
ABSTRACT: Identifying phosphorus (P) source areas and trans-
port pathways is a key step in decreasing P loading to natural
water systems. This study compared the effects of two mod-
eled runoff generation processes – saturation excess and infil-
tration excess – on total phosphorus (TP) and soluble reactive
phosphorus (SRP) concentrations in 10 catchment streams of
a Catskill mountain watershed in southeastern New York. The
spatial distribution of runoff from forested land and agricultural
land was generated for both runoff processes; results of both
distributions were consistent with Soil Conservation Service-
Curve Number (SCS-CN) theory. These spatial runoff distribu-
tions were then used to simulate stream concentrations of TP
and SRP through a simple equation derived from an observed
relation between P concentration and land use; empirical
results indicate that TP and SRP concentrations increased with
increasing percentage of agricultural land. Simulated TP and
SRP stream concentrations predicted for the 10 catchments
were strongly affected by the assumed runoff mechanism. The
modeled TP and SRP concentrations produced by saturation
excess distribution averaged 31 percent higher and 42 percent
higher, respectively, than those produced by the infiltration
excess distribution. Misrepresenting the primary runoff mecha-
nism could not only produce erroneous concentrations, it could
fail to correctly locate critical source areas for implementation
of best management practices. Thus, identification of the pri-
mary runoff mechanism is critical in selection of appropriate
models in the mitigation of nonpoint source pollution. Correct
representation of runoff processes is also critical in the future
development of biogeochemical transport models, especially
those that address nutrient fluxes.
(KEY TERMS: nonpoint source pollution; land use/land cover;
runoff modeling; watershed management; TMDL; phosphorus.)
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INTRODUCTION

The failure of more than 25 percent of the nation’s

monitored rivers and lakes to meet federal Clean

Water Act drinking water standards is largely due to

nonpoint source (NPS) contamination related to land

use (USEPA, 1998a). Many researchers have studied

the effects of land use on stream water quality in

attempts to facilitate management of NPS pollution

by several constituents (Hirose and Kuramoto, 1981;

Correll et al., 1992; Brenner and Mondock, 1995;

Haan, 1995; Jordon et al., 1997; McFarland and

Hauck, 1999). One of the most commonly studied pol-

lutants that lead to impairment of natural water sys-

tems in the United States is phosphorus (P), which is

of particular concern because it promotes freshwater

eutrophication. Agriculture is considered to be a

major source of P in streams (USEPA, 1995). Histori-

cally, watershed managers have focused on controlling

the application rates of manure and fertilizers and

the locations and timing of these P applications. For

example, the Total Maximum Daily Load (TMDL) pro-

gram, which is addressing NPS pollutant loading to

water bodies within the United States (USEPA,

1998b; National Research Council, 2001; Bosch,
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2003a,b), investigates the feasibility of implementing

various best management practices (BMPs) and

assesses their impact on pollutant loading. Best man-

agement practices have been developed to decrease P

transport from agricultural land to fresh water bod-

ies; however, locating areas in which BMPs will be

most effective can be difficult.

The sources and transport mechanisms of P are

major determinants of P concentrations in surface

water and shallow subsurface water. Phosphorus

sources have traditionally been the focus of BMP

research, but P-transport processes have gained

increasing attention in recent years and new trans-

port models are being formulated (Walter et al., 2000;

Seibert et al., 2003). Transport processes at the water-

shed scale (less than 100 km2) can involve numerous,

often complex hydrologic pathways, and studies to

characterize these pathways are expensive and time

consuming (Osborne and Wiley, 1988). Therefore,

modelers have recently begun to focus on the interac-

tions between runoff generation and P transport

through simple techniques without compromising pre-

dictive power. McDowell and Sharpley (2002) used a

series of experiments to demonstrate the role of

manure location and runoff generation process in the

transport of P. Their results support the concept of

critical source areas (CSA) as an objective method to

locate BMP implementation (Pionke et al., 1997; Wal-

ter et al., 2000,2001; Gburek et al., 2002).  Critical

source areas are regions where high nutrient loading

coincides with high propensity to produce runoff.

Areas of high nutrient loading are generally much

easier to identify than areas of high runoff genera-

tion. A major difficulty in delineating areas of high

runoff in a watershed is identifying the dominant

runoff generation mechanism.

