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Managing Phosphorus Inputs Into Lakes

II. Crafting an Accurate
Phosphorus Budget for Your Lake

by Deb Caraco and Ted Brown

Introduction

This article presents simple, practical advice on
how to  derive a lake phosphorus budget for current and
future land use in the watershed.  Included are the most
recent data on primary, secondary and internal phos-
phorus sources to urban lakes, which can be used to
quickly develop a phosphorus budget to assess the risk
of eutrophication due to watershed growth.  By care-
fully tracking the individual sources of phosphorus to
a lake, managers can forecast the impact of phosphorus
loads on the current or future trophic condition of a
lake.  Such estimates are essential for developing
effective and realistic watershed management plans.

Each lake has its own phosphorus budget, depend-
ing on its unique mix of phosphorus sources.  Caraco
(2001) identifies three broad categories of phosphorus
sources to track: primary sources, secondary sources,
and internal sources (e.g., sediment release, waterfowl
droppings, and atmospheric deposition on the lake
itself). A lake manager needs to carefully account for
each of these major phosphorus sources when con-
structing a phosphorus budget for an urban lake (see
Figure 1).

Primary phosphorus sources are defined as
nonpoint source loads that are derived from individual
land use categories in the watershed.   Phosphorus loads
can be quickly estimated by calculating an annual
runoff volume and phosphorus concentration for each

land use category, or by using export coef-
ficients derived from the literature (ex-
pressed in terms of pounds of phosphorus
per acre per year, lbs/ac/yr). Secondary
sources are defined as human or animal
wastewater flows produced in the water-
shed.  These flows can take the form of an
outfall pipe from a sewage treatment plant,
a failing septic system, a sanitary sewer
overflow, or runoff from a confined animal
feedlot operation.  With the exception of
wastewater discharges, secondary sources
tend to be more scattered throughout a
watershed and occur more sporadically,
which often makes it difficult to estimate
them with precision. In addition, the units
used to calculate secondary source flows
are frequently difficult to compile and may
require many simplifying assumptions.

The remainder of this article presents
simple and rapid methods to estimate pri-
mary, secondary and internal phosphorus
sources to urban lakes.  These methods can
be used to define a representative phospho-
rus budget for a lake, and more importantly,
identify which phosphorus sources can be
most easily controlled.  In some cases, more
complex simulation models may be needed
to construct a phosphorus budget for an

Figure 1.  Three Categories of Phosphorus Sources To Lakes
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urban lake; detailed guidance on choosing the most
appropriate model can be found in US EPA (1999).

Estimating Primary Phosphorus Sources in Urban
Watersheds

Hundreds of monitoring studies have been con-
ducted to characterize average phosphorus concentra-
tions and runoff volumes associated with urban and
non-urban land uses.  Export coefficients are frequently
used to express total phosphorus loads for non-urban

land uses, such as forest, rural, and agriculture (see
Table 1).  Event mean concentrations (EMCs) are often
used to characterize total phosphorus concentrations
in the runoff from specific urban land uses, such as
residential, commercial, roadway, and industrial (see
Table 2).  By way of comparison, the USGS (1999)
recently summarized median in-stream total phospho-
rus concentrations for watersheds of different land
uses, and concluded that urban streams had higher
phosphorus concentrations than forested and agricul-
tural streams (Figure 2).

Table 1.  Total Phosphorus Export Coefficients Associated  
with Non-Urban Land Uses (lbs/ac/yr) 

Source Forest Rural Ag Open 
Water Notes 

Horner et al., 
1994 0.1 0.12 - - 

These data represent median values from 
literature, and from data collected in the Pacific 
Northwest.  The rural values represent a 
pastureland use. 

LizÆrraga, J., 
1997 0.14 0.75 - - 

These values are estimated 1994-1995 export 
coefficients for several sub-basins within the 
Potomac River Basin, ranging in size from 15 to 
1,500 square miles.  Flow was monitored at all 
stations, and concentration data were extrapolated 
from a few stations using a USGS regression 
method based on basin characteristics.   

Smith et al., 
1991 0.20 0.21 - - 

These values are export coefficients derived from 
government monitoring programs conducted 
between 1980 and 1989.   

Reckhow et 
al., 1980 0.18 0.72 - - 

These values are medians of export coefficients 
from 23 studies of forested watersheds, and 14 
studies of pasture (grazing) land. 

