results, together with my own 
temperature data (Goldman 197713) is that growth rate may not be the 
best parameter to judge the ability of phytoplankton populations to 
cope with extreme cold and warm temperatures. Rather, determination 
of variations in the chemical composition, chlorophyll content, cell 
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size, assimilation numbers, and respiration rates as a function of 
temperature may offer a more fruitful avenue of research. 

MODELLING TEMPERATURE EFFECTS 

The complexity of temperature effects on phytoplankton activity-- 
primarily the effect on the uncoupling of nutrient uptake and growth 
processes, makes it extremely difficult to incorporate temperature 
functions into phytoplankton models. Previous attempts to incorporate 
temperature effects into models have been limited to temperature-growth 
rate relationships such as described in equations 1 and 2. As more 
temperature-growth rate data are becoming available, it is becoming 
increasingly evident that such representations are at best, crude ap- 
proximations. For we now know that the temperature response of some, 
and perhaps many, species does not conform to existing relationships. 

Moreover, it is becoming clear that the temporal and spatial 
scales on which phytoplankton obtain their rations of nutrients may 
be so small that they are impossible to measure with existing techni- 
ques. For example, we (MaCarthy and Goldman 1979) recently showed that 
marine phytoplankton with a previous history of nitrogen limitation, 
can assimilate this nutrient at a rate significantly greater than their 
growth rate during short (5 min.) incubation periods. Thus, a phyto- 
plankton cell need be exposed to a high nitrogen level for only a frac- 
tion of its doubling period in order to satisfy its requirement for 
this nutrient. 
detectable levels, such a supply of nutrients could exist on a micro- 
scale where phytoplankton cells randomly and probably frequently come 
in contact with minute zones of high nutrients originating from zoo- 
plankton excretions and bacterial degradation of detritus. How an 
environmental parameter such as temperature influences these processes 
is completely unknown. 

In oceanic waters where nutrients are frequently below 
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From the available information on how temperature affects the 
uncoupling between nutrient uptake and growth rate, it appears that 
this phenomenon is species specific; that is, certain species such as 
Skeletonema seem to be able to cope with extreme temperatures better 
than others. Thus, when considering how little we know about the basic 
physiology of temperature effects on phytoplankton nutrient assimila- 
tion processes, it becomes an almost impossible task to develop realis- 
tic phytoplankton models that can describe accurately the impact of 
this parameter on the different rate processes. 
more research in this area is needed. 

Clearly, considerably 
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INTRODUCTION 

When I was asked to attend this conference and to speak about 
grazing in plankton Communities, I wasn't sure if I should first 
defend the importance of grazing formulations in simulation models, 
or whether I should immediately begin defining the process constructs 
of interest, and debating the alternative ways of handling them mathe- 
matically. There fortunately appears to be substantial agreement 
among modelers on the first point. 
tant loss term for phytoplankton populations can be found incorpo- 
rated in one form or another into every dynamic model of plankton 
communities from Riley's (1946) work to the present. Only gross- 
level model s that correlate chl orophyll content or transparency of 
the water with rates of nutrient loading (e.g., Vollenweider 1969; 
Dillon and Rigler 1974; Chapra and Tarapchak 1976; Oglesby 1977a; 
Oglesby and Schaffner 1978) neglect the impact of zooplankton alto- 
gether. The same is true for fisheries model s. Whereas correlations 
can be found between fishery yield and primary production or physical 
factors (e. g. , Me1 ack 1976; Ogl esby 1977b), many dynamic representa- 
tions include zooplankton as an important food resource for the fish, 
at least during their larval stages. 
zooplankton in aquatic simulation models reflects an obvious concern 
for their importance in nature, and it acknowledges the swift re- 
sponses of these organisms to changes in their prey and in their 
predators. Empirical investigations have repeatedly demonstrated 
that grazing can sometimes influence the composition and abundance 
of algal communities (Cushing 1963; Haney 1973), and these seasonal 
effects of grazing pressure are mimicked by simulation models (Steele 
1974; Canale _ _  et a1 . 1975, 1976; Scavia 1979b; Steele and Frost 1977). 
The direction and substance of the modeling efforts have made it 
clear that representing grazing, growth and reproduction of plank- 
tonic herbivores is vital for predicting the dynamics of the phyto- 
plankton, so the issue shifts immediately from whether or not to 

Grazing as a potentially impor- 

This prevalence of regard for 
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include zooplankton in simulation models of lake ecosystems to the 
matter of how best to represent the processes and components involved. 

In contrast to the recent advances in the ways that simulation 
models treat algal cells, including such things as internal nutrient 
stores, changes in physiological condition, and interactions of growth 
limitations, there has been no fundamental advance in the treatment of 
zooplankton beyond that of Riley in 1946. 
plankton assemblage is usually characterized as a single individual, 
with a single feeding rate, respiration rate, growth rate, etc. The 
approach works well for the phytoplankton where all computations are 
made with respect to a characteristic cell or biomass pool , but it is 
not at all evident that the practice can be extended validly to popu- 
lations of animal species where egg, juvenile, sub-adult, and adult 
stages may be subject to different constraints on their resource 
utilization and survivorship. Some authors have subdivided herbiv- 
orous zooplankton into general taxonomic groups, like copepods and 
cladocerans (Bloomfield -- et al. 1973), or else they have separated 
the community into functional groups like raptors, omnivores, herbi- 
vorous cladocera, herbivorous copepods, and even naupl i i  (Canale - et 
- a1 1975, 1976), but most of these exercises are just minor variations 
on Riley’s original theme. Very few authors have tried to model the 
size and age structure of zooplankton populations in terms of the 
developmental stages involved (e. g. , Maguire et a1 . 1976) , but the 
few models that incorporate this feature show that striking effects 
propagate to both lower and higher trophic levels (Hairston and 
Pastorok 1975; Steele and Frost 1977). 

This is because the zoo- 

I 

I have already indicated the substantial empirical evidence for 
claiming that herbivores exert controls on the overall abundance of 
algal populations at some times of the year, particularly during the 
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late spring and summer. Equally well documented is the fact that 
the grazers are very selective about the types of particles that 
they ingest (Arnold 1971; Nival and Nival 1973; Berman and Richman 
1974; Richman -- et al. 1977). Some of the selection may be dictated 
purely by the mechanical properties of the filtering apparatus (Nival 
and Nival 1976; Boyd 1976), but there may also be a high degree of 
chemosensation and decision-making involved (Poulet and Marsot 1978). 
Several authors have dealt with this subject of active and passive 
"electivity" in their models (Park -- et al. 1974; Smith -- et al. 1975; 
Scavia and Park 1976) and it proves to be a major force shaping the 
structure of phytoplankton communities in the simulations (Steele 
and Frost 1977). 

Closely allied to selective feeding but more subtle in its spe- 
cies-specific effects is the fate of nutrients released into the 
water by the zooplankton. These nutrients are available not only to 
the preferred prey of the grazers, but also to species which may not 
be as susceptible to grazing stress. Nutrients remineralized by 
zooplankton are known to be important components of internal nutrient 
loading in many water bodies; that is, they constitute an important 
autochthonous source of inorganic nutrients for algal production, 
which at some seasons may exceed all external supplies of N and P 
(Barlow and Bishop 1965; Ganf and Blazka 1975; Lehman in press). At 
times the zooplankton may thus be the principal source of the nutri- 
ents that permit -- de novo synthesis of algal biomass, so that rates 
of primary production in the water column may depend upon the meta- 
bolic rates of the animals. 

The processes necessary to construct a model of zooplankton 
grazing dynamics are very easy to identify; they constitute the ele- 
ments of energy or nutrient budgets at the organismic level (e.g., 
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Dagg 1976): ingestion, assimilation, respiration, excretion, eges- 
tion, and allocation of effort between reproduction and growth. All 
of these processes are demonstrably size, age, and species specific. 
The issue here is how to abstract the most important aspects of each 
one, and how to represent them formally. Most of the remaining text 
will be used to probe the empirical data that are particularly per- 
tinent to each of these processes, and to examine alternative formu- 
lations for each one. I will restrict my attention as much as pos- 
sible to the herbivorous zooplankton. 

INGEST I ON 

A discussion of feeding and feeding rates is a good starting 
point for this exercise because the rate at which algal food is in- 
gested by the grazers naturally shapes the character of mortality 
among the phytoplankton. Empirical evaluations of feeding rates 
have been performed for decades, and it should be no surprise that 
virtually all of the mathematical formulations of the process are 
due to the experimentalists. 
feeding rates rely either on direct quantification of changes in 
abundance of the food particles (e.g., Reeve 1963; Frost 1972), or 
on incorporation by the animals of a radioactively-labelled food 
(e.g., Rigler 1961; Geller 1975). Early workers had believed that 
fil ter-feeding zooplankton were completely automatic, in the sense 
that each animal would always filter a constant volume of water, 
regardless of the concentration or types of particles it contained 
(Fleming 1939; Harvey 1942), and this notion was incorporated into 
the earl iest models (Riley 1946). Remnants of the idea still per- 
sist in some simulation efforts today (Canale 1975, 1976; DiToro 
-- et al. 1977), although the recent authors follow Riley -- et al. (1949) 
in specifying an upper limit to the rate at which zooplankton can 

The favorite procedures for measuring 
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assimilate the ingested material. Studies by Ryther (1954) and 
Marshall and Orr (1955), however, soon made it clear that unbounded 
ingestion rates are not the case at all. Feeding rate (i-e., quan- 
tity of food consumed) does increase with particle abundance, but 
the relationship is not without bound. At high concentrations of 
food particles the rate of ingestion levels off to some maximum 
value. Subsequent work showed that this new empirical relationship 
had general validity for describing the behavior of both field and 
1 aboratory populations (Ri gl er 1961 b; Reeve 1963; Burns 1966; Par- 
sons -- et a]. 1967). 
describe the empirical results mathematically. In their most gen- 
eral forms the equations include the presumption that feeding can ~ 

occur only at concentrations greater than some threshold level , 

Several different formulations were advanced to 

Po - > 0: 
P - P  

'0 
for P<Pcritical 

'critical - (Rectilinear) (1) 
for '2 pcritical 

1 = 1  ( 

- - 
Imax 

-k( P-P ) 1 = 1  max [ 1 - e  0 1  

( P-Po 1 
1 = 1  max [ k -I- (P-Po) 1 

(Ivlev) (2) 

(Michael is-Menten) (3) 

where I = ingestion rate (consumption per unit time) 

= maximum ingestion rate Imax 
P = food concentration 

k = a constant specific to the animal 

The filtering or clearing rates of the grazers, F (volume cleared 
per unit time) are related to ingestion by the expression: 

F = I/P 
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The choice of which equation an author uses to represent his 
data appears to be completely subjective. The lack of consensus 
stems from the fact that no theory exists to separate - a priori the 
several curves that might fit a given collection of data. In hope 
of resolving the issue, Mull in, Stewart, and Fugl ister (1975) used 
Frost's (1972) extensive data on feeding rates of caianus pacificus, 
a marine calanoid copepod, to try to distinguish the best empirical 
model by statistical means. They discovered that the data conformed 
to all three models with almost the same goodness of fit in each case. 

Some authors have taken a less empiFical approach to the issue, 
and have tried to justify grazing models from basic assumptions about 
feeding behavior. Most notable in this respect are the efforts of 
Gushing (1959, 1968), and Crowley (1973) who derived Michael is-Menten 
formulations for grazing zooplankton from the same constructs that 
Holling (1959) used to erect a scheme for predation rates among ani- 
mals in general. Theoretical justification of this approach relies 
on the assumption that the predator must partition its time between 
searching for, hand1 ing, and digesting individual prey items. The 
assumption works well for raptorial predators, but the distinction 
between search time and handling time is lost among filter feeders 
which simultaneously gather and process food from suspension. An 
alternative approach advanced by Lam and Frost (1976) and by Lehrnan 
(1976) has been to treat grazing as an optimization process for the 
grazer in which effort is expended to gather food, and nutritional 
reward is accrued from its digestion. 
were provoked by the acknowledgement that empirical models differ 
most substantially from each other at low particle abundances 
(Mullin, Stewart, and Fuglister 1975), and that the behavior of 
grazing at these low densities has a strong effect on the stability 
of model plankton communities (Steele 1974). It also happens that 
at the low concentrations experimental data are most difficult to 

These recent modeling efforts 
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obtain, and are subject to the greatest measurement errors. Despite 
the experimental difficulties, Frost (1975) managed to show that 
caianus does not cease feeding at low food abundances, nor does it 
filter at its maximum rate - the only two possibilities consonant 
with the empirical models now in use. 
of the animals increase with food abundance at low particle concen- 
trations, a feature which causes the ingestion curves to be concave 
upward in that same region. The behavior is consistent with the 
optimization hypotheses of Lam and Frost (1976) and Lehman (1976), 
but not with the other models commonly in use. 
observation still awaits confirmation from other species before one 
can attest to its general, validity, but it already has had an im- 
pact on the formulations of recent grazing models (Steele and Frost 
1977). 

Instead the filtering rates 

This experimental 

At present the quarrel is not over the best representation for 
most extant experimental data - all the proposed models clearly work 
almost equally well in that regard. 
strong reason to reject current empirical models in favor of, say, 
an energy-optimization approach, at least until more species are 
examined. What really is at issue is whether or not the models 
erected for feeding experiments conducted on one type or collection 
of food can be applied to other food mixtures. 
that they can, by an introduction of simple food-specific coeffi- 
cients. 

There also seems to be no 

Most modelers assume 

The data suggest that things are a little more complex. 

SELECTION OF FOOD TYPES 

One customary expedient used by modelers to generate feeding 
rates is to express abundance of all phytoplankton in units of vol- 
ume, dry weight, or carbon equivalents in order to obtain a single 
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"food" concentration which can be substituted into one of the equa- 
tions cited above (e.g., Steele 1974; Jorgensen 1976; Jorgensen - et 
- a1 . 1978; Ikeda and Adachi 1978). Nyholm (1 978) probably expresses 
the sentiments of many of these authors when he justifies this treat- 
ment with the claim that "grazing is a complex phenomenon that can 
only be accounted for very approximately." Of course, when the phy- 
toplankton are modeled as a single entity, it may be hard to imagine 
doing anything else. Nonetheless, the introduction of species struc- 
ture, size structure, or functional categories into the phytoplankton 
models necessitates some treatment of the selective grazing patter,ns 
which have been amply documented in nature. Several procedures have 
been tried, all of which involve multiplying the abundance of a food 
type Pi by a selection coefficient wi in order to generate the req- 
uisite behavior. 
ingestion Ii on each food category as: 

Canale -_ et al. (1975, 1976), for instance, treat 

The overall ingestion rate is determined by the total abundance 
of food, CPi, a feature shared with the models mentioned above, but 
these authors assume that the ingested particles can be assigned to 
a variety of individual categories by means of wi: 

where ai is the proportion of the total diet that will be composed 
by Pi when all food categories are in equal abundance. 

Vanderploeg and Scavia (1979a) have examined this use of selec- 
tion coefficients as first introduced by O'Neill (1969) and they ad- 
vocate using a term they call w i l ,  the conditional probability that 
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feeding will occur when food type i is encountered in a mixture. 
They propose 

as the most satisfactory representation of specific ingestion rates, 
a formulation which is employed in many large simulation models 
(Bloomfield -- et al. 1973; Park -- et a1 . 1974; Scavia 1979b). 
implication is that simple, measurable coefficients applied to each 
food source can represent both the mechanical biases of the food- 
gathering mechanism (passive selection, in the sense of Frost 1977), 
and the more active selection/rejection process based perhaps on 
taste (Poulet and Marsot 1978). To acquire the necessary data, 
Vanderploeg and Scavia (1979b) stress the need for renewed experi- 
mental efforts to tabulate values of wi (and presumably of K as well). 

Their 

This attitude of using model equations as a guide to future re- 
search has certain drawbacks, however, and this case provides an 
especially good example. There is absolutely no guarantee that any 
physical analogues exist for the coefficients wi and K in the above 
equation; at least there is no guarantee that those terms can be 
parameterized as constants. By using such an equation one assumes 
that the zooplankter has no way of altering its diet vis-b-vis 
changes in the nutritional quality of available prey. One assumes 
that selection is fixed and then seeks to measure the supposed 
parameters. Doyle (in press) has addressed this matter experimen- 
tal ly for a selective deposit feeder , and he finds that the half- 
saturation "constant" K must be treated as a function of food qual- 
jty, quite distinct from the wi coefficients. There is every rea- 
son to suspect that the same cautionary note should be applied to 
fil ter-feeding zooplankton. Wilson (1973) and Richrnan -- et al. 
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(1977), for instance, showed that some copepod species change their 
size-specific selectivity in response to the character of the avail- 
able particle spectrum. But even if one could ignore the changing 
selectivities, the extensive data accumulated by Geller (1975) for 
~aphnia Pulex suggest that substantial errors would result from 
applying Equation 7 to different food sources simultaneously. Equa- 
tion 7 predicts that ingestion rates will approach Imax for any food 
i ,  provided high enough concentrations Pi are encountered. 
Geller found that Imax was specific to the food species, ranging 
from 0.05 pg C animal 
2 mrn long at 15°C (Table 1). To some extent this is because the 
volume ingested plays a role in regulating feeding rates (McMahon 
and Rigler 1965; Geller 1975), and because the food species have 
distinctly different carbon to volume ratios. Also, there are con- 
siderable differences between species in the degree to which they 
are compressed into the periotrophic membrane inside the gut (Geller 
1975). 
this matter is to specify the available volume of the gut VG as a 
constraint on ingestion: 

But 

for individual s -1 h-l to 0.67 ug C animal -1 h-l 

Lehrnan (1976, 1978) has proposed that one way to deal with 

where Ii is the ingestion rate for food category i (pg C time-’), 
Vi is the effective volume that each unit of food i occupies inside 
the gut, including packing effects, and tG is gut passage time. If 
one specifies ingestion in terms of the conditional probability wi 
that an item will be captured and eaten, 

Ii = wiFP i (9) 

where F is filtering rate (ml time-’) and Pi is the abundance of food 
category i (ug C ml-’), then the constraints on filtering rate can be 
expressed as: 
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-1 h - l )  Table 1. Maximal rates of ingestion (ug C animal 
measured by Gel ler (1 975) for 2 mm Daphnia pulex 
feeding on different food types at 15°C. 

Scenedesmus acutus 

Stichococcus min u ti ssimus 

Staurastrum pl anctonicum 

Nitzschia actinastreoides 

Asterionel 1 a f ormosa 

Stephanodiscus hantzschii 

Microcyst i s aeruginosa 

Anabaena pl anctonica 

(green 1 
( green) 

(green) 

(di a tom) 

(diatom) 

(di a tom) 

(bl ue-green) 

(bl ue-green) 

Imax 

0.41 

0.67 

0.08 

0.30 

0.39 

0.1 7 

0.10 

0.05 
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b 
5 tGCWi PiVi 

This equation specifies the inverse relationship between filtering 
rate and particle abundance that is observed in field and laboratory 
studies when particle concentrations are high and tG approaches some 
minimum value. At low cell concentrations, the empirical data sug- 
gest that filtering rates are bounded, probably by physiological con- 
straints on the movement of water through the filtering apparatus. 
Geller (1975) has shown that at low food abundances particles are re- 
tained inside the gut for long periods of time and filtering rates 
approach a maximum. At high food levels, gut passage time is com- 
paratively short and filtering rate varies inversely with food con- 
centration. Regarding the consumption process in this way has the 
additional advantage that temporarily elevated feeding rates of starved 
animal s (Mull in 1963; Frost 1972) can be easily accommodated. 
increased rates are evident only at high food concentrations where 
filtering rates would ordinarily be depressed by the constraint of a 
full gut (Geller 1975, Figure 6). 

These 

Provided that tG has a finite lower bound, as seems to be the 
case (Geller 1975, Figure 2), the constraints specified in this sec- 
tion cause predicted feeding behavior to conform to the empirical 
recti1 inear model (Eq. 1 ). The "critical concentration" consequently 
has a clear physiological basis; it is the point at which the hand- 
ling and digestive machinery just keeps pace with filtering rates, 
and its value changes with the character of food types included in 
the diet. At higher food abundances ingestion is limited only by 
the processing mechanisms. Because digestion and assimilation loom 
as such potentially important limits to ingestion, they will be con- 
s i dered next. 
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ASSIMILATION AND EGESTION 

A1 though some authors have assumed for expediency that a1 1 
material ingested by zooplankton is assimilated by them, the pro- 
duction of feces by the animals in nature constitutes a strong 
denial to that assumption. The formulation of assimilation and its 
converse, egestion, can influence not just secondary production in 
a model, but rates of nutrient cycling as well. Most authors treat 
assimilation as a constant fraction of ingestion rate for all food 
categories (e.g., Park -- et al. 1974) but the equations are formu- 
lated in such a way that digestion efficiencies can be assigned to 
each food type individually (Scavia and Park 1976). There appears 
to be strong experimental support to proceed in this manner (Lefevre 
1942; Marshall and Orr 1955; Arnold 1971; Porter 1973), particularly 
in light of results like those shown in Table 2, where rates of in- 
gestion (Gel ler 1975) and assimilation (Lampert 1977b) have been 
assembled for Daphnia pulex feeding on five different algal species. 
Rates have been normalized to Scenedesmus in each case to account 
for possible differences between experimental conditions used by the 
two authors. One can see that rates and assimilation efficiencies 
may be identical for taxonomically dissimilar organisms like 
Scenedesmus, a green alga, and Asterionella, a diatom, but that the 
relations between assimil ation and ingestion for the green a1 gae 
Scenedesmus, Stichococcus, and Staurastrum are very different. Re- 
sul ts like these caution against attempts to identify generalities 
about assimilation for broad functional or taxonomic groups (e. g., 
Canale -- et a1 . 1975, 1976). 

