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A1~STRACT

This report outlines the knowledge of the phosphorus budget in lake Erie and

de scribe s :~ long— term total phosphorus model that has been used to simulate

the phosphorus dynamics in the lake. The model incorporates the input of

phosphorus to the lake from the dra inage bastn~, exchange of phosphorus at

the sediment—water interface and export of phosphorus from the lake by river

outflow. Using available data and assuming equilibrium , the model was

cal ibrated and used to projec t future in—lake phosphorus concentrations for

a recotmtaended objective loading of 11 ,000 metric tons of tota l phosphorus.

The findings indi cate that management ot nonpoint , as well as point sources ,

will be required to meet the loading objective. The model output also

enables the projection that the ~rophic status of the central basin of Like

Erie will be sign ificantl y impr oved (mesotrop hic) it the reco~~ ended objec-

ti ve loading La obt.ilned.
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ABSTRACT

This report outlines the knowledge of the phosphorus budget in

I Lake Er ie and describe s a long-tern total phosphorus model tha t has

been used to simulate the phosphorus dynamics In the lake . The model

- inc orporates the inpu t of phosphorus to the lake from the drainage

F basin , excha nge of phosphorus at the sediment-water interface and

expor t of phosphorus from the lake by river outfl~~.. Using available

data and assuming equi librium , the model was calibrated and used to

project future in-lake phosphorus concentrations for a reco.miended

I objective loading of 11 ,000 met ric ton s of tota l phosphorus . The

.- find ings Ind icate tha t asnag~~ent of non- point , as wel l as point

sources, will be requ i red to meet the l oading obj ective . The model

output also enables the projection tha t the trophic sta tus of the

-~~ 

centra l basin of Lake Erie will be significantly 1~ ,roved (mesotrophic)

if the reco ended objective loading is obta ined.
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1.

INTRODUCTION

The historical record documents the decline of coemerc ial f ishi n g

in Lake Erie beginning In the late 1920’s (SLa ke Erie Env i rormiental

Si ary , l963-64,~ U .S. Dept. of Interior , FWPCA , May, 1968). Fr om

that date unti l the present there have been significant changes in

the species composition of fish in Lake Erie. To some extent , these

changes reflect the impact of pollutant loading to the lake and its

tributaries and the accompany ing nutr ient enrlctaint of the lake.

This impact has manifested i tself through increasing levels of

biologica l productivity and seasonal occurrences of oxygen depletion

in some par ts of the la ke (Burn s and Ross , 1972 ; Grea t La kes Wa ter

Quality , Appendix B , IJC , 1976). Taste and odor problems In publ ic

drinki ng water supplies taken from the lake are associated wi th this
a 

biologica l productivity . Other related problems include the loss of

important spawn i ng sites and unsightly accumulations of floati ng algae

in the nears hore areas and on beaches (Livermore and Wund erlich , 1969).

Many of the adverse impacts mentioned above occurred gradually

and were not a pr iori accepted as a necessary outgrowth of man ’s

activities in the dra inage basin. It has taken some time to unravel

the cause and effect relationships that have contribu ted to the

observed adverse impacts . Although there Is still much to be learned

about the Lake Erie ecosystem, the state of know~edge has advanced

t to the stage where many of these cause and effect relationships are
r
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understood, quantifiable and can be expre ssed mathematica lly.

Zn the very early stages of the La ke Erie Wastewater Management

Study , an Inventory and evaluation was make of methodologies that

could be used to predict the consequences of alternative wastewater

management programs for the Lake Erie basin (Tetra Tech Report No.

TC-4l3 , October , 1974). The results of that review indicated that

evaluation methodologies were available tha t could be used in the

study . At the outset , It was apparent that a choice would have to

be made as to what parameters should be modeled and what level of

model sophi stication would be appropriate . Eventually the study

staff selected total phosphorus as the most significant parameter In

terms of the problem area being add ressed; i.e ., eutrnph ication of

the Lake Erie waterbody . This report suii,narizes several of the

evaluation methodologies (or models) available or under development

a which might have been used to aid in the assessment of the possible

In-lake effects that would result from the Implementation of specific

management stra tegies in the dra i nage basin. The methodology selected

Is described , its application illustrated , and the significance of

the model projections are discus sed .

Fi ~tr~’phi ~at Ian
Hu tchi nson (1969) has pointed out that the term “eutrophic~

originated in 1907 from consideration of the nutrient conditions or

chemical nature of soi l solution in bogs . In 1919 , the term was

introduced Into i tanology and has come to be widely accepted as

describing a take rich In nutrients . The term “nutrients ” re fers 

- - -~~~- ——,~~~~~~-— -— - — — -  — -— -



- ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ - - -

1
1 3

to the chemical substances essential to the growth of plants . In

I lakes , an importa nt group of plants are the algae , or phytoplankton.

Phytoplankton require light for growth and carr y out the photosynthetiC

I reaction utilized by all green plants. The macro nutrients important

T to the growth of phytoplankton include carbon , n itrogen , and phosphorus

(Mitchell , 1974). Plant growth depends on the availabilit y of these

and other nutrients. Thus, it would be expected that a nutrient-rich

lake would be abundant with phytoplankton growth, assuming that other

enviror~ental factors (e.g., sunlight and water 
temperature) were

conducive to such growth. Thus, the excessive biological productivity

characteristic of eutrophic lakes begins with the primary producers,

- 
the photosynthesizing phytoplankton.

Although the term “eutrophic” first came Into use as a descriptor

for a nutrient-rich water, it is now recognized that a waterbody and

I .  Its drainage basin must be viewed as a coupled trophic system. In this

-- sense, a waterbody evolves toward a state of “trophic equilibrium ” with

its drainage basin which is the source of most of the nutrie nts and

other constituents that are deposited in the waterbody (Hutchinson ,l969).

Waterbodies that are nutrient poor are classified as oligotrophic. The

trophic status Intermediate between ol igotrophlc and eutrophic Is termed

mesotrophic.

The time scales associated with the trophic evolution of a water-

-L body are generally very long. However, high intensity agricultural

development, growth of human populations, urbanization and industrial-

Ization can proceed very rapidly in a drainage basin. When this Is the

j case , the time scale for trophic evolution can be greatly shortened. - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - —- -~~--~~ - --- ---rn~~ -.- -
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Thi s  latter situation is often referred to as accelerated cultural

eutrophication. Strategies for dealing with this situation may

vary , depending on the size of the waterbody and the complexity of

the activities in the drainage basin. For large waterbodies and

drainage basins , (e.g., Lake Erie) development of remedial stra tegies

requires that the sources of nutrients in the drainage basin be

Identif ied and controlled.

• Since photosynthesizing phytoplankton are the essential link

between the sun and other life forms that cannot directly utilize

the energy of the sun , it would be expected that abundant growths of

phytoplankton would have repercussions In the aquatic food chain as

wel l as affecting the chenn cal and physical equilibrium of the water-

body. Dead and dying algal mass settle to the sediments where decay

takes place through bacterial decomposition . Oxygen is consumed by

this aerobic decay process and , In waterbodles where vertica l mixing

is inhibited ( because of seasona l s t r a t i f i c a t i o n ) ,  deplet ion of

dissolved oxygen can stress other l i f e  forms that inha bi t the bottom

waters . This stress In turn can contribute to cha nges in the species

composition and in fish populations .

This photosynthetic production of algal biomass and subsequent

bacterial decomposition (or destruction) of the organic material

produced Is paralleled by a production and consumption of oxygen

(Stume and Stimin-Z’lZinger , 1972). In a balanced ecosystem , this

cycle produces a constant sur plus of oxygen. I n a s t ra t i f ied  lake ,

the pr oduction of oxygen occurs primari ly in the upper waters (the 

• . - “~~~~ - - ~-~~- —- —~~~~~-~~~~~~ ---
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Figure 1 Photosynthetic Production and Bacterial Consumption of Oxygen
in a Stratified Lake
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euph ot ic zone of the e p i l i m n i o n )  whi le  the consumption of oxygen

occurs primari ly in the bottom waters (the hypohmn ion). The

separation of these two interact ive processes leads to an imbalance of

the ecosystem and a depletion of oxygen in the bottom waters. This

cycle is represented schematica lly In Figure 1 . The vertical density

stratif ication of the water mass inhibits vertica l mixing in this

situation and Is a major factor in causing the imbalance. The extent

of oxygen depletion in the hypol imnion ~iepends largely upon the amount

of organic material contained in ‘t and the amount of oxygen present.

