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ABSTRACT 

The Eastern Deciduous Forest Biome. U. S. IBP, has placed 

strong emphasis on developing aquatic models embodying the ecologic 

insights gained through integrative research and appropriate for fore

casting the effects of eutrophication. CLEAN, the Biome's generalized 

aquatic model, is formulated so that it can be applied to both Lake 

George. New York, which ranges from oligotrophic to eutrophic, and 

to eutrophic Lake Wingra, Wisconsin. CLEAN presently consists of 

twenty-eight coupled differential equations· representing most major biotic 

components; subprogram functions exist for each process, and program 

modules can be executed in many combinations. Hydrologic and mixing 

models being developed in the Biome can be used to drive CLEAN and 

to couple simulations of different lake regions. Realistic simulations 

have been obtained, and versions of CLEAN are being evaluated for both 

lakes. Simulations with this generalized, ecologically realistic model 

can yield insight into whole-system functionalities; this. in turn. can 

form the basis for developing simpler dynamic models for specific man

agement purposes. 
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INTRODUCTION 

The U. S. International Biological Program is organized at the 

biome level and includes large-scale multidisciplinary efforts in the 

Eastern Deciduous Forest, Grassland, Desert, Coniferous Forest and 

Tundra Biomes. Historically, each group has developed its own model

ing capability with slightly different goals and approaches; with the ex

ception of the Grassland Biorne, all have supported comprehensive 

aquatic projects. 

The goals of the Eastern Deciduous Forest Biome, broadly 

stated, are: I) to understand better the dynamics of ecosystems and 

2) to be able to predict the consequences of man-induced perturbations. 

In order to achieve the second goal, strong emphasis has been placed 

on developing mechanistic aquatic models capable of forecasting the 

effects of nutrient enrichment, thermal pollution, siltation and other by

products of man's activities. At the same time, mindful of the first 

goal, it was felt that the models should represent to some degree the 

ecologic insights gained through the large-scale integrated studies of 

rBP and that the formal logic of the models should serve as a test of 

our understanding of whole-ecosystem dynan1ics. 

The principal Biome model, known as CLEAN (Comprehensive 

Lake Ecosysten1 ANalyzer), is intended to serve these dual objectives 

by coupling all generalized aquatic process models devdoped in the 

Biome in a computer code that facilitates a variety of applications (Park 

and others, 1973). However, models of three levels of resolution are 

being developed. There are high-resolution models of certain processe:3, 

such as photosynthesis, that may eventually replace silTIpler DlOdels in 

CLEAN if it can be denlOnstrated that substantial iDlprovements in eco

system silTIulation would result; and there are greatly simplified ecosys

telTl models, including SIMPLE (SIMPlified Lake Ecosystem), that are 

being developed for specific lTIanagement, research and teaching purposes 
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The Biome has two lake. sites, each with a comprehensive re

search effort. Lake George, New York, is a long, narrow, moderately 

deep lake with undeveloped to intensively-developed shoreline areas and 

concomitant oligotrophic to mildly eutrophic water qualities. Investiga

tors include personnel from Rensselaer Polytechnic Institute, The State 

University of New York at Albany, Siena College. Skidmore College, 

Marist College, and Union College. Lake Wingra, Wisconsin, is a 

small, shallow lake within the city limits of Madison and is extremely 

productive. Site investigators are almost all from The University of 

Wisconsin. Process research is coordinated between the two sites, 

and data from Lake Wingra is regularly transmitted to the Lake George 

site for use in further developing and evaluating CLEAN. In addition 

to participating in the development of CLEAN, the Lake Wingra group 

has developed a site-specific model of mixed levels of resolution 

(WNGRA2) in order to facilitate site experimentation, as reported else

where in this symposium •. 

MODEL DEVELOPMENT 

At both sites the development of ecosystem models serves as 

the focal point for integrative research. Incorporation of detailed pro

cess information in the model has been made possible by the close 

working relationships between aquatic specialists and modelers. Feed

back from model analysis has, in turn, provided redir.ection for researcl' 

This is particularly important in studying the effects of eutrophication 

where interaction among ecosystem. components often can lead to counter

intuitive results. 

Establishment of initial research priorities was guided by con

ceptual models which defined the scope of the overall program and servec 

to identify key ecosystem components and processes. Sampling stations 
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were located in regions of Lake George and Lake Wingra characterized 

by different combinations of environmental factors, including water depth, 

nutrient enrichment and exposure to wave and current agitation; this 

pernrltted the development and subsequent evaluation of "point" models 

under a variety of conditions in the two lakes. 

Q-mode cluster analysis and ordination of data from the first 

year of intensive field studies helped to confirm that the sampling sta

tions in Lake George were representative of differing degrees of eutro-

phication. R-mode cluster analysis and ordination of data from both Lake 

George and Lake Wingra is helping in the definition of functional groups 

aggregated at levels consistent with the simulation modeling goals. 

FOrIXlulation of model equations was accomplished at a series 

of workshops involving a modeling team from Biome headquarters, site 

modelers and the respective aquatic specialists. Thes e formulations 

dictated subsequent efforts in estimating the necessary parameters in 

the field and laboratory. As paranleter estimates and additional process 

information became available the many constructs were evaluated and 

changed where warranted. 

Unfortunately, becaus e of the difficulty of measuring biologic 

processes, a range of values, rather than precise estinlates, is available 

for most parameters. Therefore, it has been necessary to calibrate, or 

tune, the models by varying the paranleters within the obse·rved ranges 

until a "best fit" to a particular set of observed data is obtained. At 

present we are actively investigating the applicability of both response

surface methodology and non-linear estimation procedures in assessing 

the sensitivity of the models to each of the parameters and in determining 
• 

optimal parameter values. 

Models have been implemented in PL! 1, FORTRAN and DYNAMO. 