As indicated earlier, most of the plankton simulation models 
in use today follow Riley -- et al. (1949) by imposing an upper limit 
on the rate of assimilation by the zooplankton even if ingestion 
rates are unbounded. In these latter cases (DiToro -- et al. 1977; 
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Table 2. Maximal rates of ingestion and assimilation for 
different species of algae by 2 mm Daphnia pulex 
at 15°C. Rates are normal i zed to Scenedesmus. 

~~~ 

Scenedesmus 

Ingest i on1 Assimilation' 

1 .o 1 .o 

Stichococcus 1.6 0.8 

Staurastrum 

Nit zschia 

0.2 

0.7 

0.6 

0.5 

Asterionel 1 a 1.0 1 .o 

'from Geller (1975); 2from Lampert (1977b). 
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Canale -- et al. 1975, 1976: 
assumptions lead to predictions of "superfluous feeding" (Bekl emishev 
1962) at high food abundances. That is, much more material is in- 
gested than the animals can possibly assimilate. Conover (1966) has 
disclaimed the occurrence of superfluous feeding among herbivorous 
zooplankton, and Lampert (1 977b) agrees that no substantial evidence 
exists to support it. One should not conclude,however, that assimi- 
lation efficiency is totally independent of food concentration. 
Schindler (1968) has demonstrated that the ratio of assimilated en- 
ergy to ingested energy decreases by approximately a factor of 2 when 
Daphnia magna is fed on progressively more concentrated diets. In 
other words, when food is very abundant and processing rates are 
rapid, digestion is less complete than when food is rare. This seems 
to correspond to Gel ler's (1 975) observations about variable gut pas- 
sage times. At low food abundances, ingested material may be re- 
tained for more than an hour inside the gut, but when external con- 
centrations are high, food is egested within 10 minutes. 

for "non-selective grazers") the joint 

The optimal length of time that food items ought to be retained 
inside the gut of an herbivorous zooplankter can be derived fairly 
easily from Equation 10 and from the additional consideration that 
the nutritive value Q obtained from the food can be written 

Q = FEW. P.E 
1 i i  

where Ei is the nutritive reward obtained from each unit of food type 
i that is ingested. 
occurs where dQ/dF = 0: 

The optimal solution for fixed values of Pi 

Cw.P .E. t F Cwi Pi (dEi/dF) = 0 
1 1 1  
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By writing dE./dF as (dEi/dtG)(dtG/dF) and using Equation 10, one 
finds that the optimal gut passage time is given by 

1 

Cwi Pi Ei 
t =  G CwiPi (dEi/dtG) 

in the general case, and by 

L -  t 
LG dE/dtG 

- 

when only one food type is involved. A graphical interpretation of 
this result is shown in Figure 1. The optimal length of time that 
food should be retained inside the gut corresponds to the point where 
a tangent to the function E passes through the origin. This point is 
denoted tmin because it -is the minimal length of time that food should 
be digested; under some conditions the gut contents can be retained 
much longer. 

Equations 13 and 14 were derived by assuming that filtering rate 
was unbounded, so that 

vG 
tG CWiPiVi F =  

at all food abundances. 
constrained to some maximum value Fmax, as I have already indicated. 
This means that ingestion rates will be below saturation and tG could 
conceivably increase. For a single food type, the critical concen- 
tration where these constraints become operative is 

At very low food densities, however, F is 
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dF/dP = 0, and ingestion increases linearly For < ‘critical 9 

(Figure 2). 
and thus dQ/dP = 0 (i.e.3 assimilation is constant, in accord with 
Lampert [1977b]). 
remaining uncertainty concerns the behavior of assimilation, Q, in 
the region (0, Pcritical 1. 
to a single prey type, one can show that 

When P > Pcritical , ingestion is constant, tG = tmin, 

It is likewise clear that ;$ Q = 0, so the only 
Using Equations 1 1  and 15, simplified 

This second-derivative is everywhere negative and continuous on the 
interval because it is the product of positive coefficients and a 
negative term (d E/dtG, see Figure l), which means that the assimi- 
lation curve is convex upward for P <Pcritical (Figure 2). This 
explains why Lampert (1977b) found that a curvilinear model best fit 
his data for assimilation rates, even though Geller (1975) had shown 
that ingestion seemed to fit the rectilinear model using the same 
animals and food species. 

2 2  

The preceding analysis suggests that large differences in assim- 
ilation efficiency as a function of food concentrations are unlikely. 
Differences of a factor of 2 (Schindler 1968) or less (Lampert 19776) 
are probably the full range that occur in natural populations. Ef- 
forts to improve the ways that assimilation efficiencies are treated 
in models probably would not have great effects on the simulated 
growth rates of the animals for this reason. The picture is a lit- 
tle different when one considers the fate of materials that are in- 
gested but not assimilated by the animals. The fact that Schindler 
(1968) reported assimilation efficiencies between 90% and a 1 ittle 
more than 40% means that between 10% and 60% of the ingested matter 
may be returned to the water unassimilated. Regarded in this way 
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the variability of the egested portion is much larger than that of 
the assimilated portion on a relative basis. The nutrients assoc- 
iated with this egested material are either released to inorganic 
pools immediately or are subsequently remineral ized by microbial 
decomposers. 
in simulation models means that a large and influential nutrient 
flux is in error. Releases of nutrients caused by inefficient feed- 
ing are not confined to egestion, either. Lampert (1978) has demon- 
strated that uningested cells that are broken or damaged during 
filtering may leach dissolved organic carbon to the water, and one 
can safely assume that nutrients 1 i ke P and N are released as well. 
These various fluxes associated with imperfect feeding efficiencies 
may loom very large in calculations of nutrient recycling at some 
times of the year. 
nutrients that are excreted to the water during the normal metab- 
olism of assimilated compounds, a process that will be explored next. 

Failure to properly account for these variable rates 

Their magnitudes must be added to those of the 

RESPIRATION AND EXCRETION 

Most of the information currently available about assimilation 
rates and assimilation efficiencies of herbivorous zooplankton deals 
exclusively with the metabolism of carbon. 
data can be applied to other elements is open to some question. 
Clearly this presents no problems in models where constant stoichi- 
ometries are assumed for all plant and animal matter (e.g., Canale 
_- et a1 . 1975, 1976; Scavia 1979b; DiToro -_ et a1 . 1977; Walsh 1977), 
but as soon as the option of variable cell nutrient quotas (Droop 
1968, 1973) is introduced, it is no longer valid to use equal assimi- 
lation efficiencies for different elements. Empirical guides are 
substantially lacking on this point, but the stoichiometry of the 
animals probably does not vary nearly as much as that of the algae 

The extent to which the 
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(Cowgill and Burns 1975), and values may be similar among different 
species (Vijverberg and Frank 1976). 
the algae (e-g., luxury consumed stores of P) are probably not assimi- 
lated by the zooplankton, and the constituents would be selectively 
egested. 
be substantially different from the ratios that are ingested. 
gardless of whether constant or variable stoichiometry is used to 
describe the phytoplankton, the best procedure at present seems to 
be to treat the zooplankton as having fixed elemental composition. 
This way net assimilation (assimilation minus catabolic losses) can 
be calculated in terms of C and then scaled to all other elements. 

Inorganic nutrient stores in 

This means that nutrient ratios in the egested material may 
Re- 

Efforts to characterize metabolic excretion of N and P by zoo- 
plankton in terms of their respiration rates are very common for both 
marine and fresh waters (e.g., Conover and Corner 1968; Satomi and 
Pomeroy 1968; Ganf and Bla2ka 1975). 
are subject to considerable variability, which may be due to vari- 
ability in the nutritional condition of the animals (Ikeda 1977; 
Mayzaud 1973). 
to decipher than was originally anticipated. 
instance, showed that much of the carbon assimilated by Daphnia Pulex 
is metabolized almost immediately. He (Lampert 1977a) suggests that 
a sizable portion of the metabol ic demands of herbivorous zooplankton 
is met by the immediate use of newly digested food, rather than by 
catabolism of body constituents. This means that the stoichiometry 
of excreted P and N may not bear any simple relation to the elemental 
ratios of the animal tissue. 

The published 0:P and 0:N ratios 

The requisite information may be much more difficult 
Lampert (1975), for 

Apart from these uncertainties over the proportions of Cy N, 
and P that are metabolized by the zooplankton, there is some disa- 
greement regarding the fractions of total P and total N that are re- 
leased to the water in organic and inorganic form. Johannes and Webb 
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(1965) indicated that release of organic N was substantial for 
natural plankton, and others working with concentrated natural 
coll ections have sometimes found the same (LeBorgne 1973). Corner 
and Newell (1967), on the other hand, reported that ca~anus helgo- 
landicus consistently released about 75% of its N as ammonia, and 
that release of organic N was only substantial when the animals 
were crowded. Mullin, Perry, Renger and Evans (1975) have criti- 
cized the use of concentrated and unsorted net samples to estimate 
excretion rates, because of compounds that leak from dead and in- 
jured animals. In general, the most cautious studies demonstrate 
that most of the N is released to the water as NH3-N (e.g., Butler 
-- et al. 1969; Jawed 1969), but that a measurable fraction, usually 
less than 25%, consists of other compounds (e.g., Mayzaud 1973; 
Mayzaud and Dallot 1973). A similar disagreement exists over the 
relative rates of release of inorganic and organic P. Although 
concentrated net plankton may release as much as half of the P in 
organic form (Pomeroy -c et al. 1963; Satomi and Pomeroy 1965; Le 
Borgne 1973) , careful laboratory studies with undamaged animals 
find that most of the release in short-term assays is P04-P (Rigler 
1961a; Butler _ _  et al. 1969; Peters and Lean 1973). 

Much of the preceding work was performed with marine zooplank- 
ton, but the generalization that P04-P and NH3-N are the dominant 
release products seems to hold for the freshwater plankton as well 
(Peters and Lean 1973; Jacobsen and Comita 1976). The compounds 
are very reactive biologically, and they are reabsorbed swiftly by 
the phytoplankton. The picture that emerges is one of very rapid 
cycling of nutrients within the biotic community at some times of 
the year. The distinction between egestion and excretion is a 
necessary one, because rates of nutrient release decline quickly 
when zooplankton are separated from their food supply (Mayzaud 
1976) and egestion is halted. Nonetheless, Scavia (7979a) has 
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reviewed some of the formulations used to model rates of respira- 
tion and nutrient excretion by zooplankton, and he acknowledges 
the need to make those processes functions of feeding rates, too. 
The experimental data unfortunately don't yet provide a good guide 
for this work, and a lot more needs to be done. Results of further 
studies are bound to influence our attitudes about all aspects of 
recycling fluxes in lakes and reservoirs. Many current models make 
a distinction, for instance, between the proportions of recycling 
fluxes that can be assigned to zooplankton and to the microbial 
community. Materials egested by the zooplankton may form a sizable 
fraction of the substrate available to the microbes, however, and 
thus the importance of identifying the fate of release products be- 
comes evident. 

GROWTH AND REPRODUCTION 

One of the main reasons that the treatment of zooplankton in 
simulation models has failed to make any significant advances over 
the last 30 years is that very little attention has been paid to 
processes of growth and reproduction in these animals. 
effort has gone into formulating ingestion, assimilation, and even 
excretion more succinctly for the animals, all the while assuming 
that the population could be formalized as a single characteristic 
individual. The result in most cases has been that zooplankton 
populations are modeled as a single biomass pool (Bloomfield -- et al. 
1973; Park -- et al. 1974; Steele 1974; Jorgensen 1976; Jorgensen -- et al. 
1978), characterized by sing1 e functions for feeding, respiration, 
etc. The problem with this approach is that the experimental evi- 
dence is unequivocal on the point that these metabolic and behav- 
ioral processes definitely do not vary linearly with the biomass of 
an individual (Mull in and Brooks 1970; PaffenhGfer 1971, 1976; 
Poulet 1977). 

Most of the 

Each process can usual ly be scaled to an animal Is 

82 



mass by the formula aWb, where W is weight, carbon content, or other 
similar metric, and b is a coefficient that often lies between 0.67 
and 1.0. For feeding terms like FmaX and Imax, the precise value of 
b may depend on whether food abundance is above or below the critical 
concentration (Geller 1975; Lampert 1977b). For respiration, the 
value of b is generally recognized as about 0.75 (see Scavia 1979a 
for a discussion of how this value conforms to the experimental and 
modeling 7 iterature). As a consequence of this disproportionate 
scaling between biomass and activity rates, changes in the size and 
age structure of zooplankton communities cause effects that are 
usually ignored in simulation models. Equal biomass of juveniles 
and adults fe’ed, assimilate, respire and grow at much different rates 
(PaffenhGfer 1976; Lampert 1977b). Often the model simplifications 
are carried to even further extremes. Cloern (1978), for instance, 
suspected that grazing by zooplankton was a cause of mortality on 
the alga Cryptomonas, but to estimate that mortality he applied a 
single filtering rate to every individual zooplankter in the lake, 
regardless of species, size, or developmental stage. This approach 
even exceeds the usual assumption that all zooplankton biomass be- 
haves identical ly, regard1 ess of how it is packaged. 

Few models have tried to deal with age structure in the context 
of larger simulations. Maguire -- et al. (1976) modeled the life his- 
tory and developmental stages of the calanoid copepod Diaptomus in 
elaborate detail, but the simulations were not interactive with the 
physical or biotic ‘environment. The model used a projection matrix 
like that first introduced by Leslie (1945, 1948) to model discrete 
stages in which all transition probabilities, development times, 
and mortality rates were constant. 
duce age or size structure in their models do so in a very super- 
ficial way. Scavia and Park (1976) and McNaught and Scavia (19761, 
for instance, modeled age structure as an explicit linear function 

Most authors who try to intro- 
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of population size. 
were composed primarily of immatures, and that at high densities 
they were exclusively adults. The efforts evince a concern for the 
importance of age structure in the populations, but the weakness of 
the approach is evident when the constructs are evaluated in light 
of detailed population studies (e.g., Rigler and Cooley 1974). Even 
though an adult copepod may outweigh its early naupliar stages by a 

They assumed that populations at low densities 

factor of 50 or more, maximal biomass does 
only adults are present, In fact, populat 
of adults are often very low in abundance, 
winter (Eichhorn 1957). In the freshwater 
adult populations are usually associated w 

not always occur when 
ons composed exclusively 
particularly during the 
cladoceran Daphnia , 1 arge 
th many juveniles (Hall 

1964), and there is certainly no evidence that proportions of adults 
to juveniles change as a simple function of total population abun- 
dance (Prepas and Rigler 1978). 

Proper formulations of zooplankton 1 ife histories in simulation 
models can be expected to have implications that extend beyond the 
level of simple descriptions of the communities. Patterns of mor- 
tality and resource utilization presumed to affect small species 
will probably affect the juveniles of large species as well (Neil1 
1975a,b), and will influence not just population abundances, but 
probably rates of nutrient cycling, too (Bartell -_ et al. 1978). 
only model to date that has attempted a comprehensive welding of 
phytoplankton production with the life histories of zooplankton 
species is that of Steele and Frost (1977). The model includes 
many simplifying assumptions in order to deal with feeding, growth, 
reproduction, and recruitment through the developmental stages, but 
the results are sobering, nonetheless. The authors conclude that 
"size structure is at least as important and probably more signifi- 
cant than total biomass of a population, in understanding the ex- 
change of energy between trophic levels." The effects extend from 

The 
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feeding and production to rates of nutrient recycling by herbivores. 
The Steele and Frost model was designed for a marine system, where 
copepods are the dominant zooplankton, so effects might be even 
greater in lakes where many of the common species release not fecal 
pellets but uncompacted feces that would be more easily retained in 
the water column as suspended detritus. What is apparent from the 
empirical data, and from a comprehensive model like that of Steele 
and Frost is that we need a better index than just the total biomass 
of herbivorous zooplankton in a water mass in order to simulate 
their effects on the composition and abundances of algal populations. 

DISCUSSION AND CONCLUSIONS 

The principal motivation for including the dynamics of zoo- 
plankton in current simulation models seems to have been to account 
for important and variable loss rates among the phytoplankton. 
Given the source of the motivation it is not surprising that the 
modelers have tried to apply the methods, concepts, and equations 
that they used for the algae directly to the herbivores with very 
few changes. This is one reason why the models specify a "half- 
saturation constant" for feeding or for growth, even though there 
may be no strict analogue for this constant in nature. The models 
are consequently artificial constructs with limited utility in any 
ecosystem simulation. The persistent danger is that model designers 
can forget the origins and limitations of their constructions. Thus 
one finds statements that a model "contains a very complex construct 
for predator-prey interaction ..., and one might expect it to be 
quite realistic" (Park -- et al. 1979). In fact, the model equations 
lauded there (Park -- et al. 1974) are not fully consistent with em- 
pirical data. 
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Because comprehensive models of the zooplankton are so rare 
at present it is difficult to know how large an error is introduced 
when one ignores size structure and other life history constraints. 
The same can be said about vertical migration, diurnal feeding rhy- 
thms, production of resting stages, and any other behavioral proc- 
esses not discussed in this review which may have sizable impacts 
on the plankton community. Most of us believe that skillfully de- 
signed models are a good means to abstract the subset of important 
processes from the class of all possible ones, but we are reminded 
(Mortimer 1975) that modeling "cannot create data, and except with- 
in a strict and continuous verification framework, cannot distin- 
guish good input from bad, cannot judge the validity of assumptions, 
and cannot generate original concepts." The model is handmaiden to 
the experimentalist, not the reverse. 

We are at a stage where our ability to model the effects of 
zooplankton on phytoplankton communities will profit from easily 
identified experiments and continued simulation efforts, too. First, 
mechanisms and adaptations for feeding need to be evaluated in light 
of the discovery by Mayzaud and Poulet (1978) that the filter feed- 
ers change their digestive physiology in response to their food 
supply. Efforts are needed to quantify the actual determinants of 
feeding rates, and to examine how the animals respond to changes in 
the quality of their food supply. This avenue will prove far more 
useful than research directed toward finding values for the ficti- 
tious parameters of most current models. 
should be measured for mixtures of foods as well as for single food 
types to provide the guides for more realistic models. 
really is controlled by volumetric constraints, then experiments 
will show it, and model formulations will be improved. Most impor- 
tantly, rates of nutrient remineralization due to the activities of 
the zooplankton must be quantified for animals fed on diets of dif- 
ferent quality and abundance. Experimental design is critical, 

Rates of assimilation 

If ingestion 
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because uptake and release of nutrients proceed simultaneously and 
inseparably, but this is one area where models and empiricism work 
together very well (Lehman, in press). 

New models can take advantage of the experimental findings, 
but more importantly, they can be used to discover how the compli- 
cated al lometric relationships between size structure and size-spe- 
cific activity rates can be simplified without sacrificing realism 
at the levels of interest (e.g., algal production). Can the gross 
behavior of a size-structured population be parameterized in terms 
of respiration rates, for instance? If so, those rates can be 
measured. The key to this approach is to simplify complex models 
in a way that keeps resultant errors to a minimum, but which also 
yields a set of constructs that can be applied generally. 
in contrast to the current practice of erecting assumptions of con- 
venience without regard to the limitations on accuracy that they 
immediately impose. 
unstructured representations of the zooplankton in our models, we 
at least ought to know how far the results will diverge from more 
complex models that are now within our ability to construct. 
and Frost (1977) maintain that the differences are fundamental, and 
of equal consequence to any other element of the model, so the issue 
should no longer be ignored. 

This is 

If we are going to continue to use simplistic 

Steele 
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INTRODUCTION 

The seasonal distribution of phytoplankton biomass in natural 
waters is the result of an interplay between the transport and 
kinetic factors to which the population is subject. It is the pur- 
pose of this paper to review a portion of the available theoretical 
and computational information, in order to provide background and 
guidance in assessing the relative importance of these two classes 
of phenomena. 

Two types of analyses are presented. The first is based on a 
simp1 ified vertical one-dimensional case which applies during the 
period of exponential growth of the population. 
ytical solutions are available which can be used to determine the 
relative importance of kinetic and transport factors, particularly 
phytoplankton settling and vertical dispersion. 

For this case anal- 

The second approach is based on computational experience with 
phytoplankton calculations in a variety of natural waters which 
illustrate the effects of vertical and horizontal transport. These 
have been chosen from calculations with which the author has per- 
sonal experience and for which the relevant effects have been in- 
vestigated. 
to present a series of cases which illustrate the various factors 
that have been found to be important. 

The review is not meant to be exhaustive but rather 

MASS CONSERVATION EQUATION 

The application of a conservation of mass equation to phyto- 
plankton biomass has a long history beginning with the investiga- 
tions of Riley -_ et al. (1949). The general three-dimensional form 
of the equation is: 
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where P is the concentration of phytoplankton biomass (chlorophyll , 
or dry weight, for example); u,v,w are the velocities in the three 
coordinate directions x,y,z; E ,E E, are the dispersion coefficients x YY 
in the three directions which parameterize the mixing motions not in- 
cluded in the advective field specification; G is the population 
growth rate; and D is the population death rate. The latter two 
parameters specify the kinetics of the population: 
light, temperature, nutrient concentration, and predation. The proper 
specification of these expressions is the subject of other presenta- 
tions. The subject of this presentation is primarily the effect of 
the transport field and -its interaction with the kinetics, although 
methods of establishing the transport parameters will be discussed 
as we1 7. 

its response to 

The difficulty with a direct analysis of the conservation equa- 
tion (1) is that, even for the simplified case of constant transport 
and kinetic parameters, the mathematical complexities prevent a com- 
prehensive analysis. 
dimensional vertical approximation will be used to investigate the 
interactions with respect to the dimensionless parameters groups. 

Therefore a simplified analysis of the one- 

VERTICAL ONE-DIMENSIONAL ANALYSIS 

The analysis of a simp1 ified vertical one-dimensional phyto- 
plankton conservation equation based on the asymptotic properties 
of the solution has been reported elsewhere (Di Tor0 1974). This 
section and the computed results are based on that analysis which 
contains the mathematical details. 
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Consider an idealized lake or reservoir for which the horizon- 
tal gradients are negligible in comparison to the vertical and tem- 
poral gradients and for which the geometry is such that the horizon- 
tal cross sectional area is constant in depth. The resulting one- 
dimensional conservation of mass equation is: 

a p  a (E E) + (wP) (G - D) P ap a 
at az --- 

In the absence of vertical transport, the population at each 
depth would either grow exponentially if G(z) > D(z) or decay expo- 
nentially if G(z) < D(z). For E = w = 0 the solution is of the form: 

P(z,t) % exp [G(z) - D(z)] t (3) 

so that G-D is the net growth or decay rate of the population in a 
kinetic reactor with conditions comparable to those at depth z. 
magnitude of G is quite well known (Di Tor0 -- et al. 1971; Eppley 1972) 
from numerous short term growth experiments. For the case of excess 
nutrients and constant optimal light intensity, G is in the range of 

The 

1.5-2.5 day-’ at 20°C. 
from a light source is on the order of 0.05 to 0.2 day-’ at 20°C 
(Riley -- et al. 1949). 
with excess nutrients present, there should exist a depth at which 
the population is growing at a rate on the order of 1.0 day-’ so that 
in ten days the population at this depth increases by approximately 
22,000 times. At large depths, however, the pppcrlation should, in 
ten days, decrease to approximately 37% of its initial concentration. 
Such explosive growth does occasionally occur (patch blooms) but the 
more normal course of events is a much slower growth of the entire 
population until either nutrient exhaustion, zooplankton predation, 
or self-shading reduces G-D to a point at which population growth 

The decay rate, D, for a population isolated 

Thus, in the absence of vertical transport and 
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ceases. 
rate depend on the kinetic parameters, G and D, and the transport 
parameters, E and w. 

The question of interest is how does the population growth 

If conditions are such that the population does increase with 
time, and for that period the transport and kinetic parameters are 
constant in time, then there are mathematical reasons (Di Tor0 1974) 
to expect that after a relatively short time, the population distri- 
bution will be of the form 

P(z,t) = P(z)P 

that is, the entire population will be growing at an asymptotic popu- 
lation log growth rate, p, independent -- of depth. 
population growth rate, p, and the asymptotic population distribution 
as a function of depth, P(z), aside from a constant multiple, are 
independent of the initial biomass. They depend only on the kinetic 
and transport parameters which characterize the period of population 
growth. 

The asymptotic 

To establish that, in fact, phytoplankton biomass behaves as 
predicted by the mathematical analysis, plots of log P(z,t) vs. time 
at various depths are presented in Figures 1 and 2. 

During the intensive Project Hypo study of Central Lake Erie 
(Burns and Ross 1972), the phytoplankton population increased approx- 
imately five fold in 35 days. As shown in Figure 1 ,  the asymptotic 
population growth rate was p = 0.043 day-' and the population in- 
creased at this exponential rate at 1,12, and 17-20 meters, with the 
population in the deeper layers (21-25m) acquiring this growth rate 
near the end of the sampling period. The time to achieve the asymp- 
totic distribution is 'L l/p which in this case is on the order of 
25 days. 
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Onondaga Lake, 3969 
p = 0.048 (day-') 
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Onondaga Lake, two stations 1969. 
phytoplankton total cell counts versus time at depths 
of 0,3,6, and 12 meters. The time scales for each 
depth are displaced to the right and labeled below 
each other for clarity, as indicated (Di Tor0 1974). 

Logarithm of 
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2 

depth), highly eutrophic lake in New York State (O'Brien and Gere 
1971). The duration of the growth period for the phytoplankton 
population is 150 days during which the population increases one 
thousand fold to concentrations of 10 cells/rnl corresponding to a 
population growth rate of y=0.048 day-'. As shown in Figure 2, the 
population growth rate is approximately the same at the four depths 
sampled even though there is almost an order of magnitude less bio- 
mass in the deeper layers. 

Onondaga Lake is a small (12 km surface area, 20 m maximum 

5 

Taken as a whole, the data presented here and elsewhere (Di Tor0 
1974) strongly suggests that during the exponential growth of a popu- 
lation, if the kinetic and transport parameters are constant, an 
asymptotic population growth rate occurs which characterizes the 
growth of the entire population, which is independent of position. 

SOLUTION FOR A SPECIFIC CASE 

The existence of an asymptotic population growth rate, indepen- 
dent of depth for temporally constant parameters, is a consequence 
of the properties of the general mass balance equation. In order to 
investigate the relationship between this growth rate and the param- 
eters of the equation, it is necessary to make certain assumptions 
concerning the variations in depth of the kinetic and transport param- 
eters. In particular, assume (not very realistically for some cases) 
that all the parameters, save the growth rate, are constant. For the 
growth rate, a form which leads to an analytical solution is an expo- 
nentially decreasing approximation: 

-z/L G(z) = G e 

where L is the reciprocal of the light extinction coefficient. 
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The solution proceeds directly from the conservation of mass 
equation (2) together with the boundary condition at the water sur- 
face which requires that no biomass cross the air-water interface, 
and the boundary condition at infinite depths, for which we require 
that the biomass remain finite. The result is an eigenvalue problem 
which has a solution 

-z/2L P(z) = e nz'2L Jv(2A e 

where v = Jn2 + ~x'/K 

TI = wL/E 

X = L /G/E 
- 

and Jv(Z) is a Bessel function of the first kind. 
equation is obtained from the boundary condition at z = 0: 

The eigenvalue 

A multiplicity of are solutions for this equation; the one 
of interest is that which is largest and, more important, positive 
since it is the asymptotic population log growth rate. For certain 
sets of T and A, no positive exists. For such situations no popu- 
lation increase is possible, 

In order to investigate the interplay of transport and kinetic 
factors on the population growth rate, 1-1, a series of numerical solu- 
tions of the eigenvalue equation as a function of relevant parameter 
groups have been generated. Consider the results in Figure 3 which 
present the population growth rate plus decay rate normalized by the 
maximum growth rate as a function of normalized settling velocity 
w/JG/E. 
- 

Assume for the sake of simplicity that the growth rate, G, 
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Population Growth Rate vs. Settling Velocity 
for Varying Euphotic Zone Depths 

0.0 1 

-1.0 

-2.0 -1.0 0.0 

FIGURE 3. Normalized population net growth rate versus normalized 
algal settling velocity for various normalized euphotic 
zone depths. The plot illustrates the effects of these 
parameter variations if it is assumed that growth rate 
and dispersion coefficients are constant (Di Tor0 1974). 

106 



and the dispersion coefficient, E, are constant with values G = 1 
day-' and E = 1 m /day. 
growth rate to changes in sinking velocity in m/day for various 
euphonic zone depths in meters. A reasonable value of D/G is 0.1 so 
that if the transport parameters result in (D + p)/G < 0.1, no popu- 
lation growth is possible. Thus for a euphotic zone depth of L = 0.2 m 
no population growth is possible and the population simply decays away, 
even for a zero settling velocity. For this case the loss due to verti- 
cal dispersion exceeds the production in the small euphotic zone. For 
a euphotic zone depth of 0.5 m settling velocities of up to w = 0.1 
m/day have a small effect on the population growth rate, whereas a value 
much in excess of 0.16 m/day cannot be tolerated by the population. 
Situations with deeper euphotic zones, for example L = 2 m can sustain 
higher settling velocities of up to w = 0.2 m/day before the popula- 
tion growth rate is affected and population growth continues to be 
possible for settling velocities of up to w = 1.0 m/day. 

2 Then the plot relates normalized population 

A similar presentation for the effect of dispersion coefficient 
is shown in Figure 4. 
as before and that w = 1 m/day. Then the plot relates normalized 
population growth rate to dispersion coefficient in m /day. 
surprising result can be seen in Figure 4. 

2 2 persion from E = 1 .O m /day to 10.0 m /day actually increases the 
population growth rate with the effect being the most dramatic for 
the shallow euphotic zones with depths of less than 5 meters. 

For simplicity assume that the G = 1.0 day-' 

2 A most 
Increasing vertical dis- 

At first glance this appears to be incorrect since the mixing 
causes the population in the euphotic zone to be transported out of 
the zone, on balance, and therefore, increasing dispersion would 
tend to decrease population growth. However, biomass is also being 
advected out of the zone via the settling velocity. With a small 
dispersion coefficient there is very little biomass at the surface 
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ulation Growth Rate vs. Dispersion Coefficient 
for Varying Euphotic Zone Depths 

FIGURE 4. Normalized poulation net growth rate versus normalized 
vertical dispersion coefficient for various normalized 
euphotic zone depths. The plot illustrates the effects 
of these parameter variations if it is assumed that 
growth rate and settling velocity are constant (Di Tor0 
1974). 
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since there is no way for the population, which grows as it sinks, 
to return to the surface layers. Hence, increasing the mixing 
actually benefits the population by allowing more biomass to accumu- 
late in the surface layers where the growth rates are largest. Fur- 
ther increases of dispersion to E = 100 m /day do in fact decrease 
population growth rate until, with too large a dispersion coefficient, 
the normalized population growth rate decreases below the critical 
value of (D + u)/G = 0.1 at which point if D/G = 0.1 the population 
net growth rate is negative and the population decreases. 

2 

PRELIMINARY APPLICATIONS 

As a first step in exploring the utility of the preceding anal- 
ysis, a series of representative values for the dimensionless param- 
eters are shown in Figure 5. 
ocean (Riley L- et al. 1949) with two lakes included. 
to note that the values of G/D+u are comparable whereas the value of 
L J G / E  span an order of magnitude. 
ing the number of points on this graph is in estimating the settling 
velocity. Values for G, D and L for a given temperature, light in- 
tensity and extinction coefficient can be approximated; is obtained 
from population observation, vertical dispersion can be obtained from 
vertical temperature models in which case the analysis, to within the 
accuracy of the assumptions of constant parameters, can provide verti- 
cal settling velocities. 

The majority come from the coastal 
It is interesting 

- 
The major difficulty with increas- 

It is interesting to note that these data, when plotted on the 
figure which investigates the effect of dispersion, are in the range 
of the maxima for the oceanic situations.and in the decreasing regions 
for the shallower situations. Whether this indicates some adaptive 
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mechanisms for the characteristics of the marine phytoplankton is 
an interesting speculation but it is probably beyond the precision 
of the analysis to pursue this point. 

An example of the application of these equations to the deter- 
mination of algal settling velocities is shown in Figure 6 (Schnoor 
and Di Tor0 1979). 
ments are used to estimate G and 1-1. The depth of the euphotic zone 
and vertical dispersion coefficient are obtained from light and tem- 
perature measurements respectively. The death rate, D, is varied 
between 0.05 and 0.25/day. For a specific death rate, equation (7) 
can be solved for the relationship between net growth rate, 1-1, and 
gross growth rate, G, for various settling velocities, w. For 
D = 0.05 and 0.25/day these curves are shown on Figure 6 together 
with the data from Lake LBJ and Central Lake Erie. 
indicates that the blue-green algae (Lake LBJ) and phytoflagellates 
(Lake Erie) have low gross growth rates and correspondingly low set- 
tling velocities (% 0.1 m/day). 
growth rate and settling velocity (1-3 m/day). 
mediate for both parameters (0.1 - 1.0 m/day). 

Biomass and carbon-14 primary production measure- 

The comparison 

Green algae had the largest gross 
Diatoms are inter- 

METHODS OF ESTIMATING TRANSPORT COEFFICIENTS 

For any reasonably complicated natural setting, analytical solu- 
tions of the conservation of mass equations are not feasible and 
numerical integrations are necessary. If the water body is conceived 
of as a series of interconnected segments, then a typical conserva- 
tion of mass equation for concentration cij of substance i in seg- 
ment j has the general form: 

1 1 1  
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V .  is the segment volume, Sij is the net source of substance i in 
is the bulk rate of transport of Cik into and cij segment j; 

out of segment j by the dispersive and mixing velocities for all 
segments k adjacent to segment j, and Q is the net advective flow 
rate between segments k and j. Numerical integration of these equa- 
tions gives the temporal distribution of the concentrations in each 
of the spatial segments. 

J 
Ebj 

kj 

In order to make the calculation it is necessary that the ad- 
vective and dispersive transport parameters: Qkj and E' be speci- 
fied. Three methods are available to obtain the advection: hydro- 
dynamic computations, measurements, and the analysis of tracers. 
Only the later method is available for the estimation of dispersion 
coefficients. Therefore, whatever method is chosen for the esti- 
mates of the velocity field, an analysis of available tracers is a 
necessary step. 

kj 

The vertical segmentation used for an analysis of the dissolved 
oxygen-phytopJankton-nutrient interactions in Lake Erie (Di Tor0 and 
Connolly 1979) consist of an epilimnion and hypolimnion segment. 
vertical dispersion coefficients for the central and eastern basins 
were obtained from a fit of the temperature data. The results are 
shown in Figure 7. The decrease in vertical dispersion as stratifi- 
cation occurs and the increase at overturn are characteristic. 

The 

Horizontal exchanges can also be estimated from tracer data. 
As an example consider the exchange between Saginaw Bay and Southern 
Lake Huron that results from the counterclockwise large lake circula- 
tion into the northern shore and out of the southern shore of Saginaw 
Bay. Analysis based on the available temperature, chlorides, and 
phosphorus data is shown in Figure 8 (Di Tor0 and Matystik 1979). 
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Lines are calculated using the illustrated vertical 

114 



0 

W- 23.0 
K 
3 
I- 
< K 9.00 
W 
a 
2 e -5.00 

- P L \ 

AIMIJ'J ' A ' S ' O " 1 D I  

- 
\ 

E 8.0 1 

s t  T 

- 1 I- \ 
0 

E 0.016 
-1 m- 
< =  
t-K 
00 
I-I 
a 
v) 
0 
I 
a 

0.008 

0.000 

T 

40,000 

20,000 

0 

SAGINA W BA Y 
-7 0 

0 

W- 20.ok c U 
3 

0.0 1 A a: t W 
a 
5 

\".I 
I- -20'o I J F I M' A' M J I J ' A '  S O ' N ' Di 
- 
\ 

E 40.0 1 
vi 
n - 20.0 
0 

W 

oc 
-1 

5 0.00 

0.08 

0.04 

0.00 

FIGURE 8. Calibration of Saginaw Bay - Southern Lake Huron exchange 
flow. Symbols are means f. standard deviation of observed 
temperatures, chloride and total phosphorus concentrations. 
Lines are the calculated results using the indicated ex- 
changing flow (in ft /sec) (Di Toro and Matystik 1979). 3 

115 



It is important to realize that even if the horizontal and 
vertical transport are calculated using hydrodynamic models, it is 
necessary to calibrate and verify the computed circulation against 
observations of velocity, and to demonstrate that the computed trans- 
port regime can reproduce the observed behavior of tracers. There is 
very little reason to expect that computed transport regimes have any 
- a priori Val idity, primarily because of the uncertainty of subgrid 
turbulence, forcing functions , and numerical approximations. 

EFFECTS OF HORIZONTAL TRANSPORT 

The interactions between horizontal advective and dispersive 
transport and population growth can be approached using the analyti- 
cal approach presented previously. 
are restricted to rather idealized settings. Hence the principle 
effects will be illustrated using computational examples. 

However the tractable analyses 

Advective F1 us hi ng 

The most readily observed advective transport effect is the 
effect of hydraulic detention time on the population growth or decay. 
Consider a simple one segment system with only advective flow as the 
transport mechanism. The conservation of mass equation is: 

Q -- dP - (G - D)P + (Pin - p> dt 

where Pin is- the inflowing boundary concentration. 

(9) 

It is easy to see that growth is possible if G 3 D + l/to where 
to = V/Q, the hydraulic detention time. 
death plus export then the population decreases in time. 

If growth does not exceed 
This effect, 
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which can be termed washout as it is in chemostat studies, has been 
observed in a river setting and a reservoir. 

The San Joaquin River drains the southerly portion of the delta 
to the east of San Francisco Bay. A two year series of observations 
of phytoplankton, zooplankton, and inorganic nitrogen have been anal- 
yzed (Di Tor0 -- et al. 1971) and the results are shown in Figure 9. 
The seasonal variation of temperature, fresh water flow, and incident 
solar radiation are shown. In 1966, the first year shown, as the 
temperature and incident light increase and the flow decreases, the 
growth rate exceeds the death plus export loss rate and the phyto- 
plankton population starts to increase. It continues until nitrogen 
limitation reduces the growth rate. For 1967 the situation is mark- 
edly different. Although the temperature and solar radiation distri- 
bution are essentially identical, the advective flow is quite differ- 
ent. Advective flow exceeding 10,000 cfs persisted until mid-summer 
and the washout effectively prevented any significant phytoplankton 
growth until the flow decreased to a point where the growth rate 
exceeded the loss rate. At this point the population began to grow 
as in the previous year. 

A similar effect occurred in the upstream portion of Lake Living- 
ston Reservoir which is located on the Trinity River in southeast 
Texas approximately 150 mi. south of Dallas. A eutrophication anal- 
ysis of this reservoir (Di Tor0 -- et al. 1976) for the Texas Water 