The hypol imnion of the central basin of Lake Erie has a relatively

smal l volume compared to Its surface area and suninertime oxygen

depletion rates frequently l ead to utilization of all available oxygen ;

the so-called anoxic condition . This system (portrayed In Figure 1)

can be altered by addition of nutrients to the euphotic zone and/or

addition of organic matter to the bottom waters (both originating from

externa l sources). These extern~ ‘~ 1~tions would serve to pollute

the system and worsen the Imbalance. In some small  lakes and ponds

it has been possible to cjrrect this imbalance by art if~c i a l l y

destrat if y ing the waterbody. This is not possible In the case of

lake Erie because of its large size .

~~~‘~~~~
- £‘f Nu~riente

Nutrients are cycled through the system portrayed in FIgure 1.

Biologically available forms of the nutrients ar’~ utilized In the

production of biomass. During the decomposition process, bacteria

mi neralize the organic forms of the nutrients into i norganic forms

and thus return the nutrients to a biologically ava i lable nra 50

f l - -  — fl- - fl —-—- — — • - - -- - —- - --- - -- - —-fl- -fl -- —
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the cycle can be repeated. The regenerated nutrients can be brought

to the upper waters through intermittent mixing processes across the

density interface that separates the epi limn ion and hypolimnion , by

wind-driven upwelling currents near shorelines , or during the seasonal

overturning of the entire waterbody when no stratification is present.

When nutrients are viewed as essential Ingredients to the

photosynthetic energy conversion process, the concept of trophic

Status is seen to be an Indicator of solar energy conversion eff I-

ciency . Oligotrophic lakes would be the least efficient and eutrophic

(or hypereutrophic) lakes would be the most efficient. Mesotrophic

lakes would have intermediate efficiencies . Vo llenweider (1971) has

discussed the difficulty of establishing a satisfactory trophic

status classificati on system for lakes . Parameters such as phytoplankton

density , chlorophyll content, biomass production or carbon assimilation

are important Indicators but have proved unsatisfactory because of the

variability between lake drainage basin systems. Vollenwelder reviewed

available data on lake water chemistry and suggested a preliminary

trophic classification method based on unit surface area loading of

total nitrogen. He cautioned that this method could only be applied

to situations where the ratio of nitrogen to phosphorus inputs was

higher than the nitrogen to phosphorus ratio found in phytoplankton.

Using the reported molecular for~ ala for phytoplankton cell material

(i.e., C1~~ H263 0110 N16 P), the computed ratio of nitrogen to

PhOSPhOrUS is 7.24. More conservative estimates give the ratio as

high as 14 (Nat. Eutroph. Survey, 1974).

. - -- - - — —f i- -  — -



The Imp ortano. of Pho.phoriia

Al though phosphorus has been selected as the primary nutrient

of concern , there is no conclusive proof that it is the limit ing

nutrient at all times and at all places in Lake Erie. However, the

preponderance of evidence suggests that it most often is the key

nutrient (Stunin and Stt~~-Zol1inger , 1972). Certainly, the reduction

of phosphorus available for phytoplankton growth is an appropriate

management goal if It will result in reducing phytoplankton growth.

In-lake measurements indicate that available nitrogen , the other

important macronutrient , is about twenty times as great as available

phosphorus (Burns, 1976). Since the ratio of nitrogen to phosphorus

In phytoplankton cell material is conservatively estimated to be

less than fourteen (National Eutrophication Survey. 1974), this is

further justification that phosphorus may be the limiting nutrient in

lake Erie. Hutchinson (1957) has discussed the phosphorus cycle in

lakes and stated that “ . . .(phosphorus) is In many ways the element

most important to the ecologist , since it Is most likely to be

deficient... ” Siger (1976) in a review of lake eutrophication also

underlined the relative importance of phosphorus. The reduction

of phosphorus inputs to Lake Erie remains as an essential part of

the strategy for improving water quality as outlined in the Canada-

U.S. Great Lakes Water Quality Agreement. 

-—~-- fl ~~~~~~~~~~~~~~~~~ - fl -
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PHOSPHORUS LOADING TO LAKE ERIE

Phosphoru s enters the surface of Lake Erie  from the atmosphere,

at the lake boundaries from shoreline erosion of phosphorus bearing

sediments, and in the tributary inflows that drain the watershed.

The potential export of phosphorus into the lake from sources in the

drainage basin is great. Because of Lake Erie ’s morphometry, it is

frequently referred to as being cm~osed of three sub-basins . The

three su!,-basins are depicted In Figure 2, along with their physical

measurements.

Estimates of the atmospheric loading of phosphorus to Lake

Erie range from 615 metric tons per year (Chapra , 1976) to 1146

metric tons per year (Task Group III, U.S.-Canada Water Quality

Agreement, 1978). Both of these estimates were based on extrapolation

of measurements made over other lakes. Burns, et al. (l976a ) report

an estimate of phosphorus inpu t to Lake Erie from shoreline erosion

to be 14,800 metric tons per year. This estimate Is based on the

measurement of the phosphorus content of shoreline materials and

of the quantity of shoreline materials eroded. Estimates of phosphorus

loading to Lake Erie are presiaed to include phosphorus in al l of

its forms. There is doubt as to what proportion of this total phosphorus

would be available for biological uptake. Burns (1976b) suggests

that the phosphorus In eroded shoreline materials is not available

because of its low solubility . The U.S. Army Corps of Engineers

(1975) state that shoreline eroded phosphorus is bound as apatite

and not available for entry Into the phosphorus cycle of Lake Erie.



Future studies will shed more light on this question of availabili ty ;

however, for the present , the phosphorus contribu ted from shoreline

erosion is excluded from the analysis of biological productivity in

Lake Erie.

N 
~~~~~~~~~~~~~~ 7}

~~ te r n
8o’s~

csin@ j /  ~~~~~~~ u~~

T.t,I.

(I) 12) (3)
Vohj m• 2 27 i id0 m

3 29.80 ~~~~~~ 15.2 * IO~ ,n3

Sur~ o cs A r ,o 0311 * id° mt 63* I0~ in
2 0.624 * lO

’
~ m~

A.~~vos~~ Depth 7.3 18 2 8  m 24 36m

FIGURE 2 Lake Erie Bathyinetry and Sub-Basins

There Is still a question as to what proportion of the remaining

total phosphorus load i ngs to Lake Erie is available for biological

uptake. This results from the lack of detailed budgets of the various

forms and lack of knowledge as to what phosphorus forms are available.

One recourse Is to do a material balance on total phosphorus only.

As part of the re-negotiation of the 1972 Water Quality Agreement

between the United States and Canada, “base year” total phosphorus

loadings were estimated for the Great Lakes. The purpose of developing

“base year” loads was to “smooth out” the non-point contribution to

the total load by using histor ical average data for the tributary

_ _ _  
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flows and inter-lake exchange flows. The point source and atmospheric

loadings used In the development of the “base loads” were reported to

be the estimates for the years 1975 and 1976 resp ectively. The base

load data are sunenarized in Table I.

The U.S. Army Corps of Engineers in their Lake Erie Wastewater

Management study have developed estimates of total phosphorus loadings

to Lake Erie based on tributary stream flows and an inventory of point

source l oads . The estimates of stream loadi ngs were based on di rect

measurement of selected tributaries and establishment of correlations

between stream discharge and phosphorus export. The methodology

developed was used to develop estimates for total phosphorus loadings

to Lake Erie for the years 1970 to 1976. The 1976 estimates and the

average of the estimated loads for the period 1970-76 are presented in

Table I for comparison with the Nba se year ” estimates.

TABLE I
Estimates of Total Phosphorus Loadings** to Lake Erie

(in metric tons per year)

Base Year 1976 1970-76 Average

Wes tern 14,499 12,689 14,208

4,007 4,382 4 ,163

1 ,463 2,605 
- 

1 ,817

Whole Lake 19,969 19,676 20,188
Total

* Estimates developed by the U.S. Army Corps of Engineers Lake
Erie Wastewater Management Study

•~ Shoreline erosion loadings of total phosphorus not included.

I
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Will iams, et al. (1976a) have categorized the forms of phosphorus

found in the surficial sediments of Lake Erie as apatite phosphorus.

nonapatite inorganic phosphorus, and organic phosphorus. The dis-

tribution of sediment phosphorus wi thin the lake did not correlate with

locations of major phosphorus Inputs . Rather , the distribution was

governed by sediment properties such as particle size whose dis-

tribution, in turn , is governed by lake bathymetry and lake circulation .

The mean value for sediment total phosphorus was found to be 879

mg/kg with a range of 188 mg/kg to 2,863 mg/kg (based on dry sediment).

In general , regeneration of phosphorus from the sediments into the

water column is not significant under oxic conditions (William s, et al.,

l976b). However, under anoxic conditions the regeneration of phosphorus

is significant , having been found to be eleven times as great as

under oxic conditions (Burns and Ross, 1972).