Frink, 1991 0.11 0.4 1.62 - Average of up to 14 studies summarized. 
Scarborough 
and Peters, 

1996 
0.15 - 0.96 0.44 Average of up to 8 studies summarized. 

MWCOG, 
1983 - - - 0.5 Based on dryfall NURP data from Washington D.C. 

 
Table 2. Total Phosphorus EMCs Associated with Urban Land Uses (mg/l) 

Land Use 
Source 

Urban (Arid) Residential Commercial Roadway Industrial 
Barrett and Malina, 1998 - - - 0.4 - 

Caraco, 2000, mean 0.78 - - - - 

Gibb et al., 1991 mean - 0.33 - 0.59 - 

Schueler, 1987 mean - 0.26 - 0.59 - 

Schueler, 2001 mean - 0.30 - - - 

US EPA, 1983 median - 0.38 0.20 - - 

Whalen and Cullum, 1988 - 0.62 0.29 - 0.42 
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The concentration of total phosphorus in urban
stormwater is quite high, averaging about 0.3 mg/l in
most studies.  To put this in perspective, this figure is
three times greater than the in-stream concentration
recommended by US EPA to prevent nuisance plant

growth in streams (0.1 mg/l), and
roughly six times the recommended
concentration for urban lakes
(USGS, 1999).  Roadway runoff
tends to have the highest total phos-
phorus concentrations of all urban
land area (Table 2).

Urban streams in the west and
southwest also exhibit higher aver-

age total phosphorus concentrations, which reflects
the influence of wastewater return flows that often
dominate the baseflow of streams in these regions.  The
phosphorus concentration in stormwater runoff also
tends to be higher in arid and semi-arid regions com-
pared to other regions of the country (Table 2). This
phenomenon is caused by longer periods between
rainfall events, which lets phosphorus accumulate on
impervious surfaces prior to washoff (Caraco, 2000).

Recent research has focused on isolating the phos-
phorus concentrations from urban source areas such as
parking lots, rooftops, driveways, and lawns.
Bannerman et al. (1992), Steuer  et al. (1997), and
Waschbusch et al. (2000) have all conducted source
area monitoring studies; some of their results are pre-
sented in Table 3.  This research has helped to define
phosphorus “hotspots” in the urban landscape that
may be of particular interest to the lake manager.  For
example, lawn runoff consistently has the highest
phosphorus concentrations of any urban source area,
giving lake managers justification for seeking to mini-

mize total lawn area in a watershed or reduce phosphorus
fertilization on lawns. The source area monitoring also
pinpoints street runoff as a significant source of phos-
phorus (Waschbusch et. al (2000) note that leaves are the
source of more than half of the total phosphorus found
in street runoff. In addition, they discovered that phos-
phorus concentrations in street runoff were positively
correlated with the percentage of tree canopy over the
street. This suggests that street sweeping, storm drain
inlet cleanouts, and improved leaf collection may be
useful in some lake watersheds.

The average annual phosphorus load from primary
land uses can be quickly calculated using the Simple
Method (Schueler, 1987) or some other comparable
loading model (see US EPA, 1999, for a comparative
review of nutrient loading models). Average annual
phosphorus loads are presented for four rainfall regimes
and 11 urban land use categories over a wide range of
impervious cover in Table 4.  For the purpose of the
Simple Method, a uniform total phosphorus EMC of 0.3
mg/l was applied for all rainfall categories, except for the
20-inch annual rainfall category (i.e., arid and semi-arid
climates), where an EMC of 0.78 mg/l was used (Table
2).  For lake managers who require a higher level of detail,
separate Simple Method calculations can be made for
each urban source area by applying the stormwater EMC
data presented in either Table 2 or 3.

Estimating Secondary Phosphorus Sources in
Urban Watersheds

Creativity and resourcefulness are needed to de-
velop good estimates of phosphorus loads associated
with secondary sources.  In general, secondary phospho-
rus loads can be calculated as a product of flow and
concentration;  however, unconventional units of mea-
surement are required to estimate flows from many sec-
ondary sources, such as miles of sewer, number of septic
systems, or number of building permits.  Furthermore,
because secondary source flows are often scattered across
the watershed and episodic in nature, calculating load
estimates using local data will greatly improve their
accuracy. Secondary source concentrations are much
easier to estimate, since they are often associated with
wastewater streams, which have been extensively char-
acterized in the literature (Caraco, 2001).  Table 5 pro-
vides a summary of methods that can be used to estimate
secondary source total phosphorus loadings for an urban
lake.