Quality Board employed the segmentation illustrated in Figure 10. 
The advective flow for 1975 entering the upstream portion of the 
reservoir is also shown. Flows exceeding 10,000 cfs persisted until 
July of that year. 
inorganic nitrogen in three segments are shown in Figure 11 .  
segment 1 adjacent to the dam, the start of population growth is 
controlled by light and temperature and begins in April. For the 

The computed and observed chlorophyll and total 
For 
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upstream segment 9, however, growth is not observed to begin until 
late May or early June and is not computed to occur until early July. 
The mid-reservoir segment 5 exhibits behavior that is a composite of 
the two extremes. This analysis also considered phosphorus which was 
in excess supply throughout the year. 

The effect of advective transport on the phytoplankton popula- 
tion of Lake Livingston, therefore, is more complex than simply a 
washout phenomenon. The effect of washout is seen in the upstream 
regions of the reservoir but its effect is lessened in the lower por- 
tions of the reservoirs because of the larger volumes and detention 
times. The upstream segments have a combined detention time of approx- 
imately eight days at the high flow, whereas the lower reservoir seg- 
ments have a combined detention time of approximately 70 days at the 
same flow. Hence a simple analysis which treats the entire reservoir 
as one completely mixed epilimnion and hypolimnion would not be able 
to predict any advective flow effect when in fact in the upper reser- 
voir where the observed phytoplankton populations are largest there 
is a marked washout flow effect. 

Dispersive Flushing 

Similar flushing effects are computed to occur for exchange flows 
between embayments and the adjacent open water segments. 
provides an example of this phenomenon. Figure 12 illustrates the 
computed effects for chlorophyll and total phosphorus (Di Tor0 and 
Matystik 1979). 
tions. 
phorus recycle rate to a value consistent with the open lake waters 
(the total phosphorus concentration is not appreciably different). In 
an attempt to assess the effect of the magnitude of the flushing flow 

Saginaw Bay 

The figures on the left are the calibration calcula- 
The center figure illustrates the results of lowering the phos- 
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estimated using tracers as described previously, a computation with 
the flushing flow set to zero is illustrated in the figures on the 
right. Only the advective flow of the Saginaw River is retained in 
this calculation. The result is a marked increase in computed chlo- 
rophyll and total phosphorus. The difference between the computed 
chlorophyll in the center and the total phosphorus on the left and 
the no flushing case on the right represents the effect of the flush- 
ing flow. 
than just a change in the detention time of the segment. 
phorus concentration and chlorophyll concentrations are affected so 
that the change in flushing flow has an exaggerated effect: 
the exchange flow increases the phosphorus available for growth and 
increases the detention time so that the population can respond to 
the increased nutrient concentration. 

It is interesting to note that the effect is more complex 
Both phos- 

lowering 

Shallow Embayment F1 ushing and Enhanced Production 

The effect of dispersive exchange between productive shallow 
embayments and deeper less productive segments in the main channel 
of an estuary provide another example of the effect of transport. 
the main portion of the estuary has higher nutrient concentrations 
than the s ha1 1 ow embayments, the dispersive exchange enhances the 
production of the entire system. Figure 13 illustrates this effect 
for the Potomac Estuary (Thomann -I et al. 1974; Di Tor0 -- et al. 1977). 
The segmentation includes both the tidal embayments and main channel. 
The calculated and observed chlorophyll concentration of August, 1968 
is shown in the upper right of Figure 13. The figure on the lower 
right shows the result of the computation with the tidal embayments 
removed from the computation. 
computed phytoplankton ch1 orophyll results. Whereas the effect of 
Saginaw Bay flushing on ,the computed seasonal distribution in South- 
ern Lake Huron is only via the input of nutrients, for the Potomac 

If 

A nearly two-fold reduction of the 
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Estuary the tidal embayments provide regions of growth in which the 
phytoplankton population gross growth rate is substantially higher 
and the residence time is long enough so that the overall production 
of the system increases. 
dispersion as shown in Figure 4. For small dispersive exchange the 
nutrients entering the embayments would be small and the production 
would be nutrient limited. For very large flushing exchanges the 
detention time would decrease to a point when residence time in the 
embayments would be too low for production to occur. However there 
exists a range of exchanges that enhances the overall production. 

This is analogous to the effect of vertical 

Horizon tal Circul a tion 

A convenient simplification for the analysis of phytoplankton 
populations in lakes and reservoirs is horizontal uniformity with 
the, analysis concentrating on the behavior of the vertical and tem- 
poral gradients. Horizontal circulation can have an effect on com- 
puted chlorophyll concentrations, however. Consider the sensitivity 
calculations performed for a three-dimensional Lake Ontario model 
(Thomann -- et al. 1978). 
May-June chlorophyll concentrations in the top four meter deep layer. 
The lower two figures are contours of the difference between the 
calibration, Figure 14a, calculation and the computed results for 
(b) the direction of the flow reversed but with the same magnitude 
and (c) the magnitude of the flow at one-tenth of the calibrated 
values used for the calibration. Average changes are on the order 
of 1-2 pg Chl-a/R - with certain regions exhibiting larger changes. 
For the flow reversal case, the larger changes are in the shoreline 
regions whereas for the reduced flow magnitude case the larger changes 
are near the nutrient sources which are not being flushed by the re- 
duced horizontal circulation. These computed changes amount to 20- 
40% differences when compared to the calibration case. These are 

Figure 14a illustrates the computed average 
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I 

FIGURE 14. Lake Ontario Three-Dimens,ional Sensitivity Calculation. 
The computed June 1972 average chlorophyll in the 0-4 m 
layer (top). 
all flows in the calculation (middle); the effect of 
reducing all flow to 10% of their magnitude (bottom). 
These contours are differences in the sensitivity and 
the calibration computations, in Ug Chl a/!?,, for the top 
layer (0-4 m) average June, 1972 (Thomann -- et a1 . 1978). 

The effect of reversing the direction of 

126 



not excessive differences considering the violent velocity field 
changes imposed upon the calculation. 
the sensitivity of the calculation to the details of the three- 
dimensional circulation is not severe. 

For Lake Ontario at least, 

CONCLUSIONS 

The effects of vertical and horizontal transport on the growth 
and distribution of phytoplankton populations are substantial and 
significant. If the vertical dispersion or algal settling velocity 
are too large relative to the depth of the euphotic zone, no popula- 
tion growth is possible. For the case of a shallow euphotic zone and 
a substantial settling velocity increased dispersion can actually en- 
hance the population growth rate by returning a substantial quantity 
of the population into the euphotic zone. 

The washout effects of large advective flows are clearly dis- 
cernible since these flows can reduce the hydraulic detention time 
to the point where growth is impossible. 
flushing and circulation are more difficult to detect in observations; 
however computations designed to determi,ne the sensitivity of the cal- 
culations to these dispersive exchanges exhibit substantial varia- 
tions. Depending upon the circumstances, increasing the exchanging 
flow can reduce the population within the embayment or increase both 
it and the main open water regions. It is uncertain as yet whether 

The effects of horizontal 

full three-dimensional hydrodynamic calculations are ever warranted 
(or fruitful) but in one case at least the sensitivity of the com- 
putation to radical changes in the circulation was not large. 
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INTRODUCTION 

Light is important in reservoirs and other natural waters be- 
cause it is photosynthetically active. Much of the light trans- 
mitted through water may be intercepted by planktonic algae and 
used during photosynthesis to produce organic material. 
material is important, not only because it is a potential source 
of food for aquatic animals, but also because the production and 
consumption of organic materials have profound effects on the chem- 
istry of the water. 
abundant organisms in most reservoirs and lakes, and they produce 
and consume large quantities of oxygen during photosynthesis and 
respiration. 
related to problems of water quality. Indeed rates of photosyn- 
thesis and concentrations of algae are typically high in reservoirs 
and natural lakes with poor water quality. 

- 
I he organic 

For example, planktonic algae are the most 

Light and photosynthesis are therefore intimately 

TRANSMISS ION OF LIGHT THROUGH NATURAL WATERS 

Solar radiation in the band of wavelengths between 400 and 700 
nm is photosynthetically active. This is also the range of wave- 
lengths that we perceive as light, so we may refer to this radia- 
tion as light. 
water changes its direction of transmission because it is refracted 
as it crosses the surface, it changes its intensity because it is 
absorbed and scattered, and it changes its color or spectral compo- 
sition because some wavelengths'are attenuated more than others. 
The color changes are important for photosynthesis because the 
plant pignients involved -in photosynthesis are more likely to absorb 

Photosynthetically active radiation that enters 

some wavelengths than others. Kirk (1977) has recently prepared a 
very readable summary of these phenomena. 
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A fundamental property of light is its intensity, the radiant 
flux per unit area, often referred to as irradiance. 
may be expressed in energy units, such as ergs-m 
appropriate measure for photosynthesis is the flux of quanta, because 
photosynthesis is a photochemical reaction in which one mole of quan- 
ta is required to react with one mole of electrons to complete a re- 
action. 
meters that measure irradiance in terms of einsteins-m-2-s-1 are now 
in general use for measuring underwater irradiance. 

Irradiance 
, but the most -2. s-l 

One mole of quanta is defined as one einstein, and quantum 

When photosynthetically active rad ation (PAR) is measured with 
a quantum sensor or other broad-band sensor at intervals of depth in 
water, the decrease of irradiance as depth increases is very nearly 
exponential, as would be expected from the Lambert-Bouguer Law for 
the transmission of light through an absorbing medium. This is 
somewhat surprising, however, because the light is scattered by 
suspended materials and it is multichromatic, including many wave- 
lengths with different attenuation coefficients. It is not a par- 
allel beam of monochromat-ic light, and the water is not perfectly 
homogenous. According to the Lambert-Bouguer Law, irradiance Iz at 
any depth z depends upon irradiance Io at the surface and a vertical 
attenuation coefficient E according to 

I, = Io exp(- EZ) 

It should be emphasized that the distance travelled by a beam of 
light under water is greater than the distance between the surface 
and the depth z unless the beam enters the water vertically. If 
the decrease with depth conforms to the Lambert-Bouguer Law, then 
there should be a linear relationship between the logarithm of ir- 
radiance and depth according to 

In I, = In Io - EZ 
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As may be discerned from data obtained by Kirk (1977) in Australian 
waters (Figure l), the rate of attenuation is very nearly linear when 

Quantum irradiance 
(IO" quanta m-'s-') 

2 -  

1 -  

6 -  

1 

(25 Mar. 75) ;/ 

FIGURE 1. Relationship between log PAR 
and depth in Lake Burley Griffin 
(Australia) and the Tasman Sea 
(from Kirk 1977). 

the water 3s most turbid in Lake Burley Griffin. However, the sdope 
changes as depth increases in the more transparent water of the 
Tasman Sea. The water is a differential filter; strongly absorbed 
wavelengths are removed near the surface and weakly absorbed wave- 
lengths are transmitted to greater depths. The attenuation coeffi- 
cient for PAR decreases and the light changes color as depth increases 
The inherent tendency for the attenuation coefficient for PAR to 
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decrease by differential absorption of wavelengths is opposed by an 
increase due to scattering in the more turbid water of Lake Burley 
Griffin; the decrease of In (PAR) with depth in inland lakes often 
may be described with a single attenuation coefficient, as in Lake 
Burley Griffin, but this is somewhat spurious. 

The color changes that occur as light is transmitted also may 
be illustrated with data obtained by Kirk, who has computed the spec- 
tral distribution of light transmitted through two meters of water 
containing different concentrations of dissolved organic materials 
(Figure 2). 
blue and green light, wavelengths between 475 and 575 nm. 

Clear coastal water from Batemens Bay transmits mostly 
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FIGURE 2: Effects of different concentra- 
tions of dissolved organic materials 
on the spectral composition of 
underwater PAR (from Kirk 1977). 
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However, the dissolved organic materials that are often present 
at high concentrations in inland waters absorb blue light, so that 
mostly yellow and red Tight are transmitted more than 2 m in Lake 
Ginninderra, where concentrations of organics are highest. In 
filtered water from this lake, 81% of the light is absorbed by 
yellowish organic substances, and only 19% is absorbed by the water 
itself. The dissolved organic materials are important because they 
compete with algae for photosynthetically active radiation. 

The data from Lake Burley Griffin indicate that the vertical 
attenuation coefficient is subject to large seasonal changes. These 
changes are often caused by changes in the abundance of planktonic 
algae, as first described by Talling (1960), who measured underwater 
light during a period of time when population densities of algae 
were changing in Windermere, the largest lake in England. Changes 
in the abundance of algae may be detected easily by measuring con- 
centrations of chlorophyll in the water. In Lake Minnetonka and in 
the Mississippi River near Minneapolis and St. Paul, Minnesota, the 
attenuation coefficient increases linearly as concentrations of 
chlorophyll increase (Figure 3). Many others have observed similar 
linear relationships between the total attenuation coefficient, E, 
and concentrations of chlorophyll (Bindloss 1974; Ganf 1974; Scott 
1978). Thus, the total coefficient may be partitioned into two 
components; one component is a chlorophyll attenuation coefficient, 
cC, and the other is a background coefficient, cW, due to the water 
itself and substances other than chlorophyll in the water. The com- 
ponents may be related to each other by the equation 

E = &  + & C C  , W 

where c is the concentration of chlorophyll. The partial coeffi- 
cients and cC may be evaluated from the intercept and the slope 
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River that flows through Minneapolis and St. Paul, 
Mi nneso ta. 

for the linear regression of E on chlorophyll concentration. The 
intercepts for the regressions from the Mississippi River and Lake 
Minnetonka are different from each other, but the slopes are similar. 
The background coefficient, E~ is high in the river because concen- 
trations of dissolved organic materials are higher than in the lake. 
The background coefficient may vary extensively from lake to lake, 
because it includes attenuation by both the water and dissolved or- 
ganic materials. However, regressions such as these usually have 
very similar slopes, because the chlorophyll attenuation coefficient, 
E is relatively constant, usually between 0.015 and 0.022 m -mg 
Chl . This suggests that attenuation of light by the algae depends 
more upon the optical properties of chlorophyll and other pigments 
associated with chlorophyll than upon the morphology of the cells 
and colonies. 
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13s 



The optical changes caused by algae also may be detected by 
measuring the transparency of water with a Secchi disc, a white 
disc 20 cm in diameter that is lowered on a calibrated line into 
the water until it disappears from sight. 
disc disappears is a distance that light travels until it is re- 
duced to a standard intensity. The Secchi disc transparency in 
Lake Minnetonka increases from 1 m to 3 m during late May (Figure 
4, top) as concentrations of chlorophyll decrease from 29 to 2 
mg-m (Figure 4, bottom). Transparency then decreases to 0.5 m 
as chlorophyll increases to 60 m g ~ m - ~  in mid-July. 
ations of the reciprocal Secchi Depth are also shown in Figure 4 
(middle), and it is notable that reciprocal Secchi depth is propor- 
tional to chlorophyll concentration. The reason is that the Secchi 
Disc is a simple reflecting photometer that depends upon the same 
optical principles as the quantum sensor. The intensity of light, 
Is at the Secchi depth, S, depends upon the intensity at the surface, 

The depth at which the 
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FIGURE 4. Temporal relationships between the Secchi 
depth, S (top) , reciprocal Secchi depth (middl e) , 
and concentrations of chlorophyll-a - in Halsted 
Bay of Lake Minnetonka during 1972. 
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the concentration of chlorophyll, and attenuation coefficients 
IO' 
according to 
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From this, the reciprocal Secchi depth is 
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Thus, there is a linear relationship between reciprocal Secchi depth 
and concentrations of chlorophyll where and are relatively 
constant, as in Lake Minnetonka (Figure 5). 
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FIGURE 5. Linear regressions of reciprocal Secchi depth 
on concentrations of chlorophyll in Halsted Bay, 
Lake Minnetonka (from Megard, Settles, Boyer, 
and Combs 1979). 
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I have emphasized the effects of chlorophyll and dissolved 
organic material s on optical properties because they are closely 
related to algal photosynthesis and they have been intensively 
studied recently. However, suspended inorganic materials are 
often important components of optical environments in rivers, 
reservoirs, and estuaries. It is evident that the equation for 
the attenuation coefficient would have to be expanded to include 
another term for suspended inorganic materials if they contribute 
significantly to the optical environment. Smith and Baker (1 978) 
partitioned the total coefficient into four components for an 
analysis of light transmission in the sea, where organic detritus 
often contributes significantly to the total attenuation coefficient. 

LIGHT AND PHOTOSYNTHESIS 

Most photosynthesis in inland waters is accomplished by plank- 
tonic algae dispersed in the mixed layer. Each cell or colony in 
the mixed layer has approximately equal access to light, because 
the algae are transported by water movements. The average thick- 
ness of the mixed layer cannot exceed the mean depth of the basin, 
but it may be less than the mean depth if a thermocline is present. 
The rate of production of new organic material by the algae in the 
mixed layer depends upon the daily total of all rates of photo- 
synthesis beneath the surface in the mixed layer. The daily total 
beneath a unit of surface is the daily integral rate of photosyn- 
thesis. The daily integral rate is highly variable, but the con- 
trolling mechanisms are now rather well understood. 

Rates of photosynthesis by planktonic algae may be computed 
from the changes of oxygen concentrations that occur during the 
day in bottles of lake water suspended in a lake at depth intervals. 
Such measurements typically yield depth profiles of photosynthesis 
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that resemble the curves observed by Talling in different parts 
of Lake Victoria in central Africa (Figure 6). Light intensities 
and temperatures were similar during these measurements, but notice 
that the shapes of the profiles change in response to changes in 
chlorophyll concentration. 

FIGURE 6. Relationships between rates of photosynthesis 
and depth at near-shore sites of Lake Victoria, 
central Africa, at concentrations, c, of 
chlorophyll-a - between 3 mg 
(from Talling 1965). 

and 20 mg m-3 

The depth at which light is reduced to 1% of the intensity at the 
surface increases from 2.5 m to 6.5 m as concentrations of chlo- 
rophyll decrease from 20 mg K I - ~  to 5 mg ~ I I - ~ .  
these curves is the integral rate of photosynthesis, n. It is 
notable that the maximum rate of photosynthesis per unit volume of 
water, pmaX, usually occurs somewhat beneath the surface, because 
intense irradiance at the surface inhibits photosynthesis. Also, 

Pma x 

The area enclosed by 

decreases as concentrations of chl orophyl 1 decrease. 
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The oxygen produced by planktonic algae during photosynthesis 
may be a significant component of the oxygen balance of the mixed 
layer, as may be illustrated with data from the Mississippi River, 
in and near impoundments behind Lock and Dam #1 and Lock and Dam #2 
(Figure 7). 
creases from 8.2 mg l iter-' at Lock and Dam #l to l .7 mg l iter-' at 
Inver Grove, which is six miles (9.6 km) downstream from the Minne- 
apolis-St. Paul Metropolitan Waste Treatment Plant. It then in- 
creases to 11.3 mg liter-.' at Nininger, near Lock and Dam #2. 
centrations of oxygen oscillate at all localities, increasing dur- 
ing the day and decreasing at night. 
lations is greatest at Nininger, where algae are most abundant. 
These daily oscillations could be caused only by photosynthesis 
and respiration. 

The mean concentration for a period of two weeks de- 
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FIGURE 7. Daily oscillations of oxygen concentrations 
in the blississippi River during August and 
September, 1976 (from data obtained by the 
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We have shown (Megard, Combs, Smith, and Knoll 1979) that the 
daily integral rate of photosynthesis conforms to the equation 

In this equation Io is the irradiance at the surface, I,, is 
the irradiance at a depth z' and Pmax is the daily maximum specific 
rate of photosynthesis per unit concentration of chlorophyll. 
expression with the first set of brackets is an upper limit, Y, that 
would be attained by very dense populations of a1 gae, so the equa- 
tion may be simplified to yield an equation proposed by Bannister 
(1974a): 

The 

The quotient E ~ / E ~  corresponds to a concentration of chlorophyll at 
which the algae attenuate 50% of the underwater PAR. This equation 
is relevant to the regulation of algal populations because integral 
photosynthesis is expressed as a function of chlorophyll concentra- 
tion, a measure of algal population density. 

To show how photosynthesis affects the abundance of algae in 
the mixed layer, another equation is needed for the total quantity 
of algae beneath a unit of surface, M, as a function of chlorophyll. 
If the amount of algal organic material per unit of chlorophyll con- 
centration is B and the thickness of the mixed layer is zm, then 

M = cOzm 
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If the fraction of the algal population lost each day from the mixed 
layer is A day-', then the daily rate of change of algal population 
density is 

From this, it is easy to show that the concentration of chlorophyll 
at the steady state would be 

This equation is similar to equations proposed by Bannister 
(1974, Eq. 11) and Lorenzen and Mitchell (1973, Eq. 11). It is rel- 
event to the design and operation of reservoirs, because it predicts 
that the steady state concentration of chlorophyll, c*, depends fun- 
damentally on the thickness of the mixed layer, zm. 
concentration is a linear function of l/zm. 
a thick mixed layer is likely to have fewer algae than a reservoir 
with a thin mixed layer. The equation also suggests that nuisance 
blooms of algae are more likely to occur during periods of draw- 

The steady state 
A large reservoir with 

down, particularly as a reservoir fills with sediment and its mean 
depth decreases. 
if the background attenuation coeffcient 

It also suggests that algae are likely to increase 
decreases. 

The effect of changing the thickness of the mixed layer is in- 
dicated by the changes of chlorophyll concentration that occurred 
during August and September, 1976, in the Mississippi River as it 
entered the impoundment behind Lock and Dam #2. The mean concentra- 
tion of chlorophyll-a - during a two-week interval increased by a 
factor of 5, from about 50 mg mW3 upstream to 250 mg m-3 in the 

r 
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impoundment (Figure 8). We assumed initially that chlorophyll in- 
creased because photosynthesis was stimulated by nutrients a.dded 
to the river by the Minneapolis-St. Paul Metropolitan Waste Treat- 
ment P1 ant. 
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FIGURE 8. Mean concentrations of chlorophyll -a - 
during August and September, 1976, in 
the Mississippi River near Minneapolis 
and St. Paul, Minnesota. The vertical 
line through each point indicates the 
95% confidence interval for the mean 
(from data obtained by the Minneapolis- 
St. Paul Metropol i tan Waste Control 
Commission) . 

However, the photosynthetic activity of chlorophyll at saturating 
irradiance, Pmax, at sites downstream from the treatment plant was 
the same as at sites upstream; planktonic algae were probably sat- 
urated with nutrients at all sites, and nutrients from the treatment 
plant did not stimulate photosynthesis. However, the thickness of 
the mixed layer decreased from about 3 m upstream to about 1 m in 
the impoundment. Much of the impoundment is less than 1 m deep, 
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and a shallow thermocline developed at a depth of about 1 m during 
a series of warm, sunny days. The equation for the steady state 
concentration of chlorophyll predicts that a reduction in the thick- 
ness of the mixed layer from 3 m to 1 m would be sufficient to cause 
the chlorophyll increase observed in the impoundment (Figure 9). 

5 3 2 1.5 1 
‘rn 

MiXED LAYER DEPTH (METERS) 

FIGURE 9. Steady state concentrations of chlorophyll-a - 
in the Mississippi River as a function of the 
thickness of the mixed layer zm. A decrease 
of zm from 3 m to 1 m would increase concen- 
trations of chlorophyll from 50 mg m-3 to 

The thickness of the mixed layer has a very significant effect 
on population densities of planktonic algae that is neither intui- 
tively obvious nor generally appreciated. Notice in Figure 9, for 
example, that concentrations of chlorophyll approach zero and that 
planktonic algae would become very scarce if the mixed layer in the 
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Mississippi River increased to approximately 4.5 m. The mixed-layer 
depth of a reservoir depends partly upon how the reservoir is de- 
signed and operated, and this analysis suggests that nuisance blooms 
of planktonic algae may be alleviated somewhat by retaining as much 
water as possible in reservoirs during periods when algae are likely 
to become a nuisance. 

In conclusion, I should mention briefly how population densities 
of planktonic algae are affected by factors that will be discussed 
by other participants at this workshop. Nutrients and temperature 
affect Pmax and therefore they cause the limit Y to change. 
or predation is a component of the total loss rate, A. Other compon- 
ents of A are respiration, excretion, and sinking. Much additional 
research will be required before we understand the mechanisms that 
control these processes. 

Grazing 

I should emphasize that the parameters in dynamic equations for 

I have dis- 
natural populations of algae are very dependent on physical condi- 
tions and the physiology of the algae that are present. 
cussed the fundamental importance of the background coefficient and 
the depth of the mixed layer, which are obviously characteristic of 
particular sites. A large amount of information is therefore. re- 
quired about each site, even to solve equations that contain as few 
parameters as the equation I discussed here. 
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INTRODUCTION 

Modeling phytoplankton growth in existing and planned reservoirs 
requi res a know1 edge of both the pecul i ari ties of reservoirs and the 
dynamics of phytoplankton. Because of low retention times and close 
coupling to hydrology, reservoirs often exhibit pronounced fluctua- 
tions in physical and chemical conditions. Therefore, accurate pre- 
diction of phytoplankton growth in any one reservoir depends on the 
capability of representing a variety of individual and combined re- 
sponses to changing environment. 

The purpose of this paper is to describe the characteristics of 
reservoirs that necessitate specific modeling approaches, review the 
combinations of process equations that are used in representative 
phytoplankton models, and consider the ways in which these equations 
are combined in light of current concepts of algal physiology, with 
illustrative examples. 

We thank our colleagues James Albanese and Chris Connolly for 
their valuable exchange of ideas; the assistance of Petter Larsson, 
Zoological Museum, University of Oslo and Milan Strazkraba, Hydro- 
biological Laboratory, Czechoslovakia Academy of Sciences is grate- 
fully acknowledged. 
funds from the Environmental Protection Agency under Grants No. 
R80504701-1 and R806299010. 

This project has been financed with federal 

RESERVOIR CHARACTERISTICS AND MODELING 

Ad ve c ti on 

Because of high inflow and withdrawal rates, reservoirs tend to 
be advection-dominated. Simple throughflow may account for appre- 
ciable loss of phytoplankton and flushing of nutrients. Hypolimnetic 
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withdrawal can affect phytoplankton more severely by accelerating 
their removal from the euphotic zone upstream from the dam. There- 
fore, throughflow must be accounted for in a reservoir model. Ad- 
vective turbulence, as a consequence of short retention time and 
wind, can have a pervasive effect on phytoplankton by altering their 
physiological and ecological responses and the-grazing of zooplankton, 
by transporting them from one zone to another, and by altering the 
entire physical-chemical environment of the reservoir. 

Little is known about the effect of turbulence on the physio- 
logical and ecological responses of phytoplankton and zooplankton. 
Pasciak and Gavis (1974) showed that when algae absorb nutrients from 
the water they may deplete a boundary layer and become transport- 
limited in their uptake rates. Shearing motions generated by turbu- 
lence may reduce the extent of the nutrient-depleted region around 
the cells. More recently, Nixon, Oviatt and Buckley (in press) ob- 
tained results from microcosm experiments suggesting that turbulence 
leads to increased phytoplankton biomass and decreased zooplankton 
biomass during the summer, but not during the winter and spring. 
This pioneering research needs to be extended in an effort to deter- 
mine if phytoplankton growth is stimulated directly and what the 
actual effect is on zooplankton. We know of no effort to incorporate 
this into a model. 

The effect of advective turbulence on the vertical distribution 
of phytoplankton can be modeled most easily by using multiple verti- 
cal segments with turbulence as a function of throughflow; it is dif- 
ficult to represent in a point model. 
result of advection can have a profound effect on both phytoplankton 
and zooplankton. D.G. George (personal communication) has observed 
a hundredfold difference in phytoplankton abundance in a Welsh reser- 
voir. McNaught (1979), in an excellent review, characterizes phyto- 
plankton patches as being from less than one meter to more than a 
kilometer in size and less than an hour to four days in duration; 

Horizontal patchiness as a 
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zooplankton patches may range from less than five meters to more than 
fifty km in size and less than an hour to forty days in duration. We 
agree with PlcNaught that this should be considered in model develop- 
ment and in obtaining data for calibration. Kamykowski (1978) has 
modeled patchiness in lakes, and there is appreciable literature on 
modeling patchiness associated with coastal upwelling (cf. Wroblewski 
and O'Brien 1976; O'Brien and Nroblewski 1976). 

Sin king 

The sudden, rapid sedimentation of phytoplankton has been ob- 
served in a number of reservoirs. Prediction of this phenomenon 
would improve our representation of ecosystem dynamics and would be 
particularly helpful in management of reservoirs used for drinking 
water. Likewise, the formation of blue-green algal scums, which are 
common in many reservoirs, is of interest. It would be quite useful 
to'be able to model scum formation. 

Sinking is a function of the shape, specific gravity, surface 
area to volume ratio (sire), and surface chemistry of the alga and 
the viscosity and turbulence of the surrounding water. 
blue-green algae buoyancy is controlled quite differently; the reader 
is referred to Fogg _ _  et al. (1973) for a thorough discussion.] 
effects of shape and, to a certain extent, size are essentially spe- 
cies-specified. However, the other algal characteristics are related 
to physiological state, which implies an interaction with the various 
growth factors. Even size can be a function of suboptimal conditions 
which permit growth but not cell division. Cells in the stationary 
phase sink two to four times as fast as cells in the exponential phase 
of growth (Eppley, Holmes and Strickland 1967; Smayda 1970). Titman 
and Kilham (1976) have demonstrated that increased sinking is not due 
to a lack of viability and have shown that it can be a function of 
nutrient depletion (see also Boleyn 1972, Smayda 1974). Light can 
also be a controlling factor (Steele and Yentsch 1970; Eppley, Holmes 

[In vacuolated 
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and Paasche 1907). The tendency to sink can be partially negated by 
the viscosity of the water, which in freshwater is a function of 
temperature. Turbulence may negate or enhance sinking (Stefan, 
Skoglund and Megard 1976; Titman and Kilham 1976). 

Many models treat sinking as a constant, which is an oversimpli- 
fication. Several employ Stoke's Law, which accounts for viscosity. 
Stoke's Law can implicity account for reduction in sinking due to 
turbulence if the Reynold's number is treated as a site variable, 
dependent on size of the water body (we know of no model that does 
this). The model of Scavia, Eadie and Robertson (1976) is apparently 
the only one at present that considers physiological state as a 
factor in sinking. We know of no model that considers the environ- 
mental control of buoyancy of blue-green a1 gae expl i ci tly . 

Temperature 

The thermal regime of a reservoir can vary greatly from a dry 
year to a wet year (Figure 1). 
voir will have a long retention time, low advective turbulence, 
marked stratification, and relatively high insolation to surface 
water. A wet, cloudy summer will result in a short retention time, 
high advective turbulence, poor stratification, and lower surface 
temperature (Strazkraba 1973). 

During a dry, sunny summer a reser- 

Algae can compensate partially for the variable temperature 
regime of a reservoir. For example, the concentration of photosyn- 
thetic enzymes increases with decreasing temperature as an adaptive 
response (Jorgensen and Niel sen 1965). The optimum temperature for 
photosynthesis varies seasonally with ambient temperature (Aruga 
1965), although there may not be adaptation to winter temperatures 
(Boylen and Brock 1973, 1974). The temperature response of p1,ankton 
should be modeled realistically or large discrepancies can arise 
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between dry and wet years. Nonl 
tation is considered in the mode 
MS =CLEANER model described bel ow 

Nutrients 

near temperature response with adap- 
of Strazkraba (1976) and in the 

Nutrient, organic-matter and suspended-sediment loadings may be 
sporadic, varying directly with inflow. Of specific interest, phos- 
phate loading is often highly correlated with inflow; however, phyto- 
plankton production may not respond immediately because of high tur- 
bidi ty. 

The effect of luxury consumption and storage of intracellular 
nutrients in natural environments is poorly understood. There is now 
strong experimental evidence that intracellular nutrients are impor- 
tant in regulating pure cultures (Fuhs 1969; Caperon and Meyer 1972; 
Droop 1974; Rhee 1978). 
not be able to store sufficient nutrients to make a significant dif- 
ference under field conditions (Scavia 1979). We feel that in reser- 
voirs subject to sporadic loading of nutrients concomitant with 

However, it has been argued that algae may 

light-limiting turbidity during high inflow, intracellular storage 
is important. Serruya and Berman (1975) have demonstrated that it 
is important in Lake Kinneret, Israel. In eutrophic Danish lakes the 
time lag between high nutrient loading and maximum phytoplankton peak 
may be as long as six weeks (S.E. Jorgensen and N. Nyholm, personal 
communication). Intracellular storage is simulated in a number of 
models (Koonce 1972; Grenney -_ et al. 1973; Bierman 1974; Nyholm 1975, 
1977, 1978; Lehman, Botkin, and Likens 1975; Cloern 1978; Jorgensen, 
Mejer, and Friis 1978; Desormeau 1978). However, some of these are 
inadequate in light of current knowledge of algal physiology (Park 
-- et al. 1979). 

Liqht - 
Allochthonous sources of turbidity and high density of phyto- 

plankton can combine to make phytoplankton light-limited in many 

154 



reservoirs. Ecosystem feedback in the form of autochthonous produc- 
tion of particulate and dissolved organic matter, including the so- 
called "self-shading" by algae, should be represented in reservoir 
models, otherwise under eutrophic conditions the algae will not be 
properly constrained. Fortunately, many models treat light extinc- 
tion as a function of phytoplankton and detritus. 
(1975) assume that light extinction at low to moderate turbidity is 
due to algae whereas at high turbidity it is a function of suspended 
inorganic sediment, with a corresponding shift in absorption of 
photosynthetically available energy; therefore different correction 
factors are used. StraYskraba (1376) describes in detail the ration- 
ale behind modeling light extinction as a function of both particu- 
late and dissolved organic matter and suspended inorganic sediment. 

Patten -- et al. 

The varying light climate to which algae are subjected due to 
turbid inflow, advective turbulence, and self-shading places a pre- 
mium on adaptation. Tilzer (1972) has shown that algae can undergo 
a two-fold change in their light saturation response during a single 
day; Nielsen -- el al. (1962) have observed a three-fold change in light 
saturation within two days. Stra:kraba (personal communication) be- 
lieves that light adaptation of algae caught up in advective turbu- 
lence plays an important role in the algal dynamics of Slapy Reser- 
voir, Czechoslovakia. To our knowledge only the models of Kremer and 
Nixon (1976) and Nyholm (1978) and the MS-CLEANER model described be- 
low account for light adaption. 

Predatory Mortal i ty 

Zooplankton grazing plays an important role in reservoirs, limit- 
ing phytoplankton blooms and regulating the composition of phytoplank- 
ton assemblages. It is not our intention to discuss zooplankton dyna- 
mics, so we will restrict ourselves to pointing out that two aspects 
of grazing are particularly important: dependency on prey density and 
size selectivity. Cladocerans filter at a more or less constant rate, 
rejecting excess food in the form of pseudofeces. Other zooplankton 



exhibit saturation-kinetic feeding, with an asymptote at the maximum 
consumption rate (Burns and Rigler 1967; Chisholm, Stross, and Nobbs 
1975), and with a minimum threshold, below which feeding ceases 
(McAllister 1970) or occurs at a minimal level (Frost 1975). Some 
or all of these density-dependent characteristics are included in 
several models (Bloomfield _ _  et al. 1973; Park _ _  et al. 1974; Canale et 
- al. 1976; Scavia, Eadie and Robertson 1976; Steele and Mullin 1977; 
Leung -- et al. 1978). 

Cladocerans are relatively unselective in their filtering, 
whereas copepods selectively graze smal ler phytoplankton (Bogdan and 
PlcNaught 1975). Neither group is able to graze filamentous blue- 
green algae effectively. As a result, there can be significant 
shifts in algal cornposition, including promotion of blue-green algal 
blooms. A number of models consider differential grazing of zoo- 
plankton (Bloomfield -_ et al. 1973; Park -- et al. 1974; Canale _ _  et al. 
1976; Scavia, Eadie, and Robertson 1976; Youngberg 1977; Park _ _  et al. 
in press). 

NonPredatorv Mortal i tv 

Blue-green algae, and other algae to a lesser extent, exhibit 
high nonpredatory mortality under adverse conditions, reducing the 
dissolved oxygen in the reservoir as a consequence of their sudden 
decomposition. The physiological state of an alga is important in 
determining the point at which growth ceases and cell death begins. 
When growth conditions become unfavorable and expecially as cells 
become nutrient-deficient, they become susceptible to colonization 
by decomposers, and lysis may eventually occur (Daft and Stewart 1973; 
Jones 1976). The role of the decomposers in colonization of algae 
is still unclear. Some feel unhealthy cells are more likely to be 
attacked, whereas others feel bacteria may colonize healthy cells as 
well. DePinto (1979) presents a comprehensive discussion of coloni- 
cation and nonpredatory mortality. 
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Because the process is not well understood, several different 
approaches have been taken by modelers. In the model of Lehman, 
Botkins and Likens (1975) the death rate is a function of the number 
of days of algal growth at suboptimal conditions. Bierman (1976) 
uses a second-order algal death rate, thereby modeling 'bacteria 
implicitly. Others have treated nonpredatory mortality as a func- 
tion of. temperature (Thomann -- et al. 1975; Canale -- et al. 1976). Both 
high temperature and the physiological state of the cells are used 
in determining death rate in the model of Scavia, Robertson and Eadie 
(1976) and in the MS-CLEANER model. Inhibition by blue-greens is 
included by Cloern (1978). 

Other Environmental Resoonses 

There are 
involving resp 
are not unique 
dicting phytop 

also subtle interactions of environmental responses 
ration and excretion in phytoplankton. Although these 
to reservoirs, they are important in correctly pre- 
ankton dynamics. 

Respiration is a significant contribution to the loss rate of 
the phytoplankton. The actual rate of respiration increases with in- 
creasing temperatures and is dependent on the rates of endogenous 
respiration and photorespiration. Endogenous respiration represents 
the amount of energy expended to maintain a certain level of biomass 
and increases exponentially with increasing temperatures (Aruga 1965). 
Photorespiration is a light-stimulated oxidation of organic compounds 
which can occur simultaneously with photosynthesis. 

Respiration has been modeled as a linear function of temperature, 
including both photorespiration and endogenous respiration (Scavia , 
Eadie , and Robertson 1976; Strazkraba 1976). 
respiration as a function of the temperature dependence term. 
PlS-CLEANER (1978) models endogenous respiration as an exponential ly 
increasing function of increasing temperature based on data of Aruga 

Youngberg (1977) model s 
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(1955) , with respiratory products going to the C02 compartment. 
torespiration is included with excretion, with products going to the 
organic matter compartments. 

Pho- 

Excretion is essential to keep cell division in phase with pho- 
tosynthesis (Strickland 1966). In general any environmental or phys- 
ical condition which inhibits cell multiplication but permits photo- 