Particulate phosphorus constituted 50 to 70 percent of the total

phosphorus found in the water column . The western basin averaged

66 percent, the central basin averaged 61 percent, and the eastern

basin 56 percent (Burns, 1976c). The quantity of soluble reactive

phosphorus varied widely throughout the lake wi th the western basin

and the south shore of the central and eastern basins exhibiting the

highest concentrations . The hypolimnetic waters of the central

basin were observed to develop Increases of soluble reactive phosphorus

during anoxia, a direct result of phosphorus regeneration from the

sediments. It was also observed that severe wind storms generated

suft ’ciently high bottom currents in certain parts of the lake such

L
-- ---~~~~~~~ 
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that sediment was physically resuspended. Regeneration of phosphorus

accompanied this storm activity , although subsequent sedimentation

removed most of that regenerated.

The phosphorus Incorporated In the lake biomass varies daily and

seasonally. Estimates of this quantity of phosphorus depend upon

estimates of the total biomass in the lake as well as knowledge of the

percentage of the biomass composed of phosphorus. Vol lenweider (1971)

cited figures for the mean phosphorus content of phytoplankton ranging

from 0.19 percent to 0.5 percent of the dry weight of the phytoplankton

biomass. Using the reported molecular formula for phytoplankton cell

material (i.e., C1%H2630110N16P). the computed percentage is 0.87

percent, which is somewhat higher (Richards, et al., 1965). Reported

basin wide concentrations of biomass in Lake Erie average about 4

(we t we ight) (~~narvar and P~.anarvar, 1976). Assuming the dry weight

to be 25 percent of the wet weight, the dry weight concentration of

biomass would be on the order of 1 g/m3 giving a biomass phosphorus

concentration of 0.0087 ~~~~ Based on these very rough estimates,

the phosphorus in the biomass could be as grea t as 50 percent of the

total phosphorus measured under certain conditions . Estimates of

the annual average concentrations of total phosphorus are given in

Table I I .  

- fl~~ -~~~
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TABLE II

Estimated Annual Average Total Phosphorus
Concentrations in Lake Erie
(in grams per cubic meter)

Western Basin Central Basin Eastern Basin

Base Year .0449 .0225 .0239

i o_Th* .0393 .0194 .020

* 1970-76 data taken from IJC Great Lakes Water Quality Board
Appendix B, Surveillance Subcoemittee Report (1976) except
Eastern Basin (1970, 71, 72) which were taken from Preliminary
Feasibility Report, Vol . 1, U.S. Army Corps of Engineers Lake
Erie Wastewater Management Study, Dec., 1975.

Ph osp hor.~a Ratan tion

A s imp l i f i ed  concept of the disposition of phosphorus is portrayed

schematically in Figure 3. The phosphorus incorporated in the biomass

is considered , in this scheme, as part of the total phosphorus in the

lake water . The exchanges are indicated by arrows.

This portrayal shows the deposition of phosphorus (primarily

organic detritus) to the sediment as we ll as release of phosphorus

from the sediment to the lake water (through sorption processes,

bacterial mineralization, and hydrodynamic resuspension). Neglecting

the internal phosphorus exchanges between the biomass and lake water

and assuming the lake volume to be well mixed, the total phosphorus

budget for the scheme depicted in Figure 3 can be written as :

d
~

CV)
~~ M _ ~~~~~~ (1)

where C • the concentration of total phosphorus in the lake (ge/rn3)

y • lake volume (p3)

~. 1 -

-_=
fl
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Ixtsrna l Load ing Phosphorus Exported
of Phosphorus ____ _____ in Lake Outflow

I Total Phosphorus 1
in Bio~~ ss

in Zak. Wat.r

- 1
Total Phosphorus

in Sedi nts

FIgure 3 Schematic Representation of Phosphorus Disposition
In Lake Erie

—
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P4 i~ owhorus lo.~dinq to the lake (ge/yt~ar)

outflow (m3/year)

R = retention coefficient which represents the proportion of
the total loading of phosphorus that is retai ned in the
lake sediments over a one-year period

t = tIme (years)

If equilibrium conditions prevail , then there is no change of the

in-lake phosphorus concentration over a one-year time period and ,

from Equation (1), the retention coefficient is given as:

QC
(2)

where Ce is the equilibri~a~ in-lake phosphorus concentration and 
P4

and Q are also constant. Equation (2) can be rearranged to give :

q
R : 1 _ r

~
Ce (3)

in which L P4/A, the areal loading of phosphorus (g/m2/yr) and

q5 Q/A , (m/yr) the areal water unloading or overflow rate. Equation

(3) was the basis for the trophic status graph proposed by Vollenweider

(1973). Dillon (1975) used Equation (3) wIth q5 = pz where z is the

mean depth and p Q/V , the flushing rate, in a study of lakes in

southern Ontario of which some had very high flushing rates. Equation

(3) has the desired characteristic of R -. 1 as q5 0. Similarly,

if q5C~ 1, then R -. 0. Both of these limiting conditions are

consistent with physical reasoning.

I
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N. utr-iant Mea l Loading Concept

The areal loading concept (i.e., the total nutrient load to the

lake over some stated time period divided by the surface area of the

lake) is consistent with the fact that the photosynthetic process

occurs in the surface waters of a lake where sunlight is present in

sufficient intensity for phytoplankton growth (the euphotic zone).

The major drawback to the use of the areal loading concept is that

it suggests that phosphorus loading to a lake is uniformly distributed

over the entire lake surface, a highly unlikely situation . Vollenweider

(1971) recognized this drawback as well as the importance of lake water

renewa l or flushing due to tributary inflows and outflows.

Present-day knowledge of the circulation pattern in Lake Erie

indicates that the water that flows from the western basin to the

central and eastern basins tends to short-circuit these basins by

flowing along the south shore of the lake to the Niagara River outflow.

The theoretical idea l renewal time calculated on the basis of dividing

the volume of Lake Erie by the Niagara River discharge Is less than

3 years. Although the western basin water mass Is renewed in less

than this time period , the above-mentioned short-circuiting effect

suggests that the central and eastern basins may have considerably

longer renewa l times. Experiments to measure detention times in a

physical hydraulic model of Lake Erie revealed that contaminants are

flushed from the western basin within months. However, the main water

masses of the central and eas tern basins are exchanged slowly and long
flushing times were observed (on the order of decades) (Rume r, et al.,

1976).

-I
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Vollenweider presented tentative permissable annua l area l

loadings of total nitrogen and total phosphorus as a function of lake

mean depth . He acknowledged that It would be difficult , in many lakes ,

to achieve annual l oad i ngs less than the reconunended permissible

loading . The U.S. E.P.A. (National Eutrophication Survey , 1974) also

recognizes that nutrient criteria must take into account natura l

background nutrient levels, land use , lake use and drainage basin

characteristics if they are to be realistic and enforceable.

Vollenweider (1971) went on to consider the winter overturn

concentrations of total pho ~horus that would be representative of

the trophic status . He concluded that if early spri ng-time concentrations

were greater than .02 9/rn3, the lake may be condidered to be in

danger of eutrophication . Similarly, if the spring time concentrations

were less than .01 g/m3, the lake could be considered to be oligotrophic.

In Figure 4 a plot of the area l phosphorus loading , 1, as a

function of areal water unload i ng , q5, is displayed in the form of a

trophic status graph . From Equation (3), it can be seen that the

other two parameters, Ce the equilibrium concentration , and R =

the retention coefficient , must be specified in order to classify a

particular waterbody according to this scheme. The fami ly of curves
depict different combinations of R with the persilssable C~ 0.01 g/m3

and the dangerous Ce 
• 0.02 g/m3. In general , it is seen that according

to this scheme higher retention coefficients increase the likelihood

of eutrophication . Average values for L for the three basins obtained

from Tables 1 and II are plotted in Figure 4 for reference purposes. 

-- - _ _ _ --~~~~~~~~~~ -~~~~~~~~~~ - - - -~~~~~~~~~~~~~~ ~~~~~~~~~
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The two basic m echanisms for removi ng phosphorus from a lake are

via the lake outflow dnd ‘permanent” retention in the sediments.