Lake managers should be particularly alert to any
direct wastewater treatment plant discharges in the lake
watershed, as the phosphorus discharged from this source
can comprise a significant portion of lake phosphorus
loading.  Depending on the level of sewage treatment
provided (e.g., tertiary versus secondary), the phospho-
rus effluent concentrations from sewage treatment plants

Creativity and resourcefulness
are needed to develop good

estimates of
phosphorus loads from

secondary sources.

Figure 2. Median In-Stream Total Phosphorus
Concentration by Dominant Land Use (USGS, 1999)

Undeveloped/Forest        Agricultural                        Urban
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can range from 0.5 to 5 mg/l.  Cur-
rently, only an estimated 7% of all
municipal sewage treatment plants
provide tertiary treatment, which sug-
gests that improved sewage treatment
may be an effective option to reduce
phosphorus loads in lakes where sew-
age treatment plant effluent comprises
a substantial portion of the total phos-
phorus budget (Litke, 1999).

Estimating Internal Phosphorus
Sources to Urban Lakes

While external phosphorus
sources are critical, lake managers
should not ignore internal sources when
constructing their phosphorus budgets.  Key internal
phosphorus sources include sediment release, waterfowl
droppings, atmospheric deposition, and boat sewage.

The sediments of many urban lakes can become a
source of phosphorus, particularly when the bottom of
the lake becomes anoxic.  The phosphorus released back
into the lake under these conditions can become a major
and even dominant component of a lake’s phosphorus
budget, particularly for shallow urban lakes.  US EPA
(1988) contains a thorough discussion on how to predict
and manage internal phosphorus loads.

Releases from the sediments to the water column are
a function of several physical, chemical, and biological
reactions.  Under aerobic conditions, the exchange is

almost exclusively from the water column to the sedi-
ments; however, under low or zero oxygen conditions,
the exchange is reversed, largely due to the redox
conditions (Wetzel, 1975).  The net result is a signifi-
cant release of sediment phosphorus to the water col-
umn.  For example, Nürnberg (1984) reported average
sediment phosphorus release rates under anoxic con-
ditions of 0.14 lbs/ac/day for a population of 20
eutrophic lakes. For a lake that is anoxic for a period of
between one to two months per year, this might trans-
late to an annual loading of four to eight lbs/ac/yr.
Methods to reduce the internal sediment phosphorus
release include dredging of bottom sediments, aera-
tion of the hypolimnion, or alum injection (see Daven-
port, this issue, for a review).

Table 3. Total Phosphorus Geometric Mean Concentrations  
Associated with Urban Source Areas (mg/l) 

Source Area Bannerman 
et al., 1992 

Steuer et al., 
1997 

Waschbusch 
et al., 2000 

Commercial Parking Lot 0.19 0.20 0.10 
High Traffic Street 0.47 0.31 0.18 
Medium Traffic Street 1.07 0.23 0.22 
Low Traffic Street 1.31 0.14 0.40 
Commercial Rooftop 0.20 0.09 0.13 
Residential Rooftop 0.15 0.06 0.07 
Residential Driveways 1.16 0.35 - 
Residential Lawns 2.67 2.33 0.79 

 

Table 4.  Total Phosphorus Unit Area Loads Associated with  
Different Urban Zoning Categories and Annual Rainfall Ranges  

lbs/ac/yr 
Zoning Category % Impervious1 

202 inches 30 inches 40 inches 50 inches 
Open Urban Land 8.6% 0.41 0.23 0.31 0.39 
2 Acre Lot Residential 10.6% 0.46 0.27 0.36 0.45 
1 Acre Lot Residential 14.3% 0.57 0.33 0.44 0.55 
1/2 Acre Lot Residential 21.2% 0.77 0.44 0.59 0.74 
1/4 Acre Lot Residential 27.8% 0.96 0.55 0.74 0.92 
1/8 Acre Lot Residential 32.6% 1.09 0.63 0.84 1.05 
Townhome Residential 40.9% 1.33 0.77 1.03 1.28 
Multifamily Residential 44.4% 1.43 0.83 1.10 1.38 
Institutional 34.4% 1.15 0.66 0.88 1.10 
Light Industrial 53.4% 1.69 0.98 1.30 1.63 
Commercial 72.2% 2.23 1.29 1.72 2.14 
Notes:  