Initially, PL/l was used at the Lake George site because of the flexi-. 

bility of logic. extensive library of functions and full character set. How

ever. its use precludes routine program sharing with other sites, so 
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during the development of CLEAN conversion was made to FORTRAN, 

with careful avoidance of machine-dependent features; WNGRA2 is also 

in FORTRAN. DYNAMO has been used in developing SIMPLE at the 

Lake George site. CLEAN is implemented in interactive mode for the 

UNIVAC 1l0B time-sharing system; it is presently being implemented 

on the IBM 370/165 so that it can be accessed by Environmental Pro

tection Agency personnel in accordance with an interagency agreement. 

It is written in a comInand syntax. including in-line editing of parameters, 

site constants and initial conditions. The Runge-Kutta-Merson integra

tion technique, with variable step-size. is used. Simulation results can 

be tabulated or plotted (see Appendix A). WNGRA2 utilizes batch mode; 

it is more fully described elsewhere in this symposium. 

DESCRIPTION OF CLEAN 

Because it embodies much of the "state of the art" of modeling 

in the Biome, it is appropriate to examine the structure of CLEAN in 

some detail. The present model is formulated as twenty-eight coupled 

ordinary differential equations, representing most of the biotic compo

nents of interest in eutrophication studies (Fig. 1). 

Careful attention has been given to interactions among the com

ponents (Fig. 2). Allowances were made in programming the model to 

accommodate additional components as they are required; these will in

clude suomodels for water balance. amphipods. yellow perch and lake trout. 

Driving variables include incident solar radiation. water temperature. 

wind or barometric pressure gradient, nutrient concentrations. and al

lochthonous dissolved and particulate organic matter. The model 

represents a m 2 column of water. 

Clean is program1ned in modular form so that one can execute 

a specific submodel. such as for net phytoplankton. or link any mean

ingful combination of submodels as required. Subprogram functions 

exist for each process, such as respiration. facilitating program 
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POM 

FIGURE 1 - ECOSYSTEM COMPONENTS FORMIIIG SUBMODELS IN 

CLEAN. ~HE BlOME AQUATIC ECOSYSTEM MODEL. 

DECOMPOSERS ARE ASSOCIATED WITH BOTH 

PARTICULATE GPGANIC ~ATTER (POM) AND DIS

SOLVED ORGANIC f'IATTER (DON). 
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TO 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 
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alterations and resulting in a greatJ.ycompressed program since most 

of the biologic _ processes occur repeat.edly with only changes in param-

eter values. 

MODEL COMPONENTS 

Producers 

Producers are divided into two groups - phytoplankton and 

macrophytes. Both depend on photosynthesis, but whole-organism pro

cesses differ greatly. Therefore, these groups have been modelled 

separately. 

Macrophytes (Appendix B I) can be considered as analogous to 

terrestrial plants bec.ause of the predominance of structural material, 

particularly stems, the importance of roots and the active storage and 

transport of food as carbohydrates. Because of the functionality and 

the availability of data, the macrophyte model is disaggregated: 

dBm 
d t 

with Bm = macrophyte biomass, L = leaf and stem biomass, R = 

root biomass and S ~ carbohydrate pool. 

Macrophyte photosynthesis - The maximum photosynthetic rate, Pmax, 

is limited by suboptimal levels of light, temperature, and nutrients 

(Eq• 1. I), Light availability is decreased by absorption by the lake 

water, phytoplankton and the macrophyte's own leaves (self-shading). 

Nutrient availability, particularly of carbon, is -limited in part by bound

ary effects between the leaves and surrounding water; therefore, renewal 

of carbon is expressed as a function of water current velocity. Other 

nutrients are derived principally from interstitial water, with uptake 

through the roots; this process will be included in the model as soon as 

adequate data are available from ongoing studies. 

Macrophyte tissue growth Growth of leaf and stem tissue begins in the 
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spring on the basis of physiologic time (Eq. 1. 2) and proceeds asympto

tically to. an optimal leaf area index as long as available carbohydrate 

supply from photosynthesis exceeds a minimum level (Eq. 1.3). The 

optimal leaf area index (Eq. 1.4) is the surface area of leaves which 

results in maximum net photosynthesis (O'Neill and others, 1972). 

Greater leaf surface results in smaller net gain due to self-shading and 

metabolic cost of maintaining the leaf biomass. 

Growth of root tis sue proceeds at a rate proportional to the root 

biomass up to a maximum value as long as there are sufficient available 

carbohyd:rates (Eq. 1. 8). 

Macrophyte respiration - Leaf and stem respiration (Eq. 1. 5) is propor

tional to leaf and stem biomass and continues as long as active growth 

is occurring. Root respiration (Eq. 1. 9) is proportional to root biomass 

but ceases when available carbohydrates are reduced to a minimal level. 

Macrophyte mortality -Mortality occurs in the sense that leaves and, at 

times, stems are sloughed off (Eq. 1. 6). Provision is made for slough

ing at two periods during the year. although the mechanisms triggering 

this process are not well understood. Sloughing also occurs when the 

optimum leaf area is exceeded. 

The phytoplankton model (Appendix B2) does not require the 

empirically-derived complexities that characterize the macrophyte ntodel; 

there is also no need to distinguish among types of biomass. At present, 

CLEAN incorporates two functional groups of phytoplankton separated on 

the basis of size. _ The as suntption is that nutrient uptake rates, sinking 

rates, and susceptibility to grazing are governed in large part by volume 

and correlative surface area. The model formulation is general, per

mitting redefinition of the present two groups through- paranleter changes; 

inclusion of additional groups is also easily accomplished because of 

the program structure. 

Phytoplankton photosyntheSis - The maximum photosynthesis rate, Pmax. 
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is altered by redllction factors to account for nutrient lirtlitation, and non· 

optimal light and temperature (Eq. 2.2). Nutrient and light limitation 

is expressed by a 

Ut = 4/(l. 
III 

or generally: 

construct: 

+ I + I 
U U 
n p 

I I N I 
II"t N E Ui 

i=1 

+ 1.) 
Uc 

where N is used to normalize the function. Other formulations that 

have been tried are: 

and 1.It "ll * II ~').I "ll I n p c 

The first expression seems to be suitable for pure cultures but is not 

appropriate for natural assemblages with varying adaptations. The second 

expression is extrenle in that even under near-optimal conditions the 

factors have fractional values which, when multiplied, can produce a 

severe reduction effect in the simulation. 