Thomann (1977), in h i s  comparison of lake phytoplankton models and

loading plots , demonstrated the unity of the two approaches. He

showed that knowledge of the fraction of tota l phosphorus contained

in the biomass as well as phytoplankton sinking rates were important

parameters needed in order to estima te the retention of tota l

phosphorus in the sediments. This difficulty Is also present in the

loading plot shown in Figure 4 in that the phosphorus retention co-

efficient remains as an important parameter but one that is difficult

to estima te. Either direct measurements must be made in the field

or some sort of conceptual model of the phosphorus dynamics must be

calibrated and verified in order to confidently predict phosphorus

retention coefficients. A further complication not explicitl y included

in Thomann s analysis (1977) is the release of phosphorus from lake

sediments into the overly ing water mass. This release is equivalent

to an addition to the total l oading of phosphorus to the lake and,

therefore, is implicitl y included in Thcinann ’s, J~, the total phosphorus

loading . I t  Is thus seen that accurate prediction of lake trophic

status requires quantitative knowledge regarding the fraction of

phosphorus Incorporated Into the biomass , the rate of deposition of

blomass to the lake sediments, and the release of phosphorus back

from the sediments into the overlying lake water. These processes

vary seasonally and are highly dependent upon such factors as lake

chemistry , lake hydrodynamics , clima togical conditions , lake temperature,

and predation rates throughout the food chain . One recourse is to 

-- - ---~~~~~~— -- .-- -~~~~~~~~~~-~~~~~ -~~~~~~~~~~~~~—“~~~~~~~~~~ -- -- - - - - -
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develop semi-empirica l conceptual models for phosphorus dynamics that

incorporate the princip al transport processes and which can be

calibrated adequately. Such models, when used wi th a realistic

understanding of their l imitations , can provide usefu l estimates of

lake trophic status changes resulting from phosphorus load reductions.

Kirchner and Dillon (1975) correlated the phosphorus retention

coefficient , R , with areal water unload ing , q5, for several lakes

and obtained the following equation :

R 0.426 exp(-O .27l q5) 
+ 0.574 exp(-O.00949 q5) (4)

Larsen and Mercier (1976), in a similar type of ana lysis, found the

phosphorus retention coefficient to be correlated wi th either the

area l water unloading , q5, or the flushing rate , 
ç
~ Q/V . However,

the lakes selected for analysis were primarily olfgotrophic.

Chapra (1977) introduced a relationship between the phosphorus

retention coefficient and an apparent settling veloci ty, v , for

phytoplankton and the overflow rate, q5, as fol lows:

(5)

Based on a least squares fit wi th the data of Dillon and Rigler (1974),

Chapra selected a value of v • 16 rn/yr. as representative of the Great

Lakes . By combining Equations (2) and (5), the following equations

for permissible arid dangerous areal loading can be obtained:



1.. (sj/m~
’/yr) .01 (v • q ) (6)

permissible S

Ldanger()~Js 
• .02 (v + q5) (7)

where Ce .01 g/m 3 and Ce 
a .02 g/m3 have been used for permissible

and dangerous total phosphorus concentrat1o~~, respectively. Equations

(6) and (7) are shown in Fi gure 4 utilizIng Chapra ’s suggested value

of v a 16 rn/yr.

The loss of phosphorus to the sediments (i.e., the retained phosphorus)

is given by Chapra as v AsCe where A5 is the sediment surface area and

denotes the equilibrium in-lake concentration of total phosphorus.

This formulation differs slightly from Thomann ’s sinking rate, K5,

since his computation is based on the phosphorus incorporated in the

biomass , P. as a fraction , ~~, of the total phosphorus, i. e., P cICe•

The variability of -
~ is not well known , thus preclud ing the establisPmient

of a single value of .~ that would relate v and K5 by v/K5.

Various estimates of the retention coefficients for Lake Erie

are s~~ arlzed in Table ~ I.
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TABLE III

Estimated Phosphorus Retention Coefficients for Lake Erie

Western Centra l Eastern Whole
Source Basin Basin Bas in Lake

R 1 R2 R3 P

Burns , et al. 0.72k 0.74 0.31 0.91
(1976)

Kerchner
and Dillon 0.33 0.54 0.44 0.60
(1975)

Chapra (1977) 0.22 0.59 0.36 0.69

Base Year 0.44 0.66 0.22 0.78

1976** 0.36 0.68 0.39 0.81

0.50 0.69 0.32 0.78

Thls value is based on an estimate of the loading to
the Western Basin that may have been high ; thus , P1 andP may be high also .

** These values were developed utilizing the data from
Tables I and 11 In conjunction wi th Equation (2 ) .

The variability in the estimated values for the phosphorus

retention coefficient for Lake Erie raises a question regarding the

assumption of equilibrium conditions. Significant errors are possible

If dC/dt is not zero in Equation (1). Because of the relatively low

value of V/N for the Western basin , the possible error in computing

P is smallest in that basin. Also, the application of the phosphorus

retention concept as presented in Equation (2) to the sub-basins of

Lake Erie Is subject to question because these basins do not behave

entirely as separate and completely stirred basins, even over a one- 
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year time step (particularly the central and eastern basins). There

i~ occasiona l exchange of water mass from downstream basin to upstream

basin during seiching and when winds originate from the east. The

uncertainty In developing reliable estimates of in-lake total phosphorus

concentrations and loadings of total phosphorus add to the difficulty

of establishing reliable estimates for the retention coefficients.

I

I
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PHOSPHORUS MODELING APPROACHES

The objective of controlling phosphorus loading to Lake Erie

is not, of course , only to reduce in-lake total phosphorus concentrations

below some prescribed value . Rather, the objective is to reduce the

high levels of biological productivity in the lake and , thereby, restore

the lake to a more desirable trophic status. If the level of bio-

logical productivIty were to be addressed specificall y as the in-

lake parameter to be predicted, then a mode~~ng effort would be re-

quired that incorporated phytoplankton growth, death , and decay.

Such models are developed (DiToro , et a ) . ,  1975) and show cons iderable

promise both as frameworks for achieving a better understanding of

lake ecosystems and , ultimately, as management tools. These models

are based on the conservation of mass principle and utilize available

knowledge regarding the kinetics of all reactions that are assumed

to take place . In the development of these models, a waterbody is

typically divided into segments with the selection of segment size

(or volume) dependent upon knowledge of the hydrodynainic behavior

of the waterbody and the time resolution desired in the model . In

general , the segments are made smaller as more information Is known

about the details of the lake circulation and to achieve shorter

time resolution . Compu tationa l time and compu ter storage l imitations

generally place a lower bound on segment size since the number of

F equations to be solved si*iltaneously greatly increases wi th smaller

segment size and shorter time resolution .

L

I
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In the formulation of such models, material balance equations may

be written for several substances (e.g., phosphorus, nitrogen , dissolved —

oxygen concentration , e tc . ) .  Each of these model compartments w ill
have its own material balance equation and , in general, they must all

be solved simultaneously because of mutual interactions (i.e., feed-

forward and feedback mechanisms). The basic differential equation

for mass conserva tion can be wr it ten as (O ’Connor , et a)., 1975):

(8)

where C~~a concentration of the constituent, I, being conserved in
segment, j

number of model constituents

j number of segments

a volume of segment j

a physical transport of the substance through the ~i iegment
(depends on knowledge of the hydrodynamics)

E R 1 the chemical and biological transformations (or reactions)
~ in segment j that involve the substance (or constituent , 1)

being conserved,

~ W 1 ‘ the inputs or withdrawals of the substance, i , to or from
segment j.

