










Thus, we must understand and define the transport processes and their controls on flowpath 
geometry linking all points of the watershed land surface to the watershed outlet, through 
both the surface and subsurface systems. 

A hydrologic basis for nutrient and pathogen transport 

The transport and CSA aspects of strategies for nutrient and pathogen management can be 
developed within the context of dominant characteristics of northeastern upland watershed 
hydrology — variable-source-area watershed response as it controls surface runoff generation 
and its related contaminant transport, and bedrock layering and fracturing as it controls 
ground water flow and related contaminant transport within shallow aquifers. These 
strategies must also address effects of the riparian zone, and describe relevant interactions 
between all flow components at the watershed scale. 

At the most basic level, the intersection of surface runoff and ground water recharge source-
areas with areas of fertilizer or animal waste application over the landscape is what creates 
the initial CSAs controlling loss of P, N, and pathogens from a watershed. The situation may 
become more complicated though, when pathways of flow (transport) from these CSAs are 
considered; the contaminants may undergo transformations downgradient that alter their 
concentration and/or mass by dilution, reaction, or sink types of processes, adding an 
additional control on contaminant export. 

Surface runoff and phosphorus/pathogen transport 

Surface runoff, the primary vehicle for P and pathogen transport, is the direct result of 
rainfall impacting the land surface. Generation of surface runoff was traditionally thought to 
be a soil-controlled phenomenon occurring over the entire watershed, and techniques 
developed to predict storm runoff (e.g., the curve number) were based on this assumption. 
This process is generally referred to as infiltration excess runoff, and occurs because the 
infiltration capacity of the soil is less than that of rainfall intensity. More recently however, 
partial-area hydrology, which then evolved to variable-source-area (VSA) hydrology (Ward, 
1984), has become accepted as a descriptor of humid-climate watershed response to 
precipitation. In this case, runoff is termed saturation excess runoff, and is generated because 
there is limited storage capacity in the soil. Available porosity is already filled either because 
of high near-stream water tables or typically wet areas on the landscape (e.g., geologic 
contacts, areas of convergence, or fragipan soils) 

The basic premise of VSA hydrology is that there is a contributing subwatershed within the 
topographically defined watershed which varies in time — it expands and contracts rapidly 
during a storm as a function of precipitation, soils, topography, and ground water level and 
moisture status. VSA runoff is dominated by saturation overland flow and also rapidly 
responding subsurface flow. The remainder of the watershed provides little or no runoff, 
only infiltration and ground water recharge. Since surface runoff is the mechanism for P and 
pathogen transport, the intersections of the VSA with soil/fertility/management combinations 
that produce excess P or pathogens at the land surface control their loss from the watershed. 
For loss to occur, there must be coincident available P (or pathogens) and surface runoff to 
move it to the watershed outlet. 
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Soil P levels can be high over much of the watershed, but these high-P areas are "activated" 
to become a source of P to the watershed outlet only by occurrence of surface runoff. The 
runoff generation portion of a CSA is not easily controlled, but soil P levels in areas 
conducive to surface runoff formation can be monitored and controlled. Thus, management 
to limit P loss from a watershed should be focused on areas where runoff is likely to occur 
that are coincident with high P levels in the soil. This concept is currently being incorporated 
into the Phosphorus Index (see Gburek et al., 2000), a topic that will be addressed in 
subsequent papers from this conference. 

Ground water and N transport 

Ground water flow systems have traditionally been analyzed in terms of deeper water supply 
aquifers and homogeneous media. Flowpaths developed for these analyses extend deep into 
the subsurface and are regular in form, while associated travel times are considered to be at 
scales of years, decades, and even centuries. However, concerns with nonpoint source 
pollution from agriculture have required us to focus on the characteristics of the shallow 
surficial aquifers, those most easily and more likely affected by overlying land use. In the 
Northeast, this leads directly to the need to consider the effects of bedrock layering and 
fracturing on patterns of flow and contaminant transport, as well as the shallow aquifer's 
interactions with the surface water flow system. 