The term for light limitation (Eq 2. 21a) permits photosynthesis to 

increase exponentially to a maximum a.t the saturated light intensity, 

beyond which photosynthesis decreases with increased radiation. 

Mathematically, this relaEonship is: 
I 

10 (I _2..) 
U ~ Pmax IS e 1 

s 

and the norma1ized term is: 10 

II I " L 
Pnlax 

10 (I --1-) 
-e s 1& -

Integrating over depth and tilY'e, the daily-averaged limitation for the 

given depth is as shown in Eq. 1.1. The nutrient limitation terms rep

resent saturation relatior.ships analogous to Michaelis-Menton kinetics 

(Eq. Z.216). 
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Phytoplankton respiration - The respiration rate is a fraction of the 

maximum photosynthesis rate at optimal telnperature multiplied by a 

reduction factor for non-optimal temperature (Eq. 2.5). 

Phytoplankton excretion - The excretion rate is considered to be a 

fraction of net photosynthate production as long as net production is 

positive (Eq. 2.3). 

Phytoplankton mortality - Mortality includes both grazing by herbivor

ous organisms (see "Consumers") and non-grazing mortality (Eq. 2.4). 

The second factor is due primarily to sinking and is proportional to 

water temperature. which controls the specific gravity and viscosity 

of water. 

Consumers 

At present CLEAN has provisions for modeling seven consumers. 

These include three types of zooplankton: herbivorous copepods and 

c1adocerans and predatory copepods; three types of fish: a generalized 

predator which feedson zooplankton and benthos, a scavenger and a 

piscivore; and benthic insect larvae, specifically chironomids. Tradi

tionally, consumer modeling in the Biome has utilized a mass-balance 

equation with terrns for consumption, predation, respiration, excretion, 

defecation, gonad production and non-predatory mortality (for example, 

Eq. 4.1). 

Recently we have found it ad"isable to develop a numbers

biomas s model in order to simulate the con'lplexities of consumer popu

lation and growth dynamics. This permits the calculation of mean 

weight which is necessary for the evaluation and symbolic switching of 

physiologic and ecologic processes. Such a model is particularlY' use

ful in simulating benthic insect larvae that emerge from the lake when 

their weight reaches a critical level (Appendix B6). However, we are 

presently implelnenting the nlodel for fish in order to represent more 

realistically the significant changes in feeding and predation that ac

company maturation. 
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Conceptually, one can divide comsunler processes into two groups: 

those that represent an overall change im biomass for the entire popula

tion (consumption, respiration, defecation, excretion and gamete produc

tion) and those < that affect the numbers of individuals (recruitment, 

predatory and non-predatory mortality. promotion to next size class, 

emergence and emigration). 

formulated as 

dN_ ..!L 
dt Wk 

Thus, the nmnbers equation has been 

+ 1: Cjkl I:;;; 
k 

where Wk " weight of entering organisms, Yk " weight of organisms 

already present, Vi " mean weight of group at time t, 1 " recruitment, 

P " promotion (including emergence and enligration), M - non-predatory 

mortality, and C " predatory mortality (see also Eq. 6. Z). 

Consum-ption - Consumption. or feeding, is a complex process which 

constitutes an extremely importa.nt linkage in the ecosystenl; therefore. 

the formulation of the feeding term has received. and is continuing to 

receive, careful attention by both the aquatic and terrestrial Biome 

modeling groups. Multiple food sources, nonl.inear ph)' siologic effects 

and behavioral characteristics are all incorporated in the term (Appen-

dix B3). 

A n"laximum a.dult feeding rate, Cmax • is a conlplex function of 

temperature (Eq. 3. Z) so that at non-optimal temperatures Cmax is re-

duced accordingly. The process -temperature function:-

l. 
Process 

o~.====~ __ ~L-~~~~ 
Topt Tmax 

T 
which occurs in th," "ther process terms as well, pennits an exponential 

increase in rate (the (210 value) until the potential maximum is reached 

at the optimal temperature; beyond the< optimal temperature the rate de

creases rapidly until the let);,,1 temperature is reached. 

12 



Behavioral corrections (Eq. 3.11) are specific to the functional

group models. For the fish a density-dependent construct is used 

(d. Eq. 5,2). Benthic insect feeding is moderated by both dissolved 

oxygen levels and density of individuals (d. Eq. 6,12). At present, no 

behavioral correction is used for zooplankton. 

The feeding rate is also dependent on a complex nonlinear rela

tionship of consumer biomass and food supply, modified by a food 

preference or capturability factor (wij) to differentiate among food types. 

Equation 3.1 contains the construct used until recently by all the Biome 

modeling groups (Park and others, 1973). We are presently using a 

somewhat different formulation where Wi (B; - Bmini) is the weighted 

biomass on which a consumer can feed. 

Wij (Bi - Bmini) 

1: W·· (B' - Brriin1·) 1J 1 

represents the preference for one food type compared to all food types. 

Minimum feeding area is represented by Qj (which includes 

depth •. z • to remove site-specificity). Density interference in feeding 

is represented by rjB j • Summing over i food sources, the term be

comes 

1: Wij (Bi - Bmini) 
i 
(QJ' + rJ.BJ·) + Ew·· ,:Bi - Bmin1·) i 1J 

where (Qj + rjBj) can be considered as a half-saturation "constant." The 

relationship between this factor and consurncr biomass can be shown 

g raphicaUy as: 

(Qj + rjB j ) 

Q. 
J 

slope -- rj 

Juveniles generally feed at a higher rate than adults. Because 
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Cmax is defined as the maximum adult feeding rate, a population age

structure term, bj, is used to increase the feeding rate for a juvenile 

population (Eq. 3.11). As the population reaches the carrying capacity. 

it is assumed- that reproduction is greatly reduced and the population 

consists of adults; therefore. the age-structure correction factor is 

switched off. However, it is difficult to define the carrying capacity for 

many populations, and size-selective predation and other effects can 

alter the population structure greatly. Realization of this has given 

impetus to our development of a numbers -biomass model that can pre

dict mean weight and permit differentiation of population size classes. 