The hydrodynamic transport, J, may be determined from solution

to the hydrodynarnic equations or may be assigned based on available

field data . In general , 3 is time-dependent and will be significantly

modified during the stratification period. Usually, gross simplifications

must be made in the representation of J. It should be noted that in

the extreme, the internal circulation may be omitted by treating the

whole waterbody as one segment (the completely stirred tank reactor

I— - - --~~~~~~------- - -. - -- --- - --~~~~~~~~~ 
- -

~~~~~~~ 
--- .
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27I assumption). The degree to which this latter approximation is valid

I wil l depend partly on the model time step (I.e., hours , days, months,

or years). The number of model compartments is equal to (I)x(j).

DiToro, et al ., (1975), have reported on the development of a

I phytoplankton - zooplankton - nutrient interaction model for western
Lake Erie. The western basin (see Figure 2) was broken Into seven

model segments and seven variables were conserved giving 49 model

compartments. The seven model constituents were: chlorophyll a

r (representative of phytoplankton biamass); organic carbon (representative

I of zooplankton biomass); organic nitrogen; anmionia nitrogen; nitrate

nitrogen; total phosphorus; and inorganic phosphorus. The following

model variables were specified for each model segment as a function

of time based on available data: water temperature; solar radiation;

L photoperiod; flows between segments; water clarity ; and segment volume.

In addition, the following time-dependent boundary conditions were

specified: Detriot River inflow; Detroit River chemical quality ;

Detroit River pPiytoplankton and zooplankton biomass; Maumee River

chemical quality ; Matinee River pP,ytoplankton and zoop)enkton biomass.

.s. Twenty kinetic parameters associated with the chemical and biological

reactions were specified In advance. The reliability of the model

output Is l imited by the degree to which al l of the important

1 
parameters have been incorporated in the model formulation ; the

correctness of the representations for £ R u ; the availability and

adequacy of data for specifying J1 and E W 1; and the correctness of

I j the assigned kinetic constants. Dilora, et al. (1975), point out

that the determination of a unique set for the kinetic parameters is 

- - - -  -- -- - ---- -—- - ~~~~~~~~~~--



beyond present capabilities for a model of this complexity . Hence,

the uniqueness of model calibration is not established .

It can be seen that the application of such models requires

considerable knowledge of the chemical and biological reactions that

determine the dynamics of phytoplankton and zooplankton growth and

death and an unusually large data base for mode) calibration and

verification. Although the results of multi-compartment model

application have been Impressive wi th notable agreement between

model and prototype in some case~, the development of such models for

very large waterbodles must still be considered as preliminary.

Hornberger , et a). (1975), evaluated a phytoplankton mathematIcal

model by conducting nutrient enrichment experiments in a reservoir

near Charlottesville, Virginia. They concluded that the principa l

application of phytoplankton models is for qualitative determinations

and cautioned that each such model must be designed for the specific

waterbody under consideration . They found the determination of the

“correct” kinetic growth parameters to be the most difficult aspect

of model verification . Their calibrated model was used to predict

the effects of nutrient enrichment with poor success.

Another approach to the modeling of eutrophication has been the

development of mass balance equations for only one nutrient wi thout

incorporating the biomass reactions explicitly. This modeling

approach greatly reduces the amount of data needed for calibration

and the specification of a large set of kineticparameters. Since

diurnal processes do not need to be simulated , the time step for

_ _  -1
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these models Is much greater than that used in the phytoplankton models,

hence, they are frequently referred to as l ong-term nutrient models.

Al though simplisti c in comparison to the sophisticated phytoplankton

models, nutrient budget models are based on the same conservation

of mass principle. However, the detailed representation of nutrient

exchanges and transformatIons are not attempted . For this modeling

approach , Equation (8) can be simplified to:

dC 1 (9)

In th. case where only the total mass of the particular element Is

being conserved, I 1, and the number of model compartments Is given

by the number of model segments ,j.

O’P~elia (1972) has discussed this approach to phosphorus modeling

and pointed out the importance of sedimentation and the vertical

exchange between the hypolimnion and epi l imn ion in stratified lakes

as phosphorus transport processes. His mathematical formulatIon for

the phosphorus budget I n  a lake did not include exchange at the

sediment water interface, although he recognized its existence. In

a later paper (Snodgrass and O Melia, 1975), a more detailed model

for phosphorus was presented In which orthophosphete and particulate

— 
phosphorus were considered separately. Separate mathematical

formulations were presented for the epillumion and hypolimn ion for

T both forms of phosphorus. Interna l loading of phosphorus from the
L 

sediments was still not included, although mineralization of organic

phosphorus In the hypolimnion by heterotrophic bacteria was included .

Sedimentation of particulate phosphorus was accounted for and the

I-
_ _  

-
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uptake of orthophosphate in biomass production was represented as

proportional to the amount of orthophosphate in the epilimn ion and

was transferred to the particulate phosphorus material balance after

conversion . It was suggested that flocculation of particulate

phosphorus in the hypollmn ion may be important in accelerating the

sedimentation process.

Imboden (1974) described a similar two-box two-compartment model

for phosphorus which incorporated phosphorus exchange at the sediment-

water interface . Through physical reasoning and analysi s of the time

to achieve steady-state using the model , Imboden concluded that shallow

lakes with short detention periods w ill respond relatively quickly

to changes In phosphorus loading . This would be true of the western

basin of Lake Erie in which the mean depth is 7.30 m and the detention

period is 0.13 year. Conversely, deep lakes wi l l respond very slowly

to changes in phosphorus l oad i ng . However , phosphorus loading from

sediments could alter the expected response of any lake if not properly

accounted for, particularl y when bottom waters become anaerobic for

a significant period or when sediments are resuspended by wave and

current action .

Lung , et al. (1976), applied a two-box , two-compartment phosphorus

model to a lake in southwest Michigan wi th a surface area of 1.05 x

104m2, a mean depth of 7.9 in, and a hydraulic detention period on

the order of 1-2 months . The model is similar to the one presented

by Snodgrass and O’Melia with the exception that the sediment is also

modeled as a layered system incorporat ing both sedimentation of
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particulate phosphorus and diffusion of dissolved phosphorus in the

sediments. They found their calibrated model to be a fairly good

predictor of the phosphorus budget when the lake outflow Increased

about 30 percent in a subsequent year. This episode was used as a

verification of the model . An unusual feature of this mode) was the

simulation of particulate and dissolved phosphorus in the first

38 cm bel ow the sediment-water interface. This addition was attempted

because of the availability of sediment phosphorus data .

Chapra (1977) formulated a model for total phosphorus in the

Great Lakes. Each lake was considered as a completely stirred system

wi th the exception of Lake Erie which was divided Into three sub-

basins , each completely mixed . The model time step was one year

and in-lake losses of phosphorus were modeled by a sedimentation

process, S vA sCe, where v represented the “apparent’ settling

veloc i ty of total phosphorus, A
~ 

was the surface area of the sediments,

and Ce denoted the concentration of tota l phosphorus in the lake water.

A value of 16 rn/yr was selected for the apparent settling veloc i ty.

The total phosphorus level in each basin was simulated historically

for the period 1800 to 1970 using estimated loadings based on available

Information for point and diffuse sources. Future conditions were

simulated for hypothetical reductions In phosphorus loading. Chapra

later incorporated phosphorus feedback from the sediments (1978)

and updated has phosphorus loading s based on the Corps of Engineers

measurements (1975). Different values for the “apparent” settling

* 
velocities were obtained for different feedback rates from sediments.

By using two scenarios (F”O and Ff0), Chapra developed two predictions

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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which he hoped would bracket the actual response of the lake to changes
k

in total phosphorus loadings .

Lorenzen, et al. (1976), formulated a material balance expression

for total phosphorus In Lake Washington which incorporated sedimentation,

regeneration of phosphorus from the sediments, and retention of

phosphorus In the sediments. Rate constants were determIned by

calibrating the model for the period 1940 to 1950 and were not changed

in the subsequent use of the model for the period 1950 to 1970 during

which large changes in loading occurred. The model results were In

good agreement with observed concentrations of total phosphorus during

thIs period .

In the Lake Erie Wastewater Management Study (U.S. Army Corps

of Engineers , 1975), the Lorenzen, et a). (1976) model was adapted

for application to Lake Erie.

4

— I
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LONG-TERM PHOSPHORUS MODEL

F *’dsZ D.ao~iption

The LEWMS model was adapted from a simpler version developed

by Lorenzen , Smith and Klninel (1975). It is basicall y the application

of a material balance on total phosphorus incorporating the exchange

of phosphorus at the sediment-water interface and the retention of

phosphorus in the sediments . Phosphorus loading to the lake basin

and phosphorus discharge (or export) from the basin are also accounted

for . The lake basin is assumed to be continuously stirred and the

effect of the Internal lake c i r cu l a t i on  is presumably integrated out

by cinsidering a time step of one year. Lake Erie was simulated

using this simple mode) by treating the Lake as three separate basins

arranged In series. Model output provides phosphorus concentrations

in the water column and in the sediment interstiti al water as a

funct ion  of tine measured In years.

The Lake Erie version of this phosphorus model was utilized as

an evaluative tool by the LEWMS staff in order to assess the impact

of hypothetical management plans on in-lake phosphorus concentrations.

The management plans called for various levels of reduction In the

phosphorus loading o the basin.

The application of the model requires the estimation of rate

parameters and knowledge of the physical characteristics of the

lake basin. One basic assumption made in arriving at the above

estima tes in the IEWMS study was that the phosphorus concentrations

In Lake Erie were at equi l ibr i um with the estimated phosphorus

- — ~~~~~~~~~~~~~~~~~~~~~~~~ — — - —- - -
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loadings for the period selected for calibration.

The essential features of the model are depicted in Figure 5.

The lake basin is assumed to be completely mixed (the so-called

completely stirred tank reactor). In this figure , H represents the

annual phosphorus loading to the basin in grams per year (g/yr).

C Is the phosphorus concentration in the lake water in grams per

cubIc meter (gum 3). C~ is the phosphorus concentration in the

interstitial water of the sediments in grams per cubic meter . K1
i s the sp ec i f i c  rate of phosphorus t ransfer  to the sediments in

meters per year (m/yr). The product K 1C represents the annual

phosphoru s transfer to the sediments in grams per square meter . When

t h i s  product is m u l t i p l i e d  by the sediment surface area in square

meters , the tota l annua l phosphorus transfer to the sediments is

obtained in grams per year. K2 is the specific rate of phosphorus

release from the sediments In meters per year. The annua l phosphorus

release per square meter of sediment area Is given by the product

K2 and the difference in phosphorus concentration between the

i n t e r s t i t i a l  waters and the lake waters.  K 3 is the fract ion of the

total phosphorus inpu t to the sediment which is retained in the sediments

and no longer available for exchange . Q denotes the outflow from the
basin In cubic meters per year (m 3/yr). Inflow is assumed equal to

outflow . The product CQ is the annual export of phosphorus from the

basin via the outflow in grams per year. 

-.~~~~ - - -  -- -— ~~~ - - - _ _i~~~~~~~~~~ _
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The material balance equation for phosphorus in the lake water

can be written as

K (C -C)A K CA

where V Is the lake b as in vo’ume assumed constant in cubic meters and

A Is the sediment area in square meters . The quant i ty  dC/dt rep-

resents the annual  change In lake phosphorus concentration requ i red

to balance the phosphorus budget. If the basin is at equilibrium

and the phosphorus loading Is maintained constant, the lake phosphorus

concentration remains unchanged and dCfdt equals zero.

The material balance equation for phosphorus in the sediment

fnterstlt4 a) water is given by

dC K (C -C)A K CA K K A C
•

S S S

where V~ is the i n t e r s t i t i a l  water volume . Again , f or equi l ibr i um

conditions, the quantity dC5/dt equals zero.

The above set of coupled equations can be solved for C and C5
as a function of time measured in years . The accuracy of the solution

in quantitative terms depends on the adequacy of the model formulation ,

correctness of the values chosen for the three rate constants (K 1, ‘~2
and K3) ,  adequate informatIon on the phosphorus loading rate (M), and

data on the lake characteristics (V ,Y5, A , and Q) . I n i t i a l  values
of C and C5 must also be known . If equilibrium conditions are assumed

such tha t dC/dt • 0, the foll owing two equations are obta i ned which

I

-- - - - -l
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relate the three rate constants.

K 1K 3 •~~~~~— - ( 12)

C
K2 = K 1(1-K 3) Cs

:_C
e 

(13)

In th Is case , C and C5 are the steady-state or equilibrium valuese e
for lake and interstitial water concentrations, respectively. With

knowledge of any one of the rate constants, the other two are specified

by the above equations (12) and (13).

The three basin (or se~nents) version of this modeling approach

for Lake Erie is depicted in Figure 6. In the notation , the first

subscript refers to the basin (Le. , C1 refers to the lake phosphorus

concentration in the western basin )  and the second subscript denotes

the specific rate constant (i.e., K 12 is the specific rate of phosphorus

release , ‘~2’ in the western basin , i . e . ,  basin 1). The physica l data

for the three basins are given in Table IV.  Interstitia l water

phosphorus concentrations were measured in the centra l basin in 1975

and an average value for the centra l basin was given as C~2 0.286

Assuming tha t interst i t ial  water phosphorus concentrations

varied in proportion to the total sediment phosphorus content as

reported by the Federal Water Poll ut ion Control A~,iin 1stration (1968),

the values for the western and eastern bas ins were obtained and are

given in Table IV . 