At the larger scale, the land surface is typically underlain by relatively conductive layers of 
soil and rock, which are, in turn, underlain by less permeable strata. The more permeable 
layers forming the surficial aquifer can range from a few meters to tens of meters thick. 
Ground water moving within the more conductive surficial layers generally forms an 
unconfined aquifer, i.e., the water table is the upper boundary of the saturated zone. Further, 
nearly all ground water regions of the eastern U.S. have some degree of fracture control on 
flow within the shallow bedrock. Bedrock fracturing, when it occurs, exaggerates the 
hydrogeologic characteristics of the layered aquifer even more, producing extremes in the 
properties governing flow and transport — very high hydraulic conductivity and relatively low 
specific yield. The result of these conditions is that the flowpaths tend to be even more 
constrained within the shallower zones of the aquifer. The shallow zone of fracturing may be 
overlain by relatively thick glacial deposits or regolith, or by only a thin soil. In all cases 
though, ground water within the shallow fracture zones is affected directly by overlying and 
immediately upgradient land use. 

Pionke and Urban (1985) developed a comprehensive nitrogen budget within a 7.2 km2 
upland agricultural watershed in east-central Pennsylvania, and showed that NO3 leaving the 
root zone in percolate at the watershed scale matched that observed in the stream at the 
watershed outlet. Gburek and Folmar (1999b) extended this finding to show that the NO3
balance could be maintained down to a subwatershed scale of approximately 0.5 km2. Thus, 
at a variety of watershed scales, NO3 leaving the root zone should be expected to appear in 
streamflow over the long term. Schnabel et al. (1993a) and Gburek and Folmar (1999a) 
showed that streamflow patterns of NO3 are controlled by land use distribution and the 
layered and fractured geologic system. In total, this research emphasizes the need to focus 
on subsurface flowpaths to understand nitrate movement and develop corresponding 
management strategies. 
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Because of the layering and fracturing prevalent in upland watersheds of the Northeast, 
ground water quality within the surficial aquifer is strongly affected by land use positioning 
within the watershed. Land use over only the most upland watershed positions controls 
water quality within the deeper regional aquifer, while land use distribution over the 
remainder of the watershed affects water quality patterns within the shallower fractured 
layers. 

From the total watershed perspective, this discussion indicates the potential, or lack thereof, 
to manage N loss from a watershed. Basically, the subwatersheds producing higher NO3
concentrations in a stream are those having higher source-area inputs of N to the ground 
water. The simple answer to reducing N output from a watershed is reducing or managing 
the N applied to the land surface to minimize loss through the root zone. 

Riparian zone considerations 

Elevated levels of NO3 are expected in ground water recharge from agricultural land use, but 
the resultant high concentrations of NO3 in ground water may be attenuated enroute to 
becoming streamflow if the ground water flows through riparian ecosystems (Lowrance et 
al., 1984; Correll and Weller, 1989). The riparian zone (RZ) is that portion of the watershed 
where subsurface flow intersects the land surface, usually in near-stream positions, causing 
high water tables and soil moisture levels. Under humid-climate conditions, ground water 
convergence to the stream is the prime cause of these high-moisture, high-water-table, 
riparian conditions effective for nitrate reduction, but aquifer configuration and its controls 
on the ground water flow system geometry at the watershed-scale also influence the potential 
for NO3 removal (Schnabel et al., 1993b). 

Cooper (1990) concluded that catchment hydrology, particularly flowpaths through the RZ, 
determine the control of near-stream environments on pollutant flux. Whether riparian zone 
processes can substantially reduce nitrogen discharge into a stream depends on both the areal 
extent of the RZ and the hydrologic linkages between upland nitrate sources (i.e., farm fields) 
and the RZ. A variety of linkages with varying degrees of complexity are possible on a 
watershed, ranging from landscape positions with short, shallow, direct paths between 
cropped areas and riparian zones, to those with deep flow paths through limited riparian 
zones. When flow paths are direct and shallow, nearly all agricultural drainage passes 
laterally through the RZ before discharging to the stream. In contrast, when flow paths are 
less constricted, more of the ground water discharge can bypass some or all of the RZ, either 
as deeper flow before converging to the channel, or as loss to a deeper ground water system. 