In the numbers-biomass model the age-structure term is replaced by an 

allometric correction term utilizing the mean weight. 

Respiration - Loss due to respiration is proportional to consumer bio

mass, with adjustments for temperature and behavior as discussed in 

"Consumption." Note the effect that crowding has on respiration in fish 

(Eq. 5.2) which is not exhibited by zooplankton (Eq. 4.3). The metabolic 

cost of food digestion and utilization is also included in the fish model 

(Eq. 5. Z). The effect that low oxygen levels have on respiration in ben

thic insects is portrayed realistically too. 

Mortality - The instantaneous rate of non-predatory mortality is corrected 

for behavior, crowding, age-structure and temperature as discussed in 

"c.onsumptlon" and "Respiration." Crowding is a mortality factor even for 

zooplankton (Eq. 4.5). 

Predatory mortality is treated the same as consumption, forming 

the linkage to higher trophic levels. In other words, it is the SUIll of 

the weighted feeding of all predators having non-zero food preference fac

tors for the given consumer. In the fish model provision is also made 

for mortality due to fishing (Eq. 5.7). 

Defecation - Defecation, or egestion, is the elimination of that proportion 

of food that is not able to be assimilated. The proportion varies -greatly 
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depending on the type of food. Because many aquatic animals, being· 

filter- .and deposit-feeders, process food according to size and not qual

ity. this is an important term. 

~retion - The elimination of metabolic wastes is expressed as a frac

tion of asslmilated food; it is specific for the type of organism but is 

not specific for the type of food (Eq. 5.4). 

Exuvial loss - Arthropods exhibit a reduction in biomass due to loss of 

the exoskeleton at time of molting. At present this process is included 

in the benthic ins e c t model (Eq. 6. 1) but it is not implemented in the 

zooplankton model. Expression of this process as a pulse is facilitated 

by the numbers-biomass model. 

Gamete loss - During spawning a fraction of the biomass of the popula

tion is lost in the form of gametes. The rate of loss is determined by 

the fraction of biomass in gametes at time· of spawning and the mortality 

rate for gametes; the term is switched on and off by minimum and maxi

mum temperature and is modified by age-structure and behavior. The 

term is implemented in the fish model (Eq. 5.5). 

Promotion and Emergence - In the benthic insect· model the emergence 

term is taken to be ebwc' where Wc is the weight of the organism when 

it emerges; eb is zero when the mean weight is less than the threshold 

weight for emergence. and is a function of numbers and of the exponent of 

the difference between Wc and the current mean weight when the mean 

weight is equal to or greater than the threshold weight (Eq. 6.12). 

oL---~---+ 
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Promotion from one size class to another is handled in a like 

manner. Similar terms can be incorporatt~d into ~ther consumer models 

to represent maturation and size-dependent emigration. 

Recruitment - The influx of benthic insect eggs is treated separately 

because the adult insects actually leave the ,ecosystem. The calculation 

of recruitment is based on the average weight and viability of eggs and 

the number of successfully emerging adults. Egg viability is reduced 

accordingly if the remaining benthic larval population is large, because 

of cannibalism. The adult to egg transfer function can also be modified 

to include the deleterious effect of wind if experience shows this to be 

important. 

Decomposition and Organic Matter 

Decomposition can be considered as two steps: 1) hydrolysis 

of particulate organic matter (POM) to produce dissolved organic matter 

(DOM) and 2) uptake of this DOM by the decomposers (fungi, bacteria, 

and protozoans). The decomposers in turn produce inorganic carbon, 

nitrogen, phosphorous, and refractory dissolved organic matter. The 

decomposer-particulate rn.atter aggregate serves as a food source for 

zooplankton, benthic insect larvae and bottom-feeding fish. 

Particulate Organic Matter - Inputs to the suspended and sedimented POM 

pools include allochthonous material, plant and animal wastes through 

mortality, defecation, leaf sloughing and exuvial loss, and resuspension 

of bottom sediments (Eq. 7.2). Allochthonous material is treated as a 

driving variable. Loss terms include hydrolysis and ingestion by con-

Burners. 

Sedimentation and resuspension is a function of the potential for 

vertical rn.ixing, as indicated by the thermal gradient, 'lnd wave agitation 

(Eq. 7.8). Wave agitation is a result of wind stress and can be repre

sented as such in the model. Alternatively, it is possible to use the 

change in barorn.etric pressure to predh:t the depth of wave base at a 
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given site (Fox and Davis, 1972);· this construct is shown in Eq. 7.8. 

Hydrolysis of POM is a function of water temperature, pH, dis

solved oxygen, biomass of decomposers and the amount of POM (Eq. 

7.7). The maximum hydrolysis rate is reduced by non-optimal levels of 

temperature (See Eq. 3.2), dissolved oxygen (Eq. 7.41), and pH (Eq. 

7.71). The dissolved oxygen term has provision for a change in activity 

under anaerobic conditions (Eq. 7.41). When decomposers are abundant 

the hydrolysis £lux is proportional to the POM concentration modified by 

a surface-area coefficient (Eq. 7.7); when POM is abundant the flux is 
-

proportional to the biomass of decomposers; when both POM and decom-

posers are at intermediate levels the flux is proportional to both. 

Dissolved Organic Matter - Inputs to the DOM pools in the water column 

and sediments include allochthonous loading (a driving variable), excre

tion, mortality, hydrolysis and diffusion across the sediment-water inter

face (Eq. 7. 3). Los s is due to uptake by decomposers (Eq. 7.4) and is 

a complex function, with maximum uptake reduced by non-optimal levels 

of temperature and dissolved oxygen; it also includes a construct for 

saturation kinetics, with a minimum DOM level below which uptake is 

negligible. 

