Managing Phosphorus Inputs to Urban Lakes
|. Determining the Trophic

State of Your Lake

by Ted Brown and Jon Simpson

Trophic State Classification

Lakesare commonly classified according to their
trophic state, aterm that describes how “green” the
lakeis asmeasured by the amount of algaebiomassin
the water. Three trophic state categories are used to
describe lakes as they grow progressively greener:
oligotrophic, mesotrophic, and eutrophic. Watershed
managers typically do not determine trophic state by
directly measuring algae biomass, however. Instead,
they indirectly assess it by doing the following:

(1) Measuring the levels of nutrientsand chlorophyll
a inthe lake (the primary photosynthetic pigment
found in plant cells)

(2) Measuring lake water clarity using a Secchi disk

Using these measurements, lake managers can
classify the lake based on typical rangesfor phospho-
rus, nitrogen, chlorophyll a and Secchi depth values
reported in the lifecycle (Table 1).

Eutrophication isaterm used to describe adirec-
tional movement over time towards the eutrophic
trophicstatefromalower trophicstate(USEPA, 2000)

—

&

(see Table 2 for more lake terminology). Note that a
lake does not have to reach the eutrophic state to
undergo eutrophication; rather, use of the term indi-
catesatrendtoward amoreeutrophic state(e.g., higher
phosphorus, nitrogen, and chlorophyll concentrations
and lower Secchi depth readings over time). For ex-
ample, alake is undergoing eutrophication if trophic
state indicators show that it was once oligotrophic but
isnow mesotrophic. Ingeneral, the primary concern of
most lake managersis slowing down, halting, or even
reversing eutrophication.

Determining the Trophic State of Your Lake

In general, trophic state measurements serve as
benchmarks for measuring the success of alake man-
agement program. Initial determinations about the
trophic state of alake can bemadeby simply observing
the lake's basic characteristics (Table 3). However,
more sophisticated approaches to assessing trophic
staterequireanalysisof key variabl essuchasphospho-
rus, nitrogen, chlorophyll, and Secchi depth. Lake
managers can learn about setting up a sampling pro-
gram to measure these variables from several sources,
including USEPA (1990; 1991), Carlsonand Simpson
(1996), and US EPA (2000).

Table 1. Randes of Variable Values Associated with Trophic Levels in Lakes

(adapted from Vollenweider and Kerekes. 1980)

Water Quality Variable Oligotrophic Mesotrophic Eutrophic
Total Phosphorus
Mean 8 27 84
Range 3-18 11-96 16-390
Total Nitrogen
Mean 660 750 1,900
Range 310-11600 360-1400 390-6100
Chlorophyll a
Mean 1.7 4.7 14
Range 0.3-4.5 3-11 2.7-78
Peak Chlorophyll a
Mean 4.2 16 43
Range 1.3-11 5-50 10-280
Secchi Depth (m)
Mean 9.9 4.2 2.4
Range 5.4-28 1.5-8.1 0.8-7.0

Note: Units are Ug/I (or mg/ma), except Secchi depth; means are geometric annual means (log 10), except peak

chlorophyll a.
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Table 2. A Primer on Lake Terminology

Areal phosphorus load: Total watershed phosphorus load delivered to the lake divided by the lake
surface area.

Chlorophyll a: Atype of photosynthetic element presentin all types of algae whichis used toindicate
the biomass of algae in a lake.

Epilimnion: Uppermost, warmest, well-mixed layer of a lake during summertime thermal stratifica-
tion. The epilimnion extends from the surface to the thermocline.

Eutrophication: The process of physical, chemical, and biological changes associated with nutrient
enrichment of a lake or reservoir.

Flushing rate: The rate at which water enters and leaves a lake relative to lake volume, usually
expressed as time needed to replace the lake volume with inflowing water.

Hypolimnion: Lower, cooler layer of a lake during summertime thermal stratification.

In-lake phosphorus concentration: Phosphorus concentration measured in the water column of
a lake that is representative of well-mixed lake conditions. Frequently used as a trophic state
indicator.

Phosphorus budget: Quantitative assessment of phosphorus moving into, being retained in, and
moving out of a lake.

Production: The mass of new organic material formed over a period of time, plus any losses during
that period. A lake’s productivity is then the rate of production divided by a period of time.

Secchidepth: (See graphic below.) Ameasure of transparency of water obtained by lowering a black
and white, or allwhite, disk (Secchidisk, 8 inches in diameter) into water until itis no longer visible.
Measured in units of meters or feet.