~~~~~ —- - _ . -. -- - _~~~~- - ~~~~~~ --- -— —~~~
_
~~ -~~— —— _ --- ..
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Dctermination of ~~deZ Rzt Co’wtwita

I The rate constants were obtained in the following manner. Based

on the findings of Project Hypo (1972), a value of K22 for the central

basin was determined for both oxic and anoxic conditions . The oxic

phosphorus release constant was estimated to be 1.0 rn/yr . This

va lue was used for the western basin , the eastern basin , and in the

~~
. 

case of the central basin , for 10 months of the year. The anoxic

- -  
phosphorus release constant was estimated to be 11.0 rn/yr. This

latter value was assumed to apply in the central basin for 2 months

of the year over approximately 26% of the basin area. The annual

average values for the phosphorus release constants then become:

K12 ‘1.0 m/yr, K22 
2 1.43 rn/yr and K32 1.0 rn/yr.

The total external load of phosphorus to each basin is given

by M1, where i • 1 , 2, or 3 for the western, central or eastern

I basin , respectively. The external load for each basin is given by

the sum of the basin’s tributary area load estimates and the outflow

i. from the upstream basin. Estimates for the phosphorus loadings to

the three basins are thus given by the equat~on M~ m1 +

where rn
~ 

is the basin tributary area contribution and QC1 1  Is

the flow times the phosphorus concentration in the upstream basin.

-. 
Estimates for the loads in each of the basins can be obt ined from

• Table I .  I f it is assumed that equilibrium conditions prevailed

r during any given year, the other two rate constants , K 1 and K3 for

each basin , can be estimated for that year using Equ tions (12) and

! 1 (13).

~_ i_~
_ 
±_~_ _ _ 
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~~~~~~~~ ~~~~~~~~~ -



fl!
After the rate constants have been determined , the phosphorus

budget model can be utilized to examine the consequences of reduced

phosphorus loadings on the lake phosphorus concentrations and Inter-

stitial water phosphorus concentrations. The model depicts the

transient response of each b~sfn as wefl as the new equilibrium

phosphorus concentrations after a change in external loading .

The transient concentrations will have some sensitivity to the rate

constants, although they are primarily dependent upon basin volumes

and the water discharge.

The above described model would appear to incorporate the

principal transport mechanisms for total phosphorus for a lake basin

in which exchange of phosphorus wi th the sediments is ia~ortant.

However , Ignoring the interna l phosphorus exchange processes represented

by the rate constants K1 and (2 leads to the mass balance ~Equation

(2)1 for equilibrium conditions (i.e., when C Ce~ 
equilibrium

concentration). Using the notation from the above model , the retention

coefficient, R, Is given as

K K 1AC3 C (14)

In which the numerator represents that part of the sedimented total

phosphorus which is retained in the sediment matrix .

Equation (12) can be rewritten as follows by letting K11(3 
•

the apparent settling veloc i ty (Chapra , 1977), and M/A • L, the

areal phosphorus loading.

— 

~~~~~~~- -
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Ce
U •

~ 
(15)

Substitution of Equation (15) into Equation (2) gives the previously

obtained Equation (5) (Chapra, 1977), which demonstrates the unity

1. of the two approaches.

(5)

At equIlibrIum , Chapr a ’ s (1978) revis ed model , which Includes

sediment feedback of phosphorus, is given as

M _ Q C
e

_ vACe + F r O  (16)

I where F denotes the sediment feedback. In this case the retention

coefficient, R, Is given by,

R 
~ 

(VAC e
_ Fi (17)

or when F 0, vACe

I M,d. Ung S.i tai ti vity

For purposes of testing the sensitivity of the model output to

1. var iations In the lake physical parameters and rate constants, Equations

r (10) and (11) are written in dimensionless for. by introduction of
I. the following dimensionless variables : C’ • C/C 0, C5 ’ • C5/C0, and

I ~ V • ~~~~~. When these are substituted into EquatIons (10) and (11)

f we obtain,

-- - - - . - - . --- - . - - - - . - - - - - . -— - - - _ _ _ __ _ _ _-  - -  -
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+ —C ) - C’ - C’ (19)

dCS , , %

~5 ~~~ 
= -o2~C~ -~C ~ 

+ 03 C - 04 C 20

N I(2A K1A K 1K3A
in which the coefficients ~~ C~~~~~ °2 ~~~~~ t 03 ~~~~~~~$ 04

V 0

and ~~!. contain all the Independent variables . The sensitivity

of model output (C’ and C5’) to variation in the magnitude of individual

independen t variables can be more efficiently examined by forming

products and quotients of some of the above coefficients. (or dimension-

less groupings). For instance, it can be seen that,

~ K~KIAC
-~~~~ ‘ ‘ —~ • R (2 1)
01

if C is considered as some objective equilibrium concentration0 
,., dC’

(see Equation (14)). Also , at equilibrium conditions, 
~~~~ ~ 

0,

and the model output is independent of 05 V5/V, i.e.,

01 + 02 (C5 -l) - 03 - 1 = 0 (22)

- (13 + 04 
. 0 (23)

where C’ • 1 since C • ~~ Subtracting Equation (23) from Equation(22)

gives

(24 )

which can also be obtained from Equations (2) and (21).

1 

~~--- - - -
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Since a particular basin has a fixed value of and model

application assumes that the rate constants are independent of time,

it can be seen thot the required areal loading , 1, is specified

once the objective equilibrium concentration has been established .