Decomposers - Decomposer growth (Eq. 7.1) is a function of the uptake 

of DOM (Eq. 7.4), with loss terms for respiration, excretion, sedimen

tation, non-predatory mortality and ingestion by consumers. Respiration 

losses are considered proportional to decomposer biomass modified by 

temperature and oxygen levels (Eq. 7.5). Excretion is a fraction of the 

material assimilated so long as uptake exceeds respiration; the fraction 

varies depending on the organic compound (Eq. 7.6). Non-predatory 

mortality, which includes lysis and inactivation, is a func.tion of dissolved 

oxygen concentration (Eq. 7.10). Mortality due to grazing is expressed 

by a formoof the general feeding term (Eq. 3.1) for combined decomposer 

and particulate substrate. 
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Hydrologic BaJance 

The hydrology of a drainage basin serves to couple the lake 

to the terrestrial ecosystem and, through outflow, may also significantly 

affect the concentrations of nutrients, suspended organic matter and 

plan!<ton. The Hydrologic Transport Model, developed by the Lake 

Wingra modeling group, provides the means for predicting the effects 

of land use on nutrient influx; HTM can be run to obtain nutrient 

loadings to drive CLEAN, but there seems to be little reason to combine 

the models because of the lack of feedback. 

The lake water balance is more intimately coupled to the 

dynamics of the ecosystem because of the effects of wash-out. The 

prediction of outflow rates is important to understanding the process 

of eutrophication in reservoirs and in many natural lakes. Outflow 

is of little concern in' Lake George, where the mean residence time 

for water is ten years; but it does have an effect on Lake Wingn. 

and should be included in any generalized model. The lake water 

balance model (Dettman and Huff, 1972) given in Appendix B8 is presently 

being incorporated into CLEAN. 

Lake Circulation 

Circulation can be subdivided into two components: vertical 

mixing and horizontal transport. A shnplified construct for vertical 

mixing due to wave agitation is incorporated in the decomposition model 

(Eq. 7.8) as discussed under "Particulate Organic Matter." This 

construct also is being implemented in the model to predict sinking 

rates more accurately. 

Horizontal circulation is of principal interest in ecosystem 

modeling because of the transport of nutrients, plankton and suspended 

organic matter from one area to another. Physical limnologic models 

have already reached a high degree of sophistication; tW0-and three

dinlensional models of varying levels of resolution are available--some 
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with unreasonable data requirements and others with requirements and 

output that are consistent with the resources and objectives of lBP 

studies. In the latter category is the circulation model developed by 

Hoopes and others (1972) at Lake Wingra. 

SIMULA TION AND EVALUATION 

A purpose basic to the development of CLEAN is the forecasting 

of lake eutrophication. At present the model does not adequately rep

resent the feedback between biotic components and nutrient pools, and 

further linkage is required for realistic simulation studies. However, 

inspection of the results of a simulation, using Lake Wingra data, 

shows that the patterns of predicted values are representative of many 

temperate -latitude, eutrophic lakes (Fig. 3). 

According to the assumptions given in the model, 'nannophyto

plankton increase during the spring as light ceases to be limiting and 

temperatu're increases. The spring increase is followed by a decline 

produced by nutrient depletion, intensified grazing and increased sinking 

rates. Zooplankton, closely coupled to the algae by means of the 

feeding term, exhibit a similar increase and subsequent decline with a 

realistic lag in response time because of a slower growth rate. 

In the summer net phytoplankton dominate over the nanno

phytoplankton in the simulation because of a lower half-saturation 

constant for the orthophosphate, a slower sinking rate, lower susceptiiility 

to grazing, and higher optimal temperature. The zooplankton again 

increase in response to this new, though less preferable, food supply. 

In the fall the nannophytoplankton population recovers as lower water 

temperatures decrease the grazing and sinking rates. 

Because this simulation utilized the same set of time-series 

data that were ,-.sed to calibrate the model, it is not an adequate tes1: 

of the model. The nlOdel contains so many parameters subject to 

tuning that it is possible to obtain a good simulation for the wrong 

reasons. However, from the inception of the Biome study there has 

been well defined strategy for evaluating the resulting models. Lake 
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George and Lake Wingra fall at opposite ends of several environmental 

continua., including nutrient enrichment and morphometric characteristics, 

By changing site constants and substituting the appropriate d'riving 

variable values, CLEAN can be run for either lake (as well as for other 

lakes for which there are suitable data). Therefore, a model calibrated 

for .Lake Wingra can be evaluated for an entirely different' set of co n

ditions at Lake George. Furthermore" because of the heterogeneity 

exhibited by Lake George (Park and Wilkinson, 1971), it is possible to 

evaluate models under a wide range of nutrient loadings in the one 

contiguous body of water. 

SIMPLIFICA TION FOR MANAGEMENT PURPOSES 

As Levins (1968) has pointed out, a mathematical model may 

have theoretical realism, accuracy of prediction, and generality. 

Rarely does one, encounter a model that possesses more than two of these 

attributes to any degree. In its present form, CLEAN exhibits both 

generality and ecologic realism; it has yet to be demonstrated that the 

accuracy of prediction is sufficient for it to be used as a management 

tool, espe'cially in light of the cost of running such a complex model. 

However. the results of these simulations which are actually relatively 

inexpensive when compared with laboratory experimentation, give much 

insight into the apparent functionality of the ecosystem. Using the 

understanding gained from the basic research, simpler dynamic models 

can be produced for routine applicatiqn in environnlental management. 

One such model that has been developed in the Biome is WNGRA2. 

Another that has been strongly influenced by CLEAN is SIMPLE, which 

was designed specifically to simulate c onclitions in Lake George but, 

with only slight modifications, can be applied to any lake (DiCesare 

and Bloomfield. 1973). 

SIMPLE is an eighth-order non-linear compartmental model 

(Fig. 4) structured primarily to examine the effects of excessive 

phosphate loadings. Driving variables are solar radiation, water tern-
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perature, allochthonous organic matter and phosphate loading. The state 

variables represent larger ecologic groupings than in CLEAN, the time 

step is weekly, and the model considers only the most significant trans

fers. However, the results are quite encouraging (Fig. 5). Further

more, the original version· of SIMPLE wa,s developed in approximately. 

two· weeks by a small clas s of graduate students - using DYNAMO. and 

a basic understanding of CLEAN. 
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APPENDIX A - Implementation of CLEAN 

CLEAN has been implemented in real-time mode to take full 

advantage of man-machine interaction. FIND, the companion data hand

ling system (Wilkinson and others, 1972), also is accessed in real time. 