Trophic state: The degree of eutrophication of alake, based on anindex of water clarity, chlorophyll
alevels, and nutrient levels.

The Secchi Disk

A Secchi disk is a weighted 8-
inch diameter disk with alternating
black and white quadrants. Named
after Pietro Angelo Secchi, a papal
scientific advisor and head of the
Roman Observatory in the 1800's, it
is the oldest tool in a lake manager’s
toolbox. The disk is lowered into the
water by a measured cord or rope
until it cannot be seen. The depth
(i.e., the length of the rope from the
disk to the water surface) is recorded.
) ) ) Then the disk is raised until it can be
Disk rgusedslowlyto point seen again. The average between the
whereit reappears depth of disappearance and the
Secchi depthismidway - —ay depth of appearance is called the
i = p= ol Disk lowered slowly until it Sezchi de;?tﬂ (US EPA, 2000). The

disappears from view relationship between this measure-
ment and algae biomass in the water
column is strongly correlated in lakes
where clarity is not affected by
sediments, silts, or other materials
that stain or make the water cloudy or
muddy.

(graphic courtesy Sebago Lake Association)

772 Urban Lake Management



Table 3. Trophic State Classification Based on Simple Lake Characteristics

(adapted from Rast and Lee, 1987)

General Characteristics

Variable Oligotrophic Eutrophic
Total aquatic plant production Low High
Number of algal species Many Few
Characteristic algal groups Greens, diatoms Blue-greens
Rooted aquatic plants Sparse Abundant
Oxygen in hypolimnion Present Absent

Characteristic fish

Deep-dwelling cold water fish
such as trout, salmon, and
cisco

Surface-dwelling, warm water fish
such as pike, perch, and bass;
also bottom-dwellers such as
catfish and carp

Secchi depth

25 feet or none

6 feet or less

Lake managers should have an understanding of
the many forms of phosphorus that can be found in a
lake. The two most important forms to consider are
soluble reactive phosphorus (SRP) and particulate
phosphorus (PP) (Rigler, 1974). Soluble and particu-
late phosphorus are differentiated by whether or not
they passthrough a0.45-micron membranefilter. The
sum of these two components is known as total phos-
phorus (TP). TP is the parameter generally used in
trophic assessmentsand in awide variety of empirical
lake and watershed models.

In some instances managers may also want to
measurethe sol ubleconcentration of phosphorus. This
fraction consistslargely of inorganic orthophosphate,
which can be taken up by algae. Consequently, if the
concentrationsin alake are low (e.g., <5 pg/l), phos-
phorus is likely to be the limiting element for algae
growth.

Carlson Trophic State Index

A popular method for examining algal biomassas
it relates to trophic state is through the use of the
TrophicStatelndex (TSI) devel oped by Carlson (1977).
A watershed manager can use measurements of three
variables - chlorophyll a, TP, and Secchi depth - to
calculate a TSI value within anumerical trophic con-
tinuum. The continuum is divided into units based on
a base-2 logarithmic transformation of Secchi depth,
each 10-unit division of the index representing a
halving or doubling of Secchi depth. The TSI index
ranges from zero to 100 and can be used to assign a
trophic state “grade” to alake.

When classifying lakes, priority is often given to
the TSI value associated with chlorophyll, sinceit is
themost accurate of thethree parametersfor predicting
algal biomass. Any of thethreevariables, however, can

theoretically be used to classify a lake (an especially
useful attribute if only one variable was measured in
historical monitoring). The formulasfor calculating the
TSI valuesfor Secchi disk, TP, and chlorophyll a are as
follows:

Secchi disk: TSI(SD) = 60 - 14.41 In(SD)

Chlorophyll a:  TSI(CHL)=9.81In(CHL) + 30.6
Total phosphorus: TSI(TP) =14.42In(TP) + 4.15
Where In = natural log

Table4lists TSI valuesand corresponding measure-
mentsof thethreelake parameters. Rangesof TSI values
can by grouped into the traditional trophic state catego-
ries. Lakes with TSI values less than 40 are usually
classified asoligotrophic. TSI valuesgreater than 50 are
generally defined as eutrophic lakes. M esotrophic lakes
have TSI values between 40 and 50.

The TSI formulas are interrelated by linear regres-
sion models and should produce the same TSI valuefor
a given combination of variable values. In cases where
they do not agree, managers can possibly gain some
greater insight about their lakes. Table 5 presents some
possible interpretations associated with various combi-
nations of TSI results.