We can see that since the rate constants are presumably established

at equilibrium conditions and since 04 most remain constant thereafter;

i t follows that must also remain constant as well as (13. ~ and ,

therefore, C5
’. Thus, whatever the ratio of sediment interst itial

phosphorus concentration to in- lake phosphorus concentration used

in establishing the model rate constants, that ratio wi ll remain

unchanged when new equi librium conditions are obtained after a

change in external loading to the particular lake basin.

Equations (12) and (13), as well as Equation(22) and (23),

establish specific relations hips between the three rate constants

(K1, K2, K3) as determined for specific 
equi librium values of N ,

C , and C5. It should be noted that for a given basin , the product

K1K3 remains unchanged . As discussed earlier , K 1K3 is equivalent to

Chapra ’s apparent settling veloc i ty , v , which is the rate at which

phosphorus Is taken out of the lake system by retention in the sediments .

It is seen that this parameter is uniquely determined for a given

basin once the equilibrium conditions are defined and the model calibrated .

Probably the best way to portray the sensitivity of the model

output Is by plotting equilibrium concentration of Inlake total

phosphorus as a function of phosphorus loading to the basin with the

apparent settling velocity, v K1K~, as the third parameter. Using

_ _  - __±~~~~~~~~~~~~~~~
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the data from Tables I and II , a plot for each of the three sub-

basins is shown In Figure 7.

In suninary , the equilibrium phosphorus concentrations calculated

using the model as presently constituted are dependent only on the

so-called retention coefficient, the externa l l oadi ng , and the

water discharge . The retention coefficient is established when the

model rate constants are determined using some assumed equilibrium

conditions. The water discharge from Lake Huron may vary by as much

as 20% dependi ng on hydrologic conditions; however, It ~s reasonabl e
to treat it as a constant using the long-term average from the

historical record. Therefore, for practical purposes, the model

output is sensitive only to the assumed equilibrium conditions at

the time of model calibration and will be uniquely prescribed

by the new proposed loadings.

P *,d~i App lica tion

It can readil y be seen from Figure 7 that the most significant

reduction in phosphorus loading will need to be accomplished In the

western basin of Lake Erie. Since the water flowing from Lake

Huron Is adequate In terms of phosphorus concentration level , any

reduction in loading to the western basin would have to occur

through management of the phosphorus originating from the Lake Erie

drainage basin and not from the upper lakes. A reduction in the

concentration of total phosphorus in the western basin leads to a

reduction in the discharge of phosphorus from the western basin to the

central basin and , therefore , from the central to the eastern basin.
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The rev i sed loadings and subsequent management requirements within

the drainage basin can all be estimated using the long-term phosphorus

model after in-lake objective total phosphorus concentrations have

been established . Conversely, new equilibrium in-lake concentrations

can be estimated given proposed objective l oadings .

The 1972 U.S.-Canada Great Lakes Water Quality Agreement gives

the following objective for phosphorus:

“concentrat ion shou ld be limited to the extent necessary to
prevent nuisance growths of al gae , weeds and slime s that
are or may become injurious to any beneficial water use.’

The International Joint Convnission ’s Great Lakes Water Quality

Board report of 1974 recomends that this objective be reta i ned and

further states:

“The exis t ing  spe c i f ic  objective is in narrative form because
the variab le response of aquatic organisms dependent in part
on phosphorus to produce nuisance conditions makes selection
of a defensible single number very difficul t. ”

Based on the trophic categorization used in this study , this objective

would l ead to average tota l phosphorus concentrations of 0.020 mg/i or

less in each of the Lake ’s sub-basins . PL 92-500 (1972) ca l l s  for

the rehabilitation and environmenta l repair ” of Lake Erie. Reduction

of in-lake tota l phosphorus concentrations to 0.02 mg/I or below will

rehabilita te the Lake to a more desirable condition , but the degree

of rehabilitation is not strictly quantifiab le. However, when

historica l phosphorus loading estimates are compared with current ones

and when the present relative conditions of the three sub-basins are

compared , the reasonable assumption can be made that the central and



Ti 
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eastern basins historically have had l ower phosphorus concentrations

than the western basin. It was for that reason that the U.S. Army

Corps of Engineers (1975) selected the following objective tota l

phosphorus concentrations : western basin , C0 
= 0.02 9/rn3; centra l

basin , C = 0.015 g/rn3; and eastern basin , C = 0.0 15 9/rn 3 .
0
2 0

3

The total phosphorus concentration objectives used for the Lake

Erie study were defined because it was necessary at that time to have

some quanltiative goal to use in determining requ ired phosphorus l oad

reductions. The Technical Group to Review Phosphorus Load i ngs (Task

Group III , 1978) for the fifth-year review of the Canada-United States

Great lakes Water Quality Agreement has rec x~vnended that the tota l

phosphorus loading to lake Erie be reduced to 11 ,000 metric tons per

year. The rationale behind this reconmendation is based on the ob-

jective of achieving a 90 percent reduction in the area of anoxia in

the central basin of Lake Erie and , thereby , prevent substantial

phosphorus release from the sediments. The area of anoxia has been

related to phosphorus loadings either by correlations (Chapra , 1978)

or directly computed from multi-compartment models that Inc l ude a

compartment for dissolved oxygen (Diloro , et al. , 1978). The prev iously

established objective by the U.S. Army Corps of Engineers Lake Erie

Wastewater Management Study (1975) of achieving certain levels of In-

lake total phosphorus concentrations was based or-i trophic status

correla tions (Vollenwe ider, 1971; Di l lon , 1975). It should be noted

that none of the above methodologies have been verified by comparing

model projections for new conditions resulting from significant changes 

- - 

_
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in phosphorus load i ngs with observed new conditions . This step in

model development has not been possible.

At this stage , the previously described l ong-term phosphorus model

has been appli ed to Lake Erie using the reconinended total phosphorus

loading of 11 ,000 metric tons as the desired objective . The model

constants were determIr~d for two cases : Case A - base year estima ted

loadings and in-lake phosphorus concentrations; Case B - base year

estimated loadings and 1970-76 average in-lake phosphoi us concentrations

(see Tables I , II and IV). The computed model constants are given in

Table V.

There is , at present, a program underway in the Lake Erie drainage

basin to reduce the concentration of total phosphorus in the effluents

from wastewater treatment f a c i l i t i e s  to 1 mg/ i. .  When th i s  is accomplished ,

the estima ted annua l loading of tota l phosphorus to Lake Erie will have

been reduced to 14,195 metric tons . The estimated distribution of this

total load according to source type (point or non-point) and basin is

diagranvned schematicall y in Figure 8. The in-lake concentrations shown

In Figure 8 were computed using the model constants given in Table V.

I t  can be seen from Fi gure 8 that the present ongoing attempts to reduce

all point source loads to a concentration of 1 mg/t total phosphorus

will not meet the reconinended objective of achieving a total phosphorus

loading to Lake Erie of 11 ,000 MT nor does i t  meet the previously

established objective concentrations for all three basins established

by the U.S. Army Corps of Eng ineers Wastewater Management Study .

L 
- ________________________
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t. In order to further reduce the total loading of phosphorus,

management of non-point sources and point sources will be required.

The exact trade-off on how this can most economically and effectively

be accomplished has not been determined. Two possib le scenarios are

pr esented here . If point source loading Is not further reduced from

the level of 1 mg/t , then the objective of 11 ,000 MT tot a l load to

lake Erie must be accomplished by reducing non-point source loads by

4314 MT (or a 39% reduction). This scenario is depicted in Figure 9

with the computed in-lake total phosphorus concentrations using model

constants from Table V. The scenario portrayed in Figure 9 does meet

the rec~~~ended total loading of 11 ,000 MT and the original objective

concentrations proposed by the U.S .  Ar*y Corps of Engineers Lake Erie

Wastewater Management Study (except in the Wes tern Basin ) .

An alternate scenar i o would call for all point source effluent

concentrations to be further reduced to 0.5 .g/t. which would require

only 25% reduction In non-point source loading . This scenario is

portrayed in FIgure 10 wi th the associated computed In-lake total

phosphorus concentrations

The scenarios depicted in Figures 9 and 10 both achieve the same

overall objective of reducing the total phosphor-us load to Lake Erie

to the rec~~ ended value of 11,000 MT. They differ in the degree to

which point source loading Is reduced relative to non-point source

loading. Obviously, there Is a continuous spectrum of management

scena rios that fall  between the two cases presented (and others in

L which the point sources are assumed to be reduced bela. 0.5 ag/t) .

U 
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The strategy that is ultimately selected w i l l  depend upon many factors

which have not been considered In this report.