As emphasized throughout this paper in other scenarios, flow path and transport definition is 
critical — here, subsurface flowpaths describe delivery of recharge from the agricultural land 
use to and through the RZ. Of prime importance is the origin of those flowpaths passing 
through the RZ, because only land uses from which these flowpaths originate have the 
potential to be affected by RZ processes. High recharge conditions typical of springtime, 
results in the most flow passing through the RZ. Lower recharge conditions, more typical of 
summer and early fall, result in a generalized lowering of the water table over the watershed, 
and consequently, less flow (and fewer pathways) passing through the active RZ. In 
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evaluating potential RZ effects under these conditions though, the hydrologic status of the 
watershed must also be considered. The high-recharge configuration represents springtime 
conditions when denitrification processes are less effective because of cooler temperatures, 
and residence times within the RZ are also shorter because of higher flowrates. Conversely, 
when potential for denitrification is greater (summer temperatures and longer residence 
times), more of the ground water bypasses the RZ. Thus, the effectiveness of local 
biochemical RZ processes must be integrated with watershed-scale hydrologic conditions to 
fully evaluate the potential for a landscape to attenuate NO3 inputs to the ground water. 

Implications for nutrient and pathogen management 

The concepts presented provide the basis for describing transport and related source-area on 
nutrient and pathogen loss from the watershed — for loss to occur, there must be available 
nutrients and/or pathogens as well as water movement to carry them to the watershed outlet. 
As an example, soil-P levels may be high over much of the watershed, but these high-P areas 
become a source of P to the stream only by concurrent occurrence of surface runoff 

At the watershed scale, relatively few processes and parameters form the critical source-areas 
controlling nutrient or pathogen loss — even fewer may be efficiently or readily manageable. 
In the case of P management, runoff generation itself is not easily controlled at the watershed 
scale in humid-climate regions, but P levels in areas contributing to P loss via storm runoff 
can be measured, monitored, and controlled. Erosion may be more manageable, particularly 
by manipulating cover directly or indirectly through a conservation practice, such as 
modified tillage. Phosphorus loss may be managed by controlling P fertility level in the 
primary surface runoff zones, and sediment-related P by controlling erosion and/or P fertility 
level in the primary erosion zones. Levels of soil P further from the stream may be of less 
concern since there is less chance of runoff occurring from these areas. 

Selection of remediation methods for controlling P export from a watershed should not cause 
or aggravate other water quality problems though. Phosphorus control strategies based on 
reducing surface runoff losses by increasing infiltration rate or disposing of excess P in non-
runoff zones may well increase NO3 recharge to ground water, especially where applications 
of manure or organic materials are the primary source of the excess P. Under these 
conditions, remedial approaches must be developed and selected to optimize control of P loss 
relative to achieving N control objectives. 

In those watershed positions where P or pathogen loss is not of concern because of minimal 
surface runoff, management of N from fertilizers and animal wastes becomes critical. N is 
much less likely than P to be built up or stored in the soil system. Thus, the simple fact is 
that N excess within the soil in all nitrogen CSAs (the recharge zones) must be carefully 
controlled to reduce N inputs to the ground water and subsequent export from the watershed. 
The CSAs for N involve most of the watershed area because they are the inverse of the VSA 
for runoff An alternative to management of N in the soil within the nitrogen CSAs is 
restrictions on types of land use and management — that approach would be less preferable. 
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Summary 

Nutrient and pathogen management strategies must be developed considering the watershed, 
as well as the farm and field scales. Hydrologic processes that dominate at the watershed 
scale determine which farms or fields have the potential to contribute most of the exported 
nutrients or pathogens. Other watershed elements, such as the riparian zone, exist between 
the individual fields and the watershed outlet that alter the timing, amount, and concentration 
of the nutrients exported — again though, these are primarily a function of the structure of the 
watershed-scale flow system. Here, we have delineated P and N CSAs from the hydrologic 
perspective — considering transport processes — that are not predictable using a field- or farm-
scale approach. Only after the hydrologic (runoff and recharge) source-areas are established 
at the watershed scale can we consider the smaller scale soil, chemistry, and nutrient use 
information within the farms and fields to define the nutrient and pathogen CSAs. 