assimulation, results in the release of a high proportion of photoas- 
simulate. Under light intensities so high as to inhibit photosynthesis 
and under low light intensities and darkness, large proportions of 
photosynthate are produced (Watt 1966; Fogg -- et al. 1965). The propor- 
tion of photoassimilated carbon released is relatively unaffected by 
light intensities over an intermediate range where little or no inhi- 
bition of photosynthesis occurs (Nalewajko 1 9 6 6 ) ~  Glycolate production 
by photorespiration is largely dependent on the partial pressure of 
carbon dioxide and oxygen is available there is an increase in glyco- 
late release (Chapman and Rae 1969). Under nutrient deficiency, a 
stationary population of phytoplankton will excrete a large proportion 
of its photoassimilated carbon; however, the absolute rate of excre- 
tion by such a population may not be any higher than that of a rapidly 
growing population with a smaller relative excretion rate (Hellebust 
1967). Excretion may also be a function of temperature. Few models 
consider excretion by phytoplankton. The model of Lehman et al. (1975) 
assumes excretion is proportional to cell carbon quota so that the 
production of extracellular material is related to the different growth 
regimes. 
including photorespiratory products as a linear function of the light 
dependence tertii and as a proportion of the photosynthetic rate. 

MS-CLEANER, described below, models extracellular release 

Toxic Chemicals 

Largely ignored until now, significant pesticide and other toxic- 
substance loadings may affect many reservoirs. Anecdotal evidence 
suggests that massive zooplankton and fish kills may result from 
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contarnination. (A? though not documented i n  the literature, the com- 
plete absence of zooplankton has been noted in some systems.) Insec- 
ticides may selectively remove cladocerans (Gasith, Sneh and Perry 
1978), thereby favoring copepods that graze on nannophytoplankton. 
Toxic substances can a1 so impact phytoplankton directly. Mechanistic 
models capable of predicting the fate of toxic chemicals in aquatic 
systems are still in the development stage (Park -- et al. 1977; Smith 
-- et al. 1977; Leung 1978; Thomann 1979). There is no general model of 
toxic-chemical impact on aquatic ecosystems at this time. 

RE P RE S E NT AT I V E M 0 D E L S 

Although superficially there are many similarities among photo- 
plankton models, there are also many dissimilarities in the individual 
process equations and in the ways in which they are combined. Cer- 
tainly over the past nine years there has been an evolution toward 
more complex models that are more representative of what is presently 
known about algal physiology. 

Eight models were chosen to demonstrate the different approaches 
that have been taken. Several have not been applied to reservoirs and 
one is a marine model, but the underlying principles are the same. 
Because the models share some process equations, but differ in others, 
it is almost impossible to compare them systematically. 
difficult to determine specific model details without access to the 
computer code; we apologize in advance for any misinterpretations that 
we might make. ) 

(Also, it is 

The model of Chen _ _  et al. (1975) is perhaps the simplest at the 
process level (Figure 2). Light and nutrients are represented by sat- 
uration kinetics, and temperature by the exponential Van't Hoff equa- 
tion. Nutrient limitation is taken as the minimum of nitrogen, phos- 
phorus, and silica limitations. Combination of the light, nutrient, 
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and temperature limitations is multiplicative. Saturation-kinetic 
grazing, inflow, outflow, and advection are also represented. Light 
extinction is a function of detritus and phytoplankton biomass. 

The model of DiToro _ _  et al. (1977) is of approximately the same 
complexity (Figure 3). Steele's (1962) equation is used for light 
and temperature limitations. Grazing and mortality are linear with 
temperature. Inflow, outflow and advection are also represented. 

The phytoplankton model of Kremer and Nixon (1976) is only slightly 
Limitations for nutrients, light, and temper- more complex (Figure 4). 

ature are multiplied; the functions are the same as in the model of 
DiToro -- et al. (1977). However, diurnal variations in light are taken 
into accgunt, acd a three-day running average is used to represent 
adaptation to varying light levels. Inflow, outflow and a constant 
sinking rate are included; advection is treated implicitly. A satu- 
ration-kinetic equation is used to represent grazing. The model was 
developed for a marine system, but is almost directly applicable to 
freshwater systems as well. 

The following models are more complex at the process level. The 
one proposed by Stragkraba (1976) (Figure 5) represents temperature 
response as a normal curve with an adaptive optimum temperature; light 
limitation is based on Steel's (1972) equation, which StraEkraba feels 
gives the best fit to available data. The light, nutrient and temper- 
ature factors are multiplicative. Sinking utilizes Stoke's law; graz- 
ing accounts for prey saturation; and respiration (not included in the 
above models) is linear with respect to temperature. Advection is a 
function of throughflow. Light extinction is dependent on particulate 
organic matter, dissolved organic matter, and suspended sediment, as 
we1 1 as phytoplankton biomass. 

The model of Lehman, Botkin and Likens (1975) provides for intra- 
cellular storage of nutrients, with growth dependent on the cell quotas 
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(Figure 6). Because the model simulates numbers instead of biomass, 
carbon dependency is introduced as well. Combination of the satura- 
tion-kinetic 1 imitations is mu1 tiplicative. Sinking is constant; 
throughflow and advection are not considered, perhaps because the model 
was developed to represent a pond during the summer months. Mortality 
is a function of the number of days that growth is suboptimal. 

Nyholm (1978) accounts for intracellular nutrients in a completely 
Rate of uptake is dependent on whether or different manner (Figure 7). 

not the cell quota has been achieved. Growth limitation is linear for 
nitrogen and nonlinear, with an inhibitory factor, for phosphorus; the 
nutrient limitation terms are combined using the harmonic mean, the so- 
called "resistors in series" construct of Bloomfield et al. (1973). A 
set of equations provides a piecewise response curve for light, with a 
linear subsaturation slope, a plateau at light saturation, and a rapid 
decline above the inhibitory level. Light adaptation is incorporated 
by using light-saturation parameter values observed during the year. 
The Van't Hoff equation is used for temperature limitation. The limi- 
tation factors are multiplicative. Sinking is constant, and grazing 
is simulated by saturation kinetics. 

-_ 

The model of Scavia -- et al. (1976) uses saturation-kinetic func- 
tions for light and nutrient limitations and takes the minimum as being 
the limiting factor value (Figure 8). 
nonlinear temperature factor of Bloomfield _ _  et al. (1973). 
flow and advection are included. Loss due to grazing is a nonlinear 
function of phytoplankton biomass, with a minimum grazing level, and 
is modified by temperature and prey preference using a modification of 
the formulation of Park -_ et al. (1974). Sinking is based on an innova- 
tive variation of Stoke's Law, with provision for shape differences 
and effects of nutrient limitation. Respiration is linear with respect 
to temperature. Plortality is a function of temperature (Scavia and 
Park 1976) and nutrient limitation. 

That is then multiplied by the 
Inflow, out- 
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FIGURE 6. Flow chart of the phytoplankton model of Lehman, 
Botkin and Likens (1975). 
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FIGURE 8. Flow chart of the phytoplankton model of Scavia 
et al. (1976). _ _  
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The CLEANER model of Youngberg (1977) (Figure 9) is of interest 
because it shows the evolution from the original CLEAN model of Park 
_- et al. (1974) to the MS-CLEANER model described later in this paper. 
It was the first version of CLEANER to account for stratification, ad- 
vective turbulence, and throughflow, and was developed specificaily 
for Slapy Reservoir, Czechoslovakia. It uses Steeie's (1962) equation 
for light limitation, and uses the harmonic mean construct of 
Bloomfield -- et al. (1973) to combine Michaelis-Menten functions for 
nutrient limitations for nitrogen, phosphorus, and silica (in diatoms). 
The nonlinear temperature function of Bloomfield -- et al. (1973) is 
used. Grazing is represented by the saturation-kinetic formulation of 
Park _ _  et al. (1974), including the nonlinear temperature construct and 
prey preference; grazing by cladocerans is differentiated from that of 
copepods by the absence of a threshold level. Sinking is a function 
of temperature and is represented by an exponential curve, which is an 
empirical fit to Smayda's (1974) data. Respiration is a nonlinear 
function of temperature. Mortality is a function of temperature 
(Scavia and Park 1976) and nutrient limitation (similar to Scavia - et 
al. 1976). 

In summary, out of eight representative models, some present en- 
vironmental responses as exponential, some use saturation kinetics, 
and some use nonlinear equations to account for optimal responses. 
Most combine some or all of the responses in a multiplicative fashion, 
but some use only the minimum limitation among some combination of 
factors, and two use the harmonic mean. Storage of intracellular nu- 
trients is provided for in three. Adaptive constructs for light or 
temperature are included in two .models. Loss terms, self-shading, 
and advection are treated in various ways or are ignored. 

COMBINATION OF FACTORS LIr4ITING PHOTOSYNTHESIS 

Adequate justification for the combinations of effects of light 
intensity, temperature and nutrient concentration used by various 
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mathematical models is difficult to obtain. The interactions of these 
factors has made experimental evaluation very complex. 

The way in which photosynthetic rate is measured is an important 
consideration in evaluating the combined effects on photosynthesis, 
and it can be used to distinguish the effect of each factor. Ulti- 
mately, this information can be used to mathematically describe the 
combined effects, by knowing the dependence of the factors on one 
another. One method of determining the rate of the photochemical 
reaction of photosynthesis is to measure in terms of carbon fixed. 
Because the photochemical reaction is largely independent of temper- 
ature and nutrient levels, one can determine the contribution of light 
intensity to photosynthesis by measuring the O2 evolved. Simultaneous 
measurement of carbon fixed may indicate the effect of temperature and 
nutrients under various Combinations of 1 imiting and nonlimiting con- 
di ti ons . 

The photosynthesis-light intensity curve consists of three re- 
gions: 
increases linearly with respect to light intensity; the saturation re- 

the region of light limitation, where the photosynthetic rate 

gion, where the maximum rate of photosynthesis is limited by the rate 
of the dark reaction; and the region of photoinhibition where the rate 
of photosynthesis decreases markedly due to photolytic destruction of 
the pigments. The slope of the initial part of the curve is primarily 
a function of the photochemical part of photosynthesis and is indica- 
tive of the primary quantum efficiency of photosynthesis. When meas- 
uring O2 evolved, the curve in this region would be essentially the 
same and therefore is independent of temperature. The light-saturated 
rate of photosynthesis represents the maximum rate of the enzymatic 
processes (Yentsch and Lee 1966). Because enzymatic processes are de- 
pendent on temperature, photosynthetic rate at high light intensities 
appears to be temperature-dependent; this is seen when carbon fixation 
is used as a measurement of photosynthetic rate (Figure 10). 
inhibition appears to be reversible and is temperature-independent 
(Kok 1956; Niel sen 1962). 

Photo- 
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Because the rate-limiting step of photosynthesis is determined 
by the rate of dark reaction (Blackman 1905), it seems reasonable that 
any factors affecting the dark reaction, such as temperature or nutri- 
ent concentration, may become rate-limiting factors. 
assumption can be made that if nutrients were limiting under conditions 
of light-saturation, the availability of nutrients would act as the 
ultimate rate-limiting step. However, the relationship of simultaneous 
nutrient-limitation and light-limitation on photosynthetic rate is un- 
certain and is confounded by the light-intensity dependence of nutrient 
uptake (MacIssac and Dugdale 1972; Davis 1976). Photosynthesis may be 
independent of temperature under low light conditions; however, nutri- 

A simplifying 

ent uptake remains temperature-dependent at all light levels (Cloern 
1977). 

Existing mathematical models combine the effects of light inten- 
sity, temperature and nutrient concentration in a variety of ways. 
Methods of combining the effects include the following: 

8 mu1 tiplication of all three together (DiToro et a1 . 1971, 
1975; Chen and Orlob 1972; Lehman, Botkin, and Likens 
1975; Patten _- et al. 1975; Kremer and Nixon 1976; Youngberg 
1977; and many other models); this implies that the factors 
are independent of each other and are of equal importance; 

light and nutrient limitations combined using the harmonic 
mean and then multiplied by the temperature limitation 
(Bloomfield -- et al. 1973; Park et al. 1974); this assumes 
interaction between nutrients and light and results in 
partial compensation for one by the others; temperature is 
treated as if it were independent; 

e 

Q the minimum of light and nutrient limitations multiplied 
by temperature (Scavia, Eadie, and Robertson 1976) ; this 
implies that light and nutrients cannot be limiting at 
the same time and that temperature is independent; 

a multiplication of nutrient limitation by the light limi- 
tation, with factors in the light and nutrient-uptake 
equations being temperature dependent; this implies inde- 
pendence of the nutrient and light limitations, and a 
complex interaction with temperature and is in line with 
the conceptualization of photosynthesis described above; 
this method of combination is used in MS-CLEANER 
(Desormeau 1978; Park et al. in press; Collins 1979) 
and is described below; it is also used by Cloern (1978). 
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THE P.?S.CLEANER MODEL 

In consideration of the special demands that reservoir dynamics 
place on ecosystem models and the current state of knowledge of algal 
physiology, the MS-CLEANER model has been developed by our group 
(Groden 1977; Desormeau 1978; Park _ _  et al. 1979, in press). It is not 
the definitive answer to modeling phytoplankton dynamics, but we feel 
that it does exemplify approaches that can be taken toward incorpora- 
ting realistic process equations and combinations of equations in a 
reservoir model . 

The model is much more complex than the models previously discus- 
sed (Figure 11). However, the complexity is supported by laboratory 
and field evidence. Because the parameters have physical (or biologic) 
meaning (Desormeau 1978; Park _ _  et al. in press; Collins 1979), exten- 
sive recalibration is not necessary in order to apply MS-CLEANER to 
a new site. In fact, data requirements are probably equal to those of 
many simpler models. 

Intracellular storage of nutrients is modeled based on the work 
of Droop (1974) and Rhee (1973, 1974, 1978). 
nitrogen is represented by a saturation-kinetic formation, with inhi- 
bition by a fraction of the nutrient being stored. Uptake is a func- 
tion of light intensity, as shown by many investigators, and tempera- 
ture, as shown by Fuhs -- et al. (1972) and Cloern (1977). 
assimilation of internally stored nutrients for growth is light-depen- 
dent. Single-nutrient limitation is determined by comparing the N:P 
atoinic ratio to the threshold (Droop 1974; Rhee 1978) for the partic- 
ular group of phytoplankton being simulated. Actual nutrient 1 imitation 
is a function of the subsistence quota (the concentration of the nutri- 
ent per unit algal biomass) of the limiting nutrient and is independent 
of the nutrient uptake and assimilation terms. 

Uptake of phosphorus and 

At present 

Light limitation is treated in an equally complex manner, primarily 
because of representing adaptation to varying light intensities (Groden 
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1977)- The slope of photosynthesis to light i n  the light-limited 
range is a linear function of chlorophyll concentration and the chloro- 
phyll concentration is an exponential function of light in phytoplank- 
ton other than diatoms. The light saturation value for photosynthesis 
is a function of the slope. Light limitation at inhibitory levels is 
represented by Steel e's (1965) equation ; and below inhibitory 1 eve1 s 
Smith's 11936) equation is used, following the recommendation of Jassby 
and Platt (1976). 
matter, particulate organic matter, and phytoplankton concentrations. 
Photoperiod is taken into account. 

Light extinction is a function of dissolved organic 

Temperature limitation does not enter into the photosynthesis 
equation directly, but rather is used to determine the light-saturation 
value and the rate of nutrient uptake. 
Groden ( 1977) is used to cal cul ate temperature dependency. Optimum 
temperature is a nonlinear function of ambient temperature, using a 
generalization (Groden 1977) of Straxkraba's (1976) empirical function. 

A nonlinear curve developed by 

Inflow, outflow and advective transport among vertical and hori- 
zontal segments are modeled explicitly by means of linking subroutines 
that can simulate up to ten segments simultaneously. 

Grazing differentiates between saturation-kinetic feeding, exhi- 
bited by copepods and fish, and uniform-rate feeding, exhibited by 
cladocerans that filter at a constant rate. Grazing is a function of 
temperature and is modified by prey preference using a generalization 
of the construct of Park _ _  et al. (1974). 

CASE STUDIES 

Because of the complexity and multiple interactions of the envir- 
onmental responses of phytoplankton, it is difficult to know intui- 
tively what wi 1 1  happen under a particular set of circumstances. 
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simulation models are useful because they cain formalize our concepts 
of these responses and can keep track of the combined interactions. 
Two examples will be given to demonstrate this. 

Slapy Reservoir, Czechoslovakia 

The- reservoir has a surface area of 13.1 km’; length is 44.5 km; 
maximum depth is 53 m; mean depth is 20 m; and mean retention time is 
38.5 days; withdrawal is hypo1 imnetic (Hrba’Eek and Strazkraba 1966). 

The two-layer version of the model CLEANER developed by Youngberg 
(1977) was used to simulate the reservoir ecosystem. The frequent 
oscillations in the three phytoplankton groups (Figure 12) do not seem 
to be borne out by the observed levels. This suggests that the model 
is too sensitive to changing nutrient levels, and that intracellular 
storage of nutrients is needed to stabilize the dynamics (Park 1978). 

The model was perturbed by increasing the nitrogen loadings by a 
factor of 3.6 and the phosphorus loading by a factor of 2, correspond- 
ing to conversion of the drainage basin to 100 percent cultivation 
(based on data from Stra;kraba and StraGkrabova 1976). The simulation 
of phytoplankton (Figure 13) is very similar to the normal simulation. 
This suggests that the phytoplankton are light-limited rather than 
nutrient-limited because of the high allochthonous turbidity and self- 
shading due to their already high biomass. 
(not shown) resulted in a significant decrease in biomass, especially 
in diatoms. 

A reduction in nutrients 

gvre Heimdal svatn, Norway 

The lake has a surface area of 0.775 km2; length is 3 km; maximum 
depth is 13 m; mean depth is 4.7 m. It is subalpine and is ultraligo- 
trophic (Larsson _- et al. in press). 
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FIGURE 12. Simulation of phytoplankton biomass in epilimnion of 
Slapy Reservoir, Czechoslovakia, 1960. 
- -  - predicted, 0 = observed diatoms; 
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. . . = predicted, 
Unpublished data courtesy of PI. Stra:kraba. After 
Youngberg, 1977. 

A = observed blue-green algae. 
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FIGURE 13. Simulation of phytoplankton bi'omass in Slapy 
Reservoir, Czechoslovakia, with nitrogen loading 
3.6 times normal and phosphate loading 2 times 
normal. Legend same as Figure 12. 

179 



Although it is a natural lake, it is illustrative of the problems 
of simulating throughflow because the mean retention time is two months 
and during spring runoff the retention time may be two to three days. 
Furthermore, nutrient loading is highly variable. He found that a ver- 
sion of CLEANER without intracellular storage of nutrients consistently 
predicted a phytoplankton peak that corresponded to the peak phosphate 
loading,-instead of the observed phytoplankton peak three weeks later. 

The MS-CLEANER model, with an intracellular nutrient submodel de- 
veloped by Collins (1979), yielded an excellent fit to the data (Fig- 
ure 14). A plot of the process rates (Figure 15) demonstrates that the 
simple biomass curve is actually a function of several complex biologi- 
cal responses, reflecting the combined effects of the environmental 
factors. Loss due to outflow, even during the spring spate, was .negli- 
gible and was not plotted. 

Both light and nutrients limited growth (Figure 16), with nutrient 
1 imitation being by far the most severe--even with intracellular stor- 
age. 
and in the summer when photoinhibition occurred. 
effect because of the adaptive capability of the algae, which was simu- 
lated well with the adaptive temperature formation (Figure 17). 

Light limitation was important during times of heavy ice cover 
Temperature had little 

When the flow rate was increased a hundredfold the phytoplankton 
biomass decreased to approximately one-half normal and zooplankton, 
with a slower turnover rate, decreased to 13 percent of normal (Figure 
18). 

Because of its realistic process equations, MS-CLEANER is capable 
of modeling the highly variable, combined effects of light, temperature, 
nutrients, and flow rate as in this example. Although its antecedent, 
CLEANER, is not as powerful (lacking adaptive constructs and state var- 
iables for intracellular nutrient), it is still capable of simulating 

180 



'11 I 
I 

-.. 
A -  _,+ 
s - 4 3  

0 0  

4 

3ays 

FIGURE 14. Simulation of biomass in gvre Heimdalsvatn, Norway, 
1972. -3- = predicted, o = observed phytoplankton; 
--A-- = predicted, A = observed zooplankton. 
Unpublished data courtesy of P. Larsson. From 
Col1 ins 1979. 

181 



I 
I 

r.: I 

I'. ! 
0 

I 
* I  

I 

C 
H i 

- 1  
! i  

I 

7 
I 

M m 
0 
.3 
4 

i 
I r.4 
? c. 
- ;  
j r-. 

I O  
I f  I r n  
I 
I 

7 
I 

Days . 

FIGURE 15. Process rates of phytoplankton for Ovre Heimdal svatn, 
I'lorway, 1972. 1 = db/dt, 2 = net primary production, 
3 = respiration, 4 = nonpredatory mortality, 5 = 
excretion, 6 = grazing. From Collins 1979. 

182 



1 .  

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.0 1 I I I I * I I i  I l l l l l I I I  l l l l l l  

15 155 295 379 
Days 

FIGURE 16. Seasonal plots of the simulated light reduction 
factor ( e , )  and the nutrient reduction factor ( 
for phytoplankton growth in gvre Heimdalsvatn, 
Norway. After Desormeau, 1978. 

183 



U 

A : I  

B 
A 

(B 

A 0  

A 

A A 
A A A A  

I I I I I I I I I I I I I 
m P m m - i r n ~  m m - ~ m r - m  
N m m 4 . 3  W m w m  m o m w  

- I - I - l - I N N  N m m m  

nays 

FIGURE 17. Comparison of simulated optimum temperature for 
photosynthesis ( B) ) with ambient water temperature 
( A) ; gvre Heimdal svatn , Norway, 1972. Unpubl ished 
data courtesy of P. Larsson. From Desormeau, 1978. 

184 



0.12 

0.1! 

CrJ 
E 
0 0.0 

0.0 

0.0 ii 
1 141 281 365 

Days 

FIGURE 18. Perturbation of flow rate (hundredfold increase) 
for Ovre Heimdal svatn , Piorway; - phytoplankton, 
o e o zooplankton. 

185 



interactions such as the negative feedback of light limitation on 
phytoplankton in a hypereutrophic reservoir. We feel that the dynarn- 
ics of reservoirs can be best understood and predicted through the use 
of realistic models such as these. 

186 



L E G E N D  

187 



LITERATURE CITED 

Aruga, Y. 1965. Ecological studies of photosynthesis and matter 
production of phytoplankton, 11. Photosynthesis of algae in rela- 
tion to light intensity and temperature. Bot. Mag. Tokyo 78:360-365. 

Bierman, V.S., Jr. 1974. Dynamic mathematical model of algal growth. 
Ph.D. Thesis, University of Notre Dame. 

Bierman, V.S., Jr. 1976. Mathematical model of the selective en- 
hancement of blue-green algae by nutrient enrichment. In R.P. Canale 
(ed). Mathematical modeling of biochemical processes in aquatic eco- 
systems. Ann Arbor Science Press. pp. 1-31. 

Blackman, F.F. 1905. Optima and limiting factors. Ann. Botany 
(London) 19: 281 -295. 

Bloomfield, J.A., R.A. Park, D. Scavia, and C.S. Zahorcak. 1973. 
Aquatic modeling in the eastern deciduous forest biome. U.S. Inter- 
national Biological Program. In: E.J. Middlebrooks, D.H. Falkenborg, 
and T.E. Maloney (eds) , Modeling the eutrophication process. 
Research Laboratory, Logan, Utah. pp. 139-158. 

Water 

Bogdan, K.G. and D.C. McNaught. 1975. Selective feeding by Diaptomus 
and Daphnia. Verh. Intl. Ver. Limnol. 19:2935-2942. 

Boleyn, B.J. 1972. Studies on the suspension of the marine centric 
diatom Ditylum brightwelli (West) Grunow. Int. Rev. Gesamten Hydro- 
biol. 57:587-597. 

Boylen, C.W. and T.D. Brock. 1973. Effects of thermal additions from 
the yellowstone geyser basins on the benthic algae of the Firehole 
River. Ecol ogy 54( 6) : 1282-1 291 . 

Boylen, C.W. and T.D. Brock. 1974. A seasonal diatom in a frozen 
Wisconsin Lake. Jour. of Phycology 10(2):210-213. 

Burns, C.W. and F.H. Rigler. 1967. Comparison of filtering rates of 
Daphnia Rosea in lake water and in suspensions of yeast. Limnol. 
Oceanogr. 12:492-502. 

Canale, R.P., L.M. DePalma, and A.H. Vogel. 1976. A plankton-based 
food web model for Lake Nichigan. In: R.P. Canale (ed.), Modeling 
biochemical processes in aquatic ecosystems. Ann Arbor Science 
Pub1 i shers , Inc. pp. 33-75. 

Caperon, J. and J. Meyer. 1972a. Nitrogen-limited growth of marine 
phytoplankton -- I. Changes in population characteristics with steady- 
growth rate. Deep-sea Res. 19: 601 -618. 

188 



Chapman, G. and A.C. Rae. 1969. Excretion of photosynthate by a 
benthic diatcjm. Marine Biology 3341-351. 

Chen, C.W., M. Lorenzen, and D.J. Smith. 7975. A comprehensive 
water qual i ty-ecological model for Lake Ontario. Tetra Tech Contract 
No. TC-435. Great Lakes Environmental Research Laboratory, Ann Arbor, 
Mi chi gan. 

Chisholm, S.W., R.G. Stross, and P.A. Nobbs. 1975. Environmental and 
intrinsic control of filtering and feeding rates in Arctic Daphnia. 
J. Fish.. Res. Bd. Can. 32:219-226. 

Cloern, J. 1977. Effect of light intensity and temperature on 
Cryptomonas ovata (Cryptophyceae) growth and nutrient uptake rates. 
Jour. of Phycology 13: 389-395. 

Cloern, J. 1978. Simulation model of Cryptomonas ovata population 
dynamics in southern Kootenay Lake, British Columbia. Ecol . Modeling 
4( 2,3) : 133-149. 

Collins, C.D. 1979. Formulati-on and validation of a mathematical 
model of phytoplankton growth. Ecology in press. 

Daft, M.J. and W.D.P. Stewart. 1973. Light and electron microscope 
observations on algal lysis by bacterium CP-1. New Phytol. 72:799-806. 

Davis, C.O. 1976. Continuous culture of marine diatoms under sili- 
cate limitation. 11. Effect of light limitation on growth and nutrient 
uptake of Skeletonema costatum. J. Phycol . 12: 291 -300. 

DePinto, J.V. 1979. Water column death and decomposition of phyto- 
plankton: an experimental and modeling review. In: D. Scavia and 
A. Robertson (eds.), Ann Arbor Science Publishers, Inc. pp. 25-52. 

Desormeau, C.J. 1978. Mathematical modeling of phytoplankton kinet- 
ics with application to two alpine lakes. Report #4, Center for 
Ecological Modeling, Rensselaer Polytechnic Institute,. Troy, New 
York. 21 p. 

Di Toro, D.M., R.V. Thomann, D.J. O'Connor, and J.L. Mancini. 1977. 
Estuarine phytoplankton biomass.models -- verification analyses and 
preliminary applications. In: I.N. McCave, J.J. O'Brien, and J.H. 
Steele (eds.). Wiley-Interscience Publications. pp. 969-1020. 

Droop, M.R. 1973. Some thoughts on nutrient limitation in the algal. 
Jour. Psychology 9:264-272. 

Droop, M.R. 1974. The nutrient status of algal cells in continuous 
culture. M. Mar. Biol. Ass., U.K. 54:825-855. 

189 



Eppley, R.bJS9 R.W. Holmes, and Strickland. 1957. Sinking rates of 
marine phytoplankton measured with a fluorometer. J. Expt?. Marine 
Biol . Ecol . 1 : 191 -208. 

Fogg, G.E., C. Nalewajko, and W.D. Watt. 1965. Extracellular product 
of phytoplankton photosynthesis. Proc. R. SOC. B. 162: 517-534. 

Fogg, G.E., W.D.P. Stewart, P. Fay, and A.E. Walsby. 1973. The blue- 
green algae. Academic Press. 459 p. 

Frost, B.W. 1975. A threshold feeding behavior in Calanus pacificus. 
Limnol . Oceanog. 20: 263-266. 

Fuhs, G.W. 1969. Phosphorus content and rate of growth in the dia- 
toms Cyclotella nana and Thalassiosira fluviatilis. J. Phycol . 
5: 31 2-321. 

Fuhs, G.W., S.D. Demmerle, E. Canelli, and M. Chen. 1972. Character- 
ization of phosphorus-limited plankton algae (with reflections on the 
limiting nutrient concept). In: G. Likens (ed), Nutrients and 
eutrophication. Limnol. Oceanogr. Spec. Symp. 1:113-132. 

Gasith, A., B. Sneh, and A.S. Perry. 1978. The effect of pesticides 
on food chain crganisms in a fish pond ecosystem. 
International Congress of Ecology, Israel. 

INTECOL, Second 

Grenney, W.J., D.A. Bella, and H.C. Curl, Jr. 1973. A mathematical 
model of the nutrient dynamics of phytoplankton in a nitrate-limited 
environment. Biotech. and Bioeng. 15: 331 -358. 

Groden, T.W. 1977. Modeling temperature and light adaptation of 
phytoplankton. Report #2, Center for Ecological Modeling, Rensselaer 
Polytechnic Institute, Troy, New York. 17 p. 

Hellebust, J.A. 1967. Excretion of organic compounds by CUI tured 
and natural populations of marine phytoplankton. In: G.H. Lauff 
(ed. ), Estuaries. Am. Assoc. Adv. Sci. Publ . No. 83. pp. 361-366. 

Hrb%ek J., and M. Strazkraba. 1966. Horizontal and vertical distri- 
bution of temperature, oxygen, pH and water movements in Slapy Reser- 
voir (1958-1960). In: J. HrbiZek (ed.) , Hydrobiological studies. 
1 Academic Publ. House of the Czechoslovak Academy of Science, 
Prague 7-40. 

Jassby, A.D. and T. Platt. 1976. Mathematical formulation of the 
relationship between photosynthesis and light for phytoplankton. 
Limnol . Oceanog. 21 : 540-547. 

190 



Jones, J.G. 1976. The microbiology and decomposition of seston 
in open water and experfmental enclosures in a productive lake. 

Jfirgensen, E.G. and E.S. Nielsen. 1965. Adaptation in plankton 
algae. Mem. 1st. Ital. idrobiol. 18:37-46. 

Jour. of ECGI Ogy 64: 241 -278. 

J6rgensen, E.G., H. Mejer, and M. Friis. 1978. Examination of a 
lake model. Ecol. Modeling 4(2,3):253-278. 

Kamykowski , D. 1978. Organism patchiness in lakes resulting from 
the interaction between the internal seiche and planktonic diurnal 
vertical migration. Ecol . Modeling 4(2,3):197-210. 

Kok, B. 1956. On the inhibition of photosynthesis by intense light. 
Biochimica et Biophysica ACTA 21:234-244. 

Koonce, J.F. 1972. Seasonal succession of phytoplankton and a model 
of the dynamics of phytoplankton growth and nutrient uptake. 
published Ph.D. dissertation, University of Wisconsin. 

Un- 

Kremer, J.N. and S.W. Nixon. 1978. A coastal marine ecosystem 
simulation and analysis. Springer-Verlag. 217 p. 

Larsson, P., J.E. Brittain, L. Lien, A. Lillehammer, and K. Tangen. 
(in press). The lake ecosystem of ldvre Heimdalsvatn. For publica- 
tion in Holarctic Ecology. 

Lehman, J.T., D.B. Botkin, and G.E. likens. 1975. The assumptions 
and rationales of a computer model of phytoplankton population dynam- 
ics. Limn01 . Oceanog. 20:343-364. 

Leung, D.K. 1978. Modeling the bioaccumulation of pesticides in 
fish. Report #5, Center for Ecological Modeling, Rensselaer Poly- 
technic Institute, Troy, New York. 18 p. 

MacIsaac, J.J. and R.C. Dugdale. 1969. The kinetics of nitrate and 
ammonia uptake by natural populations of marine phytoplankton. Deep 
Sea Res. 16:45-57. 

McAllister, D.C. 1970. Zooplankton rations, phytoplankton mortality, 
and estimation of marine production. In: J.H. Steele (ed.), Marine 
Food Chains, University of California Press. 419 p. 

McNaught, D.C. 1979. Considerations of scale in modeling large 
aquatic ecosystems. In: D. Scavia and A. Robertson (eds.), Per- 
spectives on lake ecosystem modeling, Section I: Improved model 
components. Ann Arbor Science Publishers, Inc. pp. 3-25. 

, 

191 



Nalewajko, C. 1966. Fhotosynthesis and excretion in various 
planktonic algae. Limnol. Oceanogr. 1 1  :l-lO. 

Nielsen, E.S. 1962. Inactivation of the photochemical mechanism 
in photosynthesis as a means to protect the cells against too high 
light intensities. Physiol. Plantarum 15:151-171. 

Nielsen, E.S., V.K. Hansen, and E.G. Jfirgensen. 1962. The adapta- 
tion to different light intensities in chlorella vulgaris and the 
time dependence on transfer to a new intensity. Physiol. Plantarum 
1 5: 505-51 7. 

Nixon, S.W., C.A. Oviatt, and B.A. Buckley. In press. Turbulent 
mixing in marine microcosms - some relative measures and ecological 
consequences. In: The state of marine environmental research. 

Nyholm, N. 1975. Kinetic growth of phosphate-limited algal growth. 
Ph.D. dissertation, Technical University of Denmark (in Danish). 

Nyholm, N. 1977. Kinetics of phosphate limited algal growth. Bio- 
tech. and Bioeng. 14:467-492. 

Nyholm, N. 1978. A simulation model for phytoplankton growth and 
nutrient cycling in eutrophic, shallow lakes. Ecol. Modeling 4: 
279-31 0. 

O'Brien, J.J. and J.S. Wroblewski. 1976. A simulation of the meso- 
scale distribution of the lower marine trophic levels off West 
Florida. Academic Press. 

Park, R.A. 1978. A model for simulating lake ecosystems. Report 
if3, Center for Ecological Modeling, Rensselaer Polytechnic Institute, 
Troy, New York. 19 p. 

Park, R.A., R.V. O'Neill, J.A. Bloomfield, H.H. Shugart, Jr., R.S. 
Booth, R.A. Goldstein, J.B. Mankin, J.F. Koonce, D. Scavia, M.S. 
Adams, L.S. Clesceri, E.M. Colon, E.H. Dettmann, J.A. Hoopes, D.D. 
Huff, S. Katz, J.F. Kitchell, R.C. Kohberger, E.J. LaRow, D.C. 
McNaught, J.B. Mankin, J.L. Peterson, J.E. Titus, P.R. Weiler, J.W. 
Wilkinson, and C.S. Zahorcak. 1974. A generalized model for simu- 
lating lake ecosystems. Simulation 33-50. 

Park, R.A., L.S. Clesceri, P. decaprariis, R.Haimes, H.F. Herbrandson, 
W. Reeves, S.Ross, and W.W. Shuster. 1977. Modeling transport and 
behavior of pesticides in aquatic environments. Interim report for 
Grant No. R804820010. U.S. Environmental Protection Agency, Athens, 
Georgia. 

192 



Park, R.A., T.W. Groden, and C.J. Desormeau. 1979. Modifications 
to the model CLEANER requfring further research. In: D. Scavia 
and A. Robertson (eds), Perspectives on lake ecosystem modeling. 
Section 11: Identification of research needs through model studies, 
Ann Arbor Science Publishers, Inc. pp. 87-108. 

Park, R.A., C.D. Collins, D.K. Leung, C.W. Boylen, J. Albanese, 
P. decaprariis, and H. Forstner. In press. The aquatic ecosystem 
model MS-CLEANER. Proc. of First International Conf. on State of 
the Art of Ecol. Model, Denmark. 

Pasciak, W.J. and J. Gavis. 1974. Transport limitation of nutrient 
uptake in phytoplankton. Limnol . Oceanog. 19(5):881-888. 

Patten, B.C., D.A. Egloff, T.H. Richardson, -- et al. 1975. Total 
ecosystem model for a cove in Lake Texoma. In: B.C. Patten (ed.), 
Systems analysis and simulation in ecology. Academic Press. 
p. 206-415. 

Rhee, G-Yull. 1973. A continuous culture study of phosphate uptake, 
growth rate and polyphosphate in Scenedesmus sp. J. Phycol. 9: 
495-505. 

Rhee, G-Yull . 1974. Phosphate uptake under nitrate 1 imitation by 
Scenedesmus sp. and its ecological imp1 ications. J. Phycol ~ 10: 
47 0-475 - 
Rhee, G-Yull. 1978. Effects of N:P atomic ratios and nitrate 
limitation on algal growth, cell composition, and nitrate uptake. 
Limnol . Oceanog. 23: 10-25. 

Scavia, D. 1979. The use of ecological models of lakes in synthe- 
sizing available information and identifying research needs. In: 
D. Scavia and A. Robertson (eds.), Perspectives on lake ecosystem 
modeling, Section VI. Ann Arbor Science Publishers, Inc. p. 109-168. 

Scavia, D. and R.A. Park. 1976. Documentation of selected constructs 
and parameter values in the aquatic model CLEANER. Ecol. Modeling 
2: 33-58. 

Scavia, D., B.J. Eadie, and A. Robertson. 
for the Great Lakes. Contribution No. 64, Great Lakes Environmental 
Research Laboratory, NOAA, Ann Arbor, Michigan. 63 p. 

1976. An ecological model 

Serruya, C. and T. Berman. 1975. Phosphorus, nitrogen and the growth 
of algae in Lake Kinneret. Jour. of Phycol. 11(2):155-152. 

Smayda, J.J. 1970. The suspension and sinking of phytoplankton in 
the sea. Oceanog. Marine Biol. Ann. Rev, 8:353-414. 

193 



Smayda, JStJ. 1334. Some experiments on the sinkiilg characteristics 
of two freshwater diatoms. Limnol. Oceanog. 19:628-635. 

Smith, E.L. 1936. Photosynthesis in relation to light and carbon 
dioxide. National Academy of Sciences, Proc. 22:504-511. 

Smith, J.H., W.R. Mabey, N. Bohonos, B,R. Holt, S.S. Lee, T.W. Chou, 
D.C. Bomberger, and T. Mill. 1977. Environmental pathways of se- 
lected chemicals in freshwater systems, Part I: Background and 
experimental procedures. EPA-600/7-77-113, U.S. Environmental 
Protection Agency, Athens. 81 p. 

Steel, J.A. 1972. The application of fundamental limnological re- 
search in water supply system design and management. Symp. Zool. 
SOC. , London 29: 41 -67. 

Steele. J.H. 1962. Environmental control of photosynthesis in the 
sea. Limnol. Oceanog. 7~137-150. 

Steele and M.M. Mullin. 1977. Zoop 
Goldberg, I.N. McCave, J.J. O'Brien, 
sea: Vol. 6, Marine Modeling, Wiley 
pp. 857-890. 

ankton dynamics. In: E.D. 
and J.H. Steele (eds.), The 
In tersci ence Pub1 i ca tion. 

Steele, J.H. and C.S. Yentsch. 1960. The vertical distributions 
of chlorophyll. J. Mar. Biol . Assoc. , U. K. 39: 21 7-226. 

Stefan, H., T. Skoglund, and R. Megard. 1976. Wind control of 
algae growth in eutrophic lakes. Jour. Env. Eng. Div., Proc. of 
the Am. SOC. Civil Eng. 102(EE6):1201-1213. 

Stra:kraba, M. 1973. Limnological basis for modeling reservoir 
ecosystems. Geophy. Monograph Series 17. 

Strazkraba, M. 1976. Development of an analytical phytoplankton 
model with parameters empirically related to dominant controlling 
variables. In: R. Glaser, K. Unger, and M. Koch (eds.), 
Umwel tbiophysik, Academic Verlag, Berlin 33-65. 

Strazkraba, M. and V. Straskrabova. 1975. Management problems 
of Slapy Reservoir, Bohemia, Czechoslovakia. Proc. Water Res. 
Center Program, Paper 16, Session 4. 

Stickland, J.D.H. 1966. Measuring the production of marine phyto- 
plankton. Bull. Fish. Res. Bd. Can. 122:l-172. 

194 



Thomann, R,V. 1979. 99 analysis of PCS in Lake Ontario dsing a 
size-dependent food chain model. In: D. Scavia and A. Robertson 
(eds.), Perspectives on lake ecosystem modeling, Section IV: New 
directions in ecosystem analysis, Ann Arbor Science Publishers, 
Inc. pp. 293-320. 

Thoman, R.V., D.M. Di Toro, R.P. Winfield, and D.J. O'Connor. 1975. 
Mathematical modeling of phytoplankton in Lake Ontario, Part 1. 
Model development and verification. EPA-600/3-75-005, U.S. Environ- 
mental Protection Agency, Corvallis, Oregon. 

Tilzer, M. 1972. Bacterial productivity of a high-mountain lake. 
Verh. Internat. Verein. Limnol. 18:188-196. 

Titman, D. and P. Kilham. 1976. Sinking in freshwater phytoplank- 
ton: some ecological implications of cell nutrient status and phys- 
ical mixing processes. Limnol . Oceanog. 21 (3):409-417. 

Yentsch, C.S. and R.W. Lee. 1966. A study of photosynthetic light 
reactions, and a new interpretation of sun and shade phytoplankton. 
J. Mar. Res. 24:319-337. 

Youngberg , B.A. 1977. Appl ication of the aquatic model CLEANER to 
a stratified reservoir system. Report #1, Center for Ecological 
Modeling, Rensselaer Polytechnic Institute, Troy, New York. 22 p. 

Watt, W.D. 1966. Release of dissolved organic material from the 
cell s of phytopl ankton popul ations. Proc. R. SOC. B. 164: 521 -551. 

Wroblewski, J.S. and J.J., O'Brien. 1976. A spatial model of 
phytoplankton patchiness. Marine Biol . 351 61 -175. 

195 



USE AND INTERPRETA'TION OF DETAILED, MECHANISTIC MODELS 
OF PHYTOPLANKTON D Y N R ~  

Donald Scavia 
Research Scientist 

'GLERL Contribution No. 188 

Great Lakes Environmental Research Laboratory 
National Oceanic and Atmospheric Administration 

2300 Washtenaw Avenue 
Ann Arbor, Michigan 48104 

196 



INTRODUCTION 

Aquati c eccsystems compri se compf ex i nieractions of many bio! ogi ca19 

chemical, and physical processes. Effects of our impact on these 

systems are manifest also in complicated ways and at several levels of 

detail. For example, symptoms of eutrophication include increases in 

total algal biomass (a gross symptom) and shifts in algal dominance from 

diatoms to blue-greens (a detailed symptom). 

models of the aquatic ecosystem are often suggested as a method of 

predicting such detailed symptoms because several of these models have 

been successful in simulating observed conditions in certain lakes. It 

is my opinion, however, based on experience with such models, that their 

use for long-term predictions is at best dubious. 

this is that coefficient values (e.g. , half-saturation constants, sink- 

i ng rates 

discern functional groups of phytoplankton (e.g., diatoms, greens, blue- 

greens) are not available; that is, o erlap in measured coefficients for 

the individual functional groups prec udes use of significantly differ- 

ent values. 

Complicated mechanistic 

The main reason for 

sel ecti ve feeding constants for zoopl an kton) necessary to 

This situation presents water resource managers with a difficulty. 

The problems, on the one hand, often require analysis at the level of 

detailed symptoms (i .e. 

species-specific or at least functional-group dependent). 

nology, on the other hand, is generally only capable of estimating 

responses at the level of gross symptoms (e.g., annual average total 

phosphorus, total a1 gal biomass dynamics). 

filter clogging and taste and odor problems are 

The tech- 
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Given this situation, the manager must still make important de- 

cisions. 

ions. The procedure involves use of simple engineering tools, tradi- 

tional limnological analyses, and detailed, mechanistic models and is as 

follows: (1) Use simple mass balance models to estimate future nutrient 

conditions on the basis of proposed alterations to the water body (e.g., 

load alterations). (2) Estimate important gross parameters, such as 

N:P:Si ratios, on the basis of changes in nutrient levels and the geo- 

chemical settings of the water body. (3) Use total phytoplankton 

biomass models to estimate dynamics and magnitude of future algal bio- 

mass. (4) Use both traditional analysis of field and experimental data 

and analysis of simulations with a detailed, mechanistic model to deter- 

mine controls of plankton and nutrient cycle dynamics under present 

conditions. (5) Combine results from the above analyses with expert 

I suggest the following guide as an aid to making those decis- 

tions. 

be as follows: 

phosphorus is 

expected to decrease by 10 percent. 

lations and basin geochemistry, future si1 ica concentrations are ex- 

pected to remain.constant; the P:Si ratio will therefore decrease. (3) 

Gross phytoplankton models estimate only a 2-5 percent decrease in total 

algal biomass. (4) Analysis of present reservoir conditions indicates 

that the algal composition is controlled initially by the rate of thermo- 

cline set-up and later by the relative supplies of phosphorus and silica. 

(5) 

reduction in phosphorus load would not significantly reduce total algal 

(2) Based on present load calcu- 

By combining the above information, one might expect that the 

limnological judgment to estimate detai 

A very simple example of the above 

(1) Based on mass balance models, annua 

ed future cond 

approach would 

average total 
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biomass but rather produce an important shift of algal dominance from 

green algae to diatoms based on the suspected control mechanl”srns and the 

expected reduction in the P:Si ratio. 

I feel that this approach of combining data analysis, limnological 