Cautions

Lake managers need to keep in mind that the TSI
classification schemeisasimpletool to provide bench-
mark information about the trophic state of alake. Just
like there are no absol utes when categorizing people by
age (e.g. young, middle-aged, or elderly), thereare also
no absolutes when classifying lakes into oligotrophic,
mesotrophic, or eutrophic states. When trophic state is
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Table 4. TSI Values Associated With Variable
Measurements

TSI Secchi Disk | Surface total Surface
(meters) Phosphorus Chlorophyll a
(ug/L) (ug/L)
0 64 0.75 0.04
10 32 15 0.12
20 16 3 0.34
30 8 0.94
40 4 12 2.6
50 2 24 6.4
60 1 48 20
70 0.5 96 56
80 0.25 192 154
90 0.12 384 427
100 0.062 768 1,183

used to classify alake, lake managers are implying that
algal biomassisthekey parameter defining lakequality.

For many urban lakes, the assumption that algal
biomassisthe primary management concernis entirely
appropriate, giventhehost of problemsthat algal blooms
can create (see Table 6). However, some shallow urban
lakes may not fit this mold. These shallow urban lakes
suffer fromanovergrowth of emergent and/or submergent
aquatic weeds, not algae. Intheselakes, control of algal
biomass might not be the primary concern. Lake man-
agers must therefore understand the dynamic nature of
their lake and prepare management strategies based on
current and anticipated conditions.

Tracking Trophic State and Phosphorus

Understanding phosphorus is often the key to
slowing down, stopping, or evenreversing eutrophica-
tion. Lake managers need to answer many questions
about phosphorus: Whereare sourcesof phosphorusin
my watershed? How it istransported to thelakeandin
what amounts? Do |oading amounts vary seasonally?
What forms does phosphorus take once it gets there?
How isit transported out of the lake?

It is important to keep in mind that not all lakes
start out with the samelake phosphorus concentration.
Indeed, even lakes with identical watershed geometry
can have dramatically different phosphorus concen-
trations depending on their geologic regions, land use
and climatic settings. Lake managers should under-
stand how these differences can influence the trophic
statusof their lakes. For exampl e, Table7 comparesthe
reported in-lake total phosphorus concentrations for
lakes and reservoirs over a broad range of ecoregions
inNorth America. Ascanbeseen, in-lakephosphorus
concentrations range from 6.4 to 170 pg/l, spanning
the full range of trophic conditions. Trophic state can
be extremely variable even within an ecoregion: Fig-
ure 1 illustrates how in-lake phosphorus concentra-
tionsvary acrossthe state of Ohio (Fulmer and Cooke,
1990).

These regional variations often constrain the
trophicstatetarget for anindividual 1ake. For example,
it may not be possible to attain an oligotrophic or
mesotrophic state in certain regions of the country,
such as Florida, or the corn-belt, or, in some cases,
reservoirs. A knowledgeof the expectedin-lake phos-
phorus concentration helps to set attainable goals for
lake management and establish what is an acceptable
level of eutrophication, given existing uses. In fact,
Fulmer and Cooke (1990) and Heiskary (1989) have
proposed an ecoregion-based approach to establish

Table 5. Interpretations of Deviations From Typical Conditions Associated

With TSI Values

TSI Relationship

Possible Interpretation

TSI (CHL) = TSI (SD)

Algae dominate light attenuation

TSI (CHL) > TSI (SD)

Large particulates, such as Aphanizomenon
flakes, dominate

TSI (TP) = TSI (SD) > TSI (CHL)

Non-algal particulate or dissolved color
dominate light attenuation

TSI (SD) = TSI (CHL) >= TSI (TP)

Phosphorus limits algal biomass (TN/TP ratio

greater than 33:1)

TSI (TP) > TSI (CHL) = TSI (SD)

Zooplankton grazing, nitrogen, or some factor

other than phosphorus limits algal biomass
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lake management goals and standards in Ohio and
Minnesota, respectively, that reflect attainable lake
trophic status and user expectations. The approach
proposed by Heiskary was ultimately adopted in Min-
nesota(NALMS, 1992).