We remain far removed from development of a single nutrient and pathogen management 
strategy that can account for all contaminants, as well as all hydrologic implications. 
Modeling tools and field data are simply not available to integrate all aspects of the 
hydrologic cycle from the flow perspective alone, much less from that of water quality. 
However, we can draw conclusions based on what has been shown. Hydrologic implications 
are that to control P loss, we control P application and build-up primarily in near-stream 
zones. Levels in the soil at distance from the stream are of minimal concern since there is 
only a limited chance of runoff occurring to move P from that location to the stream. Thus, 
the most obvious control from the P point of view is to apply animal wastes on landscape 
positions at distance from the stream — the further the better. 

Concern with nitrate is different though — we must control N in areas of ground water 
recharge. The ideal animal waste disposal strategy should provide for N in the soil at 
amounts needed by the plants, both in timing and areal distribution. If excess wastes are 
applied though, nitrate escaping crop uptake will easily move with any water available to 
move it. In this case, the management strategy becomes disposal (i.e., excess N), and should 
be limited to those portions of the landscape which do not affect ground water zones critical 
to water supply. Lastly, if we can identify those flowpaths that pass through the RZ, we can 
apply the excess N to watershed areas having the best chance to be affected by RZ processes, 
thereby realizing maximum reduction of input concentrations. 

When all flow components of the hydrologic cycle are intimately connected, as in humid-
climate upland watersheds, we must consider interactions between these components when 
developing effective animal waste management strategies. Management must account for 
interactions between areas of nutrients and pathogens applied to the landscape, source areas 
of ground water recharge, patterns of ground water movement and associated contaminant 
transport, surface runoff source areas and associated transport, and riparian zone controls. To 
accomplish this, we must continue to do a better job in accurately portraying the hydrologic 
flow system. External and internal boundaries, controlling geometries, hydraulic properties, 
major flowpath patterns, and areas of recharge, subsurface discharge, and surface runoff must 
all be defined and integrated into any nutrient or pathogen management strategy applied to 
part or all of the watershed. 
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Finally, the most critical problem of all may be interfacing this objective and technical 
approach to management with the interests of landowners. The purely hydrologic analysis 
presented implies that different levels of management for different parts of the watershed 
may be the most efficient approach to minimize contamination of ground water and/or 
surface runoff. Thus, there may be differing levels of management suggested from field to 
field and/or farm to farm. A major challenge in implementing a nutrient or pathogen 
management strategy derived from these hydrologic implications may be to demonstrate to 
the affected landowners that the results will be of sufficient benefit to override the apparent 
inequities associated with its application over the watershed. 
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Source risk describes the potential availability of agricultural nutrients to transport 
mechanisms, such as erosion, runoff and leaching. The combination of source and 
transport risks quantifies the potential for diffuse losses of nutrients from land to water, 
and is key to site risk assessment tools such as the Phosphorus Index (Lemunyon and 
Gilbert, 1993), as well as more recently, the Nitrogen Index (Heathwaite et al., 2000). 

The two elements of greatest concern to agricultural and environmental managers, 
phosphorus (P) and nitrogen (N) behave quite differently in the environment. Whereas N 
is highly mobile and easily transported via multiple pathways, the affinity of P to soil 
constituents imposes conditions that restrict its potential for transport. In the past, this 
affinity supported a perspective that equated P loss with particulate P removal by erosion. 
Although erosion certainly represents the most drastic means of transporting P from land 
to water, transport of dissolved P in runoff, and even leachate, is now seen as a major 
concern. Discrepancies in the chemistry of these elements result in very different 
approaches to source risk assessment for N and P. 