judgment, and a spectrum of models will serve the decision-maker and 

water resource manager well. It is in this context that I will discuss 

the use of detailed, mechanistic models in reservoir management, speci- 

fically as an aid to understanding present system controls. 

UNDERSTANDING PRESENT ECOSYSTEM DYNAMICS 

Examination of isolated biological, chemical, or physical processes 

provides insight into that process and perhaps some qualitative estimate 

of its importance relative to other processes. The best way to estimate 

quantitatively the relative influence of various processes on the 

control of phytoplankton dynamics is to examine several of the processes 

simultaneously. This is both difficult and expensive, especially for 

large systems. Thus, we are often left with “snap-shots in time” of 

state variable concentrations. I will demonstrate below how the use of 

a detailed, mechanistic model to synthesize isolated process information 

and to interpolate between snap-shots of state variables can provide 

additional insight into control of phytoplankton dynamics. 

This particular application is for Lake Ontario and comprises three 

phases. 

ables and some processes. 

of a detailed, mechanistic model to simulate these measurements and to 

The primary phase was collection of data on both state vari- 

The second phase was development and testing 

I 
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become a functionally based data interpolator. 

analysis of simulation output, measured system variables, and -- in situ 

and -- in vivo process measurements to determine system controls. In the 

following sections of the present paper, I briefly describe the model, 

show the dynamics of the measured variables, report the results of 

testing the adequacy of the model as an interpolator of those data 

(Scavia 1979a), and summarize model tests at the level of process dy- 

namics and use of the model to examine control of phytoplankton pro- 

duction and phosphorus cycling in take Ontario (Scavia 1979b). 

The third phase was 

Model and Data 

Scavia -- et al. (1976a) developed an ecological model of Lake Ontario 

that simulates the seasonal dynamics of several biological and chemical 

properties in the epilimnion, the metalimnion, the hypolimnion, and the 

lake sediment. 

basic limnological and ecological properties of Lake Ontario on a lake- 

wide averaged basis. That model has been tested by application to the 

other Great Lakes (Scavia -_ et al. 1976b) and by comparison (Scavia and 

Chapra 1977) to output from models of the phosphorus loading concept 

(Dillon and Rigler 1974a,b); and a modified version has been used to 

examine specific aspects of the ecology of Lake Ontario (Robertson and 

Scavia 1979; Scavia 1979b). The model used herein is an extension of 

The main objective of this work was to investigate the 

that work. 

The model (Figure 1) inc 

phosphorus, nitrogen, silicon 

udes phytoplankton; zooplankton; cycles of 

and carbon; an oxygen balance; and 
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calculations of the carbonate equilibrium system. A sediment compart- 

meiit includes benthic iixertebrates as well as cycles of csrbon, phos- 

phorus, nitrogen, and silicon. The reason for segregating phytoplankton 

and zooplankton each into several groups is to allow for differences in 

functional requirements (e. g. , diatoms versus non-diatoms) and processes 

(e.g. , size-selective filter feeders versus non-selective feeders). 

Each model compartment is represented by a differential equation 

composed of important biological, chemical, and physical processes. For 

example, the phytoplankton equation includes terms for gross primary 

production, respiration, excretion, grazing, sinking, and vertical 

mixing; and the zooplankton equation includes terms for grazing, assimi- 

lation, respiration, excretion, defecation, and predation. Justifica- 

tion and rationales for the process equations used, as well as detailed 

documentation of the overall model, are presented in Scavia (1979a). 

What follows is a general description of the processes included in the 

model. 

Gross phytoplankton production is considered to be a single-step 

process that assumes, for the time-scale of the model (several days), 

that rates of uptake and growth are in equilibrium. 

modeled with a temperature-dependent, maximum growth rate times a re- 

duction factor for 1 ight- and nutrient-1 imitation. 

limitation is modeled after Vollenweider (1965) and Steele (1965) and 

potential nutrient-limitation is expressed as a Michaelis-Menten term 

for each nutrient. The threshold formulation is used to determine 

overall limitation. Phytoplankton respiration is considered to be the 

The process is 

Potential 1 ight- 
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sum of a low maintenance rate plus a term proportional to production, as 

well as a function of temperature. 

constant nutrient stoichiometry within the plankton, nutrient excretion 

is assumed tr: be proportional to respired carbon. 

For the purpose of maintaining 

Zooplankton grazing is handled as a temperature-dependent saturat- 

ing expression based on total food supply. 

minimum threshold for feeding as well as resource partitioning based on 

size-selection. Feeding and assimilation efficiencies are regarded as 

food-specific constants. Food ingested but not assimilated is egested 

as detritus. 

sum of a low maintenance rate and a term proportional to the feeding 

rate. Nutrient excretion is proportional to respiration. 

The expression includes a 

Respiration is a temperature-dependent process that is the 

Transformation rates between detritus , dissolved organic nitrogen, 

ammonia, nitrite plus nitrate, available phosphorus, and available 

silicon pools all are temperature dependent and first order. Sinking 

rates of phytoplankton and detritus are size and density dependent. 

Vertical mixing is modeled as an exchange coefficient times the concen- 

tration gradi ent. 

The model considers the lake to be horizontally homogeneous and 

vertically segmented into two layers representing the epilimnion and 

hypolimnion. A one-dimensional, 18-layer diffusion model calibrated to 

temperature profiles ineasured in Lake Ontario is used to calculate depth 

of the thermocline and average epilimnion and hypolimnion temperatures. 

Values of the diffusion (or exchange) coefficient between the two layers 
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are then calculated from temperature changes in the two layers and from 

the velocity of thermocline displacement [Figure 2). 

The ecological model was calibrated with data collected during the 

International Field Year for the Great Lakes (IFYGL) in 1972-73. Docu- 

mentation of the seasonal cycles of the IFYGL data and the model output, 

as well as discussions of the model equations, coefficients, and sen- 

sitivity analyses, are presented in detail elsewhere (Scavia 1979a). 

A1 though the model includes detailed process equations describing the 

food web and nutrient cycles in Lake Ontario, it is still a crude repre- 

sentation of reality. Therefore, before this mode! was used in examina- 

tion of lake-scale phytoplankton production and phosphorus cycling, it 

was tested, in this context, as to its adequacy as a representation of 

the seasonal changes in relevant lake-wide averaged properties in Lake 

Ontario. This was done by comparing measured and simulated properties 

(Scavia 1979a). 

with most certainty (i.e. , chemical properties) and worst for those 

properties difficult to measure (i .e., photoplankton and zooplankton 

carbon densities) ; however, these comparisons resulted in general agree- 

ment between measured and simulated properties (Figures 3-6). These 

results demonstrate the model's ability to simulate the seasonal dy- 

namics of photoplankton, zooplankton, and the major nutrients; however, 

model output should also be compared to measurements of process rates to 

see how well the model simulates the internal dynamics of the system. 

Throughout the discussions that follow and in Scavia (1979b) , simulated 

process rates are compared to process rates that were measured in Lake 

Ontario during IFYGL or during other years. 

The comparisons are best for those properties measured 

Also, where certain processes 
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FIGURE 2. Simulated and observed (Pickett 1976) lake-wide averaged 
temperatures (top): R - epil imnion, o - hypo1 imnion. 
Simulated thermocline depth and diffusion coefficients 
(bottom) (from Scavia 1979a). 

205 



have not been observed in Lake Ontario, information from other field and 

labcrato-y studies are used for general comparfsons. 

measured rates are also in general agreement, which allows one to use 

the model to speculate about the relative importance of these processes. 

- 
1 he simulated and 

Control of Phytoplankton Dynamics 

The simulated processes controlling the season'al dynamics of one of 

the phytoplankton groups in the epilimnion are shown in Figure 7. 

stippled area indicates the net rate of change of the population bio- 

mass. In winter and early spring, the phytoplankton is controlled 

primarily by the balance between gross primary production and two phy- 

sical processes, sinking and vertical mixing. During these times, 

phytopiankton gross production is limited mainly by the availability of 

light, which is controlled both by the amount of incoming solar radi- 

ation and the depth to which the phytoplankters are mixed. Mixing 

between the two model layers becomes quite intense in early spring 

(Figure Z), indicating that the mixing depth is the depth of the entire 

water column. 

increases in algal biomass, which occur only after mid-spring when the 

The 

This loss to the dark, deeper layers prevents substantial 

surface waters in Lake Ontario begin to warm and the lake begins to 

stratify vertically. 

tions increase rapidly and the concentrations of the nutrients they 

assimilate begin to decrease. The concentrations of nutrients decrease 

because they a1 so become relatively isolated from the nutrient-rich 

lower strata. Phytoplankton production is limited by nutrients (silicon 

and phosphorus) from this time until the end of September, which has 

At this time (early June), phytoplankton popula- 
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(0-20 m) of Lake Ontario during 1972; a - Small diatoms, 
b - Large diatoms, c - Blue-greens, d - Small others, 
e - Large others. 
samples and I = lake-wide mean for depth-integrated 
profiles (from Scavia 1979a). 
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FIGURE 7. Rate plots indicating simulated controls of epil imnion 
photoplankton dynamics in Lake Ontario during 1972. Stippled 
area represents net growth rate (from Scavia 1979~). 
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previously been suggested based on mass balance considerations (Stadelmann 

and Fraser 1974) and on alga7 assays (Sridharan and Lee I97.7) a 

During the same time period (late summer), grazing stress exerted 

by zooplankton becomes most intense (Figure 3). 

simulated grazing pressure reflects the general seasonal pattern of 

crustacean zooplankton biomass. (See Scavia 1979a). All of the dominant 

species in Lake Ontario produced major biomass peaks during July or 

August in 1972 (McNaught et al. 1975). 

Lake Ontario, Glooschenko et al. (1972) measured and compared the rela- 

tive abundances of chlorophyll-a- and pheo-pigments and suggested that a 

high correlation between average percent pheo-pigment (re1 ative to total 

chlorophyll-a - zooplankton abundance was probably a result of zooplankton 
grazing. On a lakewide average basis, they found highest values for the 

percent of total chlorophyll - a as pheo-pigments to occur in August- 

October. 

This time history of 

Also, for a previous year in 

This further substantiates the simulation results in Figure 7. 

In late September, the thermocline deepens (Figure 2) and nutrient- 

rich, hypolimnetic water is mixed with epilimnetic water. Because of 

this increase in nutrient concentrations and the simultaneous increase 

in mixing depth, the algae again become limited by light. In early 

November, the lake overturns and becomes vertically homogeneous and 

phytoplankton concentrations begin to approach winter values. 

course, this is a simplification of the actual three-dimensional ef- 

fects; however, in a one-dimensional model, all advective and dispersive 

processes are parameterized as vertical mixing. 

Of 
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Control of Phosphorus Dynamics 

Although it is clear that nutrient limitation does not solely 

control phytoplankton dynamics, the role of nutrients, especially phos- 

phorus, is certainly crucial during the period of stratification. 

Therefore, to better understand the control of phytoplankton dynamics in 

Lake Ontario, one must investigate the processes influencing the cycling 

of phosphorus. To accomplish this, I constructed a phosphorus flow 

diagram (Figure 8) from model output averaged over the period of July- 

September and compared the results with available information (Scavia 

1979b). 

tive of Lake Ontario for this time period (see Figure 3-6 and Scavia 

1979a). 

phosphorus (Stadelmann and Fraser 1974) and fluxes of phosphorus across 

the thermocline (Stadelmann and Fraser 1974; Burns and Pashley 1974) are 

a1 so representative. Zooplankton grazing rates represent 50 percent and 

53 percent of the animals’ body phosphorus per day for omnivores and 

herbivores, respectively. This is consistent with general dry weight 

rations for small crustacean zooplankton (Parsons and Takahaski 1973). 

Zooplankton excretion rates represent 14 percent and 11 percent of body 

phosphorus per day for omnivores and herbivores, respectively. These 

rates agree with excretion rates summarized by Ganf and Blazka (1974) if 

one assumes for these animals a nitrogen to phosphorus body weight ratio 

of approximately 11 (cf. Parsons and Takahaski 1973). Quantitative 

information about other processes is not available and therefore, in 

those cases, model information alone will be used. 

The sizes of the five phosphorus compartments are representa- 

The rate of conversion of avai 1 ab1 e phosphorus to particulate 
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FIGURE 8. Phosphorus flow diagram. Concentration in boxes 
are in ug-P/l and in pipes in pg-P/l/day. These 
values are averaged over the period of July-September 
for the top 15 m. Phytoplankton, zooplankton, and 
detritus are evaluated in the model in terms of carbon 
and are converted to phosphorus for this figure by 
assuming a ClO6P1 atomic ratio (from Scavia 197%). 
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It can be seen (Figure 8) that it would take less than-one day for 

the phytoplankton to deplete the available phosphorus pool in the summer 

epilimnion if there were no recycling, and that external sources and 

hypolimnetic sources alone could not meet this algal phosphorus demand. 

In fact, this analysis.indicates that 87 percent of the assimilated 

phosphorus is recycled within the epilimnion. Stadelmann and Fraser 

(1974) estimate this recycling to be 87-93 percent for the upper 20 m at 

a single station during the same time period. 

Rigler (1973) suggested three possible sources for biological 

recycling of soluble PO4-P: 

teria plus phytoplankton <30 urn), (2) excretion by zooplankton, and (3) 

enzymatic hydrolysis of organic compounds. 

excretion by zooplankton and direct release from ultraplankton were 

(1) direct release by ultraplankton (bac- 

He also suggested that 

equally important. The results from Scavia (1979b) (Figure 8, Table 1) 

suggest that, for this five-compartment conceptualization, zooplankton 

excretion and direct release by phytoplankton are approximately equal 

and are the most important processes supplying phosphorus to the avail- 

able pool. The rate of remineral ization of detrital phosphorus is 

somewhat slower. 

percent of the detrital phosphorus per day, which is within the range 

measured by DePinto and Verhoff (1 977) in laboratory experiments. 

This rate represents regeneration of approximately 1.7 

While 

a1 gal 

recyc 

L 7 

he role of zooplankton in the phosphorus cycle must be emphasized. 

zooplankton has an obvious role in applying pressure to reduce 

concentrations (Figure 7), it also appears to play a dual role in 

ing phosphorus. Not only does the zooplankton input directly to 
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’Table 1. Relative recycle rates of phosphorus in the 
epil imnion during stratification; total rate = 
0.629 yg-P/’l/day (from Scavia 1979c). 

Percent of 

Recycl e Rate 
To tal 

Phytoplankton Excretion 33 

Zooplankton Excretion 

Herbivores 
Omnivores 
Total 

Detritus Decay 

External Load 

Hypo1 imnion Load 

27 
10 
37 

17 

3 

10 
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the available nutrient pools through excretion, but it also serves as a 

supplier of detrital material (feces) , which undergoes additional de- 

gradation by the decomposers and eventually adds to the available nu- 

trient supply. Thus, it may well be that the zooplafikkton is principally 

responsible for the high recycling rates estimated by Stadelmann and 

Fraser in Lake Ontario. In fact, simulations (Figure 7) indicate that 

intense zoopl ankton grazing (August-September) , 

’ 

on increases dramatically due to recycled nutrients. 

during the period o 

algal gross product 

In summarizing the information generated from this analysis, the 

statements can be made (Scavia 1979b): 

In spring and fall , phytoplankton dynamics are controlled by 
light. This light-limitation is a function of the amount of 
incoming solar radiation and the relationship of the euphotic 
depth to the mixing depth. 

In late spring and summer, phytoplankton production is limited 
primarily by silicon and phosphorus; however, some phytoplank- 
ton production continues throughout the period of stratification 
because recycling processes maintain sufficient supplies of 
nutrients. 

During stratification, available phosphorus is supplied to the 
epilimnion through external sources (3 percent of total) , 
influx from the hypolimnion (10 percent) , and biological 
recycling (87 percent). The latter process is by far the most 
important; influx from the hypolimnion is only important at 
the beginning and end of stratification, and external sources 
are low in comparison to the recycling supplies. 

The roles of zooplankton in controlling phytoplankton are com- 
plex. Grazing pressures tend to reduce algal populations in 
mid-summer; however, during this time period, zooplankton 
contributes to nutrient supplies by excretion and egestion. 
These nutrients are supplied most during mid-summer when the 
algae are under the greatest nutrient stress. 

In Scavia (1979b) and the above summary, I have used an ecological 

model of Lake Ontario to synthesize information collected on individual 
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ecosystem components and on processes. 

with traditional, iimnoiogical analyses, one can synthesize a more com- 

plete description of the system's control. 

tools mentioned above, can provide the resource manager with information 

required in the decision-making process. 

By coupling this synthesis tool 

This tool, with the other 

CAY EAT 

Suggesting this type of analysis (i.e., use of a detailed, mechan- 

istic model at the process level to aid in understanding system control) 

is dangerous. 

certainly not difficult. 

time-varying model, it may be tempting to generate this output without 

proper validation of the model. Also, what has become accepted as one 

method of validation (i.e., accurate simulation of state variables) may 

not be acceptable in this new context. 

Scavia 1979c) to illustrate this point and to emphasize the need to 

validate models based both on state variables and processes. 

Generating the type of model output displayed above is 

Ejecause it is a natural "by-product" of any 

I provide one example (see 

After initial calibration of the model described above to state 

variables measured during IFYGL, I generated the phosphorus cycling 

diagram shown in Figure 9a and began to examine the cycling rates. I 

found that, although the model adequately represented the state vari- 

ables in Lake Ontario, its estimates of several process rates were very 

much lower than experimentally and theoretically derived rates. By 

recalibrating the model while still keeping coefficient values within 

the broad "acceptable ranges," I was able to obtain more realistic 
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process rates and at the same t 

variables (Figure Sb). 

Conclusions concerning the 

me maintain a good cal bration to state 

relative importance of 

processes in the cycling of phosphorus, based on model 

particular 

output that was 

not validated on the process level (e.g., Figure sa), would be quite 

different from conclusions based on the more realistic simulation (e.g., 

Figure 9b). 
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I NT ROD U CT I ON 

In a series of papers (Harris et al. 1979a, b; Harris and Piccinin, 
1979; Haffner -- et al. 1979) we have recently described the limnology 
of Hamilton Harbour and the factors which govern the productivity and 
community dynamics of the phytoplankton. We have shown that during the 
period of summer stratification, rapid changes in mixing depth suppress 
algal photosynthesis so that the observed summer algal biomass is less 
than that predicted by the usual relationships between phosphorus inputs 
and summer chl orophyl 1 - a (Vol 1 enwei der 1976; Di 11 on 1974; Schi ndl er 
1978). 

The photosynthetic capacity (Pmax) of the algae has, in previous 
years, responded to changes in the ratio of the euphotic zone depth to 
the mixing depth (Zeu/Zm) and has been the major factor controlling in- 
tegral photosynthesis (Hairris et al. 1979b). We have concluded that 
phosphorus utilization was reduced due to the optically deep, physically 
perturbed water column (Harris et a1 . 1979b; Haffner et a1 . 1979) and 
have stated that phosphorus was not a limiting nutrient. 
viously presented no direct evidence for this conclusion, however. 

-- -- 
We have pre- 

Previous observations have been carried out only during ice-free 
periods (1975-1977), so the observations were carried out during periods 
when the temperature changed relatively little but the physical struc- 
ture of the Harbour stratification was highly variable. In this paper 
we present conclusions drawn from the entire 1978-1979 period which in- 
cludes the fall-winter-spring period of more-or-less continuous deep 
mixing but varying temperatures. The data could not have been fully 
interpreted without considering both physical regimes. 

There have been a number of recent papers in which versions of the 
phosphorus loading concent and their applications to lakes have been 
discussed (e.g., Schindler 1978; Shaffner and Oglesby 1978; Oblesby and 
Schaffner 1978). Essentially all such papers assume that phosphorus is 
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the major limiting nutrient in fresh waters and that the availability 
of such a nutrient controls such pzrameters as the smmer concentration 
of chlorophyll - a in surface waters. With few exceptions such data as 
are used for these relationships comes from small lakes. Schindler's 
(1978) analysis of data from the Great Lakes indicates quite a differ- 
ent relationship between phosphorus inputs and chlorophyll to that ob- 
served in small lakes. The Great Lakes (and particularly the coastal 
zones of those lakes) are physically quite different from small lakes 
(Boyce 1974) so there is some suggestion in the literature that physics 
may play an important role in the ecology of phytoplankton in large 
lakes. These arguments concerning the relative roles of nutrients and 
physics in large lakes are not entirely academic because large scale 
management programs in many lakes are predicated upon the models devel- 
oped. 

Many of the spring phosphorus/summer chlorophyll plots (such as that 
of Sakamoto 1966) show that 1 pg of phosphorus is expressed as 2 vg of 
chlorophyll in the summer and it may be supposed that this is an intrin- 
sic feature of algal growth. Such a relationship would in fact tend to 
give the phosphorus/chlorophyll correlations which are often observed 
in lakes, as long as, during the summer, the algae incorporate a signi- 
ficant fraction of the phosphorus available earlier in the year. 

In a recent review (Harris 1978) I have considered the relationship 
to growth and nutrient uptake by phytoplankton. I concluded Of 'max 

that as Pmax was the maximum rate of carbon fixation (per unit biomass) 
that was sustained for 4 hours in a bottle -I__ in situ then it might bear 
some relationship to growth rate of the population. There is certainly 
good physiological and ecological evidence to show that, over time per- 
iods of the order of a generation time, carbon fixation and nutrient up- 
take are controlled to produce new organisms with the correct ratios of 
cellular constituents (reviewed in Harris 1978). There are, however, 
relatively few simultaneous studies of carbon and nutrient uptake which 
would give some idea as to the variability of, say, C:P uptake ratios 
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which we might expect to find in the field in short-term experiments 
(Berman and Stiller 1977). 

The data reported in this paper examine carbon fixation, nutrient 
uptake, chlorophyll turnover times and the factors which influence 
these measures of algal performance and growth. We use data from all 
seasons to interpret the contributions of light, temperature and nu- 
trients to the growth of phytoplankton in the Harbour. 

The methods of measurement of nutrients and physical factors have 
been published by Harris _- et al. (1979a); the primary productivity meth- 
ods in Harris _- et al. (1979b). Harris -- et al. (1979a) also contains 
details of the mass balance equation used to determine the in situ rates 
of nutrient uptake. It? essence the soluble reactive phosphorus (SRP) 
concentration in the water is a function of inputs, through-flow, ex- 
change with Lake Ontario and algal uptake. 
a total dissolved solids budget to estimate Lake Ontario exchange. 

-- 

Harris -- et al. (1979a) used 

In 1978-79 the thermal structure of Hamilton Harbour was relatively 

Such 
stable compared to previous years, but the depth of the 18°C isotherm 
still oscillated from 5 to 1 1  meters during the stratified period. 
oscillations in mixing depth affected the photosynthetic performance of 
the algae from week to week and caused oscillations in photosynthetic 
capacity (Pmax) from week to week. 
limit to Pmax but physical perturbations destroyed the temperature ef- 
fect during the stratified period. 

temperature relationship became clear in a physically stable re- 'max ' 
gime. In this respect, Pmax and growth show parallel behavior. Eppley 
(1972) showed that temperature sets an upper limit for growth. This may 
be connected to the fact that photosynthesis rates are fixed by tempera- 
ture (Harris and Piccinin 1977) at saturating irradiance and no season- 
al adaptation occurs. So there was a seasonal temperature effect on 

Thus temperature fixed an upper 

After fall turnover at 15°C the 

--obscured in summer by week-to-week changes in the light regime. 'max 
Thermal regimes and light regimes interacted at a number of temporal 
scales from weeks to months. 
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-2 -1 Integral photosynthesis (CP mgC.m .h ) fluctuated in response to 
{as in pre\!ious years, Harris -- et - al, 1979b). changes in PT 

relationship did CP have to growth? Growth rates are very difficult to 
determine in this physically variable regime due to extensive vertical 
redistribution of surface cells (Haffner _ _  et al. 1979) but from the mass 
balance, maximum chlorophyll turnover times reached 0.14 daymi on a few 
occasions. This would indicate possible doubling times of approximately 
one week and would support previously published figures for the response 
times of the Harbour populations. Harris (1978) has postulated that the 
generation time of cells limits the response times for adaptation to new 
conditions and is also the fundamental integration period for fluctuat- 
ing environmental conditions. 

But what 
I ax 

Growth rates were also estimated from nutrient uptake data. Deple- 
tion of surface SRP and surface total soluble nitrogen (TSN) was used 
in the mass balance equation to estimate P and N uptake rates. 

Surprisingly the use of SRP and TSN data gave reasonable estimates 
of P and N uptake, and estimates of algal P and N contents which were 
similar to previously published data. Presumably, in the presence of 
high SRP and TSN inputs from sewage treatment plants, interactions with 
particulate P and N in fractions other than the algal fraction were in- 
significant. Growth rares (as estimated by phosphorus and nitrogen up- 
take) fluctuated less than the Pmax values. This indicated that although 
carbon metabolism fluctuated rapidly in response to changes in the 
light regime from day-to-day and week-to-week, growth of the cells tend- 
ed to average out the short-term fluctuations. 
doubling times of the populations (0.14 day-') would also tend to give 
good temporal averages if growth related parameters were estimated on 
a weekly basis. 

The relatively long 

The nutrient uptake data are summarized below. These appear to 
be the first instances of _- in situ estimates of N and P uptake for free- 
floating, natural populations. The C:N:Chl:P ratios are very similar 
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to previously published data (cf. Giddings 1977; Jones -- et al. 1978; 
Perry !Y/O and many others) indicating that most algae grow with the 
usual stoichiometric ratios. The week-by-week data, however, revealed 
more detail than just the mean ratios. The relationship between phos- 

(Chl .~ng.m-~) was non-linear. 
30 mg.~n-~ Chl,. 
against-CChla(mg.m-2), the biomass in the photic zone showing that self- 
shading was occurring and CChl was the major factor influencing the Pu 

-2 -1 rate. 
with a mean slope of 1.05 mg C.mg Chl 
ly related however as Pu showed saturation, so although the mean Pu:Cu 
was 1 : 114 (gram:gram) the ratio actually varied from 1 :75 to over 1 :2000 
at high Cu. Clearly in short-term experiments (4 h) at high irradiance, 
Cu increased during the middle of the day. 
ship was between Pu and CChl and, on a week-to-week basis, between in- 
creases in Chl and decreases in SRP (and vice versa). On a week-to- 
week basis 1 pg SRP became incorporated into 2 vg Chl. Pu and TSN up- 
take (Nu.mg N.m .h 
linearly related with a mean Nu:Cu ratio of 1:4.38. 

- -- 

phorus uptake (Pu, mgP.m -2 .h -1 ) and algal biomass per unit volume 

Pu showed a saturation effect above 
This effect was largely removed if Pu was plotted 

Carbon fixation (Cu, mgC.m .h ) was lineraly related to CChla 
. Pu and C were not linear- -! h-1 - U 

Overall, the best relation- 

-2 -1 ) were not linearly related but NU and Cu were 

This may be interpreted as follows: P, appeared to be controlled, 
not by Cu, but by the growth of new biomass as Chl. 
was more closely related to the requirements of P for energy transfer 
and metabolism per unit Chl. than to the vagaries of Cu. 
ship of 1 pg P required for 2 1.19 Chl would explain all the usual rela- 
tionships between P and Chl noted above. 
however, and because of depressed growth rates due to physical perturb- 
ations there was no relationship between P inputs and Chl in the Harbour. 
Uptake data show that Pu was never limited by the SRP concentration as 
we had surmised. 

Perhaps the Pu rate 

The relation- 

Because of the high inputs, 

Nu was directly related to Cu which may be explained by a fairly 
close link between N and C metabolism. The mean NU:Cu ratio was low, 
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however, when compared to some previously pub1 ished data (Perry 1976; 
Siawyk et ai. 1977). Summer N :Cu ratios ranged fro 1:5 to 1:15--mre 
commonly observed ratios. The winter data, however, had Nu:CU ratios 
of approximately l:2.5--rather low ratios. 
plotted against the IK of the -__ in situ populations a significant regres- 
sion resultedindicatingthat when the IK of the population was low 

, PAR) Cu was also relatively low. At high I K  (500- (75-100 ;?E rn 
What this 750 pE m 

might well indicate is that at low IK (deep mixed populations) Cu, as 
measured by -- in situ techniques, was a serious underestimate due to 
severe photoinhibition in surface bottles. We have already suggested 
that such errors might occur on physiological grounds (Harris and 
Piccinin 1977; Harris 1978). 

U -- 

When the Nu:Cu ratios were 

-Zs-l 

) the NU:Cu ratio was within the usual range. -Zs-l 

Thus the data indicate that the growth of phytoplankton in Hamilton 
Harbour was controlled by fluctuations in the light and temperature re- 
gimes, but at a variety of scales from weeks to months. 
and thermal structures interact to produce some complex interactions 
between environment, physiology and methodology. It would appear that 
fluctuations in Cu, brought on by fluctuations in the light and tempera- 
ture regimes are the mechanism by which Pu, Nu and growth are limited. 
Primary productivity in the Harbour is lower than might be expected in 
an area of such high loadings (Harris -- et al. 1979b; Haffner _- et al. 1979), 
and carbon uptake seems to limit growth in this instance. 

Light regimes 
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INTRODUCTION 

Nitrogen fixation is of unquestioned importance in the nutrient 

This paper reports 
dynamics of many aquatic ecosystems (Keeney 1972) but relatively lit- 
tle is known about this phenomena in reservoirs. 
the occurrence of nitrogen fixation in the water column, the sedi- 
ments and the aufwuchs community of two southwestern reservoirs. 

MET H 0 D S 

A modification of the acetylene reduction technique (Dillworth 
1966, Scholl horn and Burris 1966) was used to assay nitrogen fixa- 
tion potential in Lake Arlington and Lake Ray Hubbard in North Texas. 
Both lakes are on the Trinity River drainage and are used for water 
supplies, flood control, recreation and both receive power plant dis- 
charges. 
ton through a 76 micron mesh net and washing the concentrate into a 
40 ml. bottle. 
was replaced with argon plus 10% acetylene. Incubation was from 30 
minutes to one hour, at which time the sample was killed with TCA. 

Water column fixation was measured by concentrating plank- 

A septae was placed over the bottle and the air phase 

Sediment acetylene reduction sampl es were obtained by using 
SCUBA gear to 90 to the bottom of the reservoir, pushing a bottom- 
less bottle into the sediments and stoppering both ends prior to re- 
moval from the sediments. Samples were then innoculated and incu- 
bated, the same as water column concentrates. 

Aufwuchs and periphyton acetylene reduction samples were taken 
by scraping an area (e.g., 5 cm ) and placing the scrapings along 
with filtered lake water in the 40 ml. incubation bottles. Innocu- 
lation and incubation was -- in situ, the same as discussed for water 
column samples. 

2 
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Nitrates and phosphates were measured according to standard 
methods (APHA 1971) and algal cell and volume counts were accom- 
plished using a Palmer cell and Whipple eyepiece. 

RESULTS AND DISCUSSION 

Lake Arlington 

Stations were monitored at the surface of locations near the 
center of the lake (Station A), and in the vicinity of the cooling 
water discharge (Station B). 
sediment surface below Station A which was called Station C. Re- 
sults of acetylene reduction assays for these stations are shown 
in Table 1. 

Another station was set up at the 

Varying amounts of nitrogen fixation occurred in the water 
column from February through October; there was essentially no 
difference between results from Stations A and B y  indicating the 
passage of water through the power plant cooling system did not 
enhance or inhibit the ability to reduce nitrogen. 

Sediment fixation occurred throughout the study period al- 
though the amount varied considerably with time; no real temporal 
trends were evident. Most of the sediment activity took place in 
the top two centimeters, vertical analyses revealed. Nitrates 
varied inversely with water column acetylene reduction rates 
(Figure 1), indicating that as nitrogen became scarce, the blue- 
greens responded with a physiological change and increased their 
fixation rate correspondingly. 

Total phosphorus 1 evels varied in proportion with blue-green 
algal volumes during the study (Figure 2) except for early in the 
sampling period when low temperature probably inhibited greater 
concentrations of blue-green algae. 
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Table 1. Acetylene reduction data for regular 
sampling dates on Lake Arlington. 

Station A Station B Station C 
Surface Surface Sediments Date 

2/24 0 0 22.5 

3/ 23 2.0 0 8.1 

4/12 2.4 6.6 15.0 

5/18 2.7 3.0 15.0 

5/29 10.5 8.0 18.0 

6/10 5.5 5.5 92.0 

6/26 0.8 4.9 34.4 

7/18 6.0 1.2 69.0 

8/ 08 5.5 6.8 .. 15.0 

9/12 0.4 0.4 48.0 

10/6 

Mean 

0.3 2.2 3.4 

3.3 3.5 30.9 

For samples at Station A and Station B, units are in n mole ethylene 
reduced per 100 1 iters per hour. 
for 100 cm2 of top sediment. 

For sediment samples, units are 
All figures are averages of two samples. 
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81 ue-green a’iaa: volumes corresponded quite closely with acet- 
ylene reduction rates at Station A (see Figure 3). 

In addition to planktonic algae and sedinientary bacteria, epi- 
phytic, epilithic, and aufwuchs (mats of algae growing at the sedi- 
ment interface) may contribute reduced nitrogen to reservoirs. 
tle is known of the nitrogen fixation potential from these sources 
and the amounts they contribute are difficult to quantify. This 
study has found that potentially high nitrogen fixation rates were 
present among epiphytic populations at certain times of the year 
(Table 2). 
ported on epiphytic nitrogen fixation, Goering having found rates as 
high as 12.6 mg N m-‘ hr-’ by ~ostoc and Anabaena on Gulf Coast sea- 
grasses. 
cannot be estimated from one series of tests, but rates were similar 
to those found by Goering. 

Lit- 

Goering and Parker (1971) and Carpenter (1972) have re- 

The nitrogen contributed by epiphytic algae in Lake Arlington 

Approximately one-third of the shoreline of Lake Arlington is 
rocky or bounded by concrete. During late summer, most of this stony 
area was covered with algae, primarily mixed blue-greens with an 
abundance of Anabaena which formed a mat more than 1 mm thick. The 
outermost layer was yellowed and dead; the inner layer contained live 
algae of many species. In an effort to quantify the nitrogen fixa- 
tion potential of these mats, a cork borer was used to remove algae 
from flat areas. 
are shown in Table 2. The rate of 1.1 nm ethylene per two cm/hr is 
not constant, but this figure was used to make estimates of nitrogen 
contribution. These estimates indicated the rate of nitrogen re- 
duced by the mats of algae to be nearly 7 gm N/m of rock surface/year. 

These samples were incubated -- in situ and results 

2 
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Another seasonally important source of nitrogen fixation in 
area reservoirs is the aufwuchs community. Rapid shoreline fluc- 
tuation plus turbid waters normally are inhibitive to the formation 
of these thick mats of algae. Late in August, the reservoirs' shore- 
lines recede at a steady pace from lack of rainfall and from evap- 
oration. 
shoreline was not continually awash. 
escent, had lost some of its suspended particles and the trophogenic 
zone penetrated down to more than three meters. Under these condi- 
tions, tremendous areas of aufwuchs formed in all areas of the res- 
ervoir having a shallow soft bottom. Bottom1 ess vials (mentioned 
previously) designed for sediment sampling were used to measure the 
acetylene reduction of this aufwuchs area -- in situ. The results de- 
pitted in Table 2 are averages of six replicates. The acetylene 
reduction rates were high even for pure cultures of blue-green algae. 
As the shoreline receded, the mats continued to reduce acetylene even 
when exposed to the air, until they became almost dry, forming a thin 
crust to be washed into the reservoir with the first rains. This 
process may be quite important in cycling sedimentary nutrients and 
introducing reduced nitrogen into the aquatic ecosystem. Some mats 
in the shallow water were observed to capture gas bubbles and float 
to the top, taking the top layer of sediment with them. These float- 
ing mats were quite abundant in the lake during late summer. Acet- 
ylene reduction rates by these mats also proved to be very high 
(Table 2). Although averages of three replicates were used for 
quantification, it is difficult to estimate the total nitrogen con- 
tribution by these mats. Waves gradually broke up the mats and helped 
to physically redistribute the nutrients and algae throughout the 
reservoir. Although floating mats occurred for only about four weeks 
during the summer, their fixation rates may have been important to 
the overall nutrient cycling and nitrogen budget of the reservoir. 

The winds were almost stilled at this time of year so the 
The reservoir being more qui- 
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These nebulous areas of nutrient cyc1ir;g must be better understood 
before models of reservoirs can be constructed which closely approx- 
imate true nutrient dynamics. 

From all the nitrogen fixation sources previously discussed, 
plus data on rainfall, fallout and point-source discharges, a sim- 
ple nitrogen contribution chart was constructed (Table 3). 
apparent from this table that no more than 10-15% of the total ni- 
trogen budget comes from nitrogen fixation activities in the reser- 
voir (although a great deal of the watershed runoff may be derived 
from nitrogen fixation) but this chart may not be indicative of the 
importance of fixed nitrogen to these reservoir ecosystems. Table 4 
shows a potential importance index of the causes of problems in 
southwestern reservoirs. It is proposed that nitrogen fixat on may 
be the single most important cause of many of the problems inherent 
to southwestern reservoirs. 

It is 

Lake Ray Hubbard 

Acetylene reduction analyses during blue-green algae blooms in 
Lake Ray Hubbard showed that nitrogen fixation was occurring in high 
quantities during the period of the bloom (April, 1974). 
the first instance of acetylene reduction taking place during an 
algal bloom in a southwestern reservoir. This bloom caused a sub- 
sequent taste and odor problem, killed fishes in two separate bays, 
and laboratory tests confirmed that it was composed of a toxic strain 
of Aphanizomenon flosaquae. Data from these assays will be the sub- 
ject of a paper currently submitted for publication. 

This may be 

242 



Table 3. Arlington Lake nitrogen budget. 

Source 

Nitrogen Fixation 

Water Column 
Sediment 
Per i p hyto n 
Aufwuc hs 

Total Nitrogen Fixation 

Rainfall on Lake 

Dry Fallout 

Watershed Runoff 

Point Source Discharges 

To ta 1 N i tro gen 

Contribution in % of 
Kglyea r To ta 1 

620 
2,450 
3,991 
1,122 

8,183 

8,720 

7,000 

32,060 

21 ,160 

77,123 Kg/Year 

1 1  

1 1  

9 

42 

27 
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Table 4. Problems in reservoirs. 

Phytoplankton Blooms, Rapid Eutrophication, 
Fish Kills, Taste and Odor Problems, 

Restricted Recreation 

Cause of Problems % of Total 

Nitrogen Fixation 45 

Rainfall 3 

Dry Fallout 2 

Idatershed Runoff 15 

Point Source Discharges 35 

244 



LITERATURE CITED 

American Public Health Assn. 1371. Standard Methods for- the Exam- 
ination of Water and Waste Water. 13th Edition. 

Carpenter, E. 7972. Nitrogen fixation by a blue-green epiphyte on 
polagic gavgassum. Science 78:1207-09. 

Dillworth, M.J. Acetylene Reduction by Nitrogen. 

Fixing preparations from Clostridium pasteurianum Biochem. et Biophy. 
acta. 127:285-294. 

Goering, J.J. and P.L. Parker. 1971. Nitrogen fixation by epiphytes 
of sea grasses. Inst. Mar. Sci. Publ, No. 151:320-323. 

Keeney, D.R. 1972. The fate of nitrogen in aquatic ecosystems, 33, 
Univ. of Wisconsin Water Resources Center, Madison. 

Schoolhorn, R. and R.H. Burris. 1966. Study of Intermediates in 
Nitrogen Fixation. Federation Proc. 24:710-714. 

245 



DCMU-ENHANCED CHLOROPHYLL FLUORESCENCE AS 
AN INDICATOR OF THE PHYSIOLOGICAL STATUS OF RESERVOIR 

PHYTOPLANKTON: AN INITIAL EVALUATION 

Bruce L. Kimmel and Martha M. White 

Biological Station and Department of Zoology 
The University of Oklahoma 
Norman, Oklahoma 73019 

246 



INT2ODUCTION 

Measurement of in vivo chlorophyll fluorescence has been widely 
applied to the investigation of phytoplankton distribution and abun- 