1. How can in-lake total phosphorus
concentration be measured or estimated?

In-lake total phosphorus concentration is prob-
ably the most common and useful indicator of trophic
state, sinceit can be directly measured or empirically
derived. It canbedirectly measured by collectingwater
quality samplesinthelake over time. When appropri-
ate sampling protocols are followed, lake monitoring
provides an accurate measure of trophic conditionsin
alake(USEPA, 1988). However, theeffort and cost to
properly mobilize, collect and analyze samplescan be
significant. For example, duetothermal stratification
that can occur in lakes, samples may need to be col-
lected at several depths. US EPA guidance (1990)
recommends that three points be sampled for deep
lakes (i.e., lakesthat stratify). One sample should be
collected from the epilimnion at the center of thelake
one foot below the surface. The other two samples
should be collected from the hypolimnion: one near
thetop of the hypolimnion and the other just abovethe
lakesediments. For shallowlakes(i.e., lakeswithfairly
uniform oxygen concentrations in the surface-to-bot-
tom profile that do not stratify), a single sample from
the center of the lake at a depth of one foot below the
surface is adequate.

In-lake phosphorus concentrations can also be
estimated using empirical |akeresponsemodels. These

Mathematically, the Vollenweider model can be
expressed in the following form:

P=0368x_2 x

1
Eq. (1) —
Zp 1+1/ \/;

where:

0.368 = conversion factor

P = in-lake total phosphorus concentration (mg/l)
L = areal phosphorus load (Ibs/ac/yr)

Z = mean depth of lake (feet), and

p = the flushing rate in times (per year)

A common graphical representation of the
Vollenweider model isshownin Figure 2, which shows
the analytical solution to Equation 1 for in-lake total
phosphorus concentrations of 10, 20, and 50 ug/l,
respectively. The product of mean
lake depth and flushing rateis shown
on the x-axis, while the areal phos-

phorus load is shown on the y-axis.
The Vollenweider relationship is
most sensitive to changes in areal
phosphorus load, which isimplicitly

It is important to keep in
mind that not all lakes start
out with the same lake
phosphorus concentration.

a function of the drainage area to
surface arearatio. Aswatershed de-
velopment occurs, theareal phosphorusload increases,
as shown in Figure 3. The effect of urbanization can
potentially increaselakeareal loading by afull order of
magnitude. It should be noted that Figure 3isbased on
extremely conservative assumptions, sinceit only con-
siderstheincreasein primary phosphorus loads due to
impervious cover, and does not consider secondary or
internal sources, which can boost the areal |oad signifi-
cantly during watershed development.

models have the advantage of being fairly easy and
quick toapply; however, their accuracy dependsonthe
quality of the input data. Well-established empirical
models by Vollenweider (1968 and 1975) and Walker
(1977) can be used to quickly estimate lake trophic

Table 6. Why it Matters: Impacts of Eutrophication

on Lake and Reservoir Quality

status, assuming somebasi cinput parametersareknown,
such as areal phosphorus load, hydraulic residence e Nuisance algal blooms in the summer
time, and lake depth. Chapra and Tarapchuk (1976) ¢ Reduced dissolved oxygen in the bottom of the lake
and Rast and Lee (1987) advanced Vollenweider's e Fish kills due to low dissolved oxygen
original work to include additional data and mecha- e Taste and odor problems with drinking water
nisms that allow for refined estimates of phosphorus e Formation of THMs and other disinfection byproducts in
concentrations as well as chlorophyll a. While this water supplies
articlefocuseson Vollenweider’ smodel, other models e Increased cost to treat drinking water
canjust aseasily beused. It should be noted that most e Reduced water clarity
of the simple lake response models (such as e Decline in fish community (more rough fish, fewer game
Vollenweider's) do not take into account the poten- fish)
tially significant effect of internal phosphorusloading e Blockage of intake screens by algal mats
from lake sediments. e Reduced quality of boating, fishing and swimming
experience
Decline in lakefront property values
Floating algal mats and/or decaying algal clumps
e Increased density of aquatic weeds in shallow areas
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TheVollenweider model islesssensitiveto changes
in lake depth and flushing rate, since for a constant
drainageareatosurfacearearatio, flushingrategenerally
decreases as depth increases, effectively canceling each
other out. However, deep lakestend to beless eutrophic
than shallow lakes, given the same areal phosphorus
load and flushing rate.

To establish the existing trophic condition of a
lake, one needs to solve the Vollenweider equation for
in-lake total phosphorus concentration. This requires
the lake manager to know what the areal loading, mean
depth, and lakeflushing rateare. Given somebasic data
onlakegeometry (e.g., surfaceareaand mean depth) and

watershed area, these unknowns can be quickly esti-

mated.