The main routine, handles all input and output and calls sub

routinos for integrating, saving updated parameter values and displaying 

results in a tabl" or plot. A modification of the Runge-'Kutta-Merson 

integration algorithIn (Hammerling, 1970), is presently used to 

solve the state-variable equations. It is a fourth order variable-step 

method which operates at a user-specified maximum local error. Im

plementation of a variable order predictor-correction method (Gear, 

1971) is expected to decrease program execution time significantly. 

All arithmetic operations are carried out in extended precision to mini

mize machine-introduced error. 

Eac'h command has the fornl: 

where xxx is a mnemonic for the command name. In addition to eleven 

commands, in-line parameter editing is also available. Parameter 

changes may be entered in a free-fonn format. Parameter values can 

be saved from one user session to the next by means of a file restore 

(*RES). 

Mnemonic 

PRI 

PRP 

ED! 

Syntax 

1) "PRI 

1) ':'PRP 

2) nn (Parameter list code) 

Command Usage 

To print a specific list of 
parameters 

1) "ED! To edit initial conditions 
2\ b & BEGIN (initial con-

dition list) & END 
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M nemonic S :;vntax Command Usal1:e 
• EDP 1) *EDP To edit parameters 

2) b &: EDIT (parameter 
list) &: END I 

, 

(Inline editing) 1) X=nnn, y=jjj, ••• wher1 To directly edit initial condi-
X &: Y are variables' tions and parameters 
and nnn and jjj are 

, 
, 

their new values 
I 

LAK 1) *LAK , To run simulation for the lake 
specified 

2) nnn (Lake code) , 

INT I) *INT To solve system of differential 
equations and tabulate results 
the "KILL" subcommand is 
used to abort meaningless 
runs 

2) KILL - to abort integr!l.·. 
tion after a user 
specified interval 

. 

TAB I ) ';'TAB To tabulate integration results 

PLT 1 ) ';'PLT To plot integration results 

MSG 1 ) *MSG To retrieve messages for user 

END I) "END To normally terminate program 

RES 1 ) "RES To normally terminate program 
and save editing changes to 
parameters and initial condi-
tions until next session 

(Line delete) Site Dependent To delete an incorrect input 
line 

(Break inter-, 
rupt) Site Dependent To terminate program while it 

is generating output 

(Execute) Site Dependent To start program 
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1.1 Pnet,m 

APPENDIX B - Equations 

Table 1. MacroRhytes 

(I-X) [Pm~x,m In LA it IoexP[-Z(E+K2Bp)] ) 

1 ~ + Ioexp[-Z(E+K 2Bp) -KIF] 

:: 

'f(T)g(V)] - PfF 

Pnet,m :: net primary prodluction (quantity of material 
fixed by photosynthesis and available for 
plant growth) 

X :: fraction of photpsynthetic product excreted 
from plant and lpst 

Pmax ,1n :: maximum photosyn!thetic rate- (under conditions 
of optimal light, temperature and nutrients) 

K :: coefficient for light extinction due to 
1 

plant leaves 
A :: light saturation coefficient (at light inten-

sity A, photosynthesis rate:: 1/2 P a ) m x,m 
Io :: light intensity ~t water surface (driving 

or extrinsic variable which varies during 
the year) 

Z :: water depth 

E :: coefficient for light extinction due to, water 
K2 :: coefficient for light extinction due to phy-

toplankton biomass 
Bp :: phytoplankton bidmass 
F :: leaf area index (total surface of leaves 

suspended over a unit area of lake bottom) 
V :: water current vel',ocity 
g(V) :: function of water current velocity necessary 

to renew nutrients in boundary zone of plant; 
< 1. 0 
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1.2 

1.3 

dL 
at = 

= 

T = temperature,OC 
f(T) = function of temperature (see Table 3. );,9 . .0 

Pf = respiration rate of plant leaves; a function 

of temperature 

Lilo(tp) + 8L - (RL + ML) 

tl, t=t 
- P 

0, otherwise 
1. 21 

L = biomass of plant leaf tissue 

t = time 
t = time for initial plant growth in spring, p 

based on cumulative effect of temperature 
during early spring 

Lil = initial biomass pulse of arbitrarily small 

value 
8L = growth of new leaf tissue 

RL = leaf respiration 
ML = leaf mortality (sloughing of entire leaves) 

v(a) 

L ~( S - So .) v(nFopt-L)V(S-S.) 
nFoptl SI + S - So 

= \"0, a<O 

(1, a> 0 
1.31 

A = fractional increase in leaf biomass per 
unit time 

n = units leaf biomass per unit leaf area 

Fopt = optimal leaf area index 

S = stored pool of carbohydrates resulting 
from photosynthesis 

So = minimal level of carbohydrates reserved 
for overwintering 

Sl = carbohydrate level at which growth is 

112 maximum 
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1.4 

1.5 

1.6 

1.7 

1.8 

dR 

dt 

= 

= 

1 = Ie Dv(D) 
1 

(
ToO' (l-X)g(V)f(T)-Pf]exp[-z E-K 2B ] ) 

D = In . max I P-
, AP

f 

PL = fraction of leaf biomass lost by respiration 
per unit -time; a function of temperature 

y 1L[v(t-t 1 )V(t 2-t) + V(t~t3)V(t~-t)J 

- Y2Lv(Fopt-F) 

Y1 = fraction of leaf ~iomass sloughed per unit 
time during slougijing periods 

Y2 = fraction of leaf ~iomass sloughed per unit 
time when Fopt is exceeded by F 

tl to t2 = initial period of sloughing 
ta to t~ = subsequent period of sloughing 

= 

R = biomass of roots 
GR = growth of root tissue 

RR = root respiration 

= 

~ = fractional growth ~f root biomass per unit 
time 
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1.9 RR = 

1.10 dS = at 

PRRv(So-S) 

P t -PRRV(S-So) ne ,m - PLLV(S-So)V(Fopt-F) 

- a(GL+GR) 

= inverse efficiency of conversion of labile 

carbohydrates to leaf and root biomass 
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2.1 

2.2 

III 

2.3 

Table 2. Phytopaankton 

= 

Gp,z = rate of grazing of zooplankton on 
phytoplankton 

Up = excretion rate 

Mp = non-grazing mortality rate 

= 
Ci 

N.+C. 
l. l. 