dance as an indicator of algal standing crop (e.g., Lorenzen 1966, 
Platt 1972, Powell -- et al. 1975, Fee 1976). 
cence is variable and dependent on both the amount of chlorophyll 
present and algal physiological state as influenced by environmental 
conditions (Kiefer 1973, Heaney 1978). Recent studies suggest that 
DCMU1-enhancement of _- in vivo chlorophyll fluorescence may provide a 
method for (i) reducing variability in phytoplankton fluorescence 
measurements (Slovacek and Hannan 1977) and (ii) assaying algal physio- 
logical state (Samuelsson and Oquist 1977, Samuelsson -- et al. 1978). 
direct, convenient method for assessing the physiological status of 
natural phytoplankton comaunities would prove invaluable for distin- 
guishing the major factors influencing phytoplankton biomass fluctua- 
tions and spatial distribution in aquatic systems. Thus, our purpose 
was to eval uate the appl i cabi 1 i ty of DCMU-enhanced fluorescence mea- 
surements for such assessment. More specifically, our objectives were: 

However, algal fluores- 

A 

1) to test ____ in vivo chlorophyll fluorescence response to 
DCPlU-poisoning as an indicator of phytoplankton 
physiological state, 

2) to determine the range of fluorescence response values 
to be expected in a variety of environmental conditions, 
and 

3) to evaluate the utility of the fluorescence response 
technique for investigations of naturally-occurring 
phytoplankton assemblages. 

He thank Dr. L.G. Hill, Director of the University of Oklahoma 
Biological Station, for his support and encouragement. We also thank 

3-(3,4-dichlorophenyl)-1,l-dimethylurea, DCMU, inhibits non-cyclic 
photosynthetic electron transport and results in maximal fluores- 
cence emission. Measurement of in vivo chlorophyll fluorescence 
before and after sample "poisoning" with DCi4U permits a relative 
estimate of photosynthetic electron transport activity. 
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Corps of Engineers personnel from Lake Texoma and Broken Bow Lake pro- 
jects for their cooperation; Dr. M.K. Patterson, Director of Foundation 
Research Laboratory for use of liquid scintillation counting facilities; 
and S.R. McComas and B.B. Looney for field and laboratory assistance. 

METHODS . 

Laboratory Experiments 

In vivo chlorophyll fluorescence parameters and photosynthetis 
rates of reservoir phytoplankton were compared in laboratory light- 
deprivation experiments. 
through 80-pm netting to remove large zooplankton, placed in a 4-1, 
foil-covered Pyrex flask and incubated with gentle stirring at 25°C. 
Subsampfes were removed periodically for photosynthetis and -- in vivo 
fluorescence measurements. 

Near-surface Lake Texoma water was strained 

Photosynthesis rates were determined by radiocarbon uptake in 
125-mR Pyrex light and dark bottles. Samples were inoculated with 
1.0 pCi NaH C03 solution, incubated for 4 hrs -at 25°C and 64 pE m-’ 
sec and then vacuum-filtered on Whatman GFC filters. Sample activ- 
ity was determined by liquid scintillation spectrometry. 

14 
-1 

-___ In vivo chlorophyll fluorescence was measured with an AFIINCO 
fluorocolorimeter equipped with a blue excitation lamp (GE F4T5-B, 4M), 
Corning glass primary (No. 5543) and secondary (No. 2030) filters, 
R136 photomultiplier tube and integrator-timer. 
poisoned and DCMU-poisoned phytoplankton was determined over 5-sec 
integration periods initiated simultaneously with sample excitation 
for each of triplicate subsamples. The fluorescence of an unpoisoned 
5-mR sample was determined, 0.2 mR of M DCMU solution added with 
an automatic micropipet (final DCMU concentration = M), the sam- 
ple mixed by inverting the cuvette several times, and fluorescence of 

Fluorescence of un- 
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the poisoned sample measured. Prel iminary experiments showed that 1 
hr dark storage, 5 min following DCPIU addition and 20 sec between ex- 
citation periods were sufficient intervals for avoiding photoinhibition 
effects, allowing DCMU penetration of cells and permitting cellular 
fluorescence recovery between readings, respectively. All measurements 
were conducted in dim red light to avoid unintentional activation of 
chlorophyll fluorescence. 

Field Measurements 

Water temperature, dissolved oxygen, pH and conductance were mea- 
sured -___ in situ with a Hydrolab monitoring unit. 
active radiation (400-700 nm) and relative 1 ight penetration were de- 
termined with a quantum sensor (Li-Cor 185A). Dissolved PO4-P and 
NH4-N analyses were by phosphomolybdate and phenolhypochlorite methods, 
respectively, as described by Strickland and Parsons (1972). NO3-N was 
determined by modified hydrazine reduction method (Kamphake _- et al. 
1967). Microbial biomass was estimated from adenosine triphosphate 
(ATP) levels as determined by the luciferin-luciferase assay (Holm- 
Hansen and Booth 1966). Phytoplankton productivity was measured - in 
situ by the 14C method of Steeman Nielsen (1952) as modified by Goldman 
(1 963). Dissol ved inorganic carbon avai 1 abi 1 i ty was estimated from 
temperature, pH and alkalinity data (Saunders -_ et al. 1962). -- In vivo 
chlorophyll fluorescence and fluorescence response to DCMU-poisoning 
was determined for field samples as described above for laboratory 
experiments. 

Photosynthetically- 

-- In situ sample displacement experiments, in which photosynthetic 
I4C uptake was measured' in samples obtained from several water column 
depths ( = light intensities) and incubated at a single depth, were 
conducted to provide an independent measure of phytoplankton photosyn- 
thetic potential for comparison to -__ in vivo chlorophyll fluorescence 
data. 
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Expression of DCMU-Enhanced Fluorescence 

Previous investigators have used a variety of methods for indi- 
cating -- in vivo chlorophyll fluorescence response to DCMU poisoning, 
with most employing some ratio of the unpoisoned initial fluorescence 
to either DCMU-enhanced fluorescence or extracted chlorophyll. 
fluorescence yield depends on both algal physiological state and the 
amount of chlorophyll present. Slovacek and Hannan (1977) concluded 
that DCMU-enhanced fluorescence corresponded closely to total (ex- 
tracted) chlorophyll for a variety of algal species and growth condi- 
tions. We were interested in evaluating fluorescence response as an 
indicator of physiological state; therefore, we chose to express our 
results as FRI values (previously used by Kiefer and Hodson, 1974; 
Cullen and Renger, ms.), where 

Sample 

Fd - Fi 
= FRI 

F d  

and F. = initial (unpo soned) sample fluorescence, 
1 

Fd 
FRI = the fluorescence response index for the phytoplankton com- 

= DCMU-poi soned sample fluorescence , 

muni ty samples. 

For our purposes, FRI possessed two advantages: 

1) FRI is biomass-independent (i.e. , normalized relative to 
Fd 2 algal chlorophyll) and thus, should reflect the 
average physiological state of the phytoplankton assem- 
blage, and 

FRI has a discrete theoretical range of 0 (Fd - Fi = 0, 
no photosynthetic electron transport activity) to 1 
(F. 1 = 0, all absorbed energy involved in photosynthetic 
electron transport). 

2) 
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RESULTS AND DISCLJSSION 

Laboratory Compari sons 

-- In vivo chlorophyll fluorescence response to DCMU-poisoning was 
directly related to phytoplankton photosynthetic potential in labora- 
tory light-deprivation experiments. 
and FRI values declined in a non-linear, but parallel, manner in experi- 
ments I and I1 (Figure 1). Both parameters decreased rapidly during 
the initial 24 hrs of darkness and then began to stabilize. 
induced fluorescence increases and carbon uptake rates were directly 
related and highly correlated (r = 0.99, p ~0.01) in both experiments 
(Figure 2). Our results for reservoir phytoplankton assemblages cor- 
respond to those of previous investigators (Blasco and Dexter 1972, 
Kiefer and Hodson 1974, PrGzelin and Sweeney 1977, Slovacek and Hannan 
1977, Samuelsson and Oquist 1977 , Samuelsson _- et a1 . 1978) who have 
related DCMU-enhanced fluorescence to carbon uptake or oxygen evolution 
in algal cultures. Frey (1979) recently reported similar results from 
nutrient-enrichment experiments with marine phytoplankton. 

Photosynthetic carbon fixation 

Sample DCMU- 

Field Measurements 

____ In vivo chlorophyll fluorescence, phytoplankton productivity, 
microbial biomass and physical-chemical characteristics were compared 
in two 1 imnol ogi cal ly-di ssimi 1 ar Okl ahoma reservoi rs . Lake Texoma , a 
large (360-km ) but shallow (7 = 9 m), 35-year old impoundment of the 
Red River, is representative of many windswept reservoirs of the U.S. 
Southern Great Plains. It is nutrient-rich, productive and well-mixed; 
thermal stratification is usually transitory. The euphotic layer is 
shallow (Secchi depth 2 1 m, 1% Io 2 3.5 m) and exceeded in depth by the 
mixed layer. Figure 3 reflects typical late-summer productivity and 
mixing conditions. 
not clearly indicate the extent of mixing, vertical profiles of nutrients, 
-- in vivo fluorescence and FRI show the mixed layer depth to be 10-12 m. 

2 

Although temperature and dissolved oxygen data do 
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FIGURE 1. Decline of in vivo chlorophyll fluorescence (Fi = unpoisoned 
sample fluorescence, Fd = DCMU-poisoned sample fluorescence), 
the fluorescence response index (FRI) and photosynthetic 
carbon uptake in Lake Texoma phytoplankton assemblages during 
1 ight-deprivation experiments. 
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FIGURE 3. Late-summer vertical profiles of physical , chemical and 
biological characteristics, -- in vivo chlorophyll fluores- 
cence, and the fluorescence response index (FRI) in Lake 
Texoma. Note the lack of thermal stratification; the ex- 
tent of the mixed layer as indicated by nutrient, Fd and 
FRI profiles; and the disparity of algal biomass (as re- 
flected by Fd) and photosynthetic potential (as reflected 
by FRI) profiles to light and productivity distributions. 
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14 photosynthesis-depth curve, derived from -~ in situ C-uptake measure- 
ments in light and dark bottles suspended at fixed depths, is charac- 
teristic of light-limited primary production and indicates that little 
photosynthesis occurs below 3-4 m. However, phytoplankton biomass (as 
reflected by Fd) is high throughout the mixed layer. 
stant FRI values (0.48-0.51) between 0 and 10 m suggest that algal 
physiological state is maintained at depths exceeding the classical 
euphotic and trophogenic zones as delineated by light and productivity 
profiles. -- In situ sample displacement experiment results support this 
implication. Samples from 1, 3 and 8 m had similar biomass-specific 
photosynthetic carbon uptake rates when incubated at the same light 
intensity (Table 1). 

Relatively con- 

Vertical mixing of algal cells through steep light gradients can 
enhance integral photosynthesis estimates (Marra 1978a, b). Thus, 
production measurements based on sample incubation at fixed light in- 
tensi ties probably underestimate phytoplankton productivity in "opti- 
cally-deep" (sensu Talling 1957) systems. Our data show that a major 
fraction of the viable phytoplankton biomass in Lake Texoma occurs in 
the aphotic portion of the mixed layer. Apparently, mixed layer cir- 
culation is sufficiently rapid that the photosynthetic capacity of 
"aphotic" phytoplankton is retained between intervals of exposure to 
light. 
problematic; however , at water temperatures of 30°C, circulation must 
be rapid to prevent aphotic respiratory losses from producing delete- 
rious effects on mixed layer phytoplankton. 

Determination of vertical mixing rates in such environments is 

2 Broken Bow Lake is a 10-year old, 58-km impoundment of the Moun- 
tain Fork River (southeastern Oklahoma) and representative of deep- 
Val 1 ey impoundments occurring throughout eastern Oklahotna, western 
Arkansas and southwestern Missouri. Relative to Lake Texoma, Broken 
Bow is oligo-mesotrophic, transparent (Secchi depth 2 5 m) and deep 
(7 = 20 m). 
ing season and its euphotic zone is deeper than the mixed layer. 
obtained on 14 August 1978 revealed the presence of strong thermal 

The reservoir is thermally-stratified throughout the grow- 
Data 
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Table 1. Comparison of phytoplankton photosynthetic potential as re- 
flected by biomass-normal ized photosynthetic carbon uptake 
(C uptake/Fd) and DCMU-enhanced -__ in vivo chlorophyll fluores- 
cence (FRI) in Lake Texoma and Broken Bow Lake sample dis- 
placement experiments. Incubation depths were 1 m 
(520 pE m-' sec-l) and 3 m (300 pE m-' sec-l) in Lake Texoma 
and Broken Bow Lake, respectively. 
mass, is expressed in relative units (counts sec-I). 

Fd, reflecting algal bio- 

Sampl i ng C Uptake C Uptake 

Fd Depth (m) Fd (ug C 1-l hr -I) FRI 

Lake Texorna, 26 Jul 1978: 

1 226 

3 215 

8 202 

Broken Bow Lake, 14 Aug 1978: 

3 19 

8 47 

12 30 

46.86 0.51 0.21 

43.25 0.50 0.20 

44.66 0.50 0.22 

4.04 0.38 0.21 

25.14 0.41 0.54 

18.89 0.46 0.64 

256 



stratification and a slight metalimnetic oxygen deficit (Figure 4). 
-___ In vivo chlorophyll fluorescence and ATP determinations indicated 
metalimnetic concentrations of algal and total microbial biomass, and 
-- in situ phytoplankton productivity measurements showed a pronounced 
metalimnetic peak of photosynthetic activity. Epilimnetic FRI values 
were low (0.32-0.39), but increased to 0.44 at 5-6 m y  probably in re- 
sponse to greater nutrient availability near the thermocline. FRI 
remained relatively constant (0.41-0.46) at metal imnetic depths cor- 
responding to high algal and microbial biomass and phytoplankton pro- 
ductivity, then gradually decreased below 14 m ( 2 0.1% Io). Phyto- 
plankton photosynthetic potenti a1 , as reflected by biomass-specific 
14C-uptake in a sample displacement experiment, again corresponded to 
algal physiological status as indicated by FRI values (Table 1). 

These data are of interest in regard to the origin of metalimnetic 
chlorophyll and production peaks in Broken Bow Lake. Such vertical 
distributions are common where euphotic depth exceeds mixed-layer depth 
(e.g., Findenegg 1964, Schindler and Holmgren 1971, Goldman -_ et al. 
1973, Fee 1976) and may be produced by (i) -___ in situ growth of phyto- 
pl ankton popul ations adapted to metal imnetic conditions , or (i i ) sedi - 
mentation of cells from overlying strata and accumulation in the meta- 
limnion due to reduced settling velocities. The relative lack of 
vertical structure in the FRI profile, compared to those for algal 
biomass (Fd) and productivity (C uptake), suggests the importance of 
the latter mechanism in Broken Bow Lake during late summer. Experi- 
mental results also support this interpretation, as biomass-specific 
carbon uptake rates in 8 and 12-m samples incubated at 3 m suggest 
light-limited metalimnetic phytoplankton production rather than photo- 
inhibition of shade-adapted populations (Table 1). 

C 0 N C L U S I 0 N S 

Our preliminary laboratory-field evaluation indicates that mea- 
surement of -____ in vivo chlorophyll fluorescence response to DCMU is 
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FIGURE 4. Late-summer vertical profiles of physical, chemical and 
biological characteristics, -- in vivo chlorophyll fluores- 
cence, and the fluorescence response index (FRI) in Broken 
Bow Lake. Note the pronounced thermal stratification, 
metal imnetic peaks of algal biomass (as reflected by Fd) , 
microbial carbon and photosynthetic carbon uptake, and the 
lack of a corresponding peak in the fluorescence response 
index (FRI). 
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applicable to field investigations of naturally-occurring phytoplankton 
communities. We have observed an FRI range of 0.11 to 0.68 in southern 
Oklahoma reservoirs and ponds. 
values of 0 and 0.6-0.7 for severely nitrogen-depleted and actively- 
growing algal cultures, respectively. Cullen and Renger (ms.) found a 
similar FRI range (ca. 0 to 0.7) in continuous vertical profiling of 
near-shore Southern California Bight waters. Our FRI profiles corres- 
ponded well to water column characteristics and the results of experi- 
ments conducted to provide independent estimates of phytoplankton 
photosynthetic potential. Comparison of FRI data to photosynthetic 
carbon uptake in situ and in displacement experiments clearly shows 
DCMU-enhanced fluorescence response to reflect phytoplankton physio- 
logical state or photosynthetic potential rather than in situ primary 
productivity. 

Blasco and Dexter (1972) reported FRI 

____ 

Numerous uncertainties are associated with the DCMU-enhanced 
fluorescence response technique. Diel fluctuations in fluorescence 
response and photosynthetic capacity (PrGzelin and Sweeney 1977) , the 
relationship of Fd to algal chlorophyll (Mcflurray 1978, Esaias 1978) , 
and effects of community species composition (Kiefer 1973, Heaney 
1978) and high light intensities (W.F. Vincent, G. F. Harris; personal 
communication) on fluorescence and fluorescence response all require 
clarification. However, our initial results indicate that in vivo 
fluorescence response has utility as a physiological assay and may be 
of particular value as an indicator of the extent of vertical mixing 
in "optically-deep I' environments. Certainly,. by virtue of the simpli- 
city of the fluorimetric analysis and the ecologically-integrative na- 
ture of the information obtainable, DCMU-enhanced fluorescence response 
appears worthy of further evaluation and application to field investi- 
gations. 

____ 
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INTRODUCTION 

Phytoplankton play an intimate role in  governing the overall de- 
sirability of mu1 ti-use reservoirs. Reservoirs used principally for 
power supply, navigation, and flood control often also support recrea- 
tion, fisheries, and water supply systems. Algal blooms have been found 
to be directly responsible for fish kills (Prescott 1948, Moshiri 1978) 
and pungent odor and taste problems in water supply systems (Hixson, 
personal comm. ) , and they have often frustrated boaters , fishermen, 
and swimmers. 

Predictive models, based on nutrient input, temperature changes, 
and light conditions have been developed to describe potential growth 
and yield under various conditions. Managers of reservoirs and water 
supply systems, however, are committed to coping with existing problems, 
which affect all reservoir biota and the day-to-day routines of the 
citizens and industries that use the reservoir as a source of water. 

This paper details the history of water supply problems associated 
with nuisance algae and describes treatments for abating or curtailing 
excessive algal growth. Reservoir water supply management strategies, 
as they apply to multi-use reservoirs, are also discussed. 

HISTORY OF TASTE AND ODOR RESEARCH 

Much speculation exists as to which group of biological organisms 
cause taste and odor problems in water supplies. Baker (1962) claimed 
that algae were probably the single most important cause of taste and 
odor. His statement was based on the assumption that either the algae 
produced the nutrients required by taste- and odor-causing organisms, 
or the algae themselves produced the metabolites causing the problem. 
MacKenthun and Keup (1970) stated that poor water quality was caused 
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by the decay or decomposition of fungi and/or bacteria. Sigworth 
(1957) identified industrial wastes, decaying vegetation, and algae 
as contributors to taste and odor probiems. 

The compounds most often reported as causing earthy or musty odors 
are geosmin, musidone, and 2-exo-hydroxy-2-methylborane. Geosmin 
(C H 0) was first isolated from the actinomycete Streptomyces griseus 
by Gerber and Lechevalier (1965). It is characterized as a colorless, 
viscous, neutral oil with a boiling point of 270°C. Work by Wasserman 
(1966) indicated that geosmin was also produced by Streptomyces fradiae, 
s. odorifer, and s. antibioticus. Medsker (1968) verified Gerber's 
findings and noted that geosmin is produced by certain actinomycetes 
as well as by algae. 

12 22 

Musidone (C12H1802) , isolated by Dougherty et al. (1966) , also 
produces an earthy smell. 
when exposed to large amounts of a given oxidant. 
identified 2-exo-hydroxy-2-methylborane (CHH200). 
extremely volatile, white solid with a melting point of 158 to 160°C. 

Musidone is oxidized by carboxylic acid 
Medsker -- et al. (1969) 
This compound is an 

One of the earliest works to specifically associate algae with 
taste and odor problems was a report by Jackson and Ellms (1897). 
observed a bloom of Anabaena in a contaminated water supply in Massa- 
chusetts that was experiencing a severe taste and odor problem. 
work by Rushton (1929) indicated that diatoms also produced taste and 
odor, although their metabolites were unknown. Only recently have spe- 
cific metabolites been identified. Maloney (1958) was one of the first 
to associate a particular odor with a group of compounds. 
was expanded on by Saffermann I- et al. (1967), who identified geosmin as 
an odor-causing compound that could be produced by organisms other 
than actinomycetes. 
Symploca muscoruun imparted an earthy smell similar to the compound 
(geosmin) reported earlier by Gerber and Lecheval ier (1965). 

They 

Later 

This work 

Safferman noted that a compound produced by 

This work 
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was later substantiated by Henley (1970), who isolated geosmin from 
Anabaena circinaiis. Hen’ley also pointed out that geosmin acted as a 
potential control mechanism for algal blooms by first inhibiting, then 
enhancing, heterocyst formation. 

While many researchers consider algae to be the most important 
contributor to taste and odor problems, Silvey (1975) has identified 
antinomycetes as the major cause of taste and odor problems in south- 
western reservoirs. The genus Streptomyces has been particularly 
common in producing isoamyl amine, isovaleric acid, isobutyl amine, 
valeric acid, betahydroxy butyric acid, and isovaleraldehyde. In an 
early study, Silvey (1975) reported that blooms of Anabaena and Melo- 
sira preceded odor problems. However, when these algae were cultured 
in the laboratory, no odor was produced. This led to the possibility 
of algae interacting with actinomycetes to produce tastes and odors. 
Subsequent work tended to support this hypothesis when actinomycetes 
Spores were found in Anabaena, Aphanizomenon, Cladophora, Chlamydo- 
monas, Chlorella, Gleocapsa, Melosira, Navicula, Nostoc, and Pedia- 
strum (Silvey 1953b). 
introduce the hypothesis that an imperfect symbiotic relationship 
existed between taste- and odor-producing algae and actinomycetes 
(i .e. , as long as the algae were heal thy and the actinomycete popula- 
tions were controlled). However, when nutrients became limiting, the 
relationship shifted to a parasite-host relationship, to the detriment 
of the algae. Silvey claimed that this mechanism was the reason algal 
blooms and taste and odor problems did not always coincide. 

This work and other observations led Silvey to 

CONTROL METHODS 

A wide array of algal control methods have been proposed, ranging 
from nutrient limitation to ultrasonic radiation. 
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Bi ol og i ca 1 Control 

Several organisms in the aquatic food web have been used experi- 
mentally to control excessive algal growth. Species of Plectonema, 
Phormidium, and Lyngbya were shown to be sensitive to a blue-green 
algal virus, labeled BGA and LLP-1 (Safferman and Morris 1964a, 1964b). 
These experiments also indicated that viral algicides increase in con- 
centration during treatment (<.e., algal control in one system could 
theoretically coincide with production of the virus for use in another 
affected system), thus eliminating the need for continuous culture 
maintenance in the laboratory. Although this appears to be a reason- 
able solution to growth control for algae susceptible to the BGA virus, 
several strains of viruses would be necessary to control all classes 
of nuisance algae. 

The effects of zooplankton grazing on naturally occurring phyto- 
plankton communities have been extensively studied and are outlined in 
general terms by Hutchinson (1967). The complexities of phytoplankton 
species succession and the grazing habits of specific consumers would 
probably eliminate the use of artificially induced grazing to reduce 
phytoplankton standing crop. Bishop (1970) did observe that natural 
rotifer communities would significantly affect the photosynthetic rate. 
However, the algae that are responsible for degrading the water quality 
may prove to be toxic to the zooplankton, which would normally be ac- 
tively grazing (Schmitz, personal comm.) 

Several fish species have been evaluated for vascular plant con- 
trol (Avault et al. 1968), but few, if any, of these fish species can 
be considered as phytophagus. The eating habits of the Chinese grass 
carp Ctenopharyngodon idella (Val. ) have been extensively studied to 
determine whether it could significantly reduce phytoplankton standing 
crops (Avault 1965; Kingen and Smitherman 1971; and Opuszynski 1972). 
Using this fish to control growth, however, might present more problems 
(i.e., disturbance of spawning areas for game fish) than benefits. 

-- - 
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Chemical Treatment 

Chemical algicides are commonly used to purify undesirable water. 
One of the most serious problems associated with chemical treatment, 
however, is the toxicity of the chemical to all the aquatic organisms 
in the system and not just the target organisms. 
sulfate has been a preferred treatment method because of its low cost 
and effectiveness (Sledeckova et al. 1968; Grateau 1970; Muchmore 1978). 
Potassium permanganate (Kemp -_ et al. 1966) has also been used effective- 
ly to control some algal blooms, but it is not applicable as a univer- 
sal control (Fi tzgerald 1966). Other researchers (Hi1 tibran 1972; 
Otto 1970; Fitzgerald -- et al. 1952) have tested numerous algicides for 
effectiveness on a target organism, but few have been studied to 
determine their overall environmental effects. 

Historically, copper 

Nutrient Limi tation 

Nutr ent input and associated phytoplankton yields have been ex- 
tensively studied by using various stochastic and deterministic models 
(Vollenwe der 1975; Dillon and Rigler 1974; Imboden 1974; Lorenzen 
1973; and Lung -- et al. 1976). A reduction in algal yield (biomass, 
chi orophyl 1 , etc. ) 
the model used. 

accompanies a reduced nutrient load , regard1 ess of 

Controlling both point- and nonpoint-source nutrient inputs to 
reservoir systems will obviously reduce algal growth. In some cases, 
however, high treatment costs or lack of input information prohibits 
the reservoir manager from regulating or quantifying nutrients enter- 
ing the system. Dilution with nutrient-poor river water 
successfully as an alternative to special waste treatment 
nuisance algal blooms (Welch et al. 1972; Goldman 1968). 
special type of treatment, which would not be applicable 
because dilution water is not readily available. 

-- 

as been used 
to control 
This is a 
n many cases 
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Mechanical DisruptSon 

ljl trasonic radiation (Fogg 1969) ana a shockwave technique 
(Menday and Buck 1972) have been proposed as potential controls for 
blue-green algae. 
ineffective and, in some cases, harmful to the fisheries. 

These techniques nave been shown to be relatively 

Reservoir destratification by air injection (Fruh 1967) appears 
to have a negative effect on algal growth, but it may also have a 
hazardous effect on the entire system by disrupting life cycles of 
other organisms in the food web. 

- 

MANAGEMENT STRATEGIES 

Ultimately the managers of water supply systems face all the prob- 
lems associated with nuisance algal growth (i .e., taste, odor, color, 
and filter clogging). A1 though several methods for controlling algal 
growth are available to managers of reservoirs and water supply sys- 
tems, they are often neither practical nor cost-effective. Two manage- 
ment techniques that are gaining popularity in areas of chronic algal 
blooms are multilevel water intakes and system flushings. 

Use of multilevel water intakes may eliminate many of the taste 
and odor problems caused by algae in water supply systems, simply by 
drawing water from levels not affected by a bloom. This solution may 
be reasonable for planned facilities, but it does not solve the prob- 
lem at fixed intakes. 
high in manganese, iron, copper sulfate, and other undesirable chemi- 
cal compounds, which can significantly increase water treatment costs 
(Iwanski , personal comm. ) ,, However, the tradeoff between a1 gal prob- 
lems and the treatment cost due to heavy metal contamination must be 
measured before implementing a variable depth intake program. 

Also, water drawn from the hypolimnium may be 
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Water treatment of some type is the only tool a manager can rely 
on if a water intake is in a fixed position in a reservoir. If, how- 
ever, the intake is downstream from the reservoir, a change in reser- 
voir re1 ease operations may a1 1 evi ate taste , odor , and color problems 
associated with algal growth. This management technique has been dem- 
onstrated for water supply systems below Normandy Reservoir in Tennessee 
(Hixson, personal corm.). Algal communities that had developed in 
Normandy Reservoir were released through the dam and carried downstream 
to water supply holding ponds, where they continued to proliferate. 
This growth caused taste and odor problems and filter clogging at three 
municipalities downstream from the reservoir. The problem was solved 
by releasing a plug flow of hypolimnetic water. 
downstream, the nuisance algal growth was decimated by the abrupt 
temperature changes and increased streamflow. In this way a serious 
water quality problem was elimianted without costly chemical treatment, 
simply by adjusting the water release level. 
operation would be especially effective in a large water basin with 
more than one reservoir. Releases could be timed to effectively eli- 
minate foul water supply problems witnout hindering flood control and 
navigation purposes of the reservoirs. 

As the water flowed 

Such a reservoir release 

RESEARCH AND MANAGEf4ENT NEEDS 

Managers of reservoirs and water supply systems will continue to 
rely on previously tested techniques to ensure the aesthetic quality 
and safety of reservoir water. Continued research in the area of re- 
servoir release operations could significantly enhance the biological 
and chemical properties for downstream water use. Biological control 
by grazing zooplankton appears to be a desirable method for controlling 
algal growth, but insufficient testing to date has limited its use on 
a practical basis. 
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Nutrient limitation, and hence low algal standing crops, appear 
to be a reasonable method for eliminating nuisance reservoir phyto- 
plankton. 
plankton response to nutrient input, then the manager can make a con- 
fident decision about appropriate reservoir operations. 
until the causes of excessive phytoplankton growth are quantified and 
modeled, the reservoi r manager wi 11 have to rely on existing techniques. 

If models can be developed to accurately predict phyto- 

However, 
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INTRODUCTION 

Although laboratory algal cultures were used to assess the nutri- 
tional status of water and other water quality variables as long ago 
as 1910 (Ailen and Nelson 1910), only in recent years have methods 
been standardized for using algae as test organisms to assess water 
quality of fresh and marine waters (PAAP 1969; U.S.EPA 1971, 1974; 
Miller -- et al. 1978; APHA 1976). 

Definition of Bioassay 

The application of algal bioassay techniques is dependent on 
several definitions. Primary productivity in lakes and reservoirs re- 
fers to the initial biological steps of fixing energy for the food 
chain. Generally, macrophytes , phytoplankton, benthic algae, photo- 
synthetic and chemosynthetic bacteria are each a part of the primary 
productivity of lakes. 
assumes that representative species can be used to assess the effects 
of growth controlling factors on primary production. 
integrate the effects of many variables, they can be used to evaluate 
the effects of toxicants and growth promoting materials in relation to 
laboratory manipulation of environmental factors and ecological fac- 
tors. 
of lakes and reservoirs. Because of ease of culture, rapid growth 
rate, and re1 ative ease of measurement, algae (generally phytoplankton 
species) have been selected for use in bioassays to represent the 
effects of factors affecting primary production. 
concerning other primary producers, it is best to develop specific 
procedures for individual species or assemblages of species. In this 
review we restrict our attention to algal bioassays ( U.S. EPA 1971; 
APHA 1976). 

The concept of bioassay in this application 

Because bioassays 

In this sense they are used to evaluate the accuracy of models 

For specific problems 
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Algae respond to chemicals in the water and to environmental 
variables (light, temperature, carbon dioxide, mixing and other 
biota). These environmental variables are exogenous variables; 
i.e., variables external to a specific water sample. The chemical 
qual ity of the water depends on compounds and elements that are 
classified as dissolved salts (calcium, magnesium, sodium, potas- 
sium, chloride, sulfate, and bicarbonate), other dissolved chemi- 
cals (dissolved organic compounds, gases - 02, N2, C02), nutrients 
(nitrogen, phosphorus, trace elements, inorganic carbon) , and 
particulates. Algae, organisms that graze on algae, decomposers, 
and other plants and animals constitute biological variables. 
These chemical and biological variables are endogenous variables. 
The only variables relating to the natural system that can be tested 
using bioassay approaches are the chemical variables. The other 
variables should be assessed only in relation to the natural or 
prototype system. 

Carbon dioxide occupies a special role in this system. Carbon 
dioxide can be part of the endogenous system when it is derived from 
the aqueous phase (C02, bicarbonate, carbonate--inorganic carbon) as 
illustrated by Goldman -- et al. (1972, 1974) or it can be supplied as 
C02 from the atmosphere, from degradation of organics in the water 
column and the sediments (Schindler and Fee 1973; Rudd and Hamilton 
1978; Sonzogni -- et al. 1977; Mortimer 1971). Schindler (1971) and 
colleagues have shown that when other nutrients are supplied in 
adequate or excess amounts, the carbon dioxide invasion rate from 
the atmosphere is adequate to provide sufficient carbon for algal 
blooms. Consequently, one would conclude that algal bioassays should 
not be used for the analysis of carbon requirements. 
should be treated as an exogenous variable and except for physiologi- 
cal, algal chemostat culture, or other laboratory related relation- 
ships with carbon dioxide, C02 should not be assessed in a bioassay 
context. 

Carbon dioxide 
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Bioassay Methods 

Bioassay means the assessment of the concentration of material 
with a biological measuring system. Bioassays themselves can be 
conducted in a variety of ways. One of the goals of the EPA spon- 
sored a1 gal bioassay program was to develop standardized a1 gal 
assay procedures that would allow laboratories to compare their 
results. Two methods were identified (PAAP 1969): 1) batch cul- 
ture systems (Fogg 1975) and 2) continuous culture systems (Malek 
and Fencl 1966). So far, the batch culture systems have been used 
as a screening test and to assess large numbers of water bodies 
with different chemical composition. Kalff and Knoechel (1 978) in 
a relevant critical review, state that bioassays are last in order 
of declining realism of experimental methods to study lakes; they 
rank batch as last and continuous culture with artificial media 
as next to last. Generally, continuous culture systems have been 
used more as a research tool to understand phytoplankton growth 
dynamics than as a bioassay approach (Eppley and Renger 1974; 
Fuhs et -- al. 1972; Goldman -- et al. 1974; Goldman and McCarthy 1978; 
Reynolds et al. 1975a,b; Rhee 1973, 1978; Toerien et al. 1971). -- -- 

A1 though continuous culture has excellent application to bio- 
assay (Porcella et al. 1970; Toerien et al. 1971), its use has not 
been widespread due to poor understanding in using the technique 
and in interpreting results. 

. not as simple as batch methods. Although the data are more mean- 
ingful , interpretation is difficult because of sample preparation 
problems, replication and because the application of the data to 
actual situations has been so minimal that managers have not en- 
couraged its use. Batch cultures have widespread use. This use 
has resulted in broad acceptance of batch cultures and in some 
cases to use in management decisions (Kotai et al. 1978; Miller 
-- et a1 a 1978). A1 though much of the theory and understanding of 

-- -- 

Continuous culture methodology is 

-- 
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growth of algal cultures has been derived from continuous culture 
work, the remainder of this paper is devoted to the analysis and 
interpretation of batch culture results. The specific procedure 
discussed includes only the various modifications of the Algal 
Assay Procedure: Bottle Test (AAP:BT; U.S. EPA 1971). 

In laboratory algal bioassays the change in amount of algae 
relative to the concentrations of material of interest is assessed 
over periods of time and these measurements are used to estimate 
the chemical quality of the water. Essentially, two concepts are 
applied i'n interpreting the measurements: 
ici ty. Generally, biostimulatory chemicals increase and toxic 
chemicals decrease the growth of algae. The concentration of the 
material of interest causes a change in the amount of growth com- 
pared to a control. 

biostimulation and tox- 

Evaluation of effects involves several different groups of 
variables: 1) the assessment of growth, 2) the relationship of 
different measures of biomass to growth, and 3) the relationship 
of growth to concentration of material or materials of interest. 
It is this last aspect that is of most importance to interpreting 
bioassay results. However, biomass/growth and measurement rela- 
tionships must be understood before attempting to interpret bio- 
assay results. 

MEASUREMENT OF BIOMASS 

Which Variables Are Measured? 

In batch cultures microbiological populations typically follow 
a growth curve which progresses through a lag phase, an exponential 
growth phase (geometric increase), and a stationary phase (Figure 1). 
This growth curve can be described mathematically (Pearl 1925; Gates 

2 80 



I o8 

I o7 

IO6 

I o5 

lo4 

lo3 

geometric stationary 
I 0 e 0 

'I 0 
0 

m a x  

0 Actual Data b 
0 5 IO 15 20 

Time, Days 

FIGURE 1. Comparison of predicted growth curve (batch) 
for Selenastrum capricornutum for 100 percent 
AAM medium with data points of actual batch 
assays (adapted from Toerien and Huang 1973). 

281 



and Marler 1968) and growth responses interpreted in relation to 
chemical c~ndftio~s (Toerien and Huang 1973; O'Brien 1974). The 
stationary phase is succeeded by a senescent phase in which biomass 
decreases. 
does not grow as the cells adjust to their new environment, At 
present, the effect of varying chemical concentrations and compo- 
sitions on lag time is not adequately explained and lag time is 

The lag phase is that period of time where the culture 

not evaluated in bioassays. 

The period of geometric increase is when each cell grows at a 
constant rate (u) and divides into constant numbers and sizes of 
cells. The variables in this growth pattern are the biomass concen- 
tration (X) and time (t). 
interval is: 

The equation describing growth for that 

The cell population can be described in terms of a doubling time 
(t%) : 

The stationary phase is attained when the organism runs out of mate- 
rials required for growth, that is, when materials become limiting 
to growth. 

We define algal biomass as the elemental composition of algae 
grown under optimal conditions expressed as moles; for example, 
Stumm and Morgan (1970) define algae stoichiometrically as ClO6 
H263O1 -,oN76Pj (3550g/mole) (minor elements are neglected). 
weight of cells reasonably approximates biomass and is considered 
equivalent to biomass. The maximum biomass (Xmax) attained (at the 
stationary phase) relates to the initial concentration of the 

Dry 

limiting material: 
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Xmax = Y(So) 

where Y is a yield coefficient and So is the initial concentration 
of the element controlling the maximum growth. Also, the rate of 
change of biomass is related to the concentration of limiting mate- 
rial. The relationship between growth rate and concentration can 
be visualized as follows: 

where S is the concentration of the limiting factor and p is the 
growth rate of the organism under the particular environmental con- 
ditions of the bioassay. 

These concepts apply very well to biostimulation. To assess 
the effects of toxicity, the estimates of biomass and the growth 
variables (Xmax,p) are compared to a control. Controls include 
measurements of receiving water (synthetic or natural ) without any 
pol 1 utants, receiving water with known pol lutants , and a1 gal assay 
medium (APHA 1976; Miller I- et al. 1978; U.S. EPA 1971). 

Selection of actual variables for comparison requires some 
judgment. For the maximum biomass (Xmax), the peak measurement is 
usually used (APHA 1976; Miller -- et al. 1978). The specific growth 
rate of a batch culture (pb) is calculated from biomass measured 
over a period of time and actually varies with time (Figure 2): 

The peak (pbrnax) measured specific growth rate (Figure 2) is sim- 
plest to use as the growth rate variable (Middlebrooks -- et al. 1971). 
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FIGURE 2. Change of batch culture growth rate with 
time (Porcel la et a1 . 1970). -_ 
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Only one measurement of each variable for each bioassay flask 
A statistical approach that can is obtained using Xmax and pbmax. 

be used to expand the degrees of freedom is to use Duncan’s Multiple 
Range Test (Duncan 1955; Middlebrooks -- et al. 1971 ; and treat each 
biomass measurement as a replicate in time. 

How is Biomass Measured? 

Methods of measuring biomass must be evaluated in terms of 
accuracy, precision, sensitivity, cost and convenience. Qualita- 
tive judgment about previous methods is summarized in Table 1. 
Different investigators would use one or several methods as appro- 
priate, depending on available facilities and staff and bioassay 
objectives. If biomass values are compared to a control, then the 
method is not as important as when the results are compared to 
other investigators and other sample sites and sampling times. 

Accuracy is a term that means the truth of the measurement; 
that is, how close is the measurement to measuring what is really 
of importance? This is difficult to assess and most investigators 
have concluded that dry weight of cells is the measurement of bio- 
mass closest to the truth (Kalff and Knoechel 1978). Dry weight 
is the measurement most appropriate for use in models. This as- 
sumes that the cells being measured are totally cells and not con- 
taminated with debris and other materials. Also, dry weight may 
be difficult to evaluate because of prec sion and sensitivity 
problems. Many investigators argue that more than one measurement 
is important because no one measurement s truly a measure of the 
variable of interest. 

If we accept that biomass is the most important growth vari- 
able and that dry weight is the best estimation of biomass and yet 
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there are experimental difficulties in measuring dry weight, then 
it is important to define measurements that relate to dry weight 
precisely and sensitively (Table 1). By assuming that the total 
variance of the biomass estimation procedures for a bioassay is 
the sum of the variance attributed to the measurement and that of 
the variance of the bioassay itself, it is possible to calculate 
the precision of the bioassay itself to be in the range of 6.5 to 
26 percent with a median of about 13 percent (Porcella -- et al. 1970). 
Therefore, reproducibility of rep1 icate assay flasks is reasonably 
good. The actual biomass estimates themselves are highly variable 
depending on the mean value. Low concentrations have high coeffi- 
cient of variation (CV) while a limit is reached for higher concen- 
trations (Table 2). 

In a comparison of results from eight different laboratories 