1 Data from Cappiella and Brown, (2001), this issue 
2 Total phosphorus concentration of 0.78 mg/l assumed for 20  of annual runoff;  
  all other rainfall categories assumed total phosphorus concentration of 0.3 mg/l 
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As many urban lakes have high resident popula-
tions of geese, ducks, and other birds, waterfowl drop-
pings can become another significant internal phos-
phorus source.  For example, Scherer et al. (1995)
reported that bird droppings constituted between 25%

and 34% of the total phosphorus
budget of an urban lake in Seattle,
WA. Another study on a suburban
Boston lake by Moore et al. (1998)
estimated that during drought
years, phosphorus loads from geese
droppings were up to seven times
greater than all other external phos-

phorus loads combined. Controlling phosphorus loads
from waterfowl is challenging, since they generally
don’t want to leave favorable habitat conditions. Sev-
eral innovative approaches to discourage waterfowl
have been devised, including the use of border collies
or motion-sensing sprinkler units to harass waterfowl,
planting dense vegetation or low-lying fence around

the shoreline to screen access to open water, and using
noisemakers to discourage birds.

Direct atmospheric deposition of phosphorus on the
surface of a lake is usually only a minor component of the
phosphorus budget for an urban lake.  Exceptions in-
clude lakes that have small drainage area to surface area
ratios (less than five). The concentration of phosphorus
in rainfall generally ranges from 0.03 mg/l in rural areas
to 0.5 mg/l in arid metropolitan areas (Litke, 1999).  The
annual phosphorus loading from direct atmospheric
deposition to lakes has been estimated to range from 0.4
to 0.5 lbs/lake acre/yr (Table 1).

Deriving a Current and Future Phosphorus Budget

Given good data on land use and wastewater streams,
it is relatively easy to compute a phosphorus budget for
a lake that will be applicable both now and in the future.
The budget allows a lake manager to determine the

Table 5. Methods to Estimate Secondary Source Total Phosphorus 
Loadings (Caraco, 2001) 

Secondary 
Source Area Preferred Unit Suggested Method for 

Defining Flow 
Suggested 

Concentration 

Failing Septic 
Systems Population 

Multiply daily water use times 
unsewered population draining 
to failing septic systems. 

1 mg/l 

Sanitary Sewer 
Overflows Miles of Sewer 

Assume 140 overflows/1,000 
miles of pipe (AMSA, 1994). 
Volume based on best local 
estimate per overflow. 

10 mg/l 

Combined 
Sewer 

Overflows 
CSO-Shed 

Characteristics 

Complete a simple hydrologic 
and rainfall analysis of 
combined sewershed to 
determine CSO volume. 

2 mg/l 

Household Illicit 
Connections Population 

Site-specific info on number and 
size of illicit connections is 
preferable.  As a default, 
assume that a fraction of 
individuals have illicit 
connections to the sewer 
system. 

10 mg/l 

Business Illicit 
Connections 

 
Number of 
Businesses 

Assume that a fraction of 
businesses have illicit 
connections, and that some 
fraction of these are wash 
water, while others are complete 
connections. 

10 mg/l 

Hobby 
Farms/Livestock Animal Density Calculate based on the TP loading rates for various 

animals. 

Wastewater 
Discharges 

Average daily 
flow (MGD) 

NPDES Discharge Monitoring 
Report 

0.5 to 5 mg/l 
depending on 
treatment level 

 

Waterfowl droppings can
become another significant
internal phosphorus source.
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sensitivity of the lake to watershed development, and
is essential for targeting the phosphorus sources that
are the best candidates for watershed treatment.  A
common convention used is to characterize annual
loads in terms of areal loading to the lake, or pounds per
unit surface area of lake per year (see Box 1).

While lake managers have an interest in the cur-
rent phosphorus budget, they are often more concerned
about how it will change in response to future water-
shed development.  Computing a future phosphorus
budget is a relatively straightforward process if the
change in impervious cover can be forecast reliably.
To forecast future imperviousness, the lake manager
typically chooses a time horizon of 15 to 25 years, and
analyzes future zoning, master plans, and growth trends
to determine how many non-urban land uses will be
converted into urban ones.  Zielinski (2001) provides
practical guidance on how to calculate these changes
in terms of impervious cover.

Once the changes in watershed land use are calcu-
lated, it is a simple matter to recompute primary load-
ings for the future phosphorus budget.  It is also likely
that several secondary loading sources may need to be
recomputed as well, since the added population growth
in the watershed will normally generate greater waste-
water flows of one kind or another.