The two prevailing theories describing mechanisms

of runoff (overland flow) generation are infiltration

excess, or Hortonian overland flow, and saturation

excess. Infiltration excess is based on the concept that

runoff begins when rainfall rates exceed soil infiltra-

tion capacities (Horton 1933, 1940) assuming runoff

amounts are directly controlled by factors that deter-

mine soil infiltration rate, such as land use and soil

type. Hortonian overland flow is important in many

parts of the United States, such as arid regions,

where soil crusting and/or surface sealing occurs dur-

ing rainstorms, and also in urban areas, where imper-

vious surfaces cause surface runoff; it also occurs in

extremely heavy intensity storms in nearly all

regions. Therefore, a water quality management per-

spective based on the infiltration excess concept will

identify CSAs solely on the basis of land use and, 

possibly, soil type. The second concept of runoff gener-

ation, the saturation excess theory, assumes that

runoff is generated by direct precipitation on, or 

exfiltration from, saturated areas in the landscape

(Dunne and Black, 1970), and that once the soils in

these areas become saturated to the surface, all addi-

tional rain that falls (regardless of intensity) becomes

overland flow. The extent of these saturated areas can

vary with season and from storm to storm; thus, the

saturation excess theory has been extended to encom-

pass variable source area (VSA) hydrology, attributed

primarily to Dunne and Black (1970) and Hewlett and

Hibbert (1967). The dynamic nature of VSAs further

complicates CSA identification. Accurate CSA delin-

eation for modeling and regulating NPS pollution

requires correct identification of the runoff generating

mechanism (Maas et al., 1987; Endreny and Wood,

1999).

The most common approach to predicting runoff in

agricultural water quality models, such as SWAT

(Arnold et al., 1993), AGNPS (Young et al., 1989),

CREAMS (USDA, 1980), and GWLF (Haith and Shoe-

maker, 1987), is through the Soil Conservation Ser-

vice Curve Number (SCS-CN) (USDA-SCS, 1972)

method. The SCS-CN method is theoretically consis-

tent with the infiltration excess theory (e.g., Hjelm-

felt, 1980) as well as the saturation excess theory

(e.g., Steenhuis et al., 1995), but is most commonly

used in a way that implicitly assumes infiltration

excess as the primary runoff mechanism by using

land use and soil class to assign runoff potential. In

contrast, methods that assume saturation excess the-

ory use landscape and topographical factors rarely

used in the SCS-CN method as indicators of runoff

potential. Thus, topography driven models, such as

the popular TOPMODEL (e.g., Beven and Kirkby,

1979) and similar models (e.g., Beven and Wood,

1983; O’Loughlin, 1986; Sivapalan et al., 1987;

Famiglietti and Wood, 1994; Endreny and Wood,

1999) can be used to identify runoff source areas in

watersheds where the saturation excess process domi-

nates runoff generation. These models assume, how-

ever, that the watershed is underlain by a permanent

water table that controls the VSAs – an assumption

that is not realistic for the mountainous regions of the

northeastern USA where shallow transient interflow

controls VSAs  (Walter et al., 2002).

Models based on either the infiltration-excess or

the saturation-excess theory can be calibrated to cor-

rectly simulate flow at the watershed outlet at a wide

range of temporal scales, regardless of the true runoff

generation process. To date, because of their intrinsic

simplicity, runoff models that use the SCS-CN method

in a manner consistent with infiltration excess theory

have been the choice of land managers and regulatory

agencies to predict runoff generation. These models

may not be representative of the true runoff genera-

tion processes that occur at the watershed scale and

may therefore incorrectly predict the locations where
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the runoff is generated. Accurate characterization of

runoff generation is essential in biogeochemical mod-

els to correctly estimate flow and nutrient flux; it also

is vital in identifying CSAs in which BMPs would be

most effective in achieving the goals of the TMDL pro-

gram. The widespread commitment to models based

on the SCS-CN method creates an urgent need to

incorporate saturation excess theory for use in water-

sheds where saturation excess hydrology dominates.

In 2000, a two-year stream sampling program was

begun by the United States Geological Survey (USGS)

in cooperation with Cornell University to investigate

the relations between P concentrations in streams

and principal land use in adjacent areas. Data from

this sampling program were used in examining the

effect of the two runoff generation methods on simu-

lating stream P concentrations for a watershed in the

Catskill Mountains of southwestern New York (Figure

1). Stream P concentrations calculated from models

based on infiltration excess runoff were compared

with those calculated from saturation excess runoff

scenarios. The differences resulting from the two
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Figure 1. Location of the 10 Sampling Sites and of Forested and Agricultural Land in the Town Brook

Watershed in Southeastern New York State (Land Use Base Map, D. Lounsbury, New York City

Department of Environmental Protection, personal communication, January 2002).



methods indicate the importance of selecting the

appropriate runoff mechanism for modeling the

stream P concentrations and locating CSAs for imple-

mentation BMPs.

STUDY AREA AND METHODS

This study was conducted in the Town Brook

watershed (latitude 42˚21´N, longitude 74˚39´W), a 

37 km2 watershed in the headwaters of the Can-

nonsville Reservoir basin in Delaware County, New

York. The Cannonsville Reservoir is part of the New

York City reservoir system. The Town Brook water-

shed ranges in elevation from 493 to 989 m above

mean sea level and slopes from 0 to 43 degrees. Land

use was obtained from Thematic Mapper imagery

from 1999 (D. Lounsbury, New York City Department

of Environmental Protection, personal communica-

tion, January 2002) and consists mainly of dairy

farming with pasture and rotated corn and hay crop-

ping, the watershed also contains forested areas and

small amounts of impervious area. For this study,

land was classified either forest or agricultural to cre-

ate binary land cover for the 10 catchments that con-

stitute the study area (Figure 1). The forest category

consisted of deciduous and coniferous; the agricultur-

al category encompassed cropland and pasture.