This paper examines source factors, i.e., indicators of source risk, controlling nutrient 
loss from agricultural lands, with particular emphasis on P, which is currently receiving 
concentrated scrutiny in research and regulatory arenas. 
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Nitrogen Source Factors 
Nitrogen source factors are the key control of N losses from agricultural lands, as N 
transport is extremely difficult to manage (Beegle, 2000). For instance, research 
conducted by Sharpley and Smith (1994) revealed that transport-oriented management 
simply shifted the pathways by which N was removed from soil. Specifically, imposition 
of conservation tillage practices on wheat production reduced runoff losses of N but 
increased leaching losses (Figure 1). Such a "zero sum gain" simplifies the assessment of 
N source risk; N in excess of crop requirements is likely to be lost. This view is 
illustrated by Figure 2, which shows the coincidence of agronomic and leaching 
thresholds for N, based upon research on N fertilization of cereal crops in England (Lord 
and Mitchell, 1997 as reported by Sharpley and Lord, 1997). 
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Figure 1. Mean annual nitrate-N concentration of ground water and 
dissolved and total P concentration runoff as a function of tillage management of 
watersheds in Oklahoma, U.S. (data adapted from Sharpley and Smith, 1994). 
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The risk of nitrate leaching is rooted in cropping system management. Nitrogen source 
risk assessment must therefore involve consideration of form, rate, timing and method of 
N application (Sharpley et al., 1998a). For instance, residual soil organic N, which can 
mineralize when weather conditions favor microbial activity, must be considered in order 
to assess temporal variation in nitrate leaching from soils. Similarly, crop selection and 
rotation influence the amount of N in the soil profile, hence source risk, and can also 
influence transport potential by affecting soil water dynamics. For example, legumes that 
do not require supplemental N inputs can effectively scavenge residual N from soil that is 
related to previous crops, thereby reducing source risk (Mathers et al., 1975; Muir et al., 
1976). 
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Figure 2. Relationship of N application to crop yield and N leaching, 
illustrating coincidence of agronomic and environmental thresholds (adapted 
from Sharpley and Lord, 1997). 
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The importance of cropping system management to source risk is further illustrated by 
Figure 3, which overlays hypothetical root development for several crops with predicted 
N leaching patterns (adapted from Sharpley et al., 1998b). Continuous cropping with 
corn results in root development that does not overlap with periods of high transport 
potential (leaching), resulting in increased availability of soil N to sub-surface waters. 
However, rotational cropping of corn-winter wheat-alfalfa results reduced source risk due 
to improved efficiency of N retention derived from deeper root distribution at times when 
leaching risk is higher. 
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Figure 3. Typical root development of continuous corn and corn-
winter wheat-alfalfa rotation in relation to soil drainage over a 
three year period (adapted from Sharpley et al., 1998b). 
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Phosphorus Source Factors 
As our understanding of P source risk has grown, attention has focused on the paucity of 
soil-specific data linking soil P with the potential for P loss (Sharpley et al., 1999). 
Given the absence of such data, a common approach has been to adapt agronomic soil P 
standards to source risk assessment, following the rationale that soil P in excess of crop 
requirements is vulnerable to removal by surface runoff or leaching. This rationale 
applies to N, as described above. Since agronomic standards already exist for soil test P, 
such an approach requires little investment in new research and can be readily 
implemented. However, it is clear that we must be careful how we interpret soil test 
results for source risk assessment. 

Interpretations presented on soil test reports (e.g., low, medium, optimum, high) were 
established based on the expected response of a crop to P. Some would simply extend 
the levels used for interpretation for crop response and say a soil test that is above the 
level where a crop response is expected is in excess of crop needs and therefore is 
potentially polluting (Figure 4). But, it cannot be assumed that there is a direct 
relationship between the soil test calibration for crop response to P and runoff or leachate 
enrichment potential (source risk). What is crucial to our estimation of source risk is the 
interval between the threshold soil P value for crop yield and runoff/leachate P (Figure 
4). 
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Figure 4. As soil P increases so does crop yield and the potential for P loss in 
surface runoff. The interval between the critical soil P value for yield 
and runoff P will be important for P management. 
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Environmental soil testing for P 
The relationship between soil test P and surface runoff P, shown by the lower curve in 
Figure 4, is based on studies using traditional soil test methods that estimate the plant 
availability of soil P. Although these soil test methods show promise in describing the 
relationship between the level of soil and surface runoff P, they have several drawbacks. 