Areal phosphorusloading, L, can be computed by
dividing thetotal watershed phosphorus budget by the
surface area of thelake. Mean depth, Z, can be deter-
mined from bathymetric maps, direct sampling, or as-
built drawings (for reservoirs).

for Lakes and Reservoirs (ug/l)

Table 7. Regional Differences in In-Lake Total Phosphorus Concentrations

. TP
State Region [ug/L] Notes Reference
Southeastern and S_outh- 6.4 52 clear lakes
central Coastal Region
Alaska Southeastern and South- 8.4 21 organically Edmundson and
central Coastal Region ) stained lakes Carlson, 1998
Southeastern and S.OUth' 22.3 | 14 glacial turbid lakes
central Coastal Region
Eastern Uplands 27 26 lakes
Coastal Slope 19 7 lakes Canavan and Siver
Connecticut | Central Valley 52 8 lakes 1994 '
Western Uplands 33 14 lakes
Marble Valley 31 5 lakes
Florida Entire State 32 209 lakes Brown et al., 1998
lowa Entire State 91 12 Iake_s and Knowlton and Jones,
reservoirs 1993
Kansas Entire State 62 4 reservoirs Ifgng;v Iton and Jones,
Ozark Highlands 28 25 reservoirs
Missouri Ozark Border 40 14 reservoirs Jones and Knowlton,
Great Plains 48 32 reservoirs 1993
Osage Plains 65 22 reservoirs
Northern Lakes and Forests 20 Reference Lake
North Central Hardwood
Minnesota Forests 30 Reference Lake Heiskary, 1989
Western Corn Belt Plains 105 Reference Lake
Northern Glaciated Plains 170 Reference Lake
Huron/Erie Lake Plain 142 1 reservoir
. Eastern Corn Belt Plain and . Fulmer and Cooke,
Ohio Erie/Ontario Lake Plain 4.8 10 reservoirs 1990
Western Allegheny Plateau 17.2 | 8reservoirs
Oklahoma 73 12 reservoirs Ifgng;vlton and Jones,
West 50 15 reservoirs
Texas Central 44 44 reservoirs (fgrgznd and Groeger,
East 64 21 reservoirs
Washington | Mountain Region 15 6 mountain lakes Larson et al., 1998
3%uthwest CO, TX, UT, NM,.and OK 36 56 reservoirs '{gggnton and Rast,
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Figure 2. Phosphorus Loading vs. Lake Trophic Condition (Vollenweider, 1975)
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Figure 3. Areal Phosphorus Loads as a Function of Watershed Imperviousness
(loads calculated using the Simple Method, assuming a total phosphorus concentration of 0.3 mg/l for the

fullrange ofimpervious cover and without considering secondary sources such as wastewater discharges)
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Flushing rate, p, isthelake outflow rate divided phorus concentration (Equation 1). An example sce-

by the lake volume, and is computed as follows: nario is provided in Box 1.
p= (RA) 2. Will the lake trophic state shift because of future

T (SA)2) growth, and if so, by how much?
where!

p = Flushing rate (times per year) Once the current trophic state has been established,
R = Watershed unit runoff (feet/year) the next step is to determine how much additional
A = Watershed area(acres) phosphorusload could occur, whilestill maintaining the
SA = Lake surface area (acres), and same trophic state. This sensitivity analysis helps to
4 = Lake mean depth (feet) ultimately shape the phosphorus loading targets for the

lakewatershed management. L akeareal |oading changes
Annual runoff, R, isbest de- that can be expected as a result of future watershed
——  ived from hydrologic models development can be estimated by deriving current and
for thelake, but can be estimated future phosphorus budgets. An example calculation of
from regional runoff maps, such the impact of future growth in alake watershed is pre-
astheonedepictedinFigure4. It sented in Box 1, which illustrates how even relatively
isimportant to note that the run- minor changesin land use can have aprofound effect on
off includes both storm event the trophic state of alake.
—eeeeessss——————  SUrface runoff volume and the
annual baseflow volume. 3. How much areal load reduction is necessary to
maintain current trophic status?

Even relatively minor
changes in land use can
have a profound effect on the
trophic state of a lake.

Armedwith estimatesof theareal loading, depth,
and flushing rate, it is possible to solve the If an urban lake is expected to shift to a higher
Vollenweider model directly for in-lake total phos- | trophic state, a lake manager must evaluate whether
watershed treatment strategies can reduce enough phos-
phorusload to maintain desired lakeuses. Therearetwo
approaches lake managers can take to make this evalu-
ation. Firgt, itispossibleto calculatethe areal phospho-
rus load reduction necessary to maintain the current
trophic state. Thisis accomplished by subtracting the
Eas]ern Corg’Belt Plain predicted future areal load by the maximum allowable
59.0 areal load associated with the current trophic state.
Using our Lake Mesotroph example, aquick inspection
of Figure 2 indicates that the necessary phosphorus
1o.3 58.9 reduction isapproximately 2.5 |bs/ac/yr (i.e., 6 Ibs/aclyr

55.8 minus 3.5 Ibs/ac/yr). A second approachisto set fortha
management goal of no net increasein areal phosphorus
load, which simply translatesto reducing theincreasein
phosphorus load quantified from the projected water-
shed growth. Either approach will require afairly high
level of treatment for both existing and new develop-
ment.

Huron/Erie Lake Plain Erie/Ontario Lake Plain

166.2
12841

Eastern Corn Belt Plain  51.4

66.5 26.0

Mestern Alleghgnof -Iglate 3 Lake Sensitivity: Implications for the Lake Manager

12.4 Most urban lakes are very sensitive to increasesin

37.7 21.3 11.2 phosphorus load caused by watershed development.
4.8 '6_1 Exceptionstothisgeneral rule can occur wherelakesare

unusually deep and/or have very small drainage areato
9.9 surface arearatios. In general, uncontrolled watershed
: development will likely shift a lake’'s trophic status

n.2 upward, even under relatively low density development

scenarios.

60.6

Interior Plain

Consequently, aggressive phosphorus reduction
programs will be needed for most lakes that are fore-
castedto experiencewatershed growth. Thenext articles

Figure 1. Total Phosphorus Concentrations (ug/l) in 19

Ohio Lakes by Ecoregion (Fulmer and Cooke, 1990)
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Figure 4. Average Annual Runoff in the United States (Leopold et al., 1964)

Box 1. Example Scenario: Determining Existing Trophic State

Lake Mesotroph is a pristine Mid-Atlantic Piedmont lake. The lake surface area is 10 square miles, and has an average depth of
20 feet. Its 250 square mile watershed is entirely forested. The county government and the state jointly own much of the land in
this watershed. In order to stimulate the local economy, these governments are considering a sale of the property, to be developed
as two-acre lots over approximately 90 square miles of the watershed (watershed imperviousness of about 5%). These homes
would be seasonal, primarily operating during half of the year, and served by septic systems. A study is being conducted to estimate
the impacts of this potential development, and in particular whether the change would shift the lake trophic status.

Existing Conditions

Monitoring in the area suggests that the forested land use exports only 0.1 Ibs/acre of phosphorus per year, and that total streamflow
represents approximately 15 watershed inches of runoff per year. The flushing rate, p, of the lake is determined as:

p = (15 in/year)(250 mi?)/[(12 in/ft)(10 mi?)(20 ft)] = 1.55/yr

and the flushing rate times lake mean depth, pZ, is determined as:
pZ = 1.55/yr x 20 ft = 31ft/yr

With the current land use, and including atmospheric deposition, the total annual load to the lake is 19,200 Ibs/year. With the lake
area of 10 square miles (6,400 acres), the current lake areal load is 3 Ibs/acre/year. Using Vollenweider's model as illustrated in
Figure 2, we can see that the lake is mesotrophic.
Projected Future Conditions
The future land use plan will convert 90 square miles of the 250 square mile Lake Mesotroph watershed to two-acre lots (i.e., 11%
imperviousness for the land use, 5% imperviousness for the watershed), and assuming seasonal septic operation, it is calculated
that the external load to the lake will increase to 38,400 Ibs/year (up from 19,200 Ibs/year), or an areal loading rate of 6 Ibs/acre/
year.
To determine the resulting trophic state from the projected growth, the same approach that is used in the example above is followed.
However, the total annual runoff volume also increases from 15 inches/year to 17 inches/year as a result of the increased impervious
cover and loss of evapotranspiration. So the flushing rate multiplied by lake mean depth, pZ, is determined as:

pZ = (17 in/year)(250 mi?)/[(12 in/ft)(10 mi?)(20 ft)] x 20 ft = 35 ft/yr

Again, using Vollenweider’'s model as illustrated in Figure 2, we can see that the change in land use would result in a trophic shift
from mesotrophic to eutrophic.
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will provide guidance on developing phosphorus bud-
gets, and evaluate the degree to which watershed treat-
ment practices can reduce phosphorus inputs.
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