Impervious and semi-pervious areas were neglected

because they represented only about 0.5 percent of

total land area and minimal runoff. Table 1 gives the

area for each of the catchments in the study and the

percentage of the total watershed the catchment cov-

ers. The catchments ranged in size from the largest

(No. 2) at 33.9 km2, covering 91.6 percent of the

watershed, to the smallest (No. 1) at 0.6 km2, covering

1.5 percent of the watershed.

Soils in the study area are typical of the Catskill

region and consist primarily of shallow, well-struc-

tured loams on the hilltops and upper slopes, and

deeper silt loams on the lower slopes (Frankenberger

et al., 1999). The predominant soils are Lewbeach and

Halcott loams and Willowemoc and Onteora silt loams

for the upper and lower slopes, respectively. The

region is underlain by relatively impervious fragipan

in upland regions and by fractured, well drained sedi-

mentary bedrock in lower regions. Weather data, May

1996 to April 2001, were obtained from the National

Oceanic and Atmospheric Administration weather

station in Stamford, New York, about 1 km north of

the study area’s northern boundary (NCDC, 2002).

Sampling and P End Members

The 10 catchments that were selected for the study

provide a land use distribution that was representa-

tive of the Catskill region. The percentages of forested

and agricultural land in each catchment are given in

Table 1. Stream water samples were collected month-

ly at the outlet of each catchment (Figure 1) with 

a combination of automated samplers and manual

grab samples monthly from January 2000 through
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TABLE 1. Catchment Areas and Percentage of Agricultural and Forested Land, Percentage of Contribution to Total Runoff

for Each Land Use as Predicted by Saturation Excess and Infiltration Excess Methods, and Flow Weighted Concentrations

of Total Phosphorus (TP) and Soluble Reactive Phosphorus (SRP) Over the Entire Two-Year Sampling Period,

in Each of the 10 Catchments Studies in the Catskill Mountain Region of Southeastern New York.

Percentage of Flow Weighted

Catchment Percentage of Total Runoff Concentration

Percentage by Forest or Generation by Method in Stream

Area of Total Agricultural Land Saturation Excess Infiltration Excess (mg/l)

Catchment (km2) Area Forest Agriculture Forest Agriculture Forest Agriculture TP SRP

1 0.6 1.5 48.5 51.5 36.7 63.3 56.8 43.2 0.081 0.017

2 33.9 91.6 20.9 79.1 6.0 94.0 21.6 78.4 0.163 0.040

3 11.3 30.4 50.7 49.3 32.2 67.8 57.1 42.9 0.104 0.019

4 8.6 23.4 47.5 52.5 24.7 75.3 55.9 44.1 0.168 0.031

5 2.5 6.8 60.6 39.4 47.9 52.1 67.7 32.3 0.109 0.028

6 4.2 11.3 79.9 20.1 60.4 39.6 85.4 14.6 0.087 0.018

7 3.3 9.0 46.0 54.0 34.6 65.4 53.8 46.2 0.128 0.019

8 4.3 11.6 56.4 43.6 20.8 79.2 65.9 34.1 0.086 0.009

9 1.2 3.1 58.9 41.1 33.9 66.1 68.1 31.9 0.087 0.013

10 3.9 10.5 29.7 70.3 24.4 75.6 28.3 71.7 0.139 0.025



December 2001. Samples were analyzed for TP

through Kjeldahl digestion and colorimetry using

USEPA Method 365.4 (USEPA, 1983) and for SRP

through spectophotometry using USEPA Method

365.3 (USEPA, 1983).  The minimum detection levels

for the TP and SRP analysis were 0.01 mg/l and 0.005

mg/l, respectively.  Values below detection limits were

not included in the analysis. The measured monthly

concentrations were then weighted by observed

monthly flows at the Town Brook watershed outlet to

obtain average concentrations from each the 10 catch-

ments for the two-year sampling period. The relation

between land use and stream TP and SRP concentra-

tions is plotted in Figures 2A and 2B, respectively.

The final concentrations (end members) were

obtained through a linear fit to the data (Figure 2). In

this analysis, “end member” refers to the stream con-

centration expected from the hypothetical situation

where the land use is homogeneously forest or agri-

culture.

Modeling Runoff Generation

The two methods that were used to evaluate the

landscape’s propensity to generate runoff were a satu-

ration-excess method and an infiltration excess

method, both based on the SCS-CN method to predict

runoff amounts, to represent the extremes in hydro-

logic theory. The method of Lyon et al. (2004) was

applied to create a runoff generation map consistent

with saturation excess theory for the summer storms

of the available weather data period (1996 to 2001).