and three different media, Weiss and Helms (1971) showed that rea- 
sonable precision could be obtained (Table 3). The measurement of 
Xmax was more precise than pbmax. However, a low precision tech- 
nique (hemacytometer) was used to assess biomass for determining 
pbmax. Because this growth parameter is measured at low biomass 
concentrations where precision is less, a measurement that is both 
precise and sensitive should be used. Estimation of Xmax does not 
suffer from this type of precision problem because, except in low 
nutrient waters, biomass is usually in a range where precision is 
more acceptable. 

In comparing the two growth parameters, ubmax can be ascer- 
tained sooner (0-5 days) while Xmax is determined after a much 
greater time interval (10-21 days); both parameters must be meas- 
ured frequently over most of the growth curve. The tradeoff is one 
of time and cost versus precision. If equivalently precise biomass 
techniques were used, pbmax would often be the only measurement. 
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Table 3. Comparison of bioassay results from eight 
different laboratories using different 
media (Weiss and Helms 1971). 

Percent CV 
Bi oma ss 

Measurement 
Xma x LI bma x 

(21 days) (0-5 days) 

Cell s/vol ume 

Hema cy tome ter 

Coul ter Counter 

Dry Weight 

17.9 24-31 * 

9.3 not done 

10.4 not done 

* 
High concentration media only. 
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For interpretive reasons, both parameters should be measured. The 
choice of which method of biomass estimation to use depends on 
facilities available and the unique features of each method of esti- 
mating biomass. 

Cell counting procedures suffer from the disadvantage that cells 
have different sizes throughout their life cycle. Rapidly growing 
populations are composed mostly of smaller cells while slow growing 
populations are composed mostly of larger cells. To correct for size 
variation the biomass can be estimated by calculating the cell volume 
or otherwise measuring the volume of cells. 
ple and accurate with high technology instrumentation such as the 
Coul ter Countera and other particle counters that work on displace- 
ment principles; but low technology alternatives, such as microscope 
counting and calculation of mean cell volumes assuming spherical 
shapes for cells, etc., are tedious and have significant problems 
with precision. 

This correction is sim- 

Light scattering techniques have been used and because of their 
convenience and the ubiquity of spectrophotometers these techniques 
have received wide application. However, they are often inaccurate 
because of background light scattering, light absorption due to 
colored particles and other materials and/or they are imprecise at 
low concentrations (insensitive). In terms of convenience they are 
nondestructive and require very little sample volume or time and 
training of technicians. 

There are several chemical techniques for measuring biomass. 
These include measurements such as COD (chemical oxygen demand), 
chlorophyll (whether by extraction and spectrophotometric measure- 
ment or by -- in vivo fluorescent measurements; Tunzi -- et al. 1974); 
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ATP (Brezonik _- et al. 1975) particulate organic carbon, and other 
elemental measurements. 

If an investigator has the methodology to use one or the other 
of these variables, then it is possible using parallel measurements 
to correlate any variable with the dry weight variable (for example, 
Porcella -- et a1 . 1970, 1973; Kotai -- et a1 . 1978; Miller -- et a1 . 1978). 
Regression equations do not give much weight to low values and give 
greater weight to high values. Also, nonuniform cell size during 
growth will a1 ter relationships. Thus regression equations apply 
better to biomass measurements obtained at times later during the 
bioassay growth curve. 
calculating growth rate; original data are used. 

In no case should transformed data be used for 

THE RELATIONSHIP BETWEEN BIOASSAY VARIABLES AND THE 
CONCENTRATIONS OF CHEMICALS OF INTEREST 

Limiting Factors 

Two growth variables have been defined, maximum specific growth 
rate, batch (ubrnax) and maximum standing crop (Xmax) for the algal 
assay bottle test. 
of the concentration of limiting nutrient(s). 
is defined as the element (N,P, ...) that is in lowest supply rela- 
tive to needs for elements. Limiting nutrients are determined be- 
cause of their value in directing control measures. Algal bioassays 
measure the concentrations of limiting nutrients. Two types of 
limiting nutrients have been defined that relate to the AAP:BT, 
growth rate limiting and maximum biomass limiting (Figure 3). 
occurs because the maximum growth rate is attained at low nutrient 
concentrations early in the growth curve while total standing crop 

It is assumed that wbmax and Xmax are a function 
A 1 imiting nutrient 

This 



Maximum growth rate 
for specific test 
.conditions 

Maximum biomass 
limiting 

Growth rate 
limiting 

TIME 

FIGURE 3. Analyzing growth response relationships to 
limiting nutrients. 

292 



can be attained over a long period of time for higher nutrient con- 
centrations. 
maximum growth rate in the laboratory, Xmax is frequently the oniy 
parameter useful to bioassay those samples. 

Because many samples have enough nutrient to attain 

Essentially two methods are used for determining which limit- 
ing nutrient controls algal growth in a water sample: comparing 
chemical nutrient ratios or comparing the effects of nutr-ient stand- 
ard additions ("spiking"). Generally, nutrient ratios are based on 
typical cell composition measurements, e.g., N/P molar ratios of 
16:l. Bioassay responses to spiking conform generally to cell com- 
position measurements when N/P ratios are considered. 
N/P molar ratios of 76:l (7:l by weight) provide the point where 
ni trogen 1 imi ts growth (<16: 1 ) or phosphorus 1 imits growth (>16: 1 ) . 
Shiroyama -- et al. (1975), provide a value of 25:l; Kotai _- et al. 
(1978) provide 18:l; Chiaudani and Vighi (1974) concluded that 
below 11:1, nitrogen was limiting; above 22:l , phosphorus was 
limiting and in between both were limiting. However, in continuous 
culture experiments Rhee (1978) showed that NIP ratios of 30:l were 
the transition point for Scenedesmus. Also, he argued that there 
is no simultaneous limitation of growth, i.e., where both N and P 
limit growth. In batch bioassays it is common to see no additional 
growth in water samples to which spikes of N and P alone are added, 
but considerable added growth when both N and P are added. 
significance of these results relate to growth rate measurements 
as in the chemostat studies by Rhee and the yield relation of Xmax 
and initial nutrient concentration. Interpretation and application 
of these concepts to natural waters needs further research. 

As a rule, 

The 

Toxic Factors 

Toxicity is exerted on metabolic processes as a function of 
toxicant concentration. Various toxicity models have been applied 
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to a1 gae (Reynolds _- et a1 1975b) and the relationships between con- 
centration and growth are well established. Procedures for assess- 
ing toxicity in the algal assay have been defined but differences 
of opinion exist on the best means of assessing toxicity effects 
(Miller -- et al. 1978; APHA 1976). 
for assessing toxicity is comparing growth of a test sample with a 
control. Fi tzgerald (1 971 ) has defined useful concepts of a1 gistatic 

One of the most useful techniques 

and algicidal for evaluating toxicity in batch cultures. Many inves- 
tigators have used the algal assay for evaluating samples from mixed 
chemical systems where the chemical composition precludes assessment 
of effects on biota. 

Different Species and Other Methodological Choices 

The use of a single algal species (Selenastrum capricornutum) 
of well understood physiological response and biomass measurement is 
suggested by Miller -- et a1 . (1 978). 
species to represent many species is probably an acceptable concept. 
Shuter (1 978) showed that nitrogen and phosphorus cell quotas for 
28 different species were remarkably constant when corrected for size 
of the cells. 
and photosynthesis and respiration rates are a function of cell size 
for unicellular algae. 

In general the use of a single 

Similarly, Banse (1976) has shown that growth rates 

< 
Some functions are not represented by a single algal species. 

Nitrogen fixation is restricted to blue-green algae; silica require- 
ments are bioassayed using diatoms. Trace elements and toxicants 
affect different species uniquely. Payne (1 975, 1976) suggested 
that Microcystis was sensitive enough to zinc that the standard al- 
gal nutrient medium approached toxic levels. Generally, Miller et 
al. (1978) are correct for routine monitoring. As they suggest, 
growth of other algal species should be bioassayed where appropriate, 

- 

294 



but growth should be related to that of Selenastrum capricornutum. 
Although Goldman (1978) discusses natural assemblages, the loss of 
precision is not balanced by gains in accuracy and standardization. 

A1 though generally the specific bioassay environmental condi- 
tions (APHA 1976) are considered non-variant (temperature: 24°C; 
vertical illumination cool-white, fluorescent: 400 ft-C or 1300 uW/ 
cm , visible light at sample surface; borosilicate glass flasks, 
500 ml vol; 100 ml of sasTlple with nontoxic closures that permit some 
air exchange) , measurement precision (+ 10 percent) prevents corn- 
plete adherence to the conditions. This is particularly critical 
because small variations in temperature, light, C02 supply, and 
diffusion rates can have significant effects on growth. Some vari- 
ation in conditions are permitted to provide for special assays, 
species requirements, and project objectives; for example, blue-green 
species are generally grown under lower light intensities (200 ft-C). 
All such variation and changes in conditions should be reported. 

2 

In addition to variation in the algal assay procedures, sample 
collection can vary in time and space according to the objectives 
of the study. Flow rates, geological and climatic differences, chem- 
ical variation and biological factors should be assessed in determin- 
ing a sampling schedule. After sample collection, treatment of the 
sample prior to bioassay can vary. 
tives, sample treatment can affect the presence and availability of 
chemicals subject to bioassay. The possible effects should be care- 
fully assessed because such treatment can significantly affect re- 
sults (Lee 1973). Selection of growth parameters and biomass vari- 
ables depends on objectives. 
or protocol and bioassay growth parameters is summarized in Table 4. 

Again, depending on the objec- 

The relationship between objectives 
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Table 4. Summary of probable responses for algal assay 
growth parameters. 

Assay Protocol ubmax Xma x 

Initial concentration Defines rate Defines bio- 
of limiting nutrient rate 1 imiting mass 1 imi ting 

Standard additions 
of 1 imi ting and 
other nutrients 

Toxic materials 

Growth rate 
stimulating 
chemical s 

Generally equal 
to maximum-no 
effect 

De cr ea s e s 

Increases 

Increased 
biomass 

Decreases 

No effect 
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EXAMPLES OF ALGAL BIOASSAYS IN LAKES AND RESERVOIRS 

The algal assay and its various modifications have been widely 
appl ied (review in Miller -- et al. 1978; also see several symposia 
edited by Middlebrooks -- et al. 1969, 1975; Glass 1973; U.S. EPA 1975; 
Nordforsk 1973; Soltero 1976). In this paper specific studies have 
been selected to illustrate the use of bioassays in lake and reservoir 
water qual i ty assessments. 

Nutrients. Biostimulation, EutroDhication 

Miller et a1 . (1 974) used Selenastrum capricornutum to assay -- 
waters in 49 USA lakes. They used standard algal assay procedures 
and estimated biomass as calculated dry weight measured from dis- 
placement counts and mean cell volume measurements. They concluded 
that the maximum biomass produced (Xmax) was correlated with the 
reported trophic state for those lakes having available data. The 
ranges for low, moderate, moderately high, and high productivity 
lakes were 0 to 0.1 mg/R, 0.11 to 0.8 mg/R, 0.81 to 6.0 mg/R, and 
6.1 to 20.0 mg/R dry weight (calc.), respectively. 
ard additions, 35 lakes were P limited, eight were N limited and 
six were both N and P limited. In general, P limited lakes were 
less prevalent as lakes tended to be more productive. 
concentrations of P occur with eutrophication and P is therefore 
less likely to be limiting. 
can make up the N requirement (Schindler 1977; Liao and Lean 1978), 

Based on stand- 

Thus greater 

Because nitrogen fixation occurs and 

high phosphorus lakes under natural conditions are either not nutri- 
ent limited or are limited by trace elements. 

Mi 
ples on 
those d 

ler et al. (1974) compared the effects of autoclaving sam- 
P assay results and showed autoclaving effects similar to 
scussed by Gerhold and Weiss (Middlebrooks et al. 1975, 

-- 

-- 
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p. 349-361 ). Sample pretreatment techniques have significant 
effects on assay results and therefore interpretation must include 
an assessment of sampling and treatment biases. 

Wastewater Eva1 uation 

Middlebrooks -- et al. (1971) evaluated the algal assay response 
to raw sewage, primary, secondary, and tertiary effluents from the 
South Tahoe Public' Uti1 ities District using an early modification 
of the AAP:BT. Growth rates and standing crop measurements on the 
fifth day based on cell counts (hemacytometer) of Selenastrum gracile 
were used to show effects of treatment level. Some toxicity was ob- 
served in all samples; toxicity was determined by comparing growth 
in several dilutions of wastewater. 

Similarly, Forsberg -- et al. (1978) used a modified algal assay 
to show that waste water treatment plant effluents were toxic. 
conclude that algal assays provide data related to toxicity that 
ordinary chemical analysis does not provide. However, they also 
suggest that assays may not be necessary for determining limiting 
nutrients and the potential for algal growth; these data can be cal- 
culated from chemical analyses. 

They 

However, Cowen and Lee (1976) used algal bioassays to assess 
algal availability of different phosphorus forms contained in storm 
water runoff from urban Madison, Wisconsin. Various chemical frac- 
tionations failed to provide an estimation of total available P. 
Based on bioassays with Selenastrum capricornutum, Cowen and Lee 
showed that the probable upper boundary for available total P was 
total soluble P plus 30% of the particulate P. 
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Toxicity 

The Toxic Substances Control Act and regulations associated 
with product toxicity will result in broad application of toxicity 
assays. Assessment methodology exists for algal toxicity measure- 
ments (APHA 1976; Miller _- et al. 1978) and application to product 
testing in potential receiving waters has received some attention 
(Sturm and Payne 1973; Payne 1976). 

The effects of heavy metals and many toxicants on batch algal 
assay results are not simple to assess. 
made minor modifications of the AAP:BT (nonstandard 1 ight spectra) 
and measured growth in standard medium (containing trace elements, 
iron, and chelator) as affected by Cu, Zn, and Cd. Growth was 
measured by packed cell volume and then transformed to dry weight. 
Results were related to algistatic (will regrow in fresh medium) 
and algicidal (no growth in fresh medium) concepts (Fitzgerald 
1971). Algistatic and algicidal concentrations were established 
in standard medium and then compared to algicidal samples collected 
from heavy metal polluted reaches of the Couer d'Alene River, Idaho. 
The authors showed that Zn concentrations were high enough to cause 
the observed growth inhibition. 

Bartlett _L et al. (1974) 

Mil ler and col leagues have developed algal assay protocol s 
based on displacement biomass measurements of maximum standing crop 
(Xmax) for determining heavy metal toxicity in water samples. 
Greene -- et al. (1976) showed that samples from Long Lake contained 
high and inhibitory zinc concentrations from upstream drainage 
(Couer d' A1 ene River) and nutrients from sewage effluents discharged 
by the City of Spokane. 
making it possible for the test algae to express growth as a func- 
tion of phosphorus concentration (the limiting nutrient) in the 

Added EDTA complexed Zn and other metals 
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samples. 
duced correlated linearly with unit slope of phytoplankton (stand- 
ing crop) contained in water samples. 
ton were species that were resistant to the Zn levels toxic to 
Selenastrum and Anabaena; an indigenous alga, Sphaerocystis schroeteri, 
produced its greatest growth under assay conditions when no EDTA was 
added. 

Also, Greene _- et al. (1976) showed that the biomass pro- 

Presumably, these phytoplank- 

Salts and Organics 

The presence of salts and organic materials in water samples 
can both interfere with assay results as we1 1 as affect algal growth. 
Waters draining limestone regions frequently have high hardness and 
alkalinity concentrations (> - 200 mg/R as CaC03). As C02 is removed 
from the alkalinity system, pH increases and most alkalinity is 
present as COS. The CaC03 solubility product is exceeded, CaC03 
precipitates and phosphate and trace elements are frequently co- 
precipitated reducing the availability of nutrients or toxicants 
in the sample to less than would be expected based on initial chem- 
ical measurements. This can lead to erroneous interpretations be- 
cause productivity in the natural lake may have a less severe effect 
since C02 is replenished by natural mechanisms. Interference in the 
test is caused by resultant "sticking" of cells on CaC03 crystals. 
Also, particles of CaC03 can prevent use of many of the typical bio- 
mass measurements. 

A series of bioassays were performed on samples from eutrophic 
Deer Creek Reservoir, Utah (Porcella and Merritt 1976) using the 
AAP:BT and measuring growth as it is affected by nutrient standard 
additions to the samples. Fil tered epil imnetic sampl es were col- 
lected at summer peak bloom, fall overturn and spring overturn to 
characterize reservoir dissolved available nutrients dynamics based 
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on assay response (Figure 4). 
made (N, P, trace elements, complete assay medium, NaHC03). 
found that Deer Creek Reservoir was initially P limited during the 
bloom, and that nitrogen and trace elements additions (secondary 
and tertiary 1 imitation) could increase the growth after P was added. 
Similar conditions existed at spring overturn. The fall overturn 
sample was initially nitrogen limited. Some evidence of trace ele- 
ment toxicity was observed in the overturn samples that may have 
been caused by transport of metals from the anaerobic hypolimnion. 

A variety of standard additions were 
It was 

Assays of the first sample (September) showed that the high 
hardness/alkalinity levels interfered with the test; the interfer- 
ence caused "sticking" in the December sample and reduced growth 
in the September sample. 
helped reduce but not eliminate these problems. 

The addition of NaHC03 to later samples 

Salinity can be toxic to Selenastrum capricornutum at high 
concentrations. Oil shale development in Colorado, Utah, and 
Wyoming may impact Colorado River drainage with salinity and organic 
compounds. Chemical data alone to assess ecological impacts of 
these compounds in the Colorado River would not be feasible and 
algal assays were chosen as an approach. The first step was to 
assess salt effects on assay growth parameters using Selenastrum 
capricornutum. For example, although MgS04 is a common algal cul- 
ture medium salt (0.24 meq/R) and Mg++ is a component of chloro- 
phyll and other biomolecules, at higher concentrations (> - 4 meq/R; 
48 mg/k) MgS04 inhibited algal growth (Figure 5). 

To assess the effects of oil shale leachates on algal growth, 
standard elutriate extracts from a sample of a specific type and 
source of spent oil shale (other samples often give different re- 
sponses) were added to algal assay medium (AAM). The assay organism 
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on growth of Selenastrum capricornutum in AAM. 

303 



(Scenedesmus sp.) was isolated from Lake Powell. Controls consist- 
ing of AAM and AAM plus salts equivalent to the salinity of the ex- 
tract (determined by analysis) were used for isolating the effects 
of the shale elutriate on the different growth responses (Figure 6). 
Some differences in pH were observed during the bioassay and these 
were not attributable to chemical differences in the waters being 
assayed. Significant differences (P>O. 95) in growth rate measured 
by optical density and _- in  vivo fluorescence were observed; the cul- 
ture medium control had lower growth rate (AAM alone) than the other 
samples. Although no significant differences in maximum standing 
crop (Xmax) could be detected, the biomass (optical density treated 
as replicates in time) was significantly lower for AAM plus spent 
shale. The results indicate that salt increased growth rate but 
had no effect on maximum standing crop. 
fect of chemicals contained in the leachate significantly reduced 
the final biomass in the assay. 

An apparently delayed ef- 

PREDICTIVE USE OF ALGAL ASSAY RESULTS IN EVALUATION 
OF RESERVOIRS 

Some Ma na gemen t Uses 

Algal assays are a biological tool for assessing the effects 
of specific chemicals in aquatic systems. Specific growth param- 
eters have been observed to respond to the set of chemical variables 
that constitute a water sample. Thus, the bioassay serves to con- 
veniently and inexpensively integrate the effects of biostimulatory 
and toxic chemicals, some of which may not be defined or difficult 
to evaluate in combination with other factors. 
direct ecological application but can be useful to predict impacts 
of certain management decisions. Some example decisions could in- 
volve: 

The bioassay has no 

1 )  determining the effects of new effluent discharges, 
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trjbutary diversions and/or new combinations, changes in reservoir 
outlet structure depth on reservoir and downstream water quality; 
2) determining the potential productivity of new reservoirs; 3) 
evaluating effects of changes in watershed management (land uses) 
and reservoir operation (mixing, discharge timing, restoration 
techniques). 

The Utah Water Research Laboratory has been extensively in- 
volved in algal assays to assess the effects of impounding waters 
in U.S. Army Corps of Engineers reservoirs (Kickapoo, Redstone, 
Blackhawk, and other potential reservoir systems) and Bureau of 
Reclamation (USDI) Colorado River drainage reservoirs (Strawberry 
Reservoir system, San Miguel, Colorado, Animas, Gunnison). In most 
cases apparent biostimulation was sufficient to indicate excessive 
a1 gal productivity in the potential reservoirs. Assay results have 
shown the presence of heavy metal toxicity in the Colorado River 
drainage. 

Gerhold and Otto (1976) used algal assays to assess possible 
treatment options and to define operational techniques in a poten- 
tial cooling pond for a proposed power plant. 
cl uded that considerable operational savings could resul t from 
implementation of their conclusions. 

The authors con- 

In discussing regional management of a river/lake drainage sys- 
tem in Norway, Kotai -- et a1 . (1978) concluded that algal assays were 
invaluable in assessing management decisions as to location of waste 
discharges, diversions and other activities. In Sweden, Forsberg 
-- et al. (1978) reported using algal assays as a routine monitoring 
analysis to eval uate phosphate removal from wastewater treatment 
plants. 
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Re sear c h Recommend a t io n s 

Prediction implies modeling at least at a primitive level. 
The assay itself is a biological model but it has no predictive 
value alone. Thus the application of algal assays in reservoir 
modeling does require some additional research. However, inter- 
pretation of the effects of various mixtures of waters and opera- 
tions (stream/reservoir waters/effl uent discharges/pest control 
chemicals/effect of land use alternatives on runoff) would be 
aided significantly by algal assay results. Mass balance models 
and ecologic models that involve chemical variables often depend 
on chemical measurements. Algal assays could be used to deter- 
mine the biological availability of those chemicals and the ef- 
fects of combining those chemical variables. 

The modeling of potential biomass based on algal assays has 
not yet been attempted. 
correlation between assay resul ts and phytoplankton standing crop 
(Greene -- et a1 . 1976), such a correlation may be misleading. 
assays only measure the production aspect of growth; they do not 
measure the consumption or other loss of produced material and 
these variables are equally as important in determining phyto- 
plankton succession and biomass production (Kal ff and Knoechel 
1978). Further research may improve model prediction by expanding 
the role of algal assay procedures. 
areas need most research: 

Although some researchers have shown a 

Algal 

In our opinion the following 

Recommendation 1 . Continuous culture (chemostat) techniques 
should be applied to reservoir operations. This would seem espe- 
cially valuable because of the rapid and unique flow-through times 
typical of most reservoirs which may be somewhat analogous to 
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chemostats. Some questions relevant to algal assays still exist 
and comparison of chemostat and batch assays may provide some 
answers to the roles of growth rates, and nutrient ratios and of 
the effects of nonlimitiwg nutrient concentrations on phytoplank- 
ton growth dynamics. 

Recommendation 2. To determine the relationship between 
potential (algal assay) and actual phytoplankton standing crop in 
reservoirs. A first step would be to model algal assay response 
parameters as a function of various inputs of chemicals and envi- 
ronmental variables. Further evaluation would include the effects 
of succession (different algal species) and a1 gal removal (grazing, 
sinking, etc.). 
ecologic models because bioassay approaches are more exactly de- 
fined. The results from such an attempt would provide a further 
basis for interpreting algal assay results. Another aspect is 
that it would provide a different way of looking at ecologic models 
which could have serendipitous results. An example of such an 
approach without the formalism of a mathematical model is the study 
of a lake and river system by Miller and Maloney (1971). An impor- 
tant step in the development of such a model would be comparison of 
expected and observed results in an actual reservoir. 

This approach differs from the development of 

CONCLUSIONS 

This review has shown that the Algal Assay Procedure: Bottle 
Test is useful for bioassaying water samples to assess chemical 
constituents. The AAP:BT should not be used directly to interpret 
ecological relationships. However, the evaluation of chemical 
constituents by algal growth has many advantages. It is a single, 
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integrated, biological measurement of constituents in a sample 
that exert impact as a function of chemical concentration. The 
algal bioassay measures the effects of biostimulatory and toxic 
compounds. 

Examples i l l  ustrating the appl ication of the a1 gal bioassay 
to management questions about effects of nutrients, toxic com- 
pounds and salts show that the test can be used for determining 
the relative effects of these substances. The algal bioassay can 
be used in reservoir studies to assess the effects of changes in 
effluent discharges, tributary diversion and/or combination, eval- 
uating water quality of potential reservoirs, changes in reservoir 
operation (mixing, discharge timing and location, restoration), 
effects of differing land uses, downstream effects, and seasonal 
variation in i nf 1 ow/outfl ow. 
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INTRODUCTION 

Much of the solar radiation entering lakes and reservoirs is 
accumulated in the form of heat energy. Water temperatures follow the 
seasonal patterns of available light and normally are at maximum in 
late July or early August and minimum in February. 
plankton biomass increases with light intensity and temperature. 
mum biomass levels often coincide with the warmest periods. 
ence of temperature as a controlling factor, for the growth and develop- 
ment of phytoplankton is difficult to separate from other environmental 
factors such as light, nutrition, grazing and parasitism. The inter- 
actions of these factors are complex, and the effect of one factor on 
the growth of algae is likely to be influenced by the others. 

Similarly, phyto- 
Maxi- 

The influ- 

During spring, summer, and fall of 1972 through 1975, 815 lakes 
and reservoirs were sampled throughout the 48 contiguous United States. 
About 2.5 million physical, chemical, and biological data points were 
obtained. The purpose of this paper is to describe the occurrence of 
the 20 most common phytoplankton genera observed as related to water 
temperature and season in lakes sampled in 1973, 1974, and 1975. 

MATERIALS AND METHODS 

Lakes were sampled as part of the U.S. EPA's National Eutrophica- 
tion Survey. Lakes and reservoirs included in the survey were selected 
through discussion with State water pollution agency personnel and U.S. 
Environmental Protection Agency Regional Offices (U.S. EPA, 1975). The 
number of lakes sampled and the sampling periods for each season are 
given by sampling year in Table 1 .  
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Table 1. Sampling Periods 

Season Sampl i ng No. of 
Year Lakes Spring Summer Fa1 1 

_ _ ~  -~ 

1973 250 3/7 - 7/1 7/5 - 9/18 9/19 - 11/4 
1974 - 180 3/4 - 5/12 5/13 - 9/5 9/11 - 11/14 

2/21 - 6/10 6/11 - 9/3 9/4 - 12/11 1975 154 

Aside from using a much expanded data base, the methods employed 
for lake sampling, phytoplankton analysis, and data storage and manipu- 
lation reported in this paper are identical to those described by 
Lambou -- et a1 . (1979) at this workshop and by Taylor -- et a1 . (1978). 
Only temperature data from the photic zone, i.e., the water zone from 
which the phytoplankton were collected, were utilized. 

In this paper, data associated with the 20 phytoplankton genera 
that most frequently accounted for at least 10 percent of the total 
cell count of samples (dominant occurrence) are used. These data are 
compared with those from corresponding samples in which the specific 
genera were not detected at all (non-occurrence). For example, tempera- 
ture data associated with the dominant occurrence of Aphanizomenon 
represent seasonal or annual means for those lakes or reservoirs from 
which samples were taken that showed the genus at a level of 10 per- 
cent or more of the total numerical cell count. Non-occurrence data 
represent the seasonal or annual means from lakes and reservoirs from 
which samples contained detectable levels of Aphanizomenon. 
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RESULTS AND DISCUSSION 

A list of the 20 phytoplankton genera that appeared most frequently 
as dominants is given in Table 2. 
blue-green algae (Myxophyceae) or diatoms (Baci 11  ariophyceae) . 
was by far the most common genus. 
of the two flagellates (Chroomonas and Cryptomonas) was underestimated 
because of their small size and problems associated with identification 
of preserved materi a1 . 

Most of the genera (15) are either 
Melosira 

The number of dominant occurrences 

Diatoms dominated equally throughout the three seasons (Table 2). 
The only important exception was Asterionella, which was more frequently 
dominant in spring. The blue-green genera, as expected, were most 
important in summer and fall. 
those seasons. Averaged for 1973-75, 11 percent of blue-green dominant 
occurrences were during the spring. 
(Cryptomonas, Chroomonas) occurred equally through the seasons while 
the chrysophytan flagella-te (Dinobryon) was dominant in spring samples 
50 percent of the time. The two chlorophytan genera (Scenedesmus, 
Ankistrodesmus) differed in their dominant occurrence patterns. Scene- 

desmus occurred equally through the seasons, while Ankistrodesmus 
occurred 60 percent of the time in spring samples. 

However, they were not restricted to 

The cryptomonad flagellates 

Seasonal mean temperature values for dominant occurrence and non- 
occurrence of the 20 most common dominant phytoplankton genera are given 
in Table 3. The genera are organized by major algal groups (e.g., 
diatoms, bl ue-greens , etc. ) . 

Trends for genera within both the blue-green algal group and the 
diatom group were similar enough that mean temperature values (weighted 
by the frequency of dominant occurrence of each representative genus) 
were calculated for each group to show group trends (Figures 1 and 2, 
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Table 2. Phytoplankton genera most commonly occurring as rtumerical 
dominants in U.S. lakes and reservoirs, and their seasonal 
di stribcrti on. 

Number of 
Dominant 

Percent of the Dominant Occur- 
rences of a Genus (rounded) 

Genus Occurrences Spring Summer Fa1 1 

* 

** 

* 
** 
* 

* 
** 

** 
* 

* 

** 
* 

** 

** 

** 

Melosira 

Chroomonas 

Cryptomonas 

Osci 11 at oria 

Stephanodiscus 

Aphanizomenon 

Fragilaria 

Cyclotella 

Dactylococcopsis 

LYngbYa 
Asterionella 

Nit zschia 

Mi croc ys ti s 

S ynedra 

Scenedesmus 

Dinobryon 

Anabaena 

Merismopedia 

Raphidiopsis 

Ankistrodesmus 

480 
369 
305 
197 
191 
185 
162 
155 
129 
129 
115 
99 
98 
96 
83 
76 
72 
62 
61 
55 

34 
37 
36 
17 
43 
5 

24 
30 
20 
12 
57 
29 
9 
46 
30 
50 
10 
14 
5 
60 

31 
31 
30 
46 
30 
45 
44 
38 
32 
56 
26 
38 
44 
41 
35 
26 
56 
42 
62 
20 

35 
32 
34 
37 
27 
49 
31 
32 
48 
32 
17 
32 
47 
14 
36 
24 
35 
44 
33 
20 

*Diatom 
**B1 ue-green a1 gae 
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respectively). 
dominate in waters of higher temperature during each season. The 
greatest difference between mean values for dominant occurrence and 
non-occurrence was in the spring, when nearly 4.5"C separated the two 
categories. The relatively low frequency of occurrence of blue-greens 
as dominants in the springtime may be related to the lower water tem- 
peratures, but the possible effects of light limitation should not be 
over1 ooked. 

In Figure 1 ,  the blue-green algae can be seen to 

The diatoms are similarly summarized in Figure 2. The temperature 
observed for dominant occurrence is only slightly lower than the tem- 
perature observed for non-occurrence. 
genus that deviated drastically from the general relationship. It 
dominated in much colder waters, particularly in summer and fall. Since 
light attenuation (by other than phytoplankton) would be less likely a 
problem in summer and early fall than in spring, temperature may be a 
significant factor for the relative success of this genus. 

Asterionella was the only diatom 

Seasonal temperature data associated with the occurrence of the 
two green algae are presented in Figure 3. There is about a 6°C dif- 
ference between the dominant occurrence and non-occurrence values for 
Scenedesmus for each of the seasons. This is the highest temperature 
difference observed for the 20 genera under discussion. Asterionella 

had a similarly wide temperature spread but dominated in cooler water, 
while Scenedesmus dominated in much warmer water. 

The trend for Ankistrodesmus was opposite that of Scenedesmus, 
i.e., dominant occurrence was associated with lower water temperatures 
than those of water bodies where it did not occur (Figure 3). 

Waters in which Cryptomonas and Chroornonas exhibited dominant 
occurrence were cooler than those in which they were not found (Figure 
4). Dinobryon, another flagellated genus, showed a similar preference 
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for cooler water as a dominant (Figure 5). 

Most of the temperature data illustrated in Figures 1-5 show 
about a 10°C change between spring and summer dominant occurrences. 
This difference is greater than the within-season temperature spread 
between dominant occurrence and non-occurrence for any of the genera 
discussed. Obviously these genera are adaptable to wide ranges in 
water temperatures. 

To further illustrate this point, the seasonal temperature range 
and 95 percent confidence intervals for Lynybya and Asterionella are 
shown in Figure 6. 
for these two genera were greater than for any other pair. 
the range of values for each genus was very large, and the ranges over- 
lapped one another for each of the seasons. 
entirely be explained by the "genus" level approach taken in this paper. 
Most of the data on Asterionella are for a single species, A. formosa, 
and yet the genus exhibited dominant occurrence with about a 14°C tem- 
perature spread in each of the seasons. The mean temperatures associ- 
ated with the dominant occurrence of the two genera were significantly 
different during each season. 
is truly a function of temperature rather than a consequence of com- 
plex temperature-related or other manifestations cannot be determined 
from the data. Temperature values for each genus closely paralleled 
the seasonal temperature regime of the entire group of lakes and re- 
servoirs sampled, even though some genera showed considerably higher 
or lower temperature means than others. 

Differences between the mean temperature values 
Obviously 

This phenomenon cannot 

Whether the difference in distribution 

Temperature, per se, appears to limit few of the genera studied, 
although particular temperature ranges may confer a greater or lesser 
opportunity for genus to compete successfully in the phytoplankton 
community. The inability, in most cases, to clearly discriminate 
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between those conditions which will support various components of the 
phytoplankton community makes it difficult to make definitive state- 
ments about the effect of the temperature conditions on the basis of 
the mere occurrence, or even the dominance, of a single genus. How- 
ever, temperature differences - do exist, and an approach which takes 
into account the cumulative probabilities of each major component of 
the community to succeed under a given set of environmental conditions 
should prove to have predictive value. 
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I N TROD U C T I 0 N 

During the spring, summer, and fall of 1973, 250 lakes were 
sampled in 17 eastern and southeastern states. Approximately 180 
genera and over 700 phytoplankton species and varieties were observed 
in 692 water samples, resulting in nearly 25,000 phytoplankton oc- 
currence records. The purpose of this paper is to describe the 
relationship between the occurrence of the common phytoplankton 
genera observed and nutrient levels in the lakes. 

MATERIALS AND METHODS 

Lake Sampling 

Lakes were sampled as part of the U.S. Environmental Protection 
Agency's (EPA) National Eutrophication Survey. Lakes and reservoirs 
included in the survey were selected through discussion with State 
water pol 1 ution agency personnel and U. S. Envi ronmental Protection 
Agency Regional Offices (U.S. EPA, 1975). Details of the lake sam- 
pling and quality assurance methods are presented elsewhere (U.S. EPA, 
1975; Taylor -- et a1 . 1978). 

Sampling was accomplished by two teams, each consisting of a lim- 
nologist, pilot, and sampling technician, operating from poontoon- 
equipped helicopters. 
under spring (Round 1) , summer (Round 2) , and fall (Round 3) condi- 
tions. Sampling for Rounds 1, 2, and 3 took place between March 7 and 
July 1, July 5 and September 18, and September 19 and November 14, 
respectively. 
of the lake water as a whole and to investigate visible or known prob- 
lem areas, e.g., algal blooms, and sediment or effluent plumes. The 
number of sampling stations was limited by the survey nature of the 
program and varied in accordance with lake size, morphological and 

With few exceptions, each lake was sampled 

Sampling locations were chosen to define the character 
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hydrological complexity, and practical considerations of time, flight 
range, and weather. At each station, appropriate sampling depths 
were selected by the limnologist. 
samples were collected for nutrient determinations. 

At each sampling depth, two water 

At each sampling station, a depth-integrated phytoplankton sample 
was taken. These samples were uniform mixtures of water from the sur- 
face to-a depth of 4.6 meters (15 feet) or from the surface to the 
lower limit of the photic zone, whichever was greater. 
limit of the photic zone was defined as the depth at which 1 percent 
of the surface incident 1-ight could be measured. 
sampling station was less than 4.6 meters (m), the sample was taken 
from just off the bottom to the surface. 

The lower 

If the depth at the 

Nutrient and Phytoplankton Analysis 

Nutrient analyses were made on the water samples for total phos- 
phorus (total P) , dissolved orthophosphorus (ortho P) , ammonia nitro- 
gen (MI3), ni trite-nitrate nitrogen (NO 
nitrogen (KJEL). All of the analyses were performed utilizing adap- 
tions of automated procedures described by Mullins -_ et al. (1975). 
Further details are given by U.S. EPA (1975) and Taylor -- et al. (1978). 

+ NO ), and total Kjeldahl 2 3 

Four milliliters (ml) of Acid-Lugol's preservative solution 
(Prescott , 1970) were added to each site-specific 130-ml phytoplankton 
sample at the time of collection. 
laboratory in Nevada, where equal volumes for each station were mixed 
to form two 130-ml composite samples for a given lake and sampling 
round. One composite sample was placed in storage; the other was used 
for the examination. 

The samples were shipped to our 

Prior to examination, the composite samples were concentrated by 
allowing the solids to settle for at least 24 hours and drawing off 
the supernate. Final concentration varied from 15 to 40 times the 
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orfginal, depending upon the density of the phytoplankton ir! the sam- 
ple. Wet mounts and heat-treated Hyrax-mounted diatom slides were 
prepared for species identification. 

The phytoplankton samples were examined with the aid of binocular 
compound miscroscopes. 
identify and list the forms encountered. 

A preliminary examination was performed to 
The duration of this exami- 

nation varied depending on the complexity of the sample. 
was made to find and identify all of the forms present in each sample. 
Diatom slides were examined with a standard light microscope. 
greater resolution was essential to accurately identify the diatoms, 
a phase-contrast microscope was used. 

An attempt 

When 

After the species list was compiled, phytoplankton were enumer- 
ated at 400X magnification (40X objective lens) using a Neubauer 
Counting Chamber. All forms within each field were counted. The 
count was continued until a minimum of 100 fields had been viewed, or 
until the most numerous form had been observed a minimum of 100 times. 
Counts were reported in algal units (cells, filaments, or colonies) 
per ml. 

Further details on both nutrient and phytoplankton analyses, as 
well as quality assurance procedures, are given by U.S. EPA (1975), 
Taylor _- et a1 . (1978), and Taylor _ _  et a1 . (1977). 

Data Storage and Manipulation 

The nutrient data collected were entered into STORET (STOrage 
and RETrieval), the U.S. EPA computer system by which water quality 
data are processed and maintained. Phytoplankton data (species 1 ists 
and differential counts) were stored on disc packs accessible through 
ALPHA, a text editor. Data manipulation was as described by Bliss 
_ _  et a1 . (1976). 
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In this paper, only nutrient data collected from the photic zone 
were utilized so as to eliminate the extreme conditions found at 
greater depths, which have little or no short-term effects on the 
phytoplankton community structure. 
to provide equivalent weight to each depth samples at a station and 
to each sampling station on an individual lake during a sampling 
round. 

Nutrient data were manipulated 

Mean parameter values for each sampling station were calculated 
as follows (Lambou -- et a1 . 1976) : 

~ D 
Par = C Pari/D 

j i=l 

where Par j = mean value for a parameter at the jth sampling 
station during a sampling round (lake-date) 

Pari = value for the ith depth 

D = number of depths for which a parameter was 
measured at the jth sampling station during a 
sampling round 

Mean parameter values for each sampling round on a given lake were 
cal cul ated as fol 1 ows : 

S 
Park = c Par./S j=l J 

where Park = mean value for the kth sampling round on a given 
lake 

S = number of sampling sites 