, i=2,3, ... ,n 

Rp = respiration 

Ili = ith limiting faqtor: IlI=light;lli,i~l, 

=nutrients 

C. '- concentration of nutrient i l. 

2.21b 

N. = concentration of nutrient i at which photo-l. 

synthesis rate = 1/2 Pmax,p 

Is = saturated light intensity (light intensity 

above which photosynthesis is maximum) 
= photoperiod ( ftaction 

24 hour period) 

Pnet,p , Pnet,p >0 

, Pnet,p <0 

of light in a 

a = fraction of net photosynthate lost per 
unit time 
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2.1+ 

2.5 

M = bT 
P 

b = fraction of algal biomass dying or sinking 

= 

Rmax 

see 3.2 

to lake bottom per unit time and temperature 

= KP max,p 

for V and X 
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Table 3. Trophic Interacti~n or Feeding Term 

3.1 c. . = 
J.,] 

. H. . = 
J,n a. 

for example: 

3.2 

C. • 
J.,] 

Q. ,r. 
] ] 

w •• 
J.] 

K. 
J 

b. 
J , n 

c. 
J ,n 

J,n 

= f(T) 

v 

x 

( 

w .• B.B. ) 
H J..1J.1 

j,C Q.+r.B.+tw .B. 
J J J J.J.,~ J. 

(KrBj) + 1!) c. 
K. J,n 

J 
(

b. J,n 3.11 

= consumption of ith prey by jth organism 

= environmental ~nd population interaction 

coefficients 

= coefficient rel:ating preference, availa
bility, capturability, etc., of i as a food 

for j 

= carrying capaci~y 

= correction factor for behavioral effects 

on the nth process (e.g., n=C for consump

tion, R for respiration, M for mortality, 

F for fishing, G for gamete production) 

for the jth org~nism 

= correction fact~r for effects of popula

tion age struct~re on nth process 
= correction fact~r for physiological effects 

on nth process 

= 

= 

= 

VXexp[XO-V)] 

T -T max 

T -T max opt 
W2 [l+11l+40/w) J2! 

400 

40 

where z denotes zooplankton 

and C consumption 

3.21 

3.22 



w 3.23 

= upper lethal temperature 

= optimum temperature (temperature at which 
rate is maximum) 

SQ = Ql0 value (factor in log range by which 

(c. k J , 

rate is increased given a lOoC increase 
in temperature) 

= consumption of jth organism by kth 
predator) 
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4.1 

4.2 

4.3 

4.4 

4.5 

Table 4. Zoopla~kton 

n 
= E 
i=l 

m 
E 

k=l 
C -(R + U + F + H , z,k z z z z 

Bz = biomass of zoopl~nkton 

Rz = respiration rate, 

Uz = rate of metabolib excretion 

Fz = rate of egestion 

Hz :: rate of non-predatory mortality 

. (with az,C' bz,C'cz,C in Ci,z' 

n 
;; r f. C. 

= 

= 

i=l l.,Z l.,Z 

f. 
l.,Z 

= fraction of food supply i consumed but 
not assimilated 

Uz E C. 
i l.,Z 

Uz = fraction of food assimilated and subse-

d z,H 

quently excreted 

= density-dependent term for increased 
mortality due to overcrOWding 
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5.1 = 

5.2 

5.3 

5.4 = 

n 
I: C. f -

i=l ~, 

Table 5. Fish 

m 
I: C 

k=l f,k 

Bf = biomass of fish 

Rf = respiration rate 

Vf = metabolic excretion rate 

Gf = rate of gamete production 

Mf = non-predatory mortality rate 

Cf,man = mortality rate due to fishing 

Ff = egestion rate 

df,R 
with af,R,bf,R,cf,R 

in Hf,R 

s = metabolic cost of food digestion and 

utilization 

= density-dependent term for increased 

respiration due to overcrowding 

H. f C. f 
i~' ~" 

f. f 
~, 

= fraction of ith ingested food that is 

not assimilated 

Uf = fraction of assimilated food that is 

excreted 
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5.5 = 

5.6 = 

5.7 

= instantaneous ra~e of gamete mortality 
I 

= fraction of adul~ biomass in gametes at 
spawning 

cf,G = temperature swit¢h permitting spawning 
between a maximum and minimum temperature 

(

d B 
Z H B f,M f 

M f,M f K 
f 

with af,M,bf,M,cf,M 

in Hf,M 

ZM = rate of adult natural mortality 

= 

Zr = rate of adult mortality due to fishing 
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6.1 

Table 6. Benthos 

= L Ci,b. - (~ fi,b. Ci,b.) -(Pb.Bb.) 
i J ~ J J JJ 

- (Ub . ~ Ci,b.) - (xb . Bb .) 
J ~ J J J 

+ lb. - Pb . - Mb . - E Cb k 
J J J k j' 

= biomass of benthos in jth size class: 
j=l, for instars 1-3; j=2, for 4th 
instar 

f. b 
~, . = fraction of ith food not assimilated 

J 

i 

(i.e., egested) 

= fraction of bioma.ss respired per unit 
time = f(T,DO,W), where T=temperature, 
DO = dissolved oxygen near sediments, 
W = organism's weight 

= fraction of biomass lost by metabolic 
excretion 

= fraction of biomass lost by molting of 
old exoskeleton, =f(W) 

= influx into class. For j=l, =egglaying 
= iWe ; for j=2, =maturation of 3rd in

stars into 4th = Pb W3 . 
I 

= number of eggs that hatch = f(N I ,N 2) 

= average weight of an egg 

= number of molting 3rd instars (maturing 
into 4th) 

= the critical weight of a ?rd instar at 
which molting is induced 

= promotion out of class. For j=l,=maturation 

of 3rd instar into 4th (=l b ). For j=2, 

=emergence of 4th instars t6 adults,=ebWc ' 
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eb = number of emerg:i-ng insects 

't:b' 
' iiJ'<W s 6.11 

Kl (exp[K
2 

(W-W )],..1) ,W>W c - s 

W = mean weight of Jilopulation 

Ws = critical population mean weight to begin 

emergence 

Wc = actual organism's weight to induce emer-

gence 

K. ,K2· = fitted coefficiElnts 

= Z H b. b. ,M 
J J 

6.12 

Mb . = non-predatory mortality 
J 

a 
bj,n = physiological ei':fects due to DO for. n=M,C 

b = correction term for effect of mean weight bj ,n 
on process (nT -Bb . 

1) 
term) 

H J J + b. ,t1 K. 
J J 

= etwll- 1 

c = physiological efifects due to T for n=M,C b. ,n 
J 

Zb. = instantaneous rate of non-predatory mor-
J tality 

d = increase in mort~lity due to density-b. ,M 
J dependent factorS (overcrowding) 

Kb . = carrying capacity 
J 

et,a = ficted coefficients 
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dNb . 1 lb. Pb . 
6.2 --l. = (-1\. 1: Cb.,k) + --.l --.l 

dt Wb . J k J Wk Yk 
J 

Nb . 
J 

= numbers of jth class of benthos 

Wb . = mean weight of jth class 
J 

_)We 
k=l , 

Wk 
Wa k=2 , 

t
w , k=l 

Yk 
= 3 

Wc , k=2 
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7.1 

7.2 

dt 

dB p. 
~ 

dt 

= 

Table 7. Decomposition 

= biomass of the ith decomposer group 

= rate of uptake of organics 

= respiration rate 

= rate of excretion of inorganics 
and refractory organics 

= rate of sedimentation (or resuspension) 

= rate of mortality due to lysis, inactivation 

or micro predators 

= I + E F. + E K M M. + S 
Pi j J j P, j J Pi 

(H + E C .) 
Pi j Pi' J 

B p. 
~ 

I p. 
~ 

F. 
J 

K M M. p, j J 

= mass of the ith Particulate Organic Matter 
compartment 

= external loading of POM 

= defecation rate of the jth consumer group 

= input rate of POM due to non-predatory 
mortality 

S = rate of sedimentation (or resuspension) 
Pi 

H - hydrolysis rate 
Pi 

c . 
p. , J 
~ 

= rate of grazing by jth consumer group 
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7 .3 

dB DOM . 
J. 

dt 

7.lf = 

= 

I DOM . 
J. 

U. 
J 

n 
1: U. 

j=l J 
+ 1: K '1 M. + H + DDOM. 

j P " j J Pi . J. 

= mass of the ith Dissolved Organic Matter 
compartment 

= external loading of ith DOM 

= excretion rate of organics by the jth 
biotic group 

K M M. = p, j J 
input rate of DOM due to non-predatory mor
tality 

= diffusion rate of ith organic between 
sediment and water 

V a c max,d. d.,V d.,V J. J. J. 

'V(BDOM -DOM. ) 
j mJ.n j 

J. . ] J 

where i=ith decomposer group,j=jth DOM group 

v = maximum uptake rate max,di 

c 
di'V 

= effect of temperature on uptake (see Eq.3.2) 

a = effect of dissolved oxygen d. , V J. 1 + K v(O . °2) 7 .n = V,02 2,mJ.n 

DOM. = DOM level below which uptake is negligible ml.n. 
J 

KDOM . = half-saturation constant for uptake 
l. 

°2 . = oxygen ,ml.n level for anaerobic uptake 

KV,02 = change in uptake due to anaerobic conditions 
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7.5 Rd. = 
~ 

7.6 Ud . = 
~ 

7.7 H = p. 
J 

7.8 

R mal(,di 
c 
di'R 

a 
di'R Bd . 

~ 

l\nax,di 
= maximum respiration rate 

I: u. v(02,min-02)(Vd.~Rd.)V(Vd.-Rd. ) 
j J ~ 1 ~ ~ 

u. = J 
percent of net assimilation which is excreted 
for jth compound 

( 'd. ) H c apj,H hpj,H K B +Bl +K Bp. max,Pj Pj,H 
sv. p. d. POM. J 

H max,Pj 

h p. ,H 
J 

pH 
pHopt 

cr 

I::.T I I::.z 

J J ~ J 

= maximum hydrolysis rate 

7.71 

= available surface area parameter 

= saturation constant for hydrolysis 

= pH of water or sediment interstitial water 

= optimum pH for hydrolysis 

= pH "bandwidth" constant for hydrolysis 

= maximum vertical thermal gradient 
I::.Pbarll::.t= change in barometric pressure over past day 

K = thermal gradient constant sedd . 
~ 

where Bd . 
~ 

depending 

is either water or sediment compartment 

on the sign of I::.Pbar 
lit 
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7.9 

= 

~d. = sedimentation rate constant 
1. 

K 

= 

d. ,M 
1. 

= boundary layer resistance coefficient 

= non-macropredatory mortality 
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S.l dV 
at = 

Table 8. Lake Water Balance 

n 
(p-e) A(E) + Q HE) + 1: 

s i=l 

_K(E_E)3/2 
1 C 

v = volume of lake water 

A(E) = lake surface area as a function of lake 

stage, E 
p = precipitation rate 

e = evaporation rate 
feE) = elevation-dependent correction factor for 

inflow 

Qs = surface inflow rate 

n = number of observation wells 

K. = saturated hydraulic ,conductivity at obser-
~ 

vat ion well i 

wi = elevation of groundwater table at well i 

E = lake level 

D. = distance of well from lake 
~ 

Li = effective length of shoreline associated 
with area of well i 

mOi = base value for effective saturated thickness 

~ = parameter which characterizes dependence of 
M on w 

wOi = index elevation 

Kl = coefficient for uncontrolled outflow 

Ec = elevation of spillway 
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