This method, termed distributed curve number vari-

able source area (CN-VSA) method, uses a derivation

of the SCS-CN equation consistent with saturation

excess theory to predict runoff amount, and a topo-

graphical index to distribute runoff generation predic-

tions. The traditional SCS-CN method (USDA-SCS,

1972) was also applied to the Town Brook watershed

data over the same period for an infiltration excess

runoff generation method. The traditional SCS-CN

method uses CNs based on land use and soil charac-

teristics that have been calibrated to outflow from the

watershed to distribute runoff generation predictions.

The CNs used in this study ranged from 30 to 87 with

area averaged values of 72.5 and 67.4 for forested and

agricultural lands, respectively. Maps of distributed

runoff generation were developed in a geographic

information system (GIS) environment from the

runoff models then normalized by their maximum

annual runoff depth. These maps were then divided

into catchments contributing to each sampling loca-

tion with the Hydro Data Model extension for ArcGIS

v8.2TM (ESRI, 1999) in addition to a 10 m Digital 

Elevation Model (DEM) (USGS, 2001). Land use maps

were overlaid on the runoff maps to partition runoff

by land use classification (agriculture or forest).

Hypothetical stream P concentrations were simulated

as

Cs = QAg CAg + QForest CForest

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 797 JAWRA

THE IMPACT OF RUNOFF GENERATION MECHANISMS ON THE LOCATION OF CRITICAL SOURCE AREAS

(1)

Figure 2. Stream P Concentrations as a Function of the Amount

of Forested and Agricultural Land in all 10 Catchments

of Town Brook Watershed for (A) TP and (B) SRP

(open symbols indicate end members).



where Cs is the stream P concentration as (mg/l), Q is

the contribution to total runoff (in percentage), C is

the P end-member concentration as (mg/l) estimated

from Figure 2, and the subscripts Ag and Forest refer

to agricultural and forested land, respectively.

RESULTS

The cumulative runoff volume (13,300 liters) for

the simulation period – the growing seasons from

April 1996 through April 2001 – predicted by dis-

tributed CN-VSA method was similar to that of the

traditional SCS-CN method (13,200 liters). The small

difference (0.8 percent) between the two results

reflects the ability to consistently calibrate models

using the SCS-CN method, whether infiltration

excess or saturation excess is assumed as the domi-

nant runoff process. The discrepancy between the two

results is clear when the propensity to contribute

runoff is plotted on maps (Figure 3A and 3B); the per-

cent contribution to total runoff from forested land

differed from the contribution of agricultural land

(Table 1). Saturation excess theory, applied in the dis-

tributed CN-VSA method, predicts that most runoff is

coming from regions near the stream. These are loca-

tions with large upslope areas, converging topogra-

phy, and shallow soils. These locations also

correspond mainly to agricultural land; therefore, sat-

uration excess theory predicts more contribution from

agricultural land. Infiltration excess theory, applied in

the traditional SCS-CN method, predicts forest land

to contribute more to the total runoff. This is due to

larger areas of forest land creating more of the total

runoff for each catchment. The differences in these

methods could adversely affect land management

decisions, such as where to locate BMP implementa-

tion.

The relation between P concentration and land use

(Figure 2) indicates that the concentration of TP and

SRP in stream water increased with increasing per-

centage of agricultural land (TP: R2 = 0.49; SRP: R2 =

0.36). End member concentrations were calculated for

each sampling site from Equation (1) with the end-

member concentrations from Figure 2, and the contri-

bution to total runoff per land use for each runoff 

mechanism given in Table 1. The resulting stream TP

and SRP concentrations calculated by the saturation-

excess method averaged 31 percent and 42 percent

higher, respectively, than those calculated by the infil-

tration excess method (Figure 4). The saturation

excess theory implies that agricultural land produces

more runoff than forested land because of its topo-

graphic locations and because it is closer to the

stream. Given the increasing linear relation between

P concentration and land use, predictions through

saturation excess theory yield higher predicted P

stream concentrations.  

Figure 5 shows the predicted TP and SRP concen-

trations compared to the measured stream concentra-

tions based on saturation excess method (closed

circles) and infiltration excess method (open circles).

For both TP and SRP, the saturated excess method

and the infiltration excess method predict slightly

above measured concentrations at low concentrations

and slightly below measured concentrations at higher

concentrations. The predicted results from the infil-

tration excess method have slightly higher R2 values,

while the results from the saturation excess method

have slightly lower relative difference (i.e., the ratio of

standard to the mean observed value). The disagree-

ment between modeled and predicted results demon-

strates the complex nature of nutrient transport in

natural systems. Regardless, these runoff models give

reasonable predictions of P concentrations while

remaining simple. Predictions from both methods

cluster around the 1:1 line and would be reasonable

without further knowledge of the mechanism occur-

ring in the watershed. Both methods can be calibrated

to represent P concentrations in the stream. The true

difference between the methods is where the runoff is

generated. The dominant runoff generating mecha-

nism must be identified, however, before CSAs can be

located or BMPs implemented to effectively lower P

concentrations.

DISCUSSION

Many researchers have reported the accumulation

of interflow water in the form of increased soil mois-

ture at the hill bottoms relative to the steep parts of

the hills in the Catskill Mountain region during wet

periods (Frankenberger et al., 1999; Ogden and Watts

2000; Mehta et al., 2004). Some observed locations

where saturation commonly occurs are those where

the soil above the low conductivity layer is shallow;

the slope decreases downhill, such as the toe slope of

a hill; or the topography converges. These observa-

tions suggest that saturation excess is the dominant

runoff process in this region and that models based on

this method provide more representative results than

those based on infiltration excess. It has been shown,

however, that for extremely large rain events, both

infiltration excess and saturation excess runoff pro-

cesses may be possible (Srinivasan et al., 2002). Most

likely, the runoff mechanisms presented in this study

represent the extremes of a continuum existing 

in nature. Walter et al. (2004) demonstrated that infil-

tration excess runoff is only likely to occur when 
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15-minute rainfall intensities exceed three-year

return periods for watersheds in this region. Thus,

the occurrence of infiltration excess runoff is possible

in the watershed but only in relatively small amounts

and is not likely the dominant process. For CSA iden-

tification and TMDL assessment, infiltration excess

runoff theory would lead to the implementation of

BMPs in locations that do not contain the expected

runoff mechanisms in the majority of rainfall events

and, thus, may have little effect on water quality. It

has been demonstrated how, by including VSA con-

cepts in BMP implementation, cost effective manage-

ment scenarios can be accomplished when the proper

runoff mechanism is included (Walter et al., 2000;

Qiu, 2004).
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Figure 3. Normalized Percent Contribution to Total Runoff for Town Brook Watershed Over

the Simulation Period as Predicted by the Two Runoff Processes: (A) Saturation

Excess Runoff Method and (B) Infiltration Excess Runoff Method.



Hypothetical CSAs identified by the saturation

excess method and the infiltration excess method are

depicted in Figures 6A and 6B to demonstrate how

differences in spatial distribution of contribution of

runoff affect BMP implementation. This figure is

based on the assumption that regions contributing

more than 12.5 percent of the annual maximum 
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Figure 4. Phosphorus Concentrations in the 10 Town Brook

Catchments Predicted by the Saturation Excess Method

in Relation to P Concentrations by the Infiltration

Excess Method for: (A) TP and (B) SRP.
Figure 5. Phosphorus Concentrations in the 10 Town Brook

Catchments Predicted by the Saturation Excess Method

(closed circles) and the Infiltration Excess Method

(open circles) in Relation to Measured P Concentrations

for: (A) TP and (B) SRP. The R2 and relative difference

(RD) are shown with RD expressing the ratio of

standard error to mean observed value.



runoff depth for a given method have a high propensi-

ty to produce runoff and that agricultural lands pro-

vide large nutrient loadings. Therefore, overlaying

regions of high propensity to produce runoff and large

nutrient loadings represents CSAs. Visual inspection

indicates that BMP implementation and management

decisions based on infiltration excess theory would

probably do little to decrease stream P concentrations

because the focus would be on upslope regions, which

are dominated primarily by forest. For example,
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Figure 6. Locations of Critical Source Areas Based on the Intersection of Areas Contributing More Than

12.5 Percent of the Annual Maximum Runoff Depth for a Given Runoff Method and Agricultural

Land Use for Town Brook Watershed as Predicted by the Two Runoff Processes:

(A) Saturation Excess Runoff Method and (B) Infiltration Excess Runoff Method.



stream buffer zones placed in the CSAs based on infil-

tration excess theory would only affect the

headwaters of streams and would not coincide with

agricultural lands. If BMP selection was based on sat-

uration excess theory, however, efforts to protect

water quality would be focused on near stream areas

containing agricultural land. Using saturation excess

theory, the stream buffer zones could be located on

agricultural land to reduce manure spreading near

streams and transport from agricultural land to

streams. This is important for developing TMDLs

across the United States, which uses land use and

management changes as a tool to improve water qual-

ity, but is based heavily on runoff modeling (Bosch et

al., 2004). These two runoff methods identify vastly

different CSAs, although they predict similar total

runoff; this demonstrates that calibration of a hydro-

logic model to streamflow is only the first step in

selecting an appropriate model.

Identification of CSAs with hydrological models

requires knowledge of the runoff processes occurring

within the watershed. Methods are available to deter-

mine dominant runoff mechanisms before model

selection. Field observations made during runoff gen-

erating events are crucial to locating areas where

water runs off. Srinivasan et al. (2002) were able to

use a network of water level loggers and runoff detec-

tors to determine saturation excess and infiltration

excess generated runoff. Knowledge of historical

weather data and watershed characteristics also aids

in defining runoff processes. By comparing long term

rainfall intensities and watershed characteristics,

Walter et al. (2004) were able to estimate dominant

hydrological processes generating runoff for the New

York City watersheds. Remote sensing has also been

used to identify runoff processes, usually through

VSA identification, at the watershed scale (Verhoest

et al., 1998; Guntenspergen et al., 2002; Toyra et al.,

2002). These are just some methods currently being

used to determine runoff processes. Regardless of how

the process is determined, the most important aspect

of runoff model selection is knowledge of what runoff

process is actually occurring and matching the appro-

priate model. Identifying the actual runoff process is

especially important as the next generation of biogeo-

chemical transport models evolve from the current

suite of hydrological models. Future models will need

to be consistent with prevailing hydrological theories

on where and how runoff is generated in the quantifi-

cation of CSAs for locating areas in which BMPs will

be most effective.

CONCLUSION

A thorough and accurate understanding of hydro-

logic mechanisms in a watershed is essential for reli-

able prediction of stream water quality and, thus,

effective land use management to protect water quali-

ty. Results from the 10 study sites indicate a positive

correlation between TP and SRP concentrations and

the amount of agricultural land use, as do similar

studies of P concentration in relation to land use.

Two runoff generation mechanisms (infiltration

excess and saturation excess) were modeled, and

resulting TP and SRP concentrations compared. The

estimations of stream TP and SRP concentration were

directly influenced by the spatial position of runoff

source areas. These two mechanisms differ in their

spatial distributions of runoff generation; therefore,

sharply differing nutrient management scenarios

could result depending on which runoff model was

selected. Given that funds available to watershed

managers tend to be limited, the correct runoff gener-

ation mechanisms need to be identified to ensure opti-

mal placement and implementation of BMPs to

protect water quality.

LITERATURE CITED

Arnold, J.G., P.M. Allen, and G. Bernhardt, 1993. A Comprehensive

Surface-Groundwater Flow Model. Journal of Hydrology 142:47-

69.

Beven, K.J. and M.J. Kirkby, 1979. A Physically Based, Variable

Contributing Area Model of Basin Hydrology. Hydrological Sci-

ences Bulletin 24:43-69.

Beven, K.J. and E.F. Wood, 1983. Catchment Geomorphology and

the Dynamics of Runoff Contributing Areas. Journal of Hydrolo-

gy 65:139-158.

Bosch, D.D., 2003a. Total Maximum Daily Loads. Part One: Why is

This a Ticklish Topic? What Exactly Are TMDLs? Resources

10(1):13-14.

Bosch, D.D., 2003b. Total Maximum Daily Loads. Part Two: Why

Are They Necessary? How Will They Impact You? Resources

10(3):11-12.

Bosch, D.D., J.M. Sheridan, H.L. Batten, and J.G. Arnold, 2004.

Evaluation of the SWAT Model on a Coastal Plain Agricultural

Watershed. Transactions of the ASAE 47(5):1493-1506.

Brenner, F.J. and J.J. Mondock, 1995. Nonpoint Source Pollution

Potential in an Agricultural Watershed in Northwestern Penn-

sylvania. Water Resources Bulletin 31:1001-1112.

Correll, D.L., T.E. Jordon, and D.E. Weller, 1992. Nutrient Flux in a

Landscape: Effects of Coastal Landuse and Terrestrial Commu-

nity Mosaic on Nutrient Transport to Coastal Waters. Estuaries

15:431-442.

Dunne, T. and R.D. Black, 1970. Partial Area Contributions to

Storm Runoff in a Small New-England Watershed. Water

Resources Research 6(5):1296-1308.

Endreny, T.A. and E.F. Wood, 1999. Distributed Watershed Model-

ing of Design Storms to Identify Nonpoint Source Loading

Areas. Journal of Environmental Quality 28:388-397.

JAWRA 802 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

LYON, MCHALE, WALTER, AND STEENHUIS



ESRI (Environmental Systems Research Institute), 1999. ArcGIS

Version 8.2. Environmental Systems Research Institute, Inc.,

Redlands, California.

Famiglietti, J.S. and E.F. Wood, 1994. Multiscale Modeling of Spa-

tially Variable Water and Energy Balance Processes. Water

Resources Research 30:3061-3078.

Frankenberger, J.R., E.S. Brooks, M.T. Walter, M.F. Walter, and T.S.

Steenhuis, 1999. A GIS-Based Variable Source Area Model.

Hydrological Processes 13:804-822.

Gburek, W.J., C.C. Drungil, M.S. Srinivasan, B.A. Needelman, and

D.E. Woodward, 2002. Variable-Source-Area Controls on Phos-

phorus Transport: Bridging the Gap Between Research and

Design. Journal of Soil and Water Conservation 57(6):534-543.

Guntenspergen, G.R., S.A. Peterson, S.G. Leibowitz, and L.M. Cow-

ardin, 2002. Indicators of Wetland Condition for the Prairie Pot-

hole Region of the United States. Environmental Monitoring

and Assessment 78:229-252.

Haan, C.T., 1995. Fate and Transport of Phosphorus in the Lake

Okeechobee Basin, Florida. Ecological Engineering 5:331-339.

Haith, D.A. and L.L. Shoemaker, 1987. Generalized Watershed

Loading Functions for Stream-Flow Nutrients. Water Resources

Research 23(3):471-478.

Hewlett, J.D. and A.R. Hibbert, 1967. Factors Affecting the

Response of Small Watersheds to Precipitation in Humid

Regions. In: Forest Hydrology, W.E. Sopper and H.W. Lull (Edi-

tors). Pergamon Press, Oxford, United Kingdom, pp. 275-290.

Hirose, T. and N. Kuramoto, 1981. Stream Water Quality as Influ-

enced by Land Use Patterns in the Kakioka Basin, Japan. Jour-

nal of Environmental Quality 10:184-188.

Hjelmfelt, A.T., 1980. Curve Number Procedure as Infiltration

Method. Journal of Hydrology 106(6):1107-1111.

Horton, R.E., 1933. The Role of Infiltration in the Hydrologic Cycle.

Transactions of the American Geophysical Union 14:446-460.

Horton, R.E., 1940. An Approach Toward a Physical Interpretation

of Infiltration Capacity. Soil Science Society of America Proceed-

ings 4:399-417.

Jordan, T.E., D.L. Correll, and D.E. Weller, 1997. Relating Nutrient

Discharges From Watersheds to Land Use and Streamflow Vari-

ability. Water Resources Research 33:2579-2590.

Lyon, S.W., M.T. Walter, P. Gérard-Marchant, and T.S. Steenhuis,

2004. Using a Topographic Index to Distribute Variable Source

Area Runoff Predicted With the SCS-Curve Number Equation.

Hydrological Processes 18:2757-2771.

Maas, R.P., M.D. Smolen, C.A. Jamieson, and A.C. Weinberg, 1987.

Setting Priorities: The Key to Nonpoint Source Control. EPA

841-B-87-110, U.S. Environmental Protection Agency, Office of

Water Regulations and Standards, Washington, D.C.

McDowell, R. and A.N. Sharpley, 2002. Phosphorus Transport in

Overland Flow in Response to Position of Manure Application.

Journal of Environmental Quality 31:217-227.

McFarland, A.M.S. and L.M. Hauck, 1999. Relating Agricultural

Land Uses to In-Stream Stormwater Quality. Journal of Envi-

ronmental Quality 28:836-844.

Mehta, V.K., M.T. Walter, E.S. Brooks, T.S. Steenhuis, M.F. Walter,

M. Johnson, J. Boll, and D. Thongs.  2004. Evaluation and Appli-

cation of SMR for Watershed Modeling in the Catskill Moun-

tains of New York State. Environmental Modeling and

Assessment 9(2):77-89.

NCDC (National Climatic Data Center) 2002. Stamford, New York.

Available at http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?

wwDI~StnSrch~StnID~20019780. Accessed in January 2002.

National Research Council, 2001. Assessing the TMDL Approach to

Water Quality Management. National Academy Press, Washing-

ton, D.C.

O’Loughlin, E.M., 1986. Prediction of Surface Saturation Zones in

Natural Catchments by Topographic Analysis. Water Resources

Research 22:794-804

Ogden, F.L. and B.A. Watts, 2000. Saturated Area Formation on

Nonconvergent Hillslope Topography With Shallow Soils: A

Numerical Investigation. Water Resources Research 36(7):1795-

1804.

Osborne, L.L. and M.J. Wiley, 1988. Empirical Relationships

Between Land Use/Cover and Stream Water Quality in an Agri-

cultural Watershed. Journal of Environmental Management

26:9-27.

Pionke, H.B., W.B. Gburek, A.N. Sharpley, and J.A. Zollweg, 1997.

Hydrologic and Chemical Controls on Phosphorus Losses from

Catchments. In: Phosphorus Loss From Soil to Water, H. Tun-

ney, O.T. Carton, P.C. Brookes, and A.E. Johnson (Editors).  CAB

International Press, Cambridge, England, pp. 225-242.

Qiu, Z., 2004. A VSA-Based Strategy for Placing Conservation

Buffers in Agricultural Watersheds. Environmental Manage-

ment 32(3):299-311.

Seibert, J., A. Rodhe, and K. Bishop, 2003. Simulating Interactions

Between Saturated and Unsaturated Storage in a Conceptual

Runoff Model. Hydrological Processes 17:379-390.

Sivapalan, M., K. Beven, and E.F. Wood, 1987. On Hydrological

Similarity. 2. A Scaled Model of Storm Runoff Production. Water

Resources Research 23:2266-2278.

Srinivasan, M.S., W.J. Gburek, and J.M. Hamlett, 2002. Dynamics

of Stormflow Generation – A Hillslope-Scale Field Study in

East-Central Pennsylvania, USA. Hydrological Processes

16(3):649-665

Steenhuis, T.S., M. Winchell, J. Rossing, J.A. Zollweg, and M.F. Wal-

ter, 1995. SCS Runoff Equation Revisited for Variable-Source

Runoff Areas. Journal of Irrigation and  Drainage Engineering

121(3):234-238.

Toyra, J., A. Pietroniro, L.W. Martz, and T.D. Prowse,  2002. A

Multi-Sensor Approach to Wetland Flood Monitoring. Hydrologi-

cal Processes 16:1569-1581.

USDA (U.S. Department of Agriculture), 1980. CREAMS – A Field

Scale Model for Chemicals, Runoff, and Erosion From Agricul-

tural Management Systems. Science and Education Administra-

tion Conservation Research Report 26, U.S. Department of

Agriculture, Washington, D.C.

USDA-SCS (U.S. Department of Agriculture-Soil Conservation 

Service), 1972. Hydrology: Soil Conservation Service National

Engineering Handbook, Section 4. U.S. Department of Agricul-

ture-Soil Conservation Service, Washington, D.C.

USEPA (U.S. Environmental Protection Agency), 1983. Methods for

Chemical Analysis of Water and Wastes. EPA 600-4-79-020, U.S.

Environmental Protection Agency, Environmental Monitoring

and Support Laboratory, Cincinnati, Ohio.

USEPA (U.S. Environmental Protection Agency), 1995. National

Water Quality Inventory: 1994 Report to Congress. EPA841-R-

95-005, U.S. Environmental Protection Agency, Office of Water,

Washington, D.C.

USEPA (U.S. Environmental Protection Agency), 1998a. National

Water Quality Inventory: 1996 Report to Congress. EPA-841-F-

97-003, U.S. Environmental Protection Agency, Office of Water,

Washington, D.C.

USEPA (U.S. Environmental Protection Agency), 1998b. Report to

the Federal Advisory Committee on the Total Maximum Daily

Load (TMDL) Program: The National Advisory Council for Envi-

ronmental Policy and Technology. EPA-100-R-98-006,  U.S. Envi-

ronmental Protection Agency, Washington, D.C.

USGS (U.S. Geological Survey), 2001. Digital Elevation Models

(DEM) – 24K. Delaware County, New York. Available at

http://data.geocomm.com/catalog/US/61061/546/group4-3.html.

Accessed in January 2002.

Verhoest, N.E.C., P.A. Troch, C. Paniconi, and F.P. DeTroch, 1998.

Mapping Basin Scale Variable Source Areas From Multitempo-

ral Remotely Sensed Observations of Soil Moisture Behavior.

Water Resources Research 34(12):3235-3244.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 803 JAWRA

THE IMPACT OF RUNOFF GENERATION MECHANISMS ON THE LOCATION OF CRITICAL SOURCE AREAS



Walter, M.T., E.S. Brooks, M.F. Walter, T.S. Steenhuis, C.A. Scott,

and J. Boll, 2001. Evaluation of Soluble Phosphorus Loading

From Manure-Applied Fields Under Various Spreading Strate-

gies. Journal of Soil and Water Conservation 56:329-335.

Walter, M.T., V.K., Mehta, A.M. Marrone, J. Boll, P. Gérard-

Marchant, T.S. Steenhuis, and M.F. Walter.  2004. Simple Esti-

mation of Prevalence of Hortonian Flow in New York City

Watersheds. Journal of Hydrological Engineering 8(4):214-218.

Walter, M.T., T.S. Steenhuis, V.K. Mehta, D. Thongs, M. Zion, and

E. Schneiderman, 2002. Refined Conceptualization of TOPMOD-

EL for Shallow Subsurface Flows. Hydrological Processes

16:2041-2046.

Walter, M.T., M.F. Walter, E.S. Brooks, T.S. Steenhuis, J. Boll, and

K. Weiler, 2000. Hydrologically Sensitive Areas: Variable Source

Area Hydrology Implications for Water Quality Risk Assess-

ment.  Journal of Soil and Water Conservation 55(3): 277-284.

Young, R.A., C.A. Onstad, D.D. Bosch, and W.P. Anderson, 1989.

AGNPS – A Nonpoint-Source Pollution Model for Evaluating

Agricultural Watersheds. Journal of Soil and Water Conserva-

tion 44(2):168-173.

JAWRA 804 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

LYON, MCHALE, WALTER, AND STEENHUIS