Si~mifi.t,an.~’. ~
,f M,d~l Raaulta

The projected in-lake tota l phosphorus concentrations for the

various whole lake l oadings are sumaarized in Figure 11 . The find ings

indicate that although management of point sources will have a

benef icial impact on the water quality in Lake Erie , it wi ll not meet

the previously recomnended objective loading of 11 ,000 metric tons

tota l phosphorus (Technical Group III, 1978). Management of non-

point sources Is also required to meet the proposed objectives.

The transient response of the model Output can be determined from

solution of Equations (10) and (11) for the three-basin version of

lake Erie. When the computations ore carried out , it is found that

the western basin achieves a new equilibrium concentration within

one year after a change in externa l loading . This rapid response

can be explained by the relatively short residence time ( 0.13 year)

for this basin. Since the three basins are in series , the time to

‘chieve equilibrium in the centra l and eastern basins is additive

to the response time of the up-lake basins . Again , the computations

Indicate that equilibrium will be achieved in about 3 years in the

centra l basin and after 4 years in the eastern basin. The model out-

put for time to achieve equilibrium is reasonable for the western

basin because of the short residence time for this Lasin and because

i ts internal circulation pattern resembles a completely-stirred

tank reactor. Although this assumption Is also made for the central

- - _____________
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and eastern basins , there is little chance that these latter two

basins are well-mixed , even over a one-year period. In reality , the

response time of the central and eastern basins could be much

longer than indicated by the model output. Rumer, et al , (1976)
conducted flushing experiments in a scale hydraulic model of Lake

Erie and found that , because of the tendency of the outf low from the

western basin to flow along the south shore of the centra l and eastern

basins , the main water masses of the central and eastern basins are

exchanged slowly. Long flushing times were observed (on the order of

decades ) when model tim e s were scaled up to pr ototype times . However ,

the more rapid flushing of the south shore waters would likely bring

about earlier improvement where the highest concentrations of total

phosphorus have been observed.

According to analysis of oxygen levels in the central basin of

Lake Erie (Fifth Year Review , Tas k Group III , 1978), the recoemended
objective whole lake loading is estimated to result in a mean hypolimnetic

dissolved oxygen level during the suninertime stratification period of

no less than 1 mg/i. It is also estimated that this objective loading

should reduce the area of anoxia in the central basin by 90 percent

In the short term (say next five years) and ultimately lead to

elimination of anoxia completely. The application of the presently

constituted long-term phosphorus model does not perm it estimates of

oxygen levels based on computed concentrations of in-lake total phosphorus.

However , Chapra (1978) has accomplished this through the use of a series

of empirical correlations based on total phosphorus concentrations

and, second, of primary pr oductivit y based on the chlorophyl l a

- -.
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I 
concentrations. He then assumes that the level of dissolved oxygen

I in the hypolimnion of the central basin is directly proportional to

- 
the primary productivity in the surface waters. This procedure enables

estimation of dissolved oxygen levels on the basis of computed total

-- phosphorus concentrations . Using the computed in-lake total phosphorus

concentration for Case A for the central basin (from Figure Il) wi th
- 

the objective loading at 11 ,000 metric tons, a rniminuni dissolved

oxygen level of 2,5 mg/i is obtained if Chapra ’s correlation procedure

is followed . Although the correlation of an annual average total

phosphorus concentration wi th a specific suninertime level of dissolved

oxygen is questionable , the procedur’ is based on the avai labie data

from lake Erie studies .

Another way to view the significance of the model results is to

consider the improvement in trophic status that mi ght result if the

recoemiended objective l oading of 11 ,000 metric tons were obtained .

A projection of the possible Improvement in trophic status for the

new equilibrium situations portrayed In Figure 9 is sho~ in Figure 12.

I t  can be seen th at the projection indicates si gnificant improvement

In the central and eastern basins. However, the western basin status
- 

remains eutrophic , even though the loading to the western basin has

been reduced by 46% through a reduction in point sources to 1 mg/ i
effluen t concentration of total phospho rus and 39% reduction in non-

r point loading . Assuming the point source phosphorus levels were

reduced to 1 mg/i , f t  would require an 82% reduction in non-point

source loading to the western basin In order to br i ng the trophic
status to just between mesotrophic and eutrophic according to the

I
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categorization shown in Figure 12. This amount of reduction in tota l

phosphoru s loading would be very d i f f icu l t  to achieve and probably

unrealistic when considering the small volume of the western basin

compared to the large drainage basin tributary to it.

One final note on the choice of the constants selected for application

of the long-term phosphorus model. They represent crude estimates in

that the calibration of the model was only approximate since all

phosphorus loads have been estimated , in-lake total phosphorus con-

centrations are averages of data which are frequently biased towards

the warmer part of the year, and the assumption of equilibrium has

most likely not been fulfilled . Nevertheless, examination of the

sensitivity of the model output to variations in the model constants

and to the assumed conditions persuades one that the model output

is reasonable (both quali tativel y and quantitatively). The degree of

uncertainty In the model projections depends largely on the uncertainty

in the data used for calibration (i.e., the estimates of loadings and

in-lake phosphorus concentrations) and in the rate-of-change of in-

lake conditions (since it is highly unlikely that equilibrium con-

ditions prevail). Chapra (1978) has recently addressed this question

of uncertainty by assigning confidence levels to estimates obtained

from deterministic models (such as the long-term phosphorus model

used in this report).

Although the model output for future equilibrium in-lake phosphorus

concentrations Is not dependent upon the phosphorus regeneration rate

constant , K2, the Interstitia l phosphorus concentrations are L see

---- - --
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Equations (22 ) and (23)1. As presently formulated , the higher value

of 
~ 

adopted for the centra l basin has been justified on the basis

of the higher levels of phosphorus release from the sediments during

anoxic conditions. However, as in-lake phosphorus concentrations

decrease as a result of reductions in phosphorus l oadi ng , the length

of the period of anoxia and the area of anoxia would also be expected

to decrease. The model projections for the recomended objective

loading of 11 ,000 metric tons indicate that , ultimately, no anoxia

should occur in the centra l basin . Under these new conditions , the

release of phosphorus from the sed iments in the centra l basin would

be more closely approximated by the oxic regeneration rate constant.

For this reason , it is expected that future interstitia l total phosphorus

concentrations nay be higher than projected by mode l output. This

would become an important consideration if at some future time ,

anoxic condition s returned to the central basin.
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SU~~ARY

This report has described the development and appli cation of a

l ong-term phosphorus model for use as a methodology in evaluating

the in-lake effects that mi ght result from management of phosphorus

loading to Lake Eri e . An objective tota l ph’ sphorus load to Lake

Erie of 11 ,000 metric tons has been recoii,nenied by a task group involved

in the fifth year review of the 1972 Canada-U.S Great Lakes Water

Quality Agreement. This reconinended objective load was used as the

basis for consideri g possible phosphorus load management strategies

in Lake Erie and the expected in-lake effects that would result. The

findings indicate that If the recoirunended objective loading of 11 ,000

metric tons is to be obtained , a reduction in non-point (or diffuse)

sources as well as point sources will be required . The estima ted new

equilibrium in-lake concentrations for a loading of 11 ,000 metric

tons indicate tha t the trophic status of the central and eastern

basins will become mesotrophic. Also , the excessive biological

productivity and associated periods of anoxia In the central bisin

during suninertime stratification should be significantly reduced.

Although conditions in the western basin will be improved significantly,

it appears unrealistic to expect that the trophic status of this basin

can be returned to niesotrophic . The large drainage basin , population

pressure and i ndustria l devel3pment in the western basin are important

reasons why this would be difficult.

The uncertainty In available data for model application and the

limitations of the model have been discussed. Al though the water flow

—4



F-i 

_

~~~~~~~~~~~~~~~~~~~~ 

-

throu gh Lake Er ie  has been held constant in the analysis , i t  can be

expected tha t high flows f rom Lake Huron would provide’ greater dilution

and improve i n - l ake  con dit i on s while low flows would serve to worsen

i n - l ake  conditions . The projected estimates of in- l ake  concentrations

represent basin wide and annual averages . Therefore , the actua l

observed concentration of total phosphorus at some posit ion in Lake

Erie is expected to differ from model estimates .

Undoubtedly, the leve l of uncertainty in projections and estimates

of future In - l ake  condition s w i l l  be reduced as improvements In modelin g

c a p a b i l i t y  are made , w i t h  better knowledge of the Lake Er i e  ecosystem ,

and as the adequacy of the data base for modeling improves . The present

considerable attention being given to the development of comprehensive

water qual ity models suggests that improved evaluation methodologies

will soon be available.
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