For example, soil test extraction methods were developed to estimate the plant 
availability of soil P; therefore they may not accurately reflect soil P release to surface or 
subsurface runoff water (Sharpley et al., 1996). 

Soil sampling depths can also be problematic. For routine soil fertility evaluation it is 
generally recommended that soil samples be collected to plow depth, or the zone of 
greatest root concentration, which is roughly 6-8 inches deep. When soil testing is used 
to estimate soil P loss, however, it is the surface inch or two that comes into direct 
contact with runoff that is important (Sharpley et al., 1996). One exception is the need to 
consider the amount of subsoil P in soils with high water tables where shallow lateral 
flow and leaching loss may be a concern. Consequently, different soil sampling 
procedures may be necessary for a soil test that is used to estimate the potential for P loss 
in surface runoff. To overcome the limitations of traditional agronomic soil tests and 
sampling techniques, a variety of approaches are being developed to better represent the 
amount of P in soil that can be released to runoff water, and, more specifically the 
amount of P (e.g., algal available P) that is of environmental concern (Sharpley, 1993). 

One environmental measure of soil P, developed in the Netherlands by Breeuwsma and 
Silva (1992) to assess P leaching potential, is soil P saturation (percent saturation = 
available P / P sorption maximum). The role of soil P saturation as an indicator source 
risk derives from the observation that soil P saturation is strongly correlated to P 
desorption, such that P desorption increases at higher degrees of soil P saturation 
(Sibbeson and Sharpley, 1997). Indeed, many studies have correlated soil P saturation 
with P in runoff (Pote et al., 1996, 1999; Sharpley, 1995), as well as with P in leachate 
(Hesketh and Brookes, 2000). In the Netherlands, a threshold soil P saturation of 25% 
has been established above which the potential for P movement in surface and ground 
waters becomes unacceptable (Breeuwsma and Silva, 1992). 

Unfortunately, source risk measures such as soil P saturation are not offered by most soil 
testing laboratories. Opportunities exist to relate readily-available soil test data to 
environmental measures such as soil P saturation. For instance, Kleinman et al. (1999) 
found a strong correlation between Morgan's extractable P and soil P saturation (Figure 
5). Similarly, soil P saturation may be estimated using Mehlich 3 extractable elements, 
rather than acid, ammonium oxalate extractable elements as is currently standard (Figure 
6). As concern over the precise measurement of source risk mounts, soil testing 
laboratories may need to explore the development of pedotransfer functions, i.e., 
equations that relate data we have to data we need, to estimate source risk. 
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A variety of soil extracts have been evaluated as indicators of source risk by relating 
extract P to P in surface runoff or sub-surface leachate. Ryden and Syers (1975) stated 
that to establish the relationship between P additions, fertilizer additions and P in 
particulate or aqueous phases of runoff, a desorption or "support medium should reflect 
the cation status as well as the ionic strength of the aqueous phase of the system". With 
the possible exception of macropore Clow, the longer residence time of sub-surface 
leachate as it flows through the soil implies that a soil extractant of higher ionic strength 
is required than would be used for surface runoff. Soil extractions with water and 0.01A4 
CaC12 have shown promise in estimating the dissolved P concentrations of surface runoff 
and sub-surface leachate, respectively (Figure 7) (McDowell and Condron, 1999; 
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Figure 7. Relationship between the concentration of dissolved P in surface 
runoff and subsurface drainage from 30 cm deep lysimeters and the water 
and CaCl2 extractable soil P concentration, respectively of surface soil (0 - 5 
cm) from an central PA watershed (see Sharpley et al., 1999). 
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McDowell and Sharpley, 1999). Using these desorption mediums in conjunction with 
Fe-oxide strips and gