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EXECUTIVE SUMMARY

vii

In the process of bringing municipalities into
compliance with the present phosphorus
regulations, questions have arisen regarding the
efficacy of point source phosphorus reduction in
view of the large contribution from nonpoint
sources. This document represents a review of
scientific literature and information from Illinois
watersheds for the purpose of clarifying the
influence of phosphorus on lake water quality and
relative contribution of point and nonpoint sources.

Several forms of phosphorus occur in the aguatic
envirenment. Major forms discussed in this review
are orthophosphorus (OP), dissolved or soluble
phosphorus (DP), particulate phosphorus (PP), and
total phosphorus (TP). Orthophosphorus is the form
immediately available for algal growth. Particulate
phosphorus is considered to be potentially available.
This potential availability indicates that a portion
of the PP (50 percent or less based on review of the
literature) may be converted to OP.

Water samples taken during routine monitoring are
most commonly analyzed for DP and TP.
Measurements of DP and TP, in this case, are used
to approximate available and potentially available
phosphorus.

According to the literature, domestic wastewater
and agricultural runoff are major sources of
orthophosphorus, although urban runoff is
important in some watersheds. Domestic
wastewater contains the highest proportion of OP of
the three sources; however, levels may be higher in
agricultural runoff in spring.

During stream transport, orthophosphorus is likely
to become incorporated into the particulate
fraction. A portion of the phosphorus bound to the
sediment particles can also be released as OP. Upon
reaching the lake, exchange between available and
potentially available forms continues through
processes of sediment and algal uptake and release.

It is recommended that strict control of phosphorus
effluent levels from direct and proximal discharges
to lakes be maintained because of the high level of
OP delivery from these discharges.

Transport distance from phosphorus sources to
lakes is recognized as a major factor determining
the availability and timing of load delivery. Control
of phosphorus in wastewater discharges further
upstream from the lake should be based on the
distance between the discharge and the lake.

Through review of information on Illinois
watersheds, it was found that nonpoint sources
account for approximately 85 percent of TP
contributions to Illinois lakes. The largest nonpoint
source contributor of phosphorus comes from



agricultural land. Phosphorus has a high affinity
for silt and clay particles, therefore, most
phosphorus from agricultural lands is lost and
transported to lakes or reservoirs through the
processes of soil erosion and sedimentation.
Generally from 70 to 90 percent of the agricultural
TP load to lakes is sediment associated (PP) while
10 to 30 percent is found in the dissolved form (DP).

Many factors interact to determine the amount and
rate of phosphorus transport from lake watersheds,
including the type of land use, soil type (texture),
frequency and intensity of rainfalls, specific
watershed characteristics (i.e., land slope, shape),
and sediment yields. Due to the complexity of these
interactions, annual loading rates vary
considerably from watershed to watershed.
Literature values reported for TP ranged from 0.13-
12.90 lbs/ac/yr (0.15-14.50 kg/ha/yr).

Urban and construction site phosphorus loads are
generally much smaller than those from
agricultural areas, however. their impact upon
nearby lakes and streams leading directly to lakes
can be extremely damaging. A review of Nationwide
Urban Runoff Program (NURP) studies was used to
highlight the effects of urban runoff on receiving
lakes. According to the studies, lakes which
received urban runoff generally exhibited decreased
water quality. Although the degree of detrimental
effects varied, the studies concluded that
accelerated eutrophication may result, and that
phosphorus was often a major contributor to the
problem. Annual phosphorus loads could not be
consistently correlated with land uses in the
watersheds. The NURP final report did conclude,
however, that commercial urban areas contributed
the larger loads due to more impervious areas. Total
loads were strongly influenced by runoff volume.

The magnitude of point source phosphorus loads,
both domestic and industrial, is determined by four
primary factors. They include: a) population served,
b) detergent usage, ¢) type of industrial waste, and
d) extent of municipal waste treatment. Estimated
phosphorus contributions from domestic waste,
which includes human wastes and detergent usage,
range from 2.25-3.00 grams/caput/day (person/day).
Industrial wastewater inputs, especially those
associated with the food processing industry, can be
very large. Industrial sources of phosphorus include
fertilizer manufacturing and metal finishing. The
type of wastewater treatment used can also
influence the amount of point source phosphorus
discharge. The residence time of waste in a system
will affect the settling and biological removal of
phosphorus.

Internal as well as external (nonpoint and point)
sources of phosphorus must be considered in
determining lake trophic status. Impoundments

built on fertile Illinois soils often have high
sediment phosphorus levels from the start.
Phosphorus release from the sediments in these
lakes can cause early development of eutrophic
conditions. Inputs of point and nonpoint sources
. serve to intensify the eutrophic conditions and add
to the sediment phosphorus levels. Significant
amounts of available phosphorus may be released
from lake sediments. The largest release occurs
under anaerobic conditions near the sediments;
although some phosphorus is released under aerobic
conditions, as well. Another internal source of
phosphorus is the release of phosphorus from dead
and decaving algae and macrophytes.

Most researchers agree that phosphorus is the
nutrient whose input must be controlled for control
of algal and macrophytic productions in lakes such
as those in Illinois. Excessive phosphorus additions
increase plant production which ultimately disrupts
the natural oxygen balance of a system. Algae
blooms can impart undesirable tastes and odors to
the water, interfere with water treatment, and
cause unpleasant scums. A decline of lake water
quality (eutrophication) is the end result.

In this review a variety of BMPs are examined to
determine their effectiveness in reducing
agriculturally related phosphorus loads fo lakes. It
was found that any BMP which reduces soil erosion,
water runoff, and/or increases plant nutrient
uptake efficiency will, in turn, reduce phosphorus
losses. Individual BMP effectiveness can be found
in Section VII of this report.

Average reductions in gross soil erosion and
sedimentation of 45.7 and 45.8 percent respectively
were found in a review of ten Illinois Watershed
Land Treatment Projects (WLTPS). Since 70-90
percent of total phosphorus (TP) loads to Illinois
reservoirs is sediment associated (PP), reductions in
TP loads may realistically range from 32.1-41.2
percent.

Best management practice application in urban
areas has similarly been examined. The NURP
Final Report and several other studies assessed the
effectiveness of urban BMPs in controlling urban
runoff. They concluded that wet detention basins
were highly effective at removing total pollutant
masses. Phosphorus reductions of greater than 50
percent were noted. Moderate improvement in
urban runoff quality was found in studies of grassed
swales. This technique was considered very
promising. Streetsweeping was found to be
generally ineffective in controlling urban runoff
quality, although a Madison, Wisconson study
found reduction of phosphorus loading rates
between 47-59 percent. The use of porous pavement
to reduce runoff was one of the most effective BMPs
at removing available nutrients, along with wet
detention basins combined with alum coagulation.
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Dry detention basins, on the other hand, had much
lower removal rates.

A variety of approaches to reduce point source loads
of phosphorus have been developed and utilized by
other states to meet the conditions mandated by the
USEPA under Public Law 92-500. Illinois is one of
25 states which has specified criteria for
phosphorus control. Illinois utilizes a numeric
criterion. Other types of criteria include narrative
criteria, a combination of numeric and narrative
criteria, and criteria based on natural nitrogen to
phosphorus ratios.

Various methods of wastewater treatment exist
which help meet existing phosphorus discharge
standards. The most common method of reducing
wastewater phosphorus concentrations is the
addition of a precipitation-flocculation material
such as aluminum salts, iron salts or lime. Costs
involved vary with the chemical utilized and the
extent of existing facility modification. Removal of
phosphorus by increased uptake of sludge biota has
also been investigated. From 70 to 90 percent of the
TP from influent waste can be removed by these
methods if managed properly.

Another useful approach to phosphorus control is
diversion of wastewater to less sensitive stream
reaches distant from lake inflow. Diversion of
wastewater around Long Lake in northern Illinois
has resulted in an improvement in water quality.

Due to the predominance of agricultural loading,
the quality of all Illinois lakes may not improve
with point source control. However, there are water

bodies, or portions of water bodies, which will
benefit by protection or improvement of quality
from control of point source phosphorus loads.

Illinois impoundments inherently support
numerous beneficial uses. The extent to which these
uses are impaired or further degraded depends on 1)
the character of the impoundment, 2) watershed
characteristics, and 3) in-lake management
practices. This document offers the following
recommendations regarding each of the above
mentioned factors:

1. Future efforts should be directed toward
categorization of lakes according to phosphorus
sensitivity and potential for restoration/
protection with control of input from various
sources.

2. In view of the variability of conditions within
lakes and their watersheds, adjustment of the
current point source phosphorus regulations to
emphasize control of direct or proximal
discharges is in order.

3. Governmental and private entities should
adhere to and accelerate nonpoint source control
programs since these programs constitute a
great potential for reducing external
phosphorus loads.

4. Due to the importance of internal loading from
regeneration of lake sediment phosphorus, more
effort should be given to development and
implementation of in-lake management
practices.




INTRODUCTION

The State of Illinois lake and effluent standards for
phosphorus are being scrutinized because of
questions regarding their efficacy in view of the
cost of compliance.

In 1970 the Illinois General Assembly adopted, and
the Governor signed into law, the Illinois
Environmental Protection Act establishing the
Illinois Pollution Control Board (IPCB) and the
Illinois Environmental Protection Agency (IEPA)
to deal with environmental matters. With repeal of
its predecessor, the Sanitary Water Board, and the
rules promulgated by that body, adoption of water
quality standards was among the Pollution Control
Board’s early priorities. A regulatory docket was
opened and extensive public hearings were
conducted. The board adopted its first water quality
standards on December 21, 1971.

Included among the regulated parameters was
phosphorus, limited to 0.05 mg/l for lakes and
reservoirs and tributaries at the point of entry to a
lake or reservoir. While the Sanitary Water Board
had previously adopted water quality standards in
response to the Federal Water Pollution Control Act
of 1965, the IPCB’s December 21, 1971 action
constituted the first statewide regulatory control of
phosphorus in Illinois.

Point source discharge standards adopted by the
Board on January 6, 1972 include prohibition of
discharges that cause or contribute to violation of a
water quality standard (originally IPCB
Regulations Chapter 1, Rule 402, subsequently
recodified 35 I1l. Adm. Code 304.105). During the
early and mid 70’s virtually all lakes and reservoirs
subject to IEPA monitoring exhibited excursions
above the 0.056 mg/l standard, albeit at varying
degrees. Viewing the phosphorus water quality
standard as unachievable, at least in the short term,
and given the inability of point source phosphorus
removal technology to meet a 0.05 mg/l effluent
concentration, IEPA petitioned the Board to modify
its phosphorus regulations in January, 1976. The
current water quality and discharge standards are
the result of that proceeding (IPCB Docket R76-1).

They are as follows:
Section 302.205 Phosphorus

Phosphorus (STORET number 00665):
After December 31, 1983, phosphorus as P
shall not exceed 0.05 mg/l in any reservoir
or lake with a surface area of 8.1 hectares
(20 acres) or more, or in any stream at the
point where it enters any such reservoir or
lake. For the purposes of this Section, the
term “reservoir or lake” shall not include
low level pools constructed in free flowing
streams or any body of water which is an
integral part of an operation which



includes the application of sludge on land.
Point source discharges which comply with
Section 304.123 shall be in compliance
with this Section for purposes of
application of Section 304.105.

(Source: Amended at 3 Ill. Reg., no. 20,
page 95, effective May 17, 1979)

Section 304.123 Phosphorus (STORET
number 00665)

a)

b)

c)

No effluent discharge within the
Lake Michigan Basin shall
contain more than 1.0 mg/l of
phosphorus as P.

No effluent from any source
which discharges within the Fox
River Basin above and including
Pistakee Lake and whose
untreated waste load is 1500 or
more population equivalents
shall contain more than 1.0 mg/l
of phosphorus as P.

No effluent from any source
which discharges to a lake or
reservoir with a surface area of
8.1 ha (20 acres) or more or to any
tributary to such a lake or
reservoir and whose untreated
waste load is 5000 or more
population equivalents shall
contain more than 1.0 mg/l of
phosphorus as P.

No effluent from any source
which discharges to a lake or
reservoir with a surface area of
8.1 hectares (20 acres) or more
which does not comply with
Section 302.205 or to any
tributary to such a lake or
reservoir and whose untreated
waste load is 1500 or more
population equivalents and which
is not. governed by Sections
304.120(a) or 304.120(c) shall
contain more than 1.0 mg/l of
phosphorus as P.

e) For the purpose of this Section,
the term “lake or reservoir” shall
not include low level pools
constructed in free flowing
streams or any body of water
which is an integral part of an
operation which includes the
application of sludge on land.

f)  Compliance with the limitations
of paragraph (c) shall be achieved
by the following dates:

1) New sources shall comply on
the effective date of this
regulation, and

2) Existing sources shall comply
by December 31, 1980, or such
other date as required by
NPDES permit, or as ordered
by the Board under Title VIII
or Title IX of the Act.

g) Compliance with the limitations
of paragraph (d) shall be achieved
by December 31, 1985, or such
other date as required by NPDES
permit, or as ordered by the Board
under Title VIII or Title IX of the
Act.

(Source: Amended at 3 I1l. Reg. no. 20, page
95, effective May 17, 1979)

In the application of the above standards to Illinois
waters, the effectiveness of reducing point source
phosphorus has been questioned when input from
nonpoint sources is high. The purpose of this study
is to summarize information from scientific
literature and from selected Illinois watersheds in
order to elucidate the role of phosphorus in
determining water quality and the relative
influences of point and nonpoint source
contributions.



PHOSPHORUS FORMS, SOURCES, AND AVAILABILITY

Forms of Phosphorus

The total phosphorus load in aquatic systems is
comprised of several forms of phosphorus which
| have been classified in a variety of ways. Stumm
and Morgan (1971) point out that almost all of the
phosphorus in nature is in the form of phosphate, a
negatively charged ion consisting of four oxygen
atoms bound to one phosphorus atom that may be
free or bonded with positively charged atoms or
particles. Pyrophosphates, triphosphates, and other
polyphosphate ions are also found in waters,
especially those receiving agricultural runoff and
waste water with detergents. Researchers most
commonly report measurement of elemental
phosphorus (P) rag'ner than the quantity of
phosphate ions (PO, ™). So, unless otherwise noted,
we will speak in terms of elemental phosphorus. For
purposes of this paper orthophosphorus (OP),
dissolved phosphorus (DP), particulate phosphorus
(PP), and total phosphorus (TP) categories will be
used.

Orthophosphorus is a soluble inorganic component
which reacts with an acid-molybdate solution for
colorimetric analysis. Another category of similar
description is called soluble reactive phosphorus
(SRP). The soluble reactive category is used to
indicate that the component measured with
filtration and exposure to acid-molybdate contains a
small fraction of polyphosphates which have
unavoidably been hydrolyzed, as well as,
orthophosphorus (Standard Methods 1985). For our
purposes, OP and SRP will be considered
interchangeable.

The dissolved phosphorus designation indicates
that the analysis involved filtration and acid
hydrolysis and/or digestion before reaction with the
acid molybdate solution. Dissolved phosphorus is
composed of inorganic polyphosphorus and organic
phosphorus in addition to orthophosphorus (usually
the main component).

Particulate phosphorus may be analyzed by
sequential chemical extraction of solid material
filtered from a sample (Sonzogni et al. 1982).
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However, the particulate component is often
derived from the difference between the dissolved
and total phosphorus measurements.

Total phosphorus is measured through digestion of
unfiltered samples and includes both dissolved and
particulate phosphorus.

Sources of Phosphorus

Phosphorus undergoes transformations from
dissolved to particulate and from inorganic to
organic forms (via plants) in aquatic systems.
Figure 1, modified from Welch 1980, illustrates
phosphorus cycling in aquatic systems with natural
sources of phosphorus. Processes of greater
magnitude are the input from soil erosion, uptake of
dissolved inorganic phosphorus by algae and
macrophytes, contribution of plant and bacterial
tissue to dissolved and particulate organic
phosphorus and settling of organic phoshorus to the
sediments. The replenishment of inorganic
phosphorus by lake sediment can also be of great
magnitude under conditions which will be discussed
in the section titled “Internal Regeneration”.

Sources of phosphorus include natural inputs
mentioned in Figure 1, as well as inputs from
human activity. These sources are listed as follows:

- weathering and solution of phosphate
materials

- atmospheric deposition

- groundwater

- agricultural runoff

- urban runoff
domestic and industrial sewage
septic systems

- waterfowl waste

Weathering

A certain amount of phosphorus occurs naturally in
aquatic systems due to weathering of rock within
the basin (Stumm & Morgan 1971). Mineral
phosphorus can be bonded to calcium (apatite), iron
(strengite), or aluminum (variscite) (Kramer et al.
1972). In soil, upper horizons become enriched with
phosphorus through the accumulation of plant
material containing phosphorus brought up by the
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Figure 1. Phosphorus cycle. The natural aquatic phosphorus cycle
with transfers of greatest magnitude emphasized (modified from

Welch 1980).

roots. Limestone and rock phosphate are
accumulations of ancient plant and animal remains
(Keup 1968). Phosphorus is most available and
easily leached from soils at a pH of six to seven. At
higher pH the phosphorus combines with calcium
(Wetzel 1975). The weathered phosphorus enters
the water in the dissolved state and as phosphate
bearing soil particles from erosion. Background
levels, attributable to weathered phosphorus, vary
depending on the geology and climate of the region.
General levels of phosphorus in Illinois soils will be
discussed in Section V.

Atmospheric deposition

Atmospheric deposition through precipitation and
fallout is another natural source of phosphorus
input. The loading through deposition tends to be
small, but with increases in airborne soil particles
and urban and industrial pollutants, phosphorus
concentrations in precipitation and fallout have
increased over natural levels in many areasz Rast
and Lee (1983) give an estimate of 0.025 g/m*/yr of
phosphorus as precipitation generated within a
typical watershed based on a review of literature
values. Wgtzel (1975) found a loading range of 0.01
to 0.1 g/m“/yr (0.1 to 1.0 kg/ha/yr) with most values
falling at the lower end. He also noted that the
phosphorus content of precipitation and fallout of
particulate material was variable with highs in
agricultural regions in the spring.

Contributions of phosphorus from precipitation in
some Illinois lakes.

Lake kg Plyr % total Source of
(lbs/yr) load Information
Crab Orchard 495 (1091) 0.6 USEPA-NES!
Lake Decatur 200 (441) 0.2 USEPA-NES!
Lake Vermilion 50 (110) 0.1 USEPA-NES!
Wonder Lake 50 (110) 01 USEPA-NES!
Le-Aqua-Na 2.3 (5) 0.1 Study 2
Lake of the Woods 10.02 (22) 6.0 Study 2
Johnson Sauk Trail 24 (52) 12.7 Study 2
Skokie Lagoons 151 (333) 0.2 Study 2

1ys. Environmental Protection Agency-National Eutrophication
Survey. 1975 a, b, d and e.

Groundwater

Phosphorus concentrations in groundwater are
generally low since phosphorus adheres to soil
(Keup 1968). An average value for the U.S. is
approximately 20 ug/l (Wetzel 1975). Twelve
percent (2,684/22,000) of the samples taken from
public water supply wells in Illinois corhtained
measurable amounts of phosphate ion (PO, ™). The
majority of the samples were taken from 1974 to
1984 by the Illinois State Water Survey. Phosphate
concentrations for those wells giving detectable
levels ranged from 0.01 mg/1 (approx. 0.003 mg/l as
PO4-P) to 7.95 mg/l (approx. 2.59 mg/l as PO4-P).
The median value for wells in shallow sand and
gravel aquifers was 0.705 mg/l (approx. 0.230 mg/1
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as PO4-P). Wells in shallow and deep bedrock
aqulfers had median values of 0.433 mg/l (approx.
0.14 as PO4-P) and 0.832 mg/l (approx. 0.271 as
PO4-P), respectively. It must be kept in mind,
however that a typical public supply well would
have low to undetectable phosphorus levels. The
data above refer to 12 percent of the samples with
elevated levels at some time over the period of
record (S. Schock, personal communication).

Agricultural runoff

In all but the most urbanized of watersheds of the
Midwest, runoff from agricultural land is a major
contributor of the total phosphorus load entering a
lake. The amount of phosphorus in runoff is
influenced by 1) the amount of phosphorus in the
soils, 2) topography, 3) vegetative cover, 4) quantity
and duration of runoff, 5) land use, and 6) cropping
practices (modified from Wetzel 1975). Rast and Lee
(1983) give an estimate of 0.05 g/m“/yr for an
export coefficient (or rate) from rural and
agricultural portions of a typical watershed. Most of
the agricultural phosphorus load occurs in spring in
the form of particulate phosphorus from eroded soil
and organic material. However, soluble phosphorus
is also carried in runoff from fertilized land and,
because of its immediate availability, can be
important in lake eutrophication. Baker (1984)
found that soluble phosphorus accounted for 20
percent of the total agricultural phosphorus
entering Lake Erie and suggested that it may
impact the lake.

The total phosphorus contributions of agricultural
and rural runoff in several Illinois watersheds are
estimated as follows:

Lake kg Plyr % total Source of
(Ibs/yr) load Information
Crab Orchard 51,715 (114,012) 65.2 'USIIE]PA-NES1
Lake Decatur 95,256 (210,001)  91.7 USEPAA'I\I'ES1
Lake Vermilion 19,830 (43,718) 68.7 USEPA-NES1
Wonder Lake 9,960 (21,958) 27.3 USEPA-NES!

Kothandaraman and
Evans 1983a

IL State Water
Survey 1983
Kothandaraman and
evans 1983a

Le-Aqua-Na 1,668 (3,679) 92.6

Lake of the Woods 824 (182)  50.0

Johnson Sauk Trail 51 (111) 276

1 U.S. Environmental Protection Agency-National Eutrophication
Survey. 1975 a, b, d and e; values may include urban runoff and other
diffuse sources.

Urban runoff

Urban runoff can be defined as the water that
comes off lawns, rooftops, streets and other paved
areas during and after a rainstorm or as snowmelt
(Fratoni et al. 1982). As the runoff travels, it picke
up contaminants, including nutrients, sediments,
metals, litter and organic and bacterial wastes in its
path. Through natural or man-made drainage
5

systems, urban runoff travels across urban areas
and into receiving waters. Atmospheric deposition,
fertilizers, construction site erosion and plant
materials are common sources of phosphorus found
in urbanized areas.

Urbanization accelerates erosion through
alteration of the land surface. Disturbing the land
cover, altering natural drainage patterns and
increasing impervious area all increase the
quantity and rate of runoff, thereby increasing both
erosion and flooding potential (USEPA, NURP
Final Report, 1983).

The impervious nature of urban areas contributes
to problems with flooding. The rate and volume of
water that runs off of sidewalks, streets and
rooftops is greater than in undeveloped areas.
Immediate concerns of the public are with flooding,
especially after a heavy storm when many
basements flood. Less visible, but no less important,
are the effects of increased runoff draining into
urban streams and water bodies.

The phosphorus export coefficient estimated for
urban runoff by Rast and Lee (1983) was 0.1 g/m*“/
yr, which is higher than the coefficient for rural and
agricultural runoff. Urban runoff is more
concentrated than agricultural runoff but
watershed area covered by agricultural land is
usually much greater than urban area.

Domestic and industrial waste

Domestic and industrial wastes are sources of
phosphorus that may play a major role in the water
quality of a lake. Loading from domestic waste
depends on the population served, extent of sewage
treatment and point of discharge. Phosphorus in
sewage comes from the breakdown of organic
phosphorus in waste and from phosphate additions
in household detergents. The importance of
detergents has declined over the last several years.
Phosphate bans established in some areas and
voluntary reduction by many detergent
manufacturers have reduced the phosphorus
content of detergents. Phosphorus in industrial
waste comes from by-products of manufacturing or
food processing and from industrial water softening.

The total phosphorus contributions of wastewater
in several Illinois watersheds are as follows:

Lake kg Plyr % total Source of
(Ibs/yr) load Information

Crab Orchard 20,880 (46,032)  26.4 USEPA-NES!
Lake Decatur 8,390 (18,497) 8.1 USEPA-NES!
Lake Vermilion 8,805 (19,412) 305 USEPA-NES!
Wonder Lake 25,985 (57,287 71.1 US'EPB.-I‘U'E:S\1

Skokie Lagoons 65,889 (145,285) 87.5 Kirschner 1983

1 U.S. Environmental Protection Agency-National Eutrophication

Survey. 1975 a, b, d and e.



Septic systems

Input from septic systems which have failed or from
systems in subsoil with low phosphorus sorption
(sand) tends to be small compared to other loads and
is not commonly measured as a separate input.
Unless there is a concentration of septic systems
close to a lake, the contribution of septic waste
phosphorus is small (Jones and Lee 1979). In the
Sandusky River Basin above Fremont, the closest
city to the mouth, about 50 percent of the
population had septic systems, but load
contributions were very small (Baker 1984).

Waterfowl waste

Waterfowl in high densities can add to the
phosphorus in a lake. Paloumpis and Starrett (1960,
as cited in Vollenweider 1971) estimated that wild
ducks contributed 1.43 ug of phosphorus per square
meter of lake surface for one year in Lake
Chautauqua, Illinois. Input from ducks and geese in
Crab Orchard Lake was estimated at 6,250 kg
phosphorus/yr and comprised 7.9 percent of the
total phosphorus load to the lake (USEPA 1975).
This estimate was based on an average of 50,000
over-wintering geese and 25,000 over-wintering
ducks. On a typical lake of low waterfowl density,
contributions of phosphorus by the waterfowl would
be small.

Availability of Phosphorus

In consideration of the importance of various
phosphorus sources it is necessary to talk about the
biological availability of the various forms.
Availability of phosphorus to algae can be
considered from three standpoints - 1) chemical
availability, 2) seasonal availability, and 3)
positional availability.

In terms of chemical availability, soluble inorganic
phosphorus (orthophosphorus) is immediately
available for uptake by algae. Soluble organic
shosphorus, polyphosphates, and colloidal organic
phosphorus must be hydrolyzed before they can be
considered available (Meals and Cassel 1978).

Particulate organic and inorganic phosphorus is
considered potentially available. Although these
forms are unavailable in an immediate sense, some
portion of them can become available through time
by decomposition and desorption. Breakdown of the
organic particles through decomposition, and
desorption of phosphorus from inorganic particles
with changes in chemical equilibrium are processes
which release dissolved phosphorus.

While the end product of the weathering of mineral
phosphorus (apatite) is available, the mineral
phosphorus itself is considered unavailable because

the rate at which it becomes available is very slow
(Logan 1980).

That portion of phosphorus which is never available
to algae and aquatic macrophytes is designated as
the refractory fraction. Peters (1981) used
radioactive phosphorus tracers and measurement of
enzymatically released soluble phosphorus from
particulate phosphorus to determine availability
and indirectly estimate the refractory fraction.
Both the tracer and enzyme methods supported the
expectation that most of the particulate phosphorus
in open lake water can become available.
Availability of phosphorus in river waters was
found to be highly variable. Eighty-three percent of
the total phosphorus in lake water and 18-57
percent of the total in river water was determined
available. The refractory phosphorus fraction was
identified as inorganic particulates (clays and
apatites), and both high and low molecular weight
soluble material. The high molecular weight
material was believed to be the colloidal material to
which phosphorus can be tightly bound described by
Rigler (1973).

Cowen and Lee (1976, as cited in Meals and Cassel
1978) used an algal bioassay to determine that 40
percent of the total phosphorus in Madison,
Wisconsin snow samples was available. In a review
of precipitation phosphorus availability, Logan
(1980) found an average of about 50 percent of the
total phosphorus was available although the actual
values ranged from 7 to 100 percent.

Sonzogui et al. (1980) summarized phosphorus
availability for several sources in the following
table based on a review of the literature.

Form & Source Approx. % Potentially Available

P
Particulate P in River Water 40 or less
Total P in River Water 50-60 or less
Particulate P in Urban Runoff 50 or less
Total P in Rural Runoff 50 or less

Total P in Municipal Point Sources 70 or less

Caution must be exercised in interpreting
availability information since different methods
have been used to determine availability. Some of
the uppermost values obtained for availability come
from chemical analysis of soluble phosphorus while
other values are from bioassays measuring uptake
of phosphorus by algae. Chemical analysis tends to
overestimate availability (Logan 1980).

Effluent from municipal sources usually has more
available orthophosphorus than any land runoff. In
the Fox River, Wisconsin study, however, rural
runoff in springtime contributed more
orthophosphorus. DePinto et al. (1980, as cited in
Rast and Lee 1983) found that about 80 percent of
the total soluble phosphorus and approximately 50
percent of the particulate phosphorus in domestic
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waste effluent is readily available. These
availability values are applicable to lake algae if the
effluent is directly discharged into the lake.
Effluent discharged upstream from a lake can
undergo sedimentation and recycling during
transport so availability, as it enters the lake, can
be reduced to levels similar to diffuse sources
(Logan 1980). The amount of reduction depends on
the distance to the lake which will be discussed in
the section entitled “Phosphorus Transport in
Streams’.

Rural runoff loads are composed of between 75 and
82 percent particulate phosphorus (Baker 1984).
The availability of the particulate component
ranges from 10 percent to 40 percent depending on
the particle size and origin (Logan 1980). The
overall availability of rural runoff is 50 percent or
less (Sonzogni et al. 1980). Lee et al. (1980) proposed
that 20 percent was a good approximation of
availability for particulate phosphorus in the Great
Lakes basin so that the total availability of the
phosphorus loading to the Great Lakes is equivalent
to the sum of the orthophosphorus concentration of
the tributary loads and 20 percent of the particulate
phosphorus (total availablity =OP +.20PP).

The season in which phosphorus loads are delivered
to lakes is important in terms of phosphorus being
available when algae are actively growing and
phosphorus’ resultant impact upon water quality.
In the early 1970’s the seasonal contributions of
orthophosphorus (OP) from rural runoff and
wastewater effluents for the Fox River as it enters
Green Bay, Wisconsin were as follows:

Municipal Treatment

Rural Runoff Loads Plant Loads

Approx. load (1bsx103) Approx. load (Ibsx10%)

OP/TP OP/TP

TP op x 100% TP oP x 100%
Summer 47 30 64 775 500 65
Fall 60 32 53 525 425 81
Winter 190 45 24 420 380 0
Spring 1100 590 54 700 275 39

The period of maximum growth for algae in the
Green Bay area is from June to November. Within
the growing season, it appears that effluent
phosphorus is the main source of phosphorus
available to algae in Green Bay. Rural runoff is the
main source of ortho (dissolved) phosphorus during
spring but low water temperatures and, possibly,
reduced light availability due to suspended solids
limit algal growth at that time. However, with
internal regeneration, phosphorus added in spring
and settling to the sediments can become available
in subsequent growing seasons (Sager and Wiersma
1975).

The lower Fox River is an example of a system in
which the load was dominated by effluent from
several municipalities in the early 70’s. Since that
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time wastewater treatment plants have had to
comply with a 1 mg/l effluent standard. The total
phosphorus load in the river has declined by 80 to 90
percent of its early 1970’s load. The amount of total
phosphorus in Green Bay has declined
approximately 40 percent. The discrepancy in load
reduction to reduction in Green Bay has been
attributed to internal regeneration of phosphorus
from the sediments (P. Sager, personal
communication).

Availability in terms of position of the phosphorus
relative to the algae becomes important in a lake.
Phosphorus derived from shoreline erosion is
available mainly to algae and plants in the near
shore zone. Since the shore material is coarse, it
settles rapidly, allowing only a short time for
particulate phosphorus to go into solution.
Particulate phosphorus in open lake waters drops
through the water column at a rate dependent upon
particle size and water turbulence. Sand-sized
particles settle rapidly, giving little time for
desorption of phosphorus (Sonzogni et al. 1982) or,
in the case of organic particulates, breakdown of
organic bonds. Silt and clay sized particles generally
settle more slowly, allowing more time for release of
phosphorus. Once the phosphorus has dropped past
the photic zone the chance of it being actively
picked up by algal cells declines. Phosphorus can
also be adsorbed onto dead algal cells and proceed to
the lake sediments.

Algae can derive some phosphorus from sediment in
the photic zone (Logan 1980). Phosphorus can also
be made available from the bottom sediments after
lake inversion following anoxic conditions and to a
lesser extent under aerobic conditions. However,
immediate availability is limited to dissolved
phosphorus in the photic zone during periods of
active algal growth. Within the water column
dissolved phosphorus is constantly being recycled.
Algae and bacteria take up dissolved phosphorus
only to release it upon death and decomposition.
Algal uptake rate depends on the levels of other
nutrients, the algal species and abundance, light
availability, temperature, and pH (Sonzogni et al.
1982). Dissolved phosphorus can be released by
desorption from suspended particles when the
aqueous concentration declines due to algal uptake.

Summary

Orthophosphorus is the most important form of
phosphorus in terms of immediate availability to
algae. Dissolved phosphorus, an often measured
component, is predominantly orthophosphorus.
Particulate phosphorus is important from the
standpoint of potential availability. Potential
availablity indicates that a portion of the
particulate phosphorus (50 percent or less) can be
converted to orthophosphorus. Major sources of
ortho- and particulate phosphorus are domestic



wastewater and agricultural runoff, although
urban runoff may be important in some watersheds.
Domestic wastewater contains the highest
proportion of orthophosphorus out of the three
sources except in spring when orthophosphorus in
agricultural runoff-may be greater. Although
effluent and runoff may be initially high in
orthophosphorus, by the time the phosphorus is
transported downstream, the load can be converted
to mainly particulate phosphorus. Distance of
transport has a major effect on the amount of
available phosphorus reaching a lake. Direct
effluent discharges to a lake undoubtedly
contribute a large amount of readily available
phosphorus.

Timing of phosphorus loads can determine their
immediate impact. Dissolved phosphorus loads from
rural runoff early in the spring would not affect
algal growth as much as deliveries in late spring
and throughout the summer when algal growth is
not limited by other factors such as temperature or
light availability. A part of the phosphorus that
sinks to the sediment in particles can become
available within that season or in another growing
season after anaerobic conditions and lake overturn
or wind-induced disruption of the thermocline.

PHOSPHORUS TRANSPORT IN STREAMS

Phosphorus can affect stream water quality by
stimulating algal production and increasing oxygen
demand. Although the importance of stream water
quality should not be discounted, for purposes of
this review, we will be concentrating on the
movement of phosphorus through the stream
system and delivery to lakes.

Particulate and dissolved phosphorus entering
streams (from point or diffuse sources) are not
directly conveyed downstream. Rather, they travel
downstream through three compartments: water,
particulates (sediments) and consumers (biota).
Newbold et al. (1981) developed this concept of
“nutrient spiraling” to explain the interactive
transport of nutrients in streams. Processes
involved in nutrient spiraling are similar to those of
nutrient cycling in lakes except that stream flow is
a predominant factor affecting the rate of cycling
and distance the nutrient travels in any of the three
compartments. During high flows much of the
nutrient, in this case, phosphorus, remains in the
water compartment and is conveyed further
downstream than under lower flows when dissolved

phosphorus is likely to be adsorbed onto particles or
taken up by stream biota, and particulate
phosphorus can settle to the bottom.

Phosphorus in Stream Water

Samples have been taken over set intervals
downstream from point source effluents in some
studies to determine the length of time phosphorus
remains in the water compartment. Figure 2
illustrates the change in total phosphorus
concentration in three sites downstream from a
sewage treatment plant in Ohio without phosphorus
control and with an effluent flow rate of 1.9 MGD
(million gallons per day). At Kestetter, 0.55 miles
(0.9 km) downstream from the discharge, the peak
concentration of total phosphorus is over 10 mg/l.
At Caldwell, approximately four miles (6.53 km)
downstream, the phosphorus concentration has
declined to about 2.5 mg/] and the diurnal variation
dampened to a nearly uniform concentration. Since
differences in flow are insignificant, the decreases
in concentration were attributed to deposition and
biological processing (Yaksich et al. 1980).
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Figure 2. Total phosphorus concentrations in the Sandusky River
downstream of Bucyrus, Ohio. Kestetter (0.9 km), Danser (4.25 km),
and Caldwell (6.53 km) at 2-hour intervals (Yaksich et al. 1980).

In another study of the same Lake Erie tributary
(Sandusky River), mean total phosphorus and
soluble reactive (ortho) phosphorus for June
through September were plotted to show the
changes in phosphorus downstream from Bucyrus
and two other sewage treatment plants (Fig. 3).
Since the values for this graph are averages of
several months of data, the concentrations are
lower than those of the first graph which were
actual values over a six-day period. The plot shows
that mean phosphorus concentrations peak at the
point of effluent discharge and then fall off as the
water is transported downstream. Once again
dilution effects were minimal since flow through
the reaches was not appreciably different. The
decline in phosphorus concentration was attributed
to deposition and biological uptake (Baker 1980).

Standard deviation bars for the means of this graph
would have supplied additional information as to
the strength of this trend in the face of natural
variability. Phosphorus loads (lb/day or kg/day)
instead of concentration (mg/l) would have also
been helpful in incorporating any differences due to
stream flow in the plotted values.
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Using the time dependency of flow and phosphorus
concentrations during a storm event and the flow
versus area curve for a rated point in a stream, the
average distance traveled by the total phosphorus
during a storm event can be calculated. Plotting
this estimated distance of travel against the
cumulative probability that portions of the
phosphorus load will drop out produces estimates of
the proportion of a phosphorus load travelling a
stated distance. Figure 4 illustrates a plot of
cumulative probability and distance of travel
calculated for stations in the Sandusky River Basin.
It was estimated from this plot that 50 percent of
the phosphorus from Bucyrus, some of which drops
out and is resuspended, will move at least 52 miles
to Lake Erie. The rest of the phosphorus is deposited
in sediment or in biota before it reaches the lake.
Elevated flows at least as great as the flow event for
which these calculations were made occur on the
average of nine times a year (Verhoff et al. 1978).

The greatest transport of soluble reactive
phosphorus occurs during storm events. In the
Sandusky Basin 50 percent of the annual export of
soluble reactive phosphorus occurs during five
percent of the time with highest flows.




Orthophosphorus loading rates at these times
exceed 61.2 kg/hr. During normal conditions of no
storm events, much of the soluble reactive
phosphorus is processed within the stream and, so,
makes it to the lake as particulate phosphorus
(Baker 1980).

Calculations made by Yasich et al. (1980) for
deposition in the Sandusky River show that about
75 percent of the total phosphorus load drops out
after traveling 16 km (9.94 mi) during low flow
conditions which occur 35 percent of the time.

\ v

In general, immediately available orthophosphorus
is converted to potentially available sediment and
organic phosphorus during normal to low flow
conditions. Potentially available particulate
phosphorus either settles out or is transported out
of the system depending on flow rate during normal
to low flows. During high flow, dissolved phosphorus
from point and nonpoint sources is transported
directly through the stream system without any
instream processing. Particulate phosphorus stored
in the stream or entering the stream with storm
events is also flushed through the system, although,
when the streams meet or top their banks a portion
of the phosphorus is left on the floodplain or in bank
material.

mg/l

Figure 3. Mean total phosphorus
concentrations at three sites downstream
from sewage treatment plants (June through
September 1974). Mileages shown are the
distances from the mouth of the river. The
three peaks in phosphorus concentration are
caused by effluents of the Bucyrus, Upper
Sandusky and Tiffin sewage treatment
plants.
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Figure 4. Plot of cumulative probability and distance of travel for
total phosphorus in the Sandusky River, Ohio (Verhoff, et al. 1979).
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Data collected from a New York stream system
draining into Lake Champlain resulted in the
following estimates of stream-borne phosphorus
delivery:

Percent of Total

River Miles Phosphorus Loading

25-50 75
over 50 50

(from Henson and Gruendling 1977 as cited in
Meals and Cassel 1978). These estimates include
allowances for resuspension and flushing during
subsequent high flows. The delivery values
estimated for the Sandusky River Basin emptying
into Lake Erie (Fig. 4) fall into a similar range.

In another study, the phosphorus load was reduced
at a faster rate. Keup (1968) found assimilation of
29 percent of the total phosphorus load (71 percent
delivery) from municipal waste (8.7 Ibs/day May, 5.7
lbs/day July) in a four mile reach of the Sebasticook
River in Maine.

He also reported a reduction to background levels in
the total phosphorus load produced by a wastewater
treatment plant in a 42 mile reach of the South

PHOSPHORUS , paunds per oy
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Figure 5. Total phosphorus, Pigeon River,
North Carolina. A — sources of municipal
and industrial waste waters. B —
resuspension of bed-load transported
phosphorus. C and D — respectively,
assimilated waste-related phosphorus and
nonassimilated soil-related phosphorus
froma tributary, Johnathans Creek. E —
additional non-assimilated soil-related
phosphorus originating along the Pigeon
River reach between the tributary
confluence and the sampling station (Keup
1968).

11

Platte River, Colorado and a reduction of over 5 lbs
P/day/mile in a 20 mile reach below a wastewater
outfall on the Pigeon River, North Carolina. The
contributions of several sources of phosphorus and
the assimilation and resuspension of phosphorus in
the Pigeon River are illustrated in Figure 5.

Inspection of data from two diel surveys (August
and September 1982) of the Sangamon River below
the Decatur Sanitary District treatment plant
shows a drop of 73 percent in mean total phosphorus
concentration within two miles of the treatment
plant in August. At 37.8 miles the concentration
had dropped another 13 percent to 0.92 mg/l
(Appendix Figure 1). Flow in the two day August
sampling period averaged 158 cfs, a portion of which
resulted from release from Lake Decatur.

Flow in the reach during the September sampling
period averaged 95 cfs and was dominated by flow
from the sewage treatment plant since there was no
release from Lake Decatur. The drop in
concentration was less abrupt in this period,
declining 11 percent in the first two miles and
another 63 percent to 1.32 mg/l by 37.8 miles.

Loading rates were calculated to account for flow
differences between sites and periods. Appendix
Figure 2 shows the differences in loading due to
flow differences in the two periods. As with
concentration, mean total phosphorus loading rate
dropped 73 percent in the first two miles and ten
percent in 37.8 miles during the August period. The
September low flow period produced a less drastic
reduction, 11 percent in two miles and 54 percent in
37.8 miles.

The decrease in phosphorus concentration and load
in the Sangamon River study, as in the other
studies mentioned, is most likely due to settling and
biotic uptake processes within the river reach.

One might expect phosphorus to settle out or be
incorporated in algae quickly under low flow
conditions. However, loading from the Decatur
plant in September declined gradually over an
extended reach. It is suggested that the gradual
decline is a result of low levels of suspended solids
for adsorption and settling of phosphorus and
possible contributions from groundwater and
release from the sediments.

Chlorophyll a concentrations, indicative of algal
growth and uptake of nutrients, showed increases
in the mid to downstream stations of the study
reach. Chlorophyll a concentrations were
particularly high in the September sampling period,
reaching a high of 284 mg/l.

Within the first four to ten miles downstream of the
treatment plant, algal growth, based on chlorophyll
a, appears to be limited by some adverse condition
caused by the effluent. In this stretch, reduction of



phosphorus concentration is more likely due to
adherence of phosphorus to the sediments. By 25
miles downstream, algal growth increased
indicating uptake of phosphorus by algae.

A few researchers have used radioactive phosphorus
tracers to follow the course of phosphorus through
the stream system. Carlson (1977, as cited in Meals
and Cassell 1978) measured a phosphorus loss of
approximately 0.6 kg P/day over a 5 km reach of a
New York stream. This amounted to a reduction in
total phosphorus concentration from 1.39 mg/l to
0.16 mg/l. Kevern, Nelson, and Wilhm (unpubl., as
gjé;ed in Keup 1968) found that about 75 percent of a

P spike was assimilated in a 100 meter long
section of a small Tennessee stream. Ball and
Hooper (1963) found that an atom of phosphorus
travelled from 450 to 11,235 yards (411-10,274 m) in
a Michigan stream.

Uptake of Phosphorus by Stream Biota

Assimilation of phosphorus by stream biota (the
consumer compartment as described by Newbold et
g& 1981) has been most effectively studied in the
P tracer studies. The three tracer studies cited
above found, under normal flows, uptake by
periphyton, algae and bacteria present on
substrates, to be of primary importance in the
immediate removal of dissolved phosphorus from
the water column. The periphyton removal rate in
one New York stream was calculated as 0.5 kg
phosphorus/day (Carlson 1977, as cited in Meals and
Cassell 1978). Carlson found different periphyton
uptake rates for different streams since the
periphyton communities in each stream varied.

Ball and Hooper (1963) and Carlson (1977) found
that aquatic macrophytes such as Potamogeton,
Elodea, and Fontinalis were important points of
phosphorus uptake in stretches of dense growth.
Benthic invertebrates which filter feed or graze off
of periphyton were also found to take up phosphorus
in feeding but they were not as important as the
periphyton (Ball and Hooper 1963).

While assimilation of phosphorus by stream biota
may cause a decline in immediate concentration,
the change is usually temporary since dissolved
phosphorus is released as a product of cell
metabolism and organic particulate phosphorus is
released upon death and decay of plants and
animals.

Particulate and Sediment Phosphorus
Sonzogni et al. (1982) reported that about 25
percent of a typical Great Lakes tributary load is
dissolved phosphorus and 75 percent is particulate
phosphorus. The particulate phosphorus comes from
several sources. Decay of algae, aquatic plants, tree
leaves, woody material, and stream animals adds to
the organic particulate phosphorus under all flow

conditions. Under normal and low flows, phosphorus
is incorporated in the bed load and particles
resuspended from the sediments. During high flow
periods soil particles from agricultural land runoff
and from scouring of stream sediment can make up
a major portion of the particulate phosphorus. Soil
particles washed into the stream or resuspended
during typical runoff events tend to be more fine-
grained and richer in organic matter than the soils
from which they were derived (Logan 1980). These
two attributes make these particles excellent
receptors of phosphate ions in solution.

Extremely high flows and high suspended solids
concentrations are frequently associated with lower
phosphorus to sediment ratios. It has been deduced
that high sediment concentrations may tend to have
large average particle size distribution and since
large particles have less total surface area than
small particles there is less surface for phosphorus
adsorption (Baker 1984). If the dissolved
phosphorus concentration is low in relation to
particulate phosphorus, some of the phosphorus
associated with particles will go back into solution
(Johnson et al. 1976). In this manner, some of the
phosphorus removed to the sediment during low
flow reappears as dissolved phosphorus during high
flow. Under extremely high flows, which exceed
stream channel capacity, some of the particulate
phosphorus is permanently deposited on the
floodplains but, the amount of phosphorus lost this
way has never been measured (Keup 1968, Baker
1980).

As flow returns to normal, suspended sediment with
its associated phosphorus begins to settle out. Due
to the turbulent nature of stream flow the particles
settle out much slower than in lakes so there is
more chance for recycling and downstream
transport (Keup 1968). As much as 50 percent of the
solids traveling downstream have been measured as
material bouncing along the stream bottom
(Benedict et al. 1963). Phosphorus associated with
this bed load is not commonly measured since
samples are most often taken as mid depth grab
samples (Keup 1968). The Illinois Ambient Water
Quality Monitoring Network uses a depth
integrated sampling procedure developed by the
U.S. Geological Survey which is more effective at
sampling the water column than mid-depth grab
samples. Time constraints associated with an
extensive monitoring system make bed-load
sampling prohibitive.

In addition to flow, longitudinal variation in stream
morphology can affect phosphorus transport. Upper
stream reaches of high gradient (change in stream
bed elevation) have higher flow velocities and, so,
less settling of particulates. Lower reaches of less
gradient tend to retain more phosphorus (Meals and
Cassel 1978). A change in the stream gradient from
15 to 23 feet per mile in the Pigeon River, N.C. was
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suspected in increasing suspension of sediment due
to increased turbulence, thereby, increasing total
phosphorus load in that reach by 30 percent (Fig. 5).
In pool areas of slow flow, anoxic periods due to high
BOD levels or nighttime respiration of algae can
lead to significant.amounts of phosphorus release
from sediments just as in lakes (Fillos and Swanson
1975) (See Section VII A for description of
regeneration from the sediments).

During elevated flows, a large proportion of the
dissolved and particulate phosphorus from nonpoint
sources and point sources will be delivered
immediately to a lake. Under normal to low flows
dissolved phosphorus mainly from point source
discharges, is often stored temporarily in stream
organisms and sediments to be delivered to a lake at
some later time.

Keup (1968) suggested that a portion of the
phosphorus load can be stored in the stream
sediments at any one time but unless the stream is
aggrading (and few are) annual storage is less than
inflow. However, Johnson et al. (1976), working in a
New York watershed for two years, found that six
times more phosphorus went into the watershed
from sewage, agriculture, and precipitation than
was transported out as dissolved phosphorus and
particulate phosphorus. Additional long term
studies are necessary to determine the quantity and
length of time phosphorus is stored in watersheds.

Stream retention of phosphorus is important from
the aspect of the timing of phosphorus delivery to
lakes. Sager and Wiersma (1975) found that more
than 50 percent of the annual total phosphorus load
to Green Bay, Wisconsin from the Fox River was
delivered in spring. Nearly 40 percent of the
orthophosphate load was delivered during that
time. In summer, uptake by stream flora was at its
peak and flows were not as high, sp total phosphorus
(40 percent) and orthophosphorus (5 percent)
delivery was not as great. Fall was also a period of
low phosphorus delivery (TP = 48 percent, OP = 19
percent). Orthophosphorus delivery in winter was
relatively high at 77 percent. Lake algae are most
active from May to November so they are given a
phosphorus boost early in their growing season and
then in summer and fall they must rely on
phosphorus recycling in the water column and
release from the sediments.

Stream Phosphorus Entering a Lake

Upon entering a lake there are several factors
which determine the fate of the phosphorus load.
Depending on whether the lake is mixing or
stratified, the stream phosphorus load will either
mix throughout the lake or be concentrated in the
epilimnion (Meals and Cassell 1978). In many
Illinois lakes there is a good chance for mixing in
spring when winds and spring overturn cause lake
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water to circulate. In spring phosphorus inputs are
dominated by nonpoint source runoff (Baker 1980).
In summer many of the lakes stratify so phosphorus
inputs are likely to enter the epilimnion. However,
if the stream water is heavily laden with
particulates and the lake is stratified, the load may

beq{c.;.trried along the bottom (Meals and Cassell
1978).

If spring water temperatures have warmed to
permit algal growth, orthophosphorus is rapidly
taken up and recycled in the water column until it
becomes incorporated into organic or inorganic
particles dense enough to sink to the bottom
sediments. In winter, when algae are not growing
the phosphorus sinks to the sediments with
particulates (Meals and Cassell 1978).

As a stream empties into a lake, the flow rate drops
off so large amounts of phosphorus bearing
sediments drop out at the mouth (Keup 1968). Some
of this sediment is likely to be overlain with more
sediment so that a portion of the phosphorus
becomes unavailable. However, the top few inches of
the sediment contain phosphorus that may be
recycled. When tributary water with its dissolved
phosphorus and particulate phosphorus in
equilibrium is diluted by lake waters, desorption of
phosphorus from particles occurs (Sonzogni et al.
1982).

In some cases control of point source phosphorus
alone would not do much to decrease the total
phosphorus concentration in a lake. In other cases,
such as with the Fox River entering Green Bay,
point source control can significantly decrease the
amount of phosphorus in a lake. As previously
mentioned, with implementation of an effluent
standard of 1.0 mg/l, total phosphorus loads were
reduced by 80-90 percent and phosphorus in the bay
was reduced by 40 percent.

Long Lake, in Illinois is another case where
reduction of point source phosphorus loading has
significantly reduced total and dissolved
phosphorus concentrations. The 1979 diversion of
Round Lake Sanitary District effluent out of a
stream flowing three miles to Long Lake resulted in
a 17 percent reduction in lake mean total
phosphorus and a 14 percent reduction in dissolved
phosphorus the following year. In 1985, six years
after the diversion, the mean total phosphorus in
the lake had declined by 83 percent, and dissolved
phosphorus by 88 percent.

Reduction of nonpoint as well as point source
loading may eventually reduce the total phosphorus
concentration, but it may take as many as ten years
torid the system of the residual phosphorus built up
in stream and lake sediments (Wetzel 1975).



CONTRIBUTING FACTORS AND ULTIMATE LOADS
NONPOINT AND POINT

Nonpoint sources account for 84.8 (Z=10.8 percent)
of the total phosphorus contribution to Illinois lakes
(Illinois Institute for Environmental Quality 1978).
Sources of phosphorus include, but are not limited
to, internal regeneration, atmospheric deposition,
septics, livestock operations and waterfowl
contributions. However, the greatest nonpoint
source contributor of phosphorus loading is
agricultural land.

Generally in Illinois, phosphorus contributions from
urban areas and construction sites are much
smaller than from agricultural areas, however,
their impact upon urban areas and streams leading
to lakes can be immediately damaging.
Urbanization often accelerates erosion by
disturbing land cover, altering drainage patterns
and increasing impervious layers, which all
increase the quantity and rate of phosphorus laden
runoff water.

Eighty-six percent of all Illinois lakes surveyed
exhibit eutrophic characteristics (Grede and Sefton
1985). These eutrophic conditions arose, in part,
because natural soil fertility provided sufficiently
high levels of phosphorus in the waters.
Agricultural, urban and other nonpoint phosphorus
loads play an important role in intensifying these
eutrophic conditions, in some cases, to the point of
resource degradation.

Agricultural Loading

Agriculture in Illinois is big business. Of Illinois’ 32
million acres of rural land, 24.7 million acres are
considered cropland, which grow a wide variety of
crops including corn, soybeans, wheat, and
vegetables. Corn and soybeans account for the
greatest planted and harvested acreage in Illinois.
In 1984, 11.2 million acres of planted corn produced
1.25 billion bushels (avg. 111 bu/ac) while 9.2
million acres of planted soybeans produced 288.6

million bushels (avg. 31 bu/ac). These totals
indicate that Illinois ranked #1 and #2 in soybean
and corn production, respectively, in the United
States in 1984.

In part, as a result of agriculture, Illinois also ranks
high in gross soil erosion throughout the U.S. In
1982, the USDA Soil Conservation Service
conducted the National Resources Inventory (NRI)
which provided basic data on the current status of
soil erosion in Illinois. The data showed that over
200 million tons of soil on 33 million acres are being
eroded each year, for an average soil loss of
approximately 6.3 tons/acre/year (IDOA 1985).
Eight thousand acre-feet of Illinois lake storage
capacity is lost as a result of lake sedimentation due
to soil erosion each year (IEPA 1983).

Soil erosion not only degrades the productive
capacity of Illinois soils, but also leads to excessive
sedimentation of public water supplies, and has also
been identified as a major contributor in the
reduction of fish species in the State (Illinois
Institute for Environmental Quality 1978). Erosion
carries fertilizers to water bodies causing
eutrophication in many Illinois lakes. Both
phosphorus and nitrogen are described as the two
major contributors to the eutrophication process.

Factors influencing nonpoint source phosphorus
loads to lakes from their watersheds include:

forms of phosphorus,

type of land use,

soil types within the watershed,
watershed characteristics, and
sediment yields transported to the lake.

QUip L0 b =

Forms of phosphorus

As previously mentioned, the three main forms of
phosphorus discussed in this document are
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particulate (PP), dissolved or soluble (DP), and total
phosphorus (TP). Generally, total phosphorus can
be calculated when knowing the quantities of PP
and DP, by using the simple equation PP + DP =
TP. The literature reviewed indicated that total
phosphorus figures generally correspond positively
with the amount of soil being lost. Hubbard (1982)
found that 90-98 percent of the TP contributions to
small agricultural watersheds in the Great Lakes
Basin were transported by sediment. Lake and
Morrison (1977) found that approximately 85-95
percent of the TP losses found in the Black Creek
Project in northeastern Indiana were transported
by sediment. According to Monteith, Sullivan and
Heidke (1981), the reduction in phosphorus
contributions is assumed to be 60-90 percent of the
reduction in soil loss. Therefore, it can be assumed
that reducing soil erosion (and thereby lake
sedimentation) will greatly reduce the amounts of
both PP and TP found in Illinois lakes.

Fifty-six Illinois lakes, measured for TP and DP
during the 1982 and 1983 water years, also showed
that PP is the major fraction of TP loads, although
not to the extent as mentioned by the above
citations. According to the Illinois Environmental
Protection Agency (1984) the mean dissolved to
total phosphorus (DP/TP) ratio of these lakes
ranged from 0.000-0.967, with the grand mean of
0.297 =:0.209) for surface waters. This indicates
that an average 29.7 percent of Illinois lake TP
loads result from DP contributions, while the
majority of the load (71.3 percent) results primarily
from the PP fraction.

Although the PP may be the greatest contributor to,
the TP load, some authors feel that the DP form
may be the most important form to control. Holt,
Timmons and Latterall (1970) found that the
phosphorus content of surface waters is frequently
the limiting factor for the growth of algae and
aquatic weeds, and that a very small increase in DP
can create conditions suitable for abundant algal
production. According to the Illinois Institute for
Environmental Quality (1978), it is the DP that is
responsible for algal blooms, and is the form which
should be regulated. However, most of the authors
reviewed believe that the potential availability of
particulate phosphorus should not be discounted,
and so, TP should be targeted for control.

In summary, although there exists a high degree of
site-specific variance throughout Illinois lake
watersheds, it can be said that sediment associated
phosphorus (PP) is generally responsible for
approximately 70-90 percent of the total phosphorus
(TP) found in Illinois lakes, while dissolved
phosphorus (DP) is responsible for approximately
10-30 percent of the TP load. Because the majority
of phosphorus is transported by sediment, the
question is raised as to what extent soil and water
conservation practices will reduce phosphorus
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loadings to lakes and streams during
implementation of the “T by 2000” program (“T by
2000” will be discussed in depth in latter portions of
the text).

Land use relationships to phosphorus loads

L ]

Any land use which serves to reduce soil erosion and
water runoff will reduce phosphorus transport.
Such land uses would include pastureland,
ungrazed forest land, orchards, etc. Cropland, if
adequately protected with soil conservation
practices, can also serve to reduce phosphorus
transport. Various land uses, their acreages and
average soil losses found in Illinois are shown in
Table 1.

Table 1. Estimated Average Annual
Erosion By Rural Land Use, 1982

Total Total
Land Use 1,000 Acres 1,000 Tons Tons/Acre
Cropland 247274 1724320 7.0
Pastureland 3,157.3 94176 3.0
Grazed Forest Land 638.1 8,325.7 13.1
Ungrazed Forest Land ~ 2,791.3 4,3495 16
Other Rural Land! 622.8 6,253.9 10.0
TOTAL 31,9369  200,778.7 6.3

{1982 National Resource Inventory Data Tables for Illinois, USDA
Soil Conservation Service, as reported in IDOA 1985.)

10ther rural land includes mines, quarries, houses, etc.

Cropland in Illinois accounts for 77.4 percent of the
total rural acreage. For crop production purposes,
phosphorus fertilizers are often added to the soil on
an annual basis. However, since soybeans do not
require a great deal of phosphorus for abundant
growth, farms in corn/soybean rotations normally
apply phosphorus fertilizers once every two years,
either after the harvest of soybeans in the fall or
before planting the corn crop in the spring. Because
cultivation most often follows phosphorus
applications, the soil and PP are left unprotected
against water erosion, especially during frequent
and heavy rainstorms in the spring of the year.
High soil losses from sheet, rill and gully erosion
occur carrying PP with the eroded soil. Because of
this, cropland land uses are responsible for the
greatest source of phosphorus losses and loadings to
Illinois lakes.

Pasture and hayland land uses make up 9.8 percent
of the total rural land acreage. Because of a low
average soil loss per acre per year, and because
phosphorus fertilizers are not applied to these lands
on an annual basis, sediment and associated
phosphorus losses are low relative to land under



cultivation. Contributions of phosphorus from
livestock wastes on these acreages have little effect
on phosphorus related water pollution problems
unless they are concentrated in a small area, which
in itself is a poor management practice
(IEPA 1979). It is recognized that the potential of
nonpoint source pollution of pastured livestock
exists, and is dependent upon the proximity of the
lake, the stocking density, length of grazing period,
average manure loading rate, manure spreading
uniformity by grazing livestock, and disappearance
of manure as a result of climate as well as insect
and soil microbe action. Generally however,
livestock raised on pastureland do not present a
major threat to water quality; and with
confinement of animals on the increase, potential
pollution from pasture livestock will become even
less of a problem, if confinements are managed

properly.

Because of its dense vegetative floor and canopy
effect, ungrazed forestland (8.7 percent of the total
rural land acreage) is effectively protected from
both wind and water erosion. Ungrazed forestland
soil losses averaging only 1.6 tons/acre/year
contribute little impact on phosphorus additions to
water courses. However, should grazing be allowed
on forestland, phosphorus additions to streams and
lakes may increase. Erosion rates increase and
livestock often have direct access to streams
allowing frequent defecation directly into the
stream or on the banks. Livestock also wade into the
streams, stirring up bottom sediments, and
resuspending PP. Research is needed before any
definite statement can be made as to whether this is
a significant problem or not. It seems that the
existence of a problem depends upon individual site
conditions.

Soil relationships to phosphorus loads

There are currently 395 different soil types in
Illinois categorized by: (1) the amounts of sands,
silts and clays contained within them, (2) soil
texture, (3) soil structure, (4) organic matter
content, and (5) soil depth. Because of these
differences, and because of differences in watershed
shape, watershed size, rainfall, land use, etc., soil
types erode at various rates (Cooperative Extension
Service 1983). Part of the overall Universal Soil
Loss Equation (USLE), which is used to estimate
the amount of soil loss occurring on a one acre
parcel of land per year, is the K factor, a measure of
the erodibility potential of a given soil type.
Generally, the higher the K factor, the greater the
erosion rate will be if all other factors remain
constant (i.e., rainfall, percent slope, length of slope,
cropping management system, etc.).

Table 2 gives an outline of general soil types in
Illinois and their corresponding K factors. As can be
seen in this table, loose sands and sandy loam soils
have low K factor values because water is allowed to

permeate through the soil profile, which reduces
water runoff and therefore soil erosion. On the
other hand, soils having restricted permeability (i.e,
silty clay loams) will enhance the erosion process
since water is unable to infiltrate into the soil fast
enough, causing increased water runoff and erosion.

The permeability of a soil and size of the soil
particles influence the soil’s erosion potential.
Because sands are the largest of the three identified
soil particles (sands, silts or clays), more energy is
naturally required to suspend and transport (erode)
sands than much smaller silt and clay particles.
This is reflected in Table 2 as loose sands and sandy
loam soils have low K factors compared to the high
K factors for silt loam and silty clay loam soils (i.e.,
Fayette silt loam and Swygert silty clay loam).

As mentioned previously, phosphorus losses are
closely associated with the amount of soil erosion
taking place in a given watershed. Therefore, the K
factor must be taken into consideration when
developing strategies to reduce soil erosion and
phosphorus loading to Illinois lakes.

Table 2. Soil Erodibility (K) Values for
Certain General Soil Types (University of
Illinois Cooperative Extension Service
1983)

Soil Loss
Soil Type K Tolerance
Value (tons/acre/year)

Dark and moderately dark soil

somewhat wet and with good

permeability (for example,

Muscatine, Ipava, Flanagan,

and Herrick) 0.28 5

Dark and moderately dark

prairie soil with good

permeability (for example,

Catlin, Harrison, Proctor,

Saybrook, and Tama) 0.32 4-5

Dark and light prairie soil with

restricted permeability (for

example, Cisne, Cowden, and

Clarence) 0.37 2-3

Dark prairie soil with very
restricted permeability (for
example, Swygert) 0.43 2-3

Light-colored forest soil with
good permeability (for example,
Alford,Birkbeck, Clinton, and

Fayette} 0.37 4-5

Light-colored forest soil with

restricted permeability (for

example, Ava, Blount, Grantsburg,

Hosmer, and Wynoose) 0.43 3-4

Sandy loam soil (for example,
Dickinson, Onarga, and
Ridgeville) 0.20 3-4

Loose sand (for example, Ade,
Plainfield, and Sparta) 0.17 5
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Inherent phosphorus supplying power of the soil
below the plow layer (the “plow layer” refers to the
top eight inches of soil) in dominant soil types also
differs throughout Illinois (Univ. of Illinois-
Cooperative Extension Service 1982). This
supplying power refers to soil conditions which
allow for root penetration and branching
throughout the profile, allowing the plant to take
up available phosphorus which exists inherently in
the soil” Inherent phosphorus amounts range from
30-65 lbs/ac in Illinois (E. Rankin, personal
communication). Regional differences in
phosphorus supplying power are shown in Figure 6.
Parent material and degree of weathering were the
primary factors considered in determining the
various regions.

Low phosphorus supplying power may be caused by
one or more of these factors:

1. A low supply of available phosphorus
because (a) the parent material was low in
phosphorus, (b) phosphorus was lost in the
soil forming process, or (¢) the phosphorus
is made unavailable by high pH (calcareous)
material.

2. Poor internal drainage that restricts root
growth.

3. Dense or compact layers inhibiting root
penetration.

4. Shallowness to bedrock, sand or gravel.

5. Other conditions reducing crop growth and
root penetration (i.e., drouthiness, strong
acidity, etc.).

The “high” region occurs in western Illinois where
loess parent materials (wind blown silts) of more
than four to five feet thick are present. The loess
contains high phosphorus amounts and roots can
spread and easily utilize available phosphorus in
these moderately permeable profiles.

The “medium” region occurs in central Illinois with
arms extending into northern and southern sections
of the State. The primary parent material was more
than three feet of loess over glacial till, glacial drift
or outwash, which contain less available
phosphorus in the subsoil. Also, more of the soils are
poorly drained compared to those found in the
“high” region, which are more likely to contain
lower available phosphorus levels.

The “low” region in southeastern Illinois has from
two and one-half to seven feet of loess over
weathered Illinois till. The profiles are highly
weathered compared to the other regions and are
slowly or very slowly permeable. Inherent
phosphorus levels may be high, but this is offset by
conditions that restrict root penetration, inhibiting
phosphorus uptake.
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Figure 6. Regional differences in phosphorus
supplying power.

The “low” region in northeastern Illinois was
formed in thin loess (less than three feet) over
glacial till. Glacial till is generally low in available
phosphorus and shallow carbonates reduce the
phosphorus supplying power because of basic condi-
tions. Slow permeability in the subsoil restricts
rooting in many soils of the region.

Since phosphorus losses occur primarily through
soil erosion, buildup and maintenance applications
of phosphate fertilizers to the plow layer are the
major sources of agriculturally related nonpoint
source loads. However, in areas having steep
topography, much of the topsoil may have already
been totally eroded away. These soils are found
along streambanks and drainageways leading to
lakes, and have been developed under forest cover
which appear to have more available inherent soil
phosphorus than those developed under grass (Univ.
of Illinois-Cooperative Extension Service 1982). In
these areas, inherent phosphorus can be lost
through the erosion process and impact phosphorus
loading rates to lakes.

Watershed characteristic relationships to
phosphorus loads

According to the literature reviewed, watershed
size was not found to be a consistently good indica-
tor of phosphorus loading potential to lakes.



However, the watershed to surface acreage ratio is
an important factor. If watershed to surface area
(WA:SA) ratios exceed 20:1, nonpoint source
pollution can contribute significant nutrient and
sediment loadings to a lake (Hawes and Newman).
Experience has shown that lakes with large WA:SA
ratios (greater than 100:1) are less likely to respond
to lake protection measures and are most difficult to
improve due to their large watersheds magnifying
even low rates of nonpoint source pollution, and
frequent inflows of runoff containing high levels of
soil and associated nutrients (Sefton and Little,
1984). Lakes with ratios of 20:1 or less have the
greatest potential for exhibiting and maintaining
quality water.

Observations made by Hubbard, Erickson, Ellis and
Walcott (1982) indicate that microrelief, watershed
shape and field conditions are more important fac-
tors to consider than overall watershed size.
Microrelief imposed by planter ridges and plant
stalks retarded cross-row runoff, giving water time
to infiltrate into the soil. It was shown that
watersheds with long, steep slopes will increase sur-
face water runoff more so than flat, lesser sloping
watersheds. Field conditions, or more specifically,
textural discontinuities in stratified subsoils pro-
moted lateral seepage particularly during winter
and early spring thaws.

Logan (1979), from studies conducted in the
Maumee River Watershed in Ohio, found that TP
yields are less dependent on drainage basin size
than are sediment delivery rates and the type of
sediment delivered. Because of phosphorus’ high
affinity for clay particles and organic matter, the
type and amount of topsoil eroded and then
delivered to a water body were more significant ele-
ments to consider than watershed size.

Sediment yield relationships to phosphorus
loads

Sediment yields delivered to lakes are dependent
upon many factors such as land slope, soil type,
annual rainfall and rainfall intensities, land use,
conservation practices, micro-relief, field condi-
tions, etc. Obviously, flat watersheds having many
acres in pasture/hayland land uses in combination
with cropland protected to below “T” erosion rates
will reduce erosion and sedimentation much more
than a watershed containing many acres of steeply
sloping, conventionally tilled cropland.

Most hydrologists believe that the proportion of
sediment transported out of a watershed will be
lower for larger watersheds than for smaller ones
(Clark et al. 1985). Clark cites one particular study
(Novotny and Chesters 1981) that used data from
Texas, Oklahoma, the Missouri River Basin, and the
Southeastern Piedmont area. The data showed that
watersheds with drainage areas of 1 square

kilometer (247 acres) lost about 40 percent of their
eroded soil, while watersheds with drainage areas of
100 square kilometers (24,700) lost approximately
10 percent.

Regional differences in sediment yields can be
noticed throughout the state. As can be shown in
Table 3 and Figure 7, the deep loess soils of the
Springfield Plain showed the lowest median sedi-
ment yield per acre per year average (Illinois
Institute for Environmental Quality 1978).
Although this area is intensively farmed, the flat
topography in the area produces low soil losses and
related sedimentation rates. The highest median
sediment yield average (excluding the
miscellaneous reservoirs which were known to have
sediment problems) was found in the Galesburg
Plain. These steeper, deep loess soils are intensively
farmed and highly erosive, creating more erosion
which directly deposits sediments in lake reservoirs
throughout the area. The southern claypan soils are
not as productive as deep loess soils and consequent-
ly are not farmed as intensively. Claypan soils are
much tighter and consequently less erosive than
deep loess soils.

It is evident that a mixture of watershed
characteristics and their interrelationships affect
lake sedimentation rates. Table 4 illustrates the
wide variation in sedimentation rates found in
Illinois.

Table 3. Amounts of Sediment Delivered to
Reservoirs in Illinois (Illinois Institute for
Environmental Quality 1978)

Median Sediment
Yield in Tons per
Acre per Year

Area Description Number of Reservoirs

Southern Illinois 36 1.5
(claypan soils)

Springfield Plain 20 1.3
(deep loess soils)

Galesburg Plain 20 22
(deep loess soils)

Miscellaneous Reservoirs 25 23
not in a Study Areal

Total 101

1 5 z
These reservoirs were known to have sediment problems and were

not a representative sample.

18



2 wwNE Y
ke Wi B0

Ll T (L1
1
i ' ] }
orans | ™|
—_— BN s
petisil L
ST
/-JJ 5 "l
i [t
#008 Mgt [
wiscie LN i
T
5takn L
I, (TETT
A
= LITEE Ll
e LI
“Galesburg —
i '

) )
| Plain Miscellaneous

2 [ 2 2 4 3 _--.I
b CEANRIK T
SemuTLE Segy ) '
{14 = ?
BROms gusy sprll‘!ggleld - LT
I i P Ia i n 0005245
i & 1.3 w}\
il tmis
(LT . %
i wACguR .
%' MTCOM [CCTA L
: et ¥ 1 ki nsriE
e CRIWEORD

19

3.”““ L o Claypan——'

cuar
—Soils i"‘
Comiow
2 1.5 z
wirel - -
= =
WATHNL DN IErreERsen )
Ll L
g TN ]
..}\ Hse ,
M LETLE IR
wEesin Tl L]
T
Wiy L bl
() LT

Figure 7. Median sediment yields

in reseruvoirsin
tons per acre per year.



Table 5. Phosphorus Contribution Ranges from
Literature in lbs/acre/year (kg/ha/year).
Ranges are taken from authors cited in Table 6

0.13-18.40 (0.15-20.67)
0.003-0.80 (0.003-0.90)
0.52-7.20 (0.58-8.09}

Total Phosphorus (TP)
Dissolved Phosphorus (DP)
Particulate Phosphorus (PP)

These wide variations in phosphorus contributions
can be attributed to many factors. Because some
soils erode more readily than others, erosion rates
varied greatly. Rainfall amounts, and the intensity
of those rainfalls were anything but constant.
Watershed shapes and sizes varied from flat to very
steep in shape, and from very small (less than 2
acres) to very large (more than 4,000,000 acres).
Also cropland land uses in the watersheds reviewed
ranged from 6.2 percent to greater than 90 percent.

Other variations were noticed. Therefore, it would
be inaccurate to make any assumptions as to what
an average phosphorus loading rate to Illinois lake
watersheds would be according to the literature
reviewed (Table 6 shows the literature review
findings).

Measured phosphorus loads

Fourteen studies were examined to identify
phosphorus loading rates for lake watersheds on a
per acre watershed basis. Review areas included the
following states: Illinois, Ohio, Georgia, Michigan,
Wisconsin, Missouri, Minnesota, and Iowa. From
the review, particulate and dissolved phosphorus
were, as previously mentioned, the main sources of
the total phosphorus load found in lakes, and the
forms which help to accelerate the eutrophication
process. As can be seen in Table 5, phosphorus
contributions to lakes varied considerably.
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Table 6 shows the DP/TP ratios as calculated from
figures given according to the literature review. The
mean average of the ten DP/TP ratios is 0.162,

Table 6. Phosphorus Loadings From the Literature Reviewed

Phosphorus Loadings in lbs/ac/yr (kg/ha/yr)

Citation State Total P Particulate P Dissolved P DP/TP
Baker 1984 Ohio 1.09 (1.22) 1.05 (1.18) 0.28 (0.31) 0.257
Logan 1979 Ohio 1.76 (1.98) _ 0.17 (0.19) 0.108
Lake 1977 Ohio 2.79 (3.13) 2.54 (2.85) 0.16 (0.18) 0.065
Langdale 1985 Georgia 3.56 (4.00) - - -
Haith 1979 Georgia - 2.19 (2.46) 0.43 (0.48) 0.180*

Michigan — 1.39 (1.56) - =
Monteith 1981 Many States

Combined 0.70 (0.78) - —
Hubbard 1982 Great Lakes

Basin 14.00:(15:78)" - — 0.80 (0.90) 0.058
Mueller 1981 Wisconsin — 7.2 (8.09) 0.003 (0.003) 0.001*
Raman 1985 Illinois 0.13 (0.15) — 0.064 (0.072) 0.492
Holt 1970 Minnesota — 0.90 (1.01) 0.05 (0.06) 0.056*
Uttormark 1974  Many States 0.34 (0.38) — - —
Schuman 1973 Missouri 0.50 (0.56) — 0.12 (0.13) 0.240
Alberts 1978 Misseuri - 0.52 (0.58) 0.10 (0.11) 0.161*
Alberts 1985 Iowa 0.45 (0.51) — —

*Calculations were made assuming D¢ + PP = TP.

indicating approximately 16.2 percent of the TP

load results from DP, while 83.8 percent is related
to PP. These figures are consistent with estimated
ranges for Illinois lakes as described previously

Table 7. Total Phosphorus Loading Rates and Watershed Characteristics of Six Illinois

Lakes
Avg. Avg. Avg. Total
Percent Erosion Sediment Phosphorus
Watershed ~ WA:SA!  Cropland Rate Yield Load
Citation Lake Name Size (ac.) Cropland (t/acfyr) (t/aclyr) (Ibs/ac/yr) (bs/ac/yr)
USEPA 1975¢ Highland Silver 30,639 55:1 83.3 3.40 1.54 0.67
Lake
Kothandaraman 1983 Johnson Sauk 876 15:1 6.2 0.73 3.30 2 0.13
Trail Lake
Kothandaraman 1983 Lake Le-Agua-Na 2,308 58:1 68.0 3.563 1.63 1.60
Makowski and Lake of the 589 26:1 48.2 2.40 1.45 0.23
Lee 1983 Woods
Davenport 1983 Lake Pittefield 7,136 30:1 56.5 8.10 5.40 0.08 (1980)
12.90 (1981)
0.22 (1982
USDA-SCS 1983a Lake Decatur 587,700 193:1 87.0 4.50 0.65 0.36

and
NES #302 1975b

1 Watershed acreage to surface acreage ratio.

2 Because interim sedimentation data were not
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given, an average sedimentation rate over the
lifespan of the lake is shown. However, most
sedimentation occurred during the first 10-15

years of its formation, after which the IDOC
began a program of land acquisition and
watershed management.

Data only show total phosphorus loadings from
April 1982 - September 1982.



Phosphorus loading rates were reviewed for six
Illinois lake watersheds. Various watershed
characteristics and related total phosphorus
loadings (TP) are summarized in Table 7.

Total phospnorus loadings for the Illinois lakes
reviewed ranged from 0.13-12.90 lbs/ac/yr (0.15-
14.50 kg/ha/yr). Johnson Sauk Trail lake showed
the least amount of loading; only 6.2 percent of its
watershed land was in cropland. The Department of
Conservation owns a majority of the land in the
watershed which is mostly in forest, wildlife habitat
and pasture land uses which serve to reduce erosion
and increase water infiltration (reduce runoff).

Of the six Illinois lakes reviewed, Lake Pittsfield, in
1981 (extensively studied during the Blue Creek
ACP Special Water Quality Project), showed the
greatest TP loading from its watershed, primarily
because of high erosion rates (8.1 t/ac/yr) and
sediment yields (5.4 t/ac/yr). Particulate
phosphorus was carried by the eroded soil to the
lake causing high TP loads. The difference between
the 1980, 1981 and 1982 water years nutrient
transport relationships result from above normal
precipitation during July of 1981 (Davenport 1983).

Highland Silver Lake and Lake Le-Aqua-Na may be
the most representative of the Illinois lake
watersheds reviewed. Although they differ greatly
in size, their watershed to surface area ratios,
average erosion rates, and average sediment yields
are almost identical. Le-Aqua-Na showed a greater
TP loading due to a fairly steep watershed with
loess soils which erode more easily than Highland
Silver’s tightly bound claypan soils. It should be
noted that Highland Silver’s average sediment
yields correspond precisely with yields shown in
Figure 7.

Urban Runoff

The effects of urban runoff on receiving water
quality were largely unknown and unquantified
until 1978 when the Nationwide Urban Runoff
Program (NURP) was initiated. The NURP
program was implemented to build upon pertinent
prior work and to provide practical information and
insights to guide the planning process, including
policy and program development and
implementation (USEPA, NURP Final Report
1983). The program included 28 projects, managed
by designated state, county, city or regional
government associations. Criteria used to select the
projects were: 1) identification of an urban runoff
problem; 2) type of receiving water; 3) hydrologic
characteristics; 4) urban characteristics; and
5) beneficial use of receiving water.

This section concentrates on urban runoff and its
effects on receiving waters. Studies conducted by
the United States Environmental Protection

Agency for NURP are discussed, along with projects
from other states. Construction erosion, a sub-set of
urban runoff which contributes to water quality
problems is included. A study of Washington
County, a collar county of Milwaukee, Wisconsin, is
also discussed. The project, completed in 1979,
examined the effects of sedimentation on receiving
waters in an urbanizing area. The study concluded
that excessive sedimentation, carrying phosphorus
and nitrogen, contributed to water quality problems
in the county.

Urban Runoff as
Characterized by NURP Studies

The effects of urban runoff on receiving water
quality are highly site-specific. They depend on the
type, size, and hydrology of the water body, the
urban runoff quantity and quality characteristics,
the designated beneficial use, and the concentration
levels of the specific pollutants that affect that use.

The NURP studies concluded that, with regard to
effects of urban runoff on lakes as receiving water
bodies, nutrients in urban runoff may accelerate
eutrophication problems and severely limit
recreational uses (USEPA, NURP Final Report
1983). The lake projects indicated that the degree of
beneficial use impairment varied, as did the
significance of urban runoff. The following NURP
studies provide examples of lakes where urban
runoff was perceived to contribute to a decline in
water quality.

Lake Quinsigamond, in northwest Massachusetts,
was one of two NURP studies conducted in that
state. The lake consists of a deep narrow northern
section, Lake Quinsigamond, and a shallow
southern basin, Flint Pond. Lake Quinsigamond is
between Worcester and Shrewsbury, the two most
populated municipalities in the watershed, and has
a drainage basin of about 16,000 acres.

Since the early part of the century, the region
underwent rapid urbanization, industrial
development and increasing population.
Shrewsbury has experienced high population
growth and slow industrial/commercial growth
(McGinn 1982). Worcester is in an area of slight
population and industrial/commercial growth.

The Lake Quinsigamond study concluded that,
while some variations in constituent concentrations
occurred between the northern and southern
sections of the lake, total and dissolved phosphorus
values showed no significant differences. Nutrient
balances indicated that surface runoff accounted
for 89 percent of the total phosphorus (9,152 lbs/yr)
and 67 percent of the dissolved phosphorus inputs
(1,738 1bs/yr). The remaining loadings were
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attributed to tributary baseflow and atmospheric
input. Total phosphorus loads were 2,596 lbs/yr. On
a per acre basis, this is 0.65 lbs/acre of total
phosphorus and 0.16 lbs/acre of dissolved
phosphorus.

The Upper Mystic Lake Watershed, the site of a
1982 NURP study, is an example of another area of
rapid urban growth. The 17,920 acre drainage basin,
which comprises the northern portion of the Mystic
River Basin, is located in eastern Massachusetts
and extends northeast from Boston Harbor. Nine
communities are within the watershed. The
Aberjona River flows into the lake’s upper forebay,
one of three basins within the lake. Two major
interstate highways cross the watershed in its
northern and eastern section.

In the past two decades intensive urbanization has
occurred in most areas of the watershed (Fratoni et
al. 1982). All communities except for one showed
substantive increases in populations between 1950
and 1970, a trend expected to continue at a slower
rate.

Land use in the watershed has reflected these
population changes, with single family housing
becoming the predominant form of housing (Fratoni
et al. 1982). Industrial and commercial growth
followed the changing economic trends by moving
away from water-intensive practices toward a
technical service:oriented economy.

Annual loads of total phosphorus to Upper Mystic
Lake from various in-stream sources were
estimated to total 5,670 pounds. The largest load
came from the Aberjona River, which contributed
approximately 4,640 pounds of phosphorus per year.
Baseflow, urban runoff and a sanitary connection
contributed close to equal amounts (38 percent, 34
percent and 28 percent, respectively). On a per acre

basis, phosphorus loads ranged between 0.41 lbs/
acre to 1.75 lbs/acre.

Approximately 6,500 lbs/yr entered the lake and
approximately 3,500 lbs/yr (54 percent) was
estimated to remain in the lake after deduction for
outflow as residual phosphorus. This residual load
was considered very high, and contributed to the
eutrophic conditions in the lake.

The Austin, Texas NURP report documented
impacts of stormwater runoff and loading on Town
Lake and Lake Austin water quality. It also
characterized runoff water quality from low to
medium density residential land uses, and one
structural control measure. The stormwater
monitoring program was divided into a receiving
water and a stormwater sampling program. Table 8
presents land use information for sites sampled in
the study.

The Northwest Austin site, which typified a high
impervious cover residential area, was located
within the Shoal Creek watershed, which is a
tributary to Town Lake. The Rollingwood site, a low
impervious cover residential development, was
adjacent to Town Lake. The Turkey Creek site
drained directly to Lake Austin and was the control
site for the study, representing an undisturbed
watershed.

Town Lake is a 5 mile long lake downstream of Lake
Austin. Town Lake is the receiving body for
substantial quantities of urban stormwater runoff
from primarily high-density residential and
commercial areas of the City of Austin.

The study found that similar to the stormwater
sampling sites, the receiving water quality during a
runoff event was affected mainly by the
physiographical characteristics of the basin terrain,
the degree of open space and vegetation, as well as
urbanization in the watershed.

Table 8. Characteristics of Selected Study Sites Austin, Texas

Site

Northwest
Austin
(Medium-
Density
Item Residential)
Area of Housetops and Driveways lacres) 101.86
Paved Roads* (acres) 46,33
Total Watershed Area (acres) 377.71
Total Impervious Cover (percent) 39.23

Rollingwood Turkey
{Low-Density Creek
Residential) (Virgin)
6.31
6.57
60.21 1,297.0
21.39 1.0

*Street surface paved with shallow curbs and
gutters.

23



Data developed for Austin residential land use
indicated that a medium density residential land
use (impervious cover approximately 39 percent)
does produce a larger runoff pollutant load than a
low density residential land use (impervious cover
approximately 21 percent) primarily because of the
quantity of stormwater runoff from the two areas
(USEPA, Austin, Texas NURP project, 1983). The
study estimated loads of 0.27 lbs per acre of total
phosphorus for the Rollingwood site, and 1.88 lbs
per acre for the Northwest Austin site.

The differences in the pollutant mass loads from the
two test watersheds were quite distinct. The
Northwest Austin site produced runoff pollutant
loads per acre of surface 5-10 times greater than
those of the Rollingwood watershed. The primary
factor determining the quantity of pollutants in
stormwater was the relative area of impervious
cover. Quality data for the “conventional pollutant”
parameters were obtained for the Turkey Creek
watershed for both background (previous USGS and
City of Austin sampling programs) and storm event
conditions, but due to equipment malfunctions and
floods, it was not possible to calculate mass loads.

Storm event oriented water quality sampling data
from Town Lake and Lake Austin indicated that the
short-term effects of PO, on receiving water quality
can be significant, although chronic water quality
impacts were not apparent.

A summary of total phosphorus loading values is
presented in Table 9.

Table 9. Phosphorus Loads for Selected NURP
Watersheds

Watershed
Area Total Phosphorus
Lake Name (acres) (Ibs/ac/yr)
Lake Quinsigamond, MA 15,993 0.65
Upper Mystic Lake, MA 17,912 0.41-1.75
Lake Austin, TX
Rollingwood 60 0.27
Northwest Austin 378 1.88
Turkey Creek 1,297 »

* Due to problems with flow measurements, it was
not possible to calculate phosphorus loads.

Nutrient loads from urban runoff have not been
extensively studied in Illinois. Lake Ellyn, located
in Glen Ellyn, Illinois is in a watershed comprised of
a typical urban mix of high-density residential, low-
density residential, commercial and institutional
land uses. No point sources were identified in a 1980
NURP study. The watershed’s total drainage area is
534 acres, and the lake is 9.4 acres in size. The
watershed contains 181 acres of impervious area, or
34 percent of the total. Population density is 5,000
persons per square mile. Land use information
follows.

Land Use Percent of
Drainage Area

Low density single family

residential 80
High density residential 3
Commercial 5
Under construction 0
Wetland 2
Parkland b
Institutional 5
Total i00

The NURP study monitored atmospheric
deposition, vegetation, soils, domestic and public
works chemical use, roof runoff, road dirt, catch
basins, lake influent, sediment, water column and
effluent for the study year July 1, 1980 through
June 30, 1981. Materials budgets were prepared for
six constituents, including phosphorus, at key
points in the watershed - roof tops, pervious areas,
impervious areas, catch basins and the lake. The
materials budget for phosphorus in the watershed
in thousands of pounds is presented in Table 10.

Land use patterns in Washington County are
representative of many areas in the Great Lakes
Basin which are adjacent to rapidly expanding
metropolitan areas. The northern tier of the county
is relatively stable and consists mainly of dairy
farms averaging about 40 milk cows per farm.
Patchwork residential development is more
common in the southern part of the county and
surrounds the major urban centers of West Bend
and Hartford. Farming in these areas more often is
a transitional activity; dairy farms have frequently
been converted into cash-crop operations.

Table 10. Lake Ellyn Materials Budget -
Phosphorus, 1980-1981

TP Loads
(1000 1bs.) % of Total
Loads in
Roof Runoff 14.2 1.9
Stormwater 388.0 51.6
Baseflow 300.0 399
Vegetation 28.5 3.8
Animals 14.2 19
Precipitation 1.3 0.2
Dryfall 5.6 0.7
Total 751.8 100.0
Loads out
Stormwater
(wet
conditions) 197 70.1
Basetlow
(dry
conditions) B3.8 298
Total 281 99.9
Accumulation 471
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Accumulated material settled to the lake bottom as
sediment. The study concluded that no direct
interaction occurred between groundwater and the
lake. Stormwater and baseflow were cited as the
most significant sources of solids and constituents,
including phosphorus.

Paved surfaces such as streets and parking lots
were other sources of phosphorus inputs to Lake
Ellyn. Table 11 presents phosphorus loads in pounds
from streets and parking lots for the study year.
Inputs from atmospheric deposition, pervious
runoff, traffic, decomposition of paved surfaces,
animals, vegetation, roof runoff and road salt were
calculated for the watershed. Materials were
removed from these areas by street sweeping and
stormwater washoff. Export of materials on streets
and parking lots was calculated.

The budget was derived from streets and parking
lots directly connected to watershed storm sewers.
The area was estimated to be 68.6 acres. All other
paved areas are included in the balance for pervious
areas.

Animal contributions provided the second highest
source of phosphorus, after runoff from pervious
areas. The animal population of the watershed was
estimated based on survey results, actual
observation and urban animal surveys. Phosphorus
loads from wild animals were estimated from data
supplied by the Illinois Natural History Survey. The
principal source of the phosphorus was thought to
be geese and ducks.

Table 11. Phosphorus Loads (in pounds) from
Streets and Parking Lots, Lake Ellyn
Watershed, Illinois

TP Percent of Total
(1bs)
Loads in
Precipitation 8.9 1.8
Dryfall 372 7.7
Pervious Runoff 270 55.9
Traffic - -
Paved Surface
Decomposition - =
Animals 91.7 19.0
Vegetation 61.0 12.6
Roof Runoff 14.2 2.9
Road Salt
Total 483 99.9
Loads out
Street sweepings 78.3 16.2
‘Washoff 406 83.9
Total 484.3 100.1
Export
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Wisconsin studies

Piwoni (1974) conducted a study of ten south-
central Wisconsin impoundments. All of the lakes
were in rural, predominantly agricultural
watersheds (except for Stewart Lake which receives
some urban runoff). The lakes were classified by the
author into two groups: Real estate lakes (R.E.) and
public recreation lakes (P.R.). Six of the lakes were
considered real estate lakes, bodies of water created
in an urban environment for the enhancement of
real estate values. The lakes in the study were
created in the 1960s and early 1970s by private
developers, to facilitate high density lakefront
development. The remaining four lakes were
created for various public recreational uses and
were free of significant lakefront development.

All of the lakes were small (under 700 acres) and
shallow (6-18 feet in depth). Available data for
Lakes Camelot North, Camelot South and Sherwood
were grouped for the study to form the Camelot-
Sherwood complex.

Figure 8 shows the locations of the studied
impoundments found in central and southern
Wisconsin.

=}
o] =
A
C ©
[ ~
FLOWAGE “#‘? >
A G
s ~
X > )
4y
x
o
~
| _HwISCONSIN
5 7 8 & MADISON LA
cu.es ggc““u[n MORER ILWAUKEE
KEY!
|. CAMELOT-SHERWOOD COMPLEX % BLACKHAWK LAKE
2 DUTCH HOLLOW LAKE 6COX HOLLOW LAKE
3 LAKE REDSTONE TTWIN VALLEY LAKE
4 LAKE VIRGINIA B.STEWART LAKE

Figure 8. Impoundment locations in central and
southern Wisconsin.

Piwoni (1974) evaluated land uses in the watershed
between 1971-1972 to correlate phosphorus loads
with these values. Most of the impoundments were



in rural areas dominated by agricultural land uses.
The greatest source of phosphorus proved to be
agricultural runoff in most of the lakes. Rural
runoff also contributed large amounts of
phosphorus. Real estate lakes were estimated to
receive phosphorus inputs from septic tanks.

Table 12 shows a breakdown of land uses in the
watersheds and the estimated phosphorus
contributions from land uses to the lakes.

Table 12. Estimated Phosphorus Loads in Pounds for Land Uses in
Eight South-Central Wisconsin Watershed,
Real Estate Lakes Public Recreation Lakes
Dutch Camelot- Cox Twin

Land Use Redstone Virginia Hollow Sherwood Blackhawk Stewart Hollow Valley
Baseflow 410 - 350 3,520 430 51 - -
Forest ] — 0 0 0 0 - -
Agriculture 7,960 — 900 9,410 2,150 - - —
Pasture 2,840 - 110 3,360 2,510 — — -
Precipitation 120 10 80 140 40 1 — -
Dry Fallout 440 36 120 490 150 4 — -
Septic Tanks 210 15 > 150 — — —_ -
Rural - 815 - - - 46 1,760%* 2,684 **
Urban - —_ - - - 358 — —
Open Area - - 200 - - - - -
Total 11,980 875 1,760 17,070 5,280 460 1,760 2,684
Watershed 18,940 1,600 3,100 22,400 8,960 510 3,970 7,680

Size

(in acres)
Annual 0.63 0.55 0.57 0.76 0.59 0.90 0.44 0.35

load

ib/ac/yr

*The lake was still filling at the time of the study.
Septic tanks were expected to contribute P to the
lake.

Unlike the real estate lakes the public recreation
lakes showed wide variations in annual loads.
Stewart Lake, the only impoundment in an urban
area, had the highest loading rate. Twin Valley
Lake, a rural public recreation lake, evidenced the
lowest estimated phosphorus loading rate at 0.35
Ibs/ac/yr. These values fall within the range of total
phosphorus loading rates for Illinois lakes (see
Table 7).

Lopez and Lee (1975) conducted a study of the Lake
Mendota, Wisconsin watershed. Land use estimates,
developed by Sonzogni and Lee (1974), are presented
in Table 13.

Lake Mendota is the largest lake in a five-lake
chain of the Yahara River in south-central Wiscon-
sin. Figure 9 shows the location of the five lakes.

**Little data were available. Author estimated a
100 percent rural watershed.

Approximately 200,000 people lived on the
southeast side of the lake at the time of the study.
The largest portion of the drainage area was in
agricultural uses (dairy farms, mixed crops, etc.).

The most significant source of phosphorus, rural
runoff, contributed 63 percent of the loads.
Agricultural land uses were estimated to be the
greatest source of phosphorus. Runoff from
combined urban and rural sources contributed 78
percent of the phosphorus imputs.

Another Wisconsin study performed by Rast and
Lee (1975) examined nutrient loads to Lake Wingra,
the smallest of the five Yahara River lakes. Lake
Wingra's watershed is 5,200 acres. Unlike the more
urbanized areas around Lake Mendota, the area
surrounding Lake Wingra includes coniferous and
deciduous forests, prairies, gardens and marshes
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Figure 9. Lakes of the Yahara River chain,
Madison, Wisconsin (Frey 1963)

within the University of Wisconsin arboretum. The
arboretum constitutes approximately 15 percent
(800 acres) of a portion of the urban region of
southwest Madison, approximately one-third of
which drains directly into the lake. Lake Wingra
flows into Murphy Creek, which then flows into
Lake Monona, the lake downstream of Lake
Mendota in the chain. A portion of the watershed
area drains directly into Murphy Creek, bypassing
Lake Wingra.

Land uses for the Lake Wingra watershed are
presented in Table 15.

Lake Wingra is used mostly for sports, fishing and
recreation. No sewage or industrial discharges had
occurred, according to the authors, except for
occasional sewer overflows.

Nutrient sources for Lake Wingra were assessed for
the study. Data for estimated total phosphorus
loads are presented in Table 16. Urban runoff was
estimated to contribute 82 percent of the total
phosphorus inputs to the lake.

Construction erosion

Construction erosion is another potential source of
sediment and nutrient loads associated with
development in urban areas. Washington County,
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Table 13. Estimated Land Uses/Lake Mendota
Watershed, Wisconsin

Land Use Acres Percent
Rural 115,000 83
Urban 16,000 12
Marshland 6,000 4
Woodland 1,000 1
Total 138,000 100

Table 14. Phosphorus Loads/Lake Mendota,
Wisconsin

Total Estimated Phosphorus

Loading

Source Ibs/yr Ibs/ac/yr Percent
Domestic Wastewaters 1,998 0.014 2
Urban Runoff 15,981 0.115 15
Rural Runoff 68,917 0.499 63
Atmospheric 8,089 0.065 8
Groundwater 999 0.007 1
Baseflow 11,986 0.087 11

Total 108,870 0.787 100

Table 15. Land Uses/Lake Wingra Watershed,
Wisconsin

Area (acres)

Lake Wingra Basin 5,200
Area Draining to Lake Wingra 3,800
Residential 2,600
Arboretum 775
Lakes and Ponds 337
Area Draining to Murphy Creek 1,400

Table 16. Phosphorus Loads to Lake Wingra,
Wisconsin

Total Estimated Phosphorus

Loading
Source Ibs/yr Ibs/ac/yr Percent
Precip