Formulas 1 and 2 were used to determine mean parameter values for total 
P, ortho P, NH3, NO2 -+ NO3, inorganic nitrogen (NO2 + NO3 -+ NH3 = IN) , 
and KJEL, all expressed in micrograms per liter (pg/!L). The ratio of 
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inorganic nitrogen to total phosphorus (N/P) for each sampling station 
was calculated as follows: 

- 
N/P = IN/total P (3) 

However, at the formula 1 level, a total phosphorus value was deleted 
if either nitrogen complement was missing. Values for each round were 
calculated using formula 2. 

During any given round [Round 1 (spring); Round 2 (summer); and 
Round 3 (fall)], phytoplankton samples from stations within a lake 
were composited in such a way as to give each station equal weight. 
After examination the resulting data were placed in computer storage. 
The phytoplankton data were then aggregated into genera-based files 
and the percent composition of each genus was determined from its con- 
centration relative to the total cell count in the sample. The genera 
were sorted to determine the combination of lake and date in which a 
specific genus attained 10 percent or more of the total numerical call 
count (dominant occurrence); was detected at levels below 10 percent 
(non-domi nant occurrence) ; was detected, without respect to 1 eve1 (oc- 
currence) ; or was not detected at all (non-occurrence). 
vides criteria for each occurrence category. 

Table 1 pro- 

The nutrient and phytoplankton data were interfaced by computer 
techniques as described by Taylor et a1 , (1978). -- 

Table 1. Genus Occurrence Categories and Definitions 

Occurrence Category Def i ni ti on 

occ Genus was detected in each lake-date sample 

Genus was not detected in any of the lake- 
date samples represented in this category. 

(occurrence) represented in this category. 

(non-occurrence) 
N 0 NOC C 

DOM Genus constituted 10 percent or more of the 

lake-date sample in this category. 
(dominant occurrence) numerical total cell concentration of each 



Table 1 (continued) 

Occurrence Category Def i ni ti ons 

NONDOM 
(non-domi nant 
occurrence) 

Genus constituted less than 10 percent of the 
numerical total cell concentration of each 
lake-date sample in this category. 

COMMON PHYTOPLANKTON GENERA 

Fifty-seven genera were designated as "common," based on their 
occurrence in at least 10 percent of the 692 samples. An alphabetical 
listing of the 57 genera, including the number of samples within which 
each occurred, organized by season (spring, summer, fall , and annual) 
and occurrence category, is given in Table 2. 

Melosira was the most common genus encountered in the lakes sam- 
pled (Table 2). 
total Sample occurrences, are Scenedesmus, Synedra, Cyclotella, Oscil- 
latoria, Euglena, Cryptomonas, Navicula, Nitzschia, Anabaena, and 

0the.r genera of importance, in descending order of 

Microcystis. All occurred in 50 percent or more of the samples ex- 
amined. Pediastrum, Merismopedia, Tetraedron, Coelastrum, 

Dactylococcopsis, and Lyngbya occurred in 40 to 50 percent of the 
sampl es exami ned. 

The number of samples in which a genus is detected is not neces- 
sarily an indication of its ability to attain community dominance. 
While PJelosira occurred more frequently than any other genus both as 
a dominant and nondominant, Scenedesmus, the most frequently encoun- 
tered genus, attained dominance in only 9 percent of the samples in 
which it occurred. Several other genera (Euglena, Navicula, Pediastrum, 
Tetraedron, and Coelastrum) are of special interest because they oc- 
curred in more than 40 percent of the samples (> 277/692), but were 
dominant in less than 2 percent of the samples. 
curred as a numerical dominant. 

- 
Pediastrum never oc- 
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All 57 genera occurred during each season. In fact, many of 
the genera exhibited dominant occurrence in all three of the seasons. 
Only five genera (Asterionella, Gomphonema, Surirella, Cymbella, and 
Gymnodinium) had at least 40 percent of their occurrences in spring 
samples. This was in sharp contrast with summer and fall samples 
where 21 and 25 genera, respectively, had at least 40 percent of 
their occurrences. 

Asterionella and Radhidiopsis are the only forms, among those 
showing strong seasonal preferences in their general occurrence, 
which frequently exhibited dominant occurrence. Seventy-seven per- 
cent of the Asterionella dominant occurrences were in spring samples. 
By comparison, Oscillatoria did not show strong seasonal preference 
in general occurrence, but as a dominant was an important summer 
form. 
was only apparent in data from its dominant occurrence. 

Simi 1 arly , the preference of Dinobryon for spring condi ti ons 

Flagellates and diatoms were the most common springtime plankton 
genera while blue-green and chlorococcalean genera were most common 
in the summer and fall. 
seasons. 

Diatoms were quite important in all three 

NUTRIENT REQUIREMENTS 

Most genera were found to occur over an extremely wide range of 
nutrient conditions. To illustrate this point, range diagrams for 
the respective occurrence categories of each genus have been prepared 
for the following parameters: total P, Kjeldahl nitrogen, and N/P 
(Appendix Tables A-1 through A-3). 
of conditions in which a genus occurred or attained dominant occur- 
rence with those conditions under which it was not detected at all 
clearly demonstrate the breadth of both the conditions favorable 
to the phytoplankton genera and the overlap of conditions supporting 
widely dissimilar genera. In many cases, the ranges of conditions 

Direct comparisons of the ranges 
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supporting a given genus were no different from those under which 
that genus was not detected. The same patterns were found for the 
other nutrient species. The range of ortho P, NO2 + NO3, and NH3 
values associated with dominant occurrence, non-dominant occurrence, 
and occurrence of Anabaena, Cryptomonas, and Dinobryon are presented 
in Table 3 to illustrate this pattern. 

Table 3. Range of Ortho P, NO2 + NO3, and NH3 Values Within Three 
Occurrence Categories for Three Genera 

Ca t eg o ry 
Parameter Occur. Range Anabaena Cryptomonas Dinobryon 

Ortho P D OM MIN 2 2 1 
(vg/l iter) MAX 2009 851 85 

NO N D OM MIN 1 1 1 
MAX 1189 1189 555 

occ MIN 1 1 1 
MAX 2009 1189 555 

NO2 + NO3 DOM 
(pg/l iter) 

NONDOM 

MIN 
MAX 

20 
3429 

21 
9745 

19 
989 

MIN 
MAX 

17 
9745 

17 
7557 

17 
7557 

occ MIN 
MAX 

17 
9745 

17 
9745 

17 
7557 

MIN 
MAX 

35 
3024 

31 
532 

31 
164 

MIN 
MAX 

30 
569 

20 
979 

22 
979 

occ MIN 
MAX 

30 
3024 

20 
979 

22 
979 

To illustrate the nutrient range overlap typically encountered 
when making comparisons between genera, the two genera associated 
with the largest and smallest mean total phosphorus values were 
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examined. Actinastrum had the highest, mean total P (257 vg/E) asso- 
ciated with its distribution, while Tabellaria was associated with 
the lowest mean total P (42 pg/R) of the 57 genera considered in this 
report (Appendix A-1). 
mean total phosphorus, enough overlap occurred in their ranges to sub- 
stantially reduce their usefulness as general indicators of either 
high total phosphorus in the case of Actinastrum or low total phos- 
phorus in the case of Tabellaria. 

Even though they represent the extremes in 

Considering only the genera exhibiting dominant occurrence in 
more than 10 samples, Scenedesmus and Tabellaria were associated 
with the largest and smallest total P values, 351 and 22 pg/R, re- 
spectively (Appendix A-l)* 
appreciably, since dominant occurrence presumably requires near- 
optimal conditions for growth and reproduction. What was found, 
however, is that the range of total P values for the two genera over- 
lapped. 
low the mean value of Scenedesmus, the entire range of Tabellaria was 
encompassed by the range of Scenedesmus. 

One might expect ranges to narrow 

Although the upper end of the Tabellaria range was well be- 

A number of genera appear to have a narrow range of total P 
values associated with dominant occurrence (e.g., Achnanthes, 
Actinastrum, and Gymnodinium). The narrow ranges may have resulted 
from the small number of dominant occurrences recorded rather than 
truly restrictive requirements. 
quirements, or is able to outcompete other organisms only under very 
unusual conditions, it will generally be quite rare in the "normal" 
range of lake conditions and therefore relatively useless in classify- 
ing most lake waters. 

If an organism has such unique re- 

It is desirable to identify trends in nutrient conditions asso- 
ciated with specific genera and to provide means for comparative 
analysis among genera. To accomplish this, a series of tables was 
constructed which rank the 57 genera by mean nutrient parameter values 

339 



(Tables 4 and 5). 
order, the total number of occurrences of each of the genera. There 
'dere a total of 692 sample possibilities in which each genus could 
have occurred. In subsequent columns the genera are ranked by their 
mean values on a parameter-by-parameter basis. 

The first column in Table 4 presents, in rank 

The seven genera associated with levels of total P greater than 
200 vg/R (see Table 4) were tracked through the other rankings. 
ilarly, five genera associated with levels of total P less than 700 
pg/% were tracked. These two groups will be referred to as the nu- 
trient-rich and nutrient-poor groups, respectively. The final group, 
specifically tracked through the various rankings of mean parameter 
values, is comprised of the blue-green algae. 

Sim- 

The nutrient-rich group consists of four chlorococcaleans (Chlor- 
ophyta) , one green flagel late (Chlorophyta) and two filamentous blue- 
green (Cyanophyta) genera. While Laqerheimia has about 10 species 
reported in the United States, the other genera have very few species 
and not all of these were detected in the samples. Therefore, data 
trends suggested at the genus level oftentimes may be attributed to 
the influence of only one or two species. All seven genera were 
summer and fall forms, while Actinastrum and Lagerheimia also occurred 
equally in spring. 

There was a strong tendency for the nutrient-rich group to cluster 
at or near the top of the nutrient parameter lists. 
exception was with nitrite-nitrate nitrogen (NO2 + NO3) where the 
genera were scattered from top to bottom. 
were found to be considerably higher in spring than in summer or fall. 
This may explain the scatter of the nutrient-rich group in this param- 
eter since they were primarily summer and fall forms. 

The outstanding 

Lake NO2 + NO3 concentrations 

The nutrient-poor group consisted of Asterionella, Dinobryon, 
Tabellaria, Peridinium, and Ceratium. Asterionella was the only genus 
which occurred primarily -in spring. The two dinoflagellates, Peridinium 
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Table 4. Phytoplankton genera ranked by frequency of occurrence 
avld associated mean nutrient values 

. ~ ~ _._______ _ _ _ ~  
Freouencv Total P Ortho P . . .  

Genus of Occurrence Genus ' (uq/l) Genus (!Jg/l) 
Me1 os i ra 607 *Ac ti nas trum 287 *Actinastrum 149 
Scenede smu s 
Synedra 
Cycl otell a 

*Oscil latoria 
Eugl end 
Cryptomonas 
Nav i cul a 
Ni tzschia 

*Anabaena 
*Mi crocysti s 
Pediastrum 

*Meri srnoped i a 
Tetraedron 
Coel astrum 

*Dactyl ococcopsi s 
*Lyngbya 
Stephanodi scus 
Staurastrum 
Ankistrodesmus 
Phacus 
Crucigenia 
Closterium 
Cosmari um 
Trachel omonas 
tDinobryon 
Fragilaria, 

tAsterione11 a 
Dictyosphaeri um 
Oocyst i s 

*Chroococcus 
*Schroederi a 

**Raphidi ops i s 
Cymbel 1 a 
Ki rchneriell a 
Mal 1 omonas 

tceratium 
*Aphani zomenon 
t?eri d i n i um 
Ac hna n t he s 
Chlamydomonas 
+Go 1 en ki ni a 
+Tabel laria 
Pandori na 
Cocconei s 
G1 enodi ni urn 
Suri re1 1 a 

*Acti nastrum 
Treubaria 
Gymnodi ni urn 

+Coelosphaerium 
*Lagerheimi a 

**Anabaenopi s 
Gyros i 9ma 
Eua s t rum 
Gomphonema 

*Chlorogonium 

553 
462 
441 
4 28 
408 
393 
391 
374 
356 
346 
333 
328 
324 
28 7 
287 
286 
275 
271 
255 
253 
242 
238 
236 
228 
221 
215 
198 
185 
182 
179 
179 
177 
170 
163 
162 
158 
154 
154 
144 
140 
126 
122 
116 
115 
111 
99 
95 
94 
87 
84 
84 
83 
80 
77 
77 
76 

'kChl orogoni um 
*Go1 enki ni a , 
"Lagerheimi a 
*'bAnabaenopsi s 
"Schroederia 

**Raphidiopsis 
Chl amydomonas 
Dictyosphaeri urn 
Phacus 

Kirchneriella 
*Chroococcus 

*Merismopedia 
#Microcystis 
Pediastrum 
Te t ra ed ron 

#Dactylococcopsis 
C1 osteri um 
Euglena 
Treubari a 
Coel astrum 
Pandori na 
Scenedesmus 
Suri re1 1 a 

*Oscil latoria 
Crucigenia 
Anki strodesinus 
Oocysti s 

*Ababaena 
Cycl otel 1 a 
Stephanodi scus 
Cosrnari urn 
Trachel omonas 
Crypt ornona s 
Ni tzschia 
G1 enodi ni um 
Cocconei s 

*Lyng bya 
Me1 os i ra 
*Aphani zomenon 
Gymnodi ni urn 
Sy n ed r a 
Gyros i gma 
Navicula 

S t a u ra s t rum 
Cymbel 1 a 
Gomphonema 
Eua s t r um 
Mal 1 omonas 
Frag i 1 ari a 
Achnanthes 
tPeridinium 
tcerati urn 
tDi nobryon 
tAsterione1 la 
tTabel1 aria 

*Coel osphaeri um 

271 
245 
243 
238 
227 
212 
199 
197 
192 
191 
184 
176 
167 
166 
165 
164 
156 
153 
146 
142 
138 
135 
135 
135 
133 
129 
129 
127 
126 
126 
125 
118 
116 
116 
113 
112 
110 
109 
103 
101 
98 
95 
94 
93 
91 
91 
91 
89 
85 
82 
74 
66 
62 
60 
56 
42 

*Chl orogoni um 
*Go1 enkinia 
*Lagerheimia 
*Schroederia 

**Ana baenops i s 
**Rap hidi ops i s 
*Chroococcus 
Chlamydomonas 
Di ctyosphaeri um 
Ki rchneriell a 

*Meri smopedia 
*Dactyl ococcopsi s 
*Microcystis 
Tetra ed ron 
Pedi ast rum 
Phacus 
C1 osteri urn 
Pandorina 
Treuba ri a 
Euglena 
Sce n ede smu s 
Coel astrum 

*oscil latoria 
Cycl otell a 

*An a ba e na 
Suri re1 1 a 
Crucigenia 
Anki strodesinus 
Cosmari urn 
Oocysti s 

Stephanodiscus 
Cocconeis 
Crypt omona s 
Ni tzschia 
Melosira 
Glenodi ni urn 
Euas trum 
Trachel omonas 

*Coel osphaeri um 
*Aphani zomenon 
Staurastrum 
Navicula 
Cynibel 1 a 
Synedra 
Fragil aria 
Gyros iqma 
Ac h n a n t he s 
Mal 1 omonas 
Gomphoncma 
Gymnodi ni um 
tPeridinium 
tceratium 
tDi nobryon 
tAsterione1 la 
tiabellaria 

*Lyng bya 

147 
142 
126 
115 
114 
109 
107 
105 
105 
94 
87 
87 
83 
81 
80 
79 
71 
70 
64 
63 
63 
63 
62 
60 
58 
57 
57 
56 
53 
52 
50 
49 
49 
48 
47 
45 
43 
41 
41 
40 
38 
35 
34 
34 
34 
31 
30 
29 
29 
28 
27 
26 
24 
24 
17 
14 
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Table 4 (continued) 

- ---___ __ 
i!O :+NO3 NH3 KJEL 

- !:enus (iig/l) Gcnus (!Jg/l) Genus (!Jg/l) 
Suri r-el 1 a 1146 "Act i nas truni 157 *Laqerheirnia 1717 
Somphonema 
Gyros i gma 
Stephanodi scus 

*Act i na s t rurn 
Gymnodi ni urn 
Trachel omonas 
fuyl ena 
Crypt o rno na s 
Synedra 
'iavicula 
::i tzschia 
;.yc 1 otel 1 a 
ksterionella 
i1 eriodi niurn 
Cyrnbell a 
'Chi amydomonas 
Phacus 
nandori na 
"el osi ra 

;occonei s 
Gactyiococcopsis 

1 os t cr i iiin 
rlhi strodemus 
ragilaria 

*,35ci 1 1  atori a 
:oel astruii 

*!chroederi a 
iceqedesnus 

t:,i nobryon 

*.i rchneri el 1 a 
:rucisenia 

'iaqerhciiia 
:ed 1 as t r up.1 

*"cri sTopcdi a 

-recbaria 
trabei 1 aria 

't,:aphidiopsi s 
*:nabaena 
lictyosphaeri un 

fl'i crocysti s 
:et r- a cd r o n 

t Per i di ni uin 
'7olenkinia 
> t a uras t r um 

Cosnari urn 
$Soel osphacri urn 
*:hroococcus 

'*:<nabacnopsi s 

t:vngbya 

: uastrun 

963 
925 
250 
799 
7:4 
701 
693 
623 
634 
634 
629 
51 1 
605 
599 
572 
56:. 
565 
55z 
531 
523 
523 

552 
:59 
496 
492 
,489 
.I 0 1 
J 72 
464 
456 
453 
4 2  
225 
423 
42: 
413 
406 
3c3 
373 
371 
363 
361 
351 
34c 
347 
335 
334 
330 
325 
310 
;c7 
274 
239 
197 
145 

c 1 , 7  J i L  

- u  

Suri re1 1 a 
"Lagerbeirni a 
'XtRa p h i d i ops i s 
"Schroederi a 
Pandori na 
Cocl astrum 
Phacus 
Chl anydo:nonas 
Pediastrun 
Dictyosphacrium 
Trachel ornonas 

Oocyst i s 
Euglena 

*Golenkinia 
*Aphani zoinenon 
*0scillatoria 
Gyros i gma 
Closterium 

*l:icrocystis 
*Dactyl ococcopsi s 
*Anabaena 

*ik ri siiioped i a 

Cycl otel 1 a 
Te traed ran 
Cry p tomona s 
Staurastrum 

*Ch roococcu s 
llavicula 
\'el osi ra 
Sccncdesrnus 
Cocconei s 
Kirchnericl la 
Goaphoncma 
Crucigcnia 
hkistrodesrnus 
Synedra 
Cyrnbel 1 a 
Ili tzschi a 
Glenodiniurn 

**Anabacnopsi s 
CosmariuT 
Fragi 1 aria 

*C h 1 oroqon i urn 
Stephanodi scus 

*Coel osphacri urn 
!la1 1 oinonas 

*Lyngbya 
treratiuin 
Cymnodi ni urn 
Achnanthcs 
tDi nobryon 
Treubari a 
tnsterionel la 
tTabellaria 
Euas t rum 
tperidinium 

154 
149 
145 
137 
136 
133 
132 
132 
130 
130 
120 
12s 
126 
126 
125 
124 
124 
123 
122 
122 
121 
119 
119 
113 
117 
116 
116 
116 
116 
116 
115 
115 
114 
114 
113 
113 
113 
113 
113 
112 
111 
110 
108 
106 
106 
10G 
106 
103 
103 
100 
100 
99 
96 
95 
91 
91 

**Anabaenopsi s 
*Chi orngoni urn 
*Chroococcus 
*Schroederi a 
*Acti nas truv 
*Golenkinia 

**Ra phi di ops i s 

*tlicrocystis 
*Heri smopedi a 
Ki rchneri el 1 a 
iet raedron 
Phacus 
Pedi astrun 
Treuhari a 
Cosmari urn 
C1 osteri urn 
Chl amydononas 
Coel astruin 

*Lynghya ~ 

iAphanizonenon 
Crucigenia 

*Coel osphaeri urn 
*Dactyl ococcopsi s 
*P,b a h a e na 

Dictyozphaeri urn 

Oocysti s 

Glenodi ni urn 
Sc Pnedesnu s 
Euglena 
Staurastrua 
Ankistrodcsmus 
f0scillatoria 
Gymnodi ni urn 
Cycl otel 1 a 
Stephanodi scus 
Trachel oqonas 
Cryptomonas 
i.lel osi ra 
Suri rcl 1 a 
Fragilaria 
Fli tzschia 
Cocconei s 
Euas trum 
Cyrosigma 
Na1 lornonas 
Navicula 
Synedra 
tcerati urn 
Cornphonema 
Pandori na 

t Pe r i  d i n i um 
Achnanthes 
Cyrnbcl 1 a 

tni nobryon 
t!?sterionella 
tTabellaria 

1697 
1592 
1529 
152G 
1523 
1515 
1398 
1386 
13C3 
1367 
1363 
1347 
1326 
1307 
1307 
1302 
12;: 
AL73 
1232 
iL3: 

1202 
i175 
1155 
1146 
1141 
1132 
1133 
1125 
1109 
1104 
1037 
loci 
1332 
1013 
1016 
1005 
1001 
999 
996 
990 
975 
952 
930 
923 
923 
921 
370 
250 
c4 5 
c33 
C2G 
S1C 
607 
707 
627 
5G2 

in 

1 -  
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Table 4 (continued) 
__ - 

Genus 
-?i7izCaenooTs i s 

Euas trum 
*Chroococcus 
*Go1 enki ni a 
**Rap h i di ops i s 

Oi ctyosphaeri um 
*Lagerheimia 
Treubari a 
Tetraedron 
Cosmari um 

*Schroederi a 
Pediastrum 
Ki rchneriel 1 a 

*Act; nastrum 
Chl amydomonas 

*Meri smopedi a 
*Microcystis 
fLyngbya 
"Chlorogoniun 
#Anabaena 
*Dactyl ococcopsi s 
Staurastrum 
Oocystis 
Phacus 
C1 osteri um 
Crucigenia 
Pandori na 
@scil latoria 
Cocconei s 
Scenedesmu s 
Coelastrum 
Ankistrodesrnus 
Euglena 

*Aphani zornenon 
*Coelosphaerium 
Achnanthes 
Trachel omonas 
Ni tzschi a 
Me1 osi ra 
Mal 1 omonas 
Gyros i gma 
tiymnodi ni um 
Fragi 1 aria 
Cryptomonas 
Flavicul a 
Cymbel 1 a 
tPeridinium 
Stephanodiscus 
Cyclotella 
Synedra 
Surirella 
G1 enodi ni urn 

tcerati urn 
Gomphonema 

t Asteri one1 1 a 
tTabel laria 
tDinobryon 

NIP 
3.3 
4.7 
6.0 
6.0 
7.1 
7.1 
7.6 
7.9 
7.9 
8.1 
8.3 
8.4 
8.6 
8.9 
9.1 
9.1 
9.3 
9.4 
9.7 
9.8 
9.9 
9.9 
10.1 
10.2 
10.3 
10.6 
10.6 
10.6 
10.9 
11.1 
11.3 
11.3 
12.2 
12.2 
12.3 
12.3 
12.5 
12.8 
13.0 
13.4 
13.4 
14.3 
14.3 
14.6 
14.6 
14.7 
14.7 
14.9 
14.9 
15.1 
15.2 
15.4 
15.7 
16.3 
16.9 
15.0 
19.2 

*nutrient-rich group: mean Total P > 200 ug/Q 
fnutrient-poor group: mean Total P < 70 ug/R 
*bl ue-green a1 gae 
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Table 5. Selected genera* ranked by their frequency of dominant 
occurrence and the mean parameter values associated with 
their dominant occurrence 

Frequency of 
Dominant Total ? 

Genus Occurrence Genus ( d l  ) 
Me1 osi ra 255 Scenedesmus 35 1 
Osci 1 1  atori a 
LYngbYa 
Cycl otell a 
Stephanodiscus 
Crypt omona s 
Dactyl ococcopsi s 
Mi c rocys t i s 
Scenedesmus 
Synedra 
Raphidiopsis 
Fragi 1 aria 
Aphani zornenon 
Asteri onel 1 a 
An ab aena 
Di nobryon 
Ni tzschi a 
Meri smopedi a 
Tabel 1 aria 
Chroococcus 

105 
99 
83 
73 
72 
58 
53 
50 
48 
45 
45 
41 
36 
33 
31 
29 
22 
20 
19 

Cycl otel 1 a 
Anabaena 
Meri srnopedia 
Dactylococcopsis 
Stephanodiscus 
Chroococcus 
Microcysti s 
Aphani zornenon 
Oscil latoria 
Crypt ornona s 
Raphidiopsis 

Me1 osi ra 
Ni tzschia 
Synedra 
Fragi 1 aria 
Asteri one1 1 a 
Di nobryon 
Tabel 1 aria 

LYn gbya 

185 
183 
183 
178 
166 
163 
148 
147 
125 
115 
106 
99 
94 
92 
82 
64 
36 
27 
22 

Ortho P NO2 +NO3 
Genus (ug/1) Genus (ug/l) 
Scenedesmus 194 Stephanodi scus 1201 
Cyclotel 1 a 
Dactyl ococcops i s 
An a baena 
Meri smopedi a 
Chroococcus 
Stephanodi scus 
Aphani zornenon 
Microcysti s 
Cryptornonas 
Syn ed ra 
Oscillatoria 
Me1 osi ra 
Lyn gbya 
Raphi di ops i s 
Fragil aria 
Ni  tzschi a 
Di nobryon 
Asterionella 
Tabel 1 aria 

110 
108 
92 
89 
76 
66 
63 
62 
53 
43 
41 
38 
38 
27 
26 
25 
11 
11 
5 

Cryptomonas 
Syned ra 
Me1 osi ra 
Asterionel 1 a 
Fragilaria 
Ni tzschia 
Cycl otel 1 a 
Meri srnopedi a 
Sce ned esrnu s 
Oscillatoria 
Aphanizomenon 
Raphidi ops i s 
Microcystis 
Di nobryon 
An ab ae na 
Dactyl ococcopsi s 
Chroococcus 
Tabel 1 aria 
LYn !3bY a 

970 
905 
71 5 
621 
601 
5 92 
587 
510 
502 
381 
311 
303 
302 
298 
252 
186 
161 
133 
107 

*Each genus selected achieved dominance at least 10 times in samples from 
eastern and southeastern lakes. 
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Table 5 (continued) 

Genus 
Anabaena 
Osci 1 1 atori a 
Cycl otel 1 a 
Stephanodiscus 
Synedra 
Raphidiopsis 
Scenedesmus 
Fragilaria 
C ry p t omo na s 
Aphani zomenon 
LYngbYa 
Meri moped i a 
Me1 os i ra 
Ni tzschi a 
Mi crocysti s 
Chroococcus 
Tabel 1 ari a 
Dactylococcopsis 
Asterionel 1 a 
Di nobryon 

NH q 

127 
120 
120 
120 
119 
117 
115 
112 
112 
110 
110 
103; 
101 
98 
90 
86 
82 
74 
65 

KJEL 

Scened esmu s 1826 
Chroococcus I630 
Lyn g bya 1488 
Mi c roc y s t i s 1457 
Aphani zomenon 1437 
Merismopedia 1387 
Oscillatoria 1356 

Raphidi opsi s 1073 
Cycl otell a 1053 
Dactyl ococcops i s 1041 
An ab ae na 1015 
Ni tzschia 883 
Fragil aria 843 
Crypt omo n a s 798 
Synedra 797 
Me1 osi ra 774 
Di nobryon 594 
Asterionel 1 a 491 
Tabel 1 aria 455 

Genus (v9/1) 

Stephanodi scus 1112 

Genus N/P 
Chroococcus 4.3 
LY n g by a 
Meri smopedia 
Dactylococcopsis 
Anabaena 
Aphani zomenon 
Scenedesmus 
Oscill atori a 
Microcystis 
Ra ph i d i ops i s 
Nitzschia 
Tabel 1 aria 
Crypt omo na s 
Me1 osira 
Cycl otel la 
Stephanodi scus 
Syn edra 
Asteri one1 1 a 
Fragilaria 
Di nobryon 

4.6 
6.1 
6.9 
7.1 
7.5 
8.5 
9.0 
9.7 
9.8 
10.4 
11.3 
14.2 
14.4 
17.7 
17.8 
21.0 
22.4 
22.9 
28.5 
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and Ceratium, were summer and fall forms, while Dinobryon and 
Tabellaria occurred equally through the seasons. The genera in 
this group remained tightly packed at the lower mean values for all 
of the nutrient series parameter except NO2 + NO3 where, as with 
the group at the high end, they generally scattered throughout the 
range. The association of Asterionella with particularly high NO2 
+ NO3, levels appears to be a consequence of its seasonal (spring) 
"preference. 'I 

Eleven blue-green algal genera were quite common in the study 
(Table 4). Nine of these were important dominants in that they 
achieved dominance in at least 10 samples (Table 5). All can be 
classified as summer and fall forms except Dactylococcopsis and 
Oscillatoria, which occurred equally in spring as well. 

As a group, the blue-green algae were scattered throughout the 
upper and middle ranges of mean values for all the parameters (Table 
4). Except for NO2 + NO3' they never appear at the extreme low end. 
The blue-green algae completely reversed their trend for NO2 + NO3, 
and most of the genera fell into the lower half of that list. This 
phenomenon cannot be readily explained on the basis of nitrogen fix- 
ation, since only one of five blue-green genera associated with the 
lowest mean NO2 + NO3 values is an acknowledged nitrogen-fixer 
(Anabaenopsis) . 

The three genera listed that have heterocysts and are known to 
contain species which fix nitrogen are Anabaena, Aphanizomenon, and 
Anabaenopsis (Fogg -_ et a1 . 1973). 
important physiological process [in algae, associated uniquely with 
the blue-greens (Fogg _- et al. 1973)], would be expected to be associ- 
ated with a naturally occurring group having similar environmental 
requirements. In 
fact, scatter among the three genera was great, and mean values dif- 
fered commonly by a factor of 2 (Table 4). 

Nitrogen fixation, an extremely 

Our NO2 + NO3 data do not support that premise. 

Nor was there a clear 
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relationship with N/P ratio, since five non-heterocystous genera had 
lower N/P ratio values than Anabaena, and seven show lower values 
than Aphanizomenon. 
dominant occurrences (Tab1 e 5). 

Similar N/P ratio trends were associated with 

In an attempt to determine the major constituents within phyto- 
plankton communities, dominant occurrence status was attached to 
those genera which accounted for 10 percent or more of the numerical 
total cell count in a given sample. The 10 percent cutoff point is 
arbitrary and resulted in an average of about three genera exhibiting 
dominant occurrence in each sample. With this approach, every sample 
had members exhibiting dominant occurrence regardless of the total 
cell count. 

In Table 5, each genus which achieved dominant occurrence at 
least 10 times was ranked by its frequency of dominant occurrence 
and the mean level of nutrients found associated with the dominant 
occurrence of that genus. The genera represented in Table 5 include 
nine bl ue-greens (Plyxophyceae) , eight diatoms (Chrysophyta) , two 
fl age1 1 ates (one Cryptophyta and one Chrysophyta) , and one chl orococ- 
calean (Chlorophyta) . Obviously, blue-green and diatom genera numer- 
ically dominated a majority of samples. MeLosira was by far the most 
common dominant genus, followed by Oscillatoria and Lynqbya. Scenedesmus, 

second only to Melosira in total occurrences, was considerably less 
important among dominant occurrence forms. 

Asterionella appeared to exhibit dominant occurrence more frequently 
in spring, while Stephanodiscus, Synedra, and Tabellaria exhibited domi- 
nant occurrence more frequently in spring and summer and Cryptomonas 
and Dinobryon in spring and fall (Table 2). 
Fraqilaria occurred equally throughout the seasons. 
genera showed dominant occurrence more frequently in summer and fall. 

Dominant occurrence of 
The remaining 

As expected, the dominant occurrence category tended to narrow 
the ranges of associated nutrient conditions for most of the genera 
(Appendix A) by eliminating data associated with passive or chance oc- 
currences of genera within a given sample, and by using data associated 
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with healthy populations. Note that a genus showing dominant occurrence 
at the time of samp!-ing may have been in the growth, stationary, or 
decline phase. Naturally, nutrient requirements would vary accord- 
ingly. Therefore, there is no assurance that the conditions detected 
at the time of sampling were, in fact, optimal for growth of that 
genus. 

DISCUSSION 

Severe criticisms of limnological investigations conducted at 
the genus 1 eve1 have been directed primari ly toward the variabi 1 i ty 
in environmental requirements of the species comprising many genera. 
Weber (1971) provided a graphic illustration using Cyclotella as an 
example of a genus with individual species having requirements at 
all levels of the trophic scale. 
to discuss diatom populations at the genus level. Our data, for the 
most part, support this point of view expecially the data defining 
ranges of nutrient conditions associated with specific genus occur- 
rence, whether it be dominant or not. The value of the criticism is 
not restricted to the diatoms, as we have shown similar results for 
most of the major groups occurring in freshwater plankton communities. 
There are, however, a number of genera which are either monospecific, 
have just a few species, or were represented only by a few species in 
the lakes sampled in the Southeast and East. Data associated with 
these genera woul d ref1 ect monospecific requirements and woul d be use- 
ful on at least a regional basis. 

He concluded that it is pointless 

The ranking schemes (Tables 4 and 5) used for comparing 
ferences between central tendencies of the various genera are 
to illustrate trends with potential application in lake water 
assessment. Many of the genera followed consistent patterns 
ranking against many of the parameters. Shifts in conditions 
ated with dominant occurrence were often consistent in direct 

he dif- 
important 
qual i ty 
n their 
associ - 
on. 

Scenedesmus, one of the most common genera encountered, had mean values 
calculated from total occurrence data which consistently placed it mid 
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way down the ranked lists (Table 4). 
nant occurrences of Scenedesmus, on the other hand, are characterized 
by extremely high mean values for total P, ortho P, and Kjeldahl nitro- 
gen, reflecting highly enriched conditions during times of important 
growth (Table 5). If these relationships, particularly dominant-oc- 
currence trends, reflect conditions of competitive advantage for the 

Conditions associated with domi- 

genera, then the information may be used to evaluate or even predict 
water qual i ty . 

Of considerable interest is the consistent relationship noted be- 
tween the occurrence of blue-green algae and low N/P ratios. 
attainment of high relative importance (dominant occurrence) among 
the blue-green genera represented was invariably associated with 
very low N/P ratios. The competitive advantage of nitrogen-limiting 
(low N/P) conditions to a nitrogen-fixing blue-green algae seems ob- 
vious. What is far less clear is the similar affinity of the low N/P 
waters for the non-nitrogen-fixers. Certainly these waters were, for 
the most part, highly enriched with phosphorus. The facility of some 
of the blue-greens for luxury uptake of phosphorus under such enriched 
conditions may provide a partial clue. It should be noted that low 
N/P ratios (Table 4) were invariably associated with higher Kjeldahl 
nitrogen values and with average or lower NH3 values. 
notable exception. Therefore organic nitrogen (KJEL minus NH3) is 
high with low N/P ratios. A possible key to the nitrogen nutrition of 
the blue-greens (particularly the non-nitrogen fixers) may lie in the 
organic nitrogen component, either through direct assimilation by the 
blue-greens (see Williams, 1975) or as a source for conversion by the 
bacteria often intimately associated with blue-green colonies and 
fi 1 aments. 

The 

Anabaena was a 
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APPENDIX A 

. OCCURRENCE OF 57 PHYTOPLANKTON GENERA AS RELATED 
TO TOTAL PHOSPHORUS AND KJELDAHL 
NITROGEN LEVELS AND N/P RATIOS 
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This appendix was generated by computer. 
to use only upper case letters in the printout, all scientific names 
are printed in upper case letters and they are not italicized or under- 
scored. 

Because it was possible 

Using total phosphorus (Figure A-1) as an example, the various 
terms, symbols, and layout are defined as follows. The range, mean, 
and twice the standard deviation (STDV) are plotted against a loga- 
ri thmic scale for dominant occurrence (DOM) , non-dominant occurrence 
(NONDOM) , and non-occurrence (NONOCC) categories. 
following numerical scale values locates the proper position of each 
value. An "X" indicates the mean value for the respective occurrence 
categories, while "M" is the mean value for all occurrences of the 
genus. "S" gives the positions of two standard deviations on either 
side of the mean. Values of S below 1 were omitted. Occasionally S 
fell on the position of the vertical bar designating the range limit, 

The pl us symbol , + , 

aced the bar. in which case S rep 

Immediately fo 
ameter value, 1.1, in 

lowing the genus name is the mean occurrence par- 
micrograms per liter. For the remaining categories, 

DOPI, NONDOM, and NONOCC, the mean parameter value, X, in micrograms 
per liter is given and is followed in parentheses by the number of 
samples in which the genus was classified in each of the categories 
shown. 
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FIGURE A-1. Occurrence of 57 phytoplankton genera as related to 
total phosphorus 1 eve1 s . 
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Figure A-1 (continued) 
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Figure A-1 (continued) 
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Figure A-1 (con t i nued) 
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Figure A-2. Occurrence of 57 phytoplankton genera as related to 
total Kjel dah1 nitrogen 1 eve1 s. 
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Figure A-2 (continued) 
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Figure A-2 (continued) 
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Figure A-3. Occurrence of 57 phytoplankton genera as related to 
N/P ratio values. 
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Figure A-3 (continued) 

362 



I* Io, 

Figure A-3 (continued) 
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THE EFFECT OF LIGHT ATTENUATION ON THE RELATIONSHIP OF 
PHYTOPLANKTON BIOMASS TO PHOSPHORUS LEVELS 
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Environmental Monitoring and Support Laboratory 
U.S. Environmental Protection Agency 

Las Vegas, Nevada 89114 
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INTRODUCTION 

Phosphorus supply is considered to be the primary determinant of 
algal community biomass and production in most temperate zone lakes 
(Schindler 1974, Williams -_ et al. 1977, Lanbou _ _  et al. 1976, Dillon and 
Rigler 1974, Bachman and Jones 1974, Edmondson 1970). Kalff and 
Knoechel (1978), state that the strona relationship between total 
phosphorus and phytoplankton biomass as measured by chlorophyll-a - 
concentrations has been clearly confirmed. They further state that 
what is presently needed, in order to predict algal biomass for man- 
agement decisions on individual lakes, is a quantitative understanding 
of the orders-of-magnitude range in biomass (chlorophyll-a - per unit of 
phosphorus. 

Solar radiation is required for photosynthesis and heat mainte- 
nance in the environment. The transparency of natural waters varies 
widely; it depends upon both the type and quantity of dissolved sub- 
stances and suspended particles present, and the angle and intensity 
of the entering light. In general, approximately 53 percent of the 
total incident light is transformed into heat and is extinguished in 
the first meter of water (Reid, 1961). 
portant in regulating many chemical, physical and biological processes. 

Light and temperature are im- 

During the spring, summer and fall of 1972 through 1975, approxi- 
mately 800 lakes and reservoirs were sampled throughout the 48 contig- 
uous United States. About 2-1/2 million physical, chemical and biolog- 
ical measurements were made. The purpose of this paper is to examine 
the effects of light attenuation upon the production of chlorophyll-a - 
per unit of total phosphorus in the lakes sampled. 

MATERIALS AND METHODS 

Each water body was normally sampled once during spring, summer 
and fall. The methods employed for sampling, analysis, and data 
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storage and manipulation in this paper are similar to those described 
by Lambou _- et a1 . (1979) at this workshop and U.S. EPA (1975). However, 
mean total phosphorus values for a given lake were determined by uti- 
lizing data collected from the entire water column instead of the 
photic zone as described by Lambou -- et a1 . (1979). In addition, only 
one integrated chlorophyll -a - measurement (surface to the compensation 
point) and one Secchi depth measurement was made at any individual 
sampling station. The sampling periods for each season are given by 
sampling year in Table 1. 

Table 1. Seasonal Sampling Periods for 1972 Through 1975 

Sampl i ng No. of Season 
Year Lakes Spring Summer Fa1 1 

1972 222 5/20-7/19 7/20-9/24 9/15-11/16 

1973 241 3/7 -7/ 11 7/5-9/18 9/19-11/4 

1974 145 3/4-5/ 12 5/13-9/5 9/11-11/14 

1975 149 2/21-6/10 6/11-9/3 9/4- 12/11 

RESULTS AND DISCUSSION 

A strong relationship between chlorophyll-a - and total phosphorus 
has been described by Jones and Bachmann (1976), Dillon and Rigler 
(1974), Sakamoto (1966), and Carlson (1977). The reported log-log 
product moment correlation coefficients calculated from raw data 
ranged from 0.85 to 0.98 (Table 2). 
is that phosphorus is the element which controls algal biomass; how- 
ever, the lakes utilized by the above authors in deriving their re- 
lationships are largely phosphorus-limited lakes. 

The implication of these findings 
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The slopes of the regression lines from the four sources cited 
above are all greater than 1.4 (Table 2) which indicates that pro- 
portional increases in algal chlorophyll-a - accrue at a faster rate 
than increases in total phosphorus concentrations, i.e., the response 
ratio (chlorophyll-a - per unit of total phosphorus) is greater at high 
concentrations of total phosphorus than at low concentrations. 

However, the log-log regression equations derived from the lakes 
we sampled (Table 2) suggest that chlorophyll-a - produced per unit of 
total phorphorus decreases as total phosphorus increases. The mean 
response ratios for our lakes are compared on a seasonal basis (Table 
3). Since lake management decisions to control or manipulate phyto- 
plankton biomass are usually based on summer data and we observed the 
greatest potential response of the phytoplankton community to avail- 
able nutrients during summer (Table 3), only summer data are used 
throughout the remainder of this report. 

Table 2. Reported Relationships Between Chlorophyll -a - and Total 
Phosphorus 

Regression Equation Log-Log 
Chl orophyll -a (CHLA) and Product Moment 
Total Phosphorus (TP) No. of Correlation 

Source (w/l iter) Lakes Coefficients 

Jones and Log CHLA = 143 r = 0.95 
Bachmann (1976) -1.09 + 1.46 Log TP 

Dillon and Log CHLA = 46 r = 0.95 

Sakamoto (-1966) Log CHLA = 28 r = 0.98 

Rig1 er (1974) -1.136 + 1.45 Log TP 

(as cal cul ated by -1.13 + 1.58 Log TP 
Dillon and Rigler) 

Carl son (1977) Log CHLA = 43 r = 0.85 
-1.06 + 1.45 Log TP 

r = 0.60 This study Log CHLA = 77 1 
-0.11 + 0.64 Log TP 
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A histogram of the summer response ratio (chlorophyll -a/total - 

phosphorus) for 771 lakes and reservoirs located in the contiguous 
United States is presented in Figure 1. The response ratio varied 
from 0.002 to 2.26 with a mean of 0.29 (Table 3). 
of chlorophyll-a - per unit of total phosphorus varied between lakes as 
can be seen from Figure 1 and Table 3. 

The concentration 

Parameter 
Season* 

Spring Summer Fa1 1 

Mean response ratio 0.24 0.29 0.24 

Standard deviation 0.27 0.29 0.21 

Minimum response ratio 0.001 0.002 0.001 

Maximum response ratio 2.81 2.26 1.60 

Number of lakes 785 771 777 

*A one-way ANOVA and Student Newman Keuls multiple range test indicated 
a significant difference between summer value and fall and spring 
values at the 0.05 level. 

The relationship between Secchi disk transparency and chlorophyll-a - 
concentrations has been described by a number of investigators (Edmondson 
1970, Bachmann and Jones 1974, and Carlson 1977). 
from 1977 lakes, Carlson (1977) described a strong relationship (r = 0.93) 
between chlorophyll-a - (pg/,Q,) and Secchi depth (m) 

After analyzing data 

In (Secchi depth) = 2.04 - 0.68 In (chlorophyll-a) - 

The lakes Carlson utilized were relatively free of non-chlorophyll- 
related particles. The strength of the relationship Carlson described 
indicates that light attenuation from any source other than chlorophyll-a- - 
related particles was homogeneous in the population of lakes represented 
in his study. 
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A natural log transformation of our summer chl orophyll -a - and 
Secchi depth resulted in a correlation coefficient of only 0.56 (Fig- 
ure 2). 
related suspensoids or dissolved color must be important factors in a 
number of lakes and reservoirs sampled in our study. 

This indicates that 1 ight attenuation due to non-chl orophyll -a- - 

If Carl son I s regression equation accurately describes the re1 ati on- 
ship between chlorophyll-a - and Secchi depth in water bodies relatively 
free of non-chlorophyll-a-related - particles or dissolved color inter- 
ferences, it can be utilized in conjunction with observed chlorophyll-a - 
concentrations and Secchi depth measurements to estimate light attenua- 
ti on due to non-chl orophyl 1 -g-rel ated particl es or di ssol ved color. We 
did this in the following manner. 

RS = PS - os 

where RS = residual Secchi , an index of non-chl orophyll -a-re1 - ated 
light attenuation 

PS = predicted Secchi, determined by substituting our mean 
ambient summer chlorophyll-a value for a given lake 
into CarIson's regression equation 

OS = the observed mean ambient summer Secchi depth value for 
the same lake 

If the residual Secchi value is positive, we expect non-chlorophyll- 
- a-related suspensoids or color interferences. As residual Secchi values 
increase, light attenuation due to the non-chlorophyll-a-related - factors 
increases. If the residual Secchi value is equal to zero, then we 
assume the light attenuation is mainly caused by chlorophyll-a-related - 

particles. 

We calculated a residual Secchi value for each of our lakes by the 
method presented above and plotted them against the response ratio to 
examine the effects of light interference upon the relationship of 
chlorophyll-a - to total phosphorus (Figure 3). 
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Theoretically, if all of the light attenuation was caused solely 
by chlorophyll-a-related - particles in Carlson's equation, no lakes or 
reservoirs would have residual Secchi values below zero. Obviously, 
all lakes have some light attenuation due to non-chlorophyll-related 
particles and color interferences. Therefore, the true zero line 
(where virtually all light interferences are due solely to chlorophyll-a- - 
related particles) is less than a residual Secchi value of zero. The 
true zero line should contain lakes and reservoirs that extend over the 
full range of response, because many lakes are relatively free of non- 
chlorophyll-a-related - particles. Examination of Figure 3 and a consid- 
eration of experimental error led us to the conclusion that the popula- 
tion of lakes that extend over the full range of response ratios and 
lie between residual Secchi values of 0.46 to -2.00 encompass the true 
zero line. Since Secchi values less than the true zero line are 
theoretically impossible, we believe the residual Secchi values less 
than -2.00 in Figure 4 are due to experimental error. 

We divided the response ratio into three groups; "very-low" re- 
sponse (0.00 to 0.50), "lo\rl" response (0.50 to <1.0), and "high" re- 
sponse (>1.0). - 
a response of approximately 1.0 or above, all the total phosphorus in 
the system is "theoretically" associated with cellular chlorophyll-a - 
(Strickland 1960). Therefore, at a response ratio of 1 or greater, 
the algae are utilizing all available phosphorus and incorporating it 
into cellular material. At a response ratio of 0.5, half of the total 
phosphorus is theoretically tied up in phytoplankton cells, while the 
other half of the total phosphorus pool is extracellular. These 
divisions are somewhat arbitrary, as the relationship between cellular 
phosphorus and chlorophyll-a - can dramatically change, depending upon 
environment conditions and phytoplankton community composition, e.g., 
luxury uptake by selected phytoplankton forms and increased chlorophyll - 
- a production per unit of biomass under low-light conditions can occur. 
Even though the divisions of the response ratio are somewhat arbitrary, 
they provide a useful mechanism to compare major response groups. 

Our rationale for the breakdown presented is that with 
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Two groups are defined by residual Secchi values in Figure 3. 
One group is defined as having residual Secchi values of >0.46 (high 
non-chlorophyll light interference) while the other group has residual 
Secchi values between 0.46 and -2.00 (low non-chlorophyll light inter- 
ference). 

Only 1 of 104 water bodies was detected in the low or high re- 
sponse groups that had a residual Secchi of >0.46 (m) while 307 of 
632 (49%) of the water bodies with a very low response had a residual 
Secchi of >0.46 (m). 
nation of light and other factors, was responsible for the inefficient 
utilization of total phosphorus in the low response group. 

Therefore, we believe that light, or a combi- 

It is concluded that in many U.S. lakes and reservoirs, light 
attenuation from other than chlorophyll -re1 ated particles can dra- 
matically affect the quantity of phytoplankton biomass present. The 
use of models to predict phytoplankton biomass from actual or poten- 
tial phosphorus concentrations in individual water bodies could lead 
to faulty management decisions if the effect of light attenuation from 
other than chl orophyll -re1 ated particles is not taken into considerati on 
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