Phosphorus Budgets: Implications for
the Watershed Manager

The phosphorus source data presented in this
article have several important implications for lake
managers as they develop phosphorus budgets and
lake management plans. First, lake managers should
recognize that increased watershed development will
normally increase areal phosphorus loads to a lake,
with the possible exception of the conversion of row
crop agriculture to low density residential develop-
ment.

Phosphorus export steadily increases as impervi-
ous cover increases in the lake watershed. However, the
precise amount of watershed development that causes
eutrophication problems is unique to each individual
lake.  With a little effort, it is possible to calculate a
specific impervious cover limit for a lake, given its
internal geometry, watershed characteristics, current
in-lake phosphorus concentrations, and degree of wa-
tershed treatment.

In general, a wide range of phosphorus sources
needs to be considered when preparing a phosphorus
budget for any urban lake. Lawns and streets appear to
be the two areas of the urban landscape that generate
the highest phosphorus concentrations and merit spe-
cial attention by lake managers. Managers should not

only calculate phosphorus loads from primary sources,
but also investigate secondary and internal sources. If
wastewater discharges exist in the watershed, they may
still be a significant and controllable element of a lake
phosphorus budget.

Clearly, given a basic Geo-
graphic Information System (GIS)
and some sleuthing, it is possible to
develop a rapid phosphorus bud-
get for an urban lake that will be
applicable both now and in the
future. These budgets allow lake
managers to determine the sensi-
tivity of their lake to watershed
development, and are essential for targeting which
phosphorus sources are the best candidates for water-
shed treatment.

Lake managers should
recognize that increased

watershed development will
normally increase areal

phosphorus loads to a lake.
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Green Lake is a 10 square mile lake with an average depth of 20
feet located in the Mid-Atlantic region (i.e., average annual
rainfall of approximately 40 inches). Over the past 40 years, the
250 square mile watershed has been developed with a mix of
residential and commercial uses.  Current watershed impervious
cover is 16%, and no stormwater treatment practices have been
used in the watershed. While about 25% of the residential
development is served by septic systems, the remainder is
served by a treatment plant which discharges to a location
downstream of the lake.  Algal blooms occur frequently, and the
historically robust fishery in the lake has steadily declined. Lake
secchi depths are less than six feet.  The community has
become concerned about eutrophication, and has decided to
construct a phosphorus budget for the lake.  The table below
summarizes how the phosphorus budget was derived for the
lake.  The total phosphorus load is approximately 130,000 lbs/
year, which translates into an areal loading rate of 20 lbs/acre/year for the lake.  In a later phase, the
community plans to evaluate possible control measures (see Article III).

Primary Sources Secondary Sources 

Land Use Area 
(mi2) 

TP Loading 
Rate 

(lbs/acre) 

TP Load 
(lbs/year) 

Source Description TP Load 
(lbs/year) 

Residential 
(0.5 du/acre) 50.0 0.36 11,600 Septic 

Systems 
Assumes 25% of 

homes on septic, 20% 
failure rate. 

5,100 

Residential 
(1 du/acre) 62.5 0.43 17,200 SSOs 

Assumes 100 miles of 
sanitary sewer, with 
140 overflows/1000 

miles 
100 

Residential 
(2 du/acre) 31.3 0.58 11,700 

Illicit 
Connect-

ions 

Assumes complete 
connections in 1 in 
1000 residences. 

Assumes connections 
in 10% of businesses, 

with 90% only 
washwater, and 10% 

complete connections. 

11,200 

Commercial 25.0 1.70 27,300 Lawns 
Subsurface flow from 
lawns, assuming 0.03 

mg/L. 
4,100 

Roadway 5.0 1.88 6,000 Total 20,500 
Forest 25.0 0.20 3,200 
Rural 51.3 0.50 16,400 

Lake Surface 10 0.50 3,200 
Total 260 -- 96,600 

Internal Sources 
Atmospheric 10 0.5 3,200 

Sediment 10 0.15 960 
Waterfowl 10 1.37* 8,800 

Total -- -- 12,960 

    Primary  = 96,600 
 + Secondary  = 20,500 
 + Internal  = 12,960 
 
Total Current P Load  = 130,060 lbs/year 

* Waterfowl loading rate is dependent upon resident bird population.  For this example, 0.5 million bird-days/year 
was assumed. 

 

Box 1. Example Scenario:  Phosphorus Sources and External Phosphorus Budget

Primary
74%

Secondary
16%

Internal
10%

Distribution of Phosphorus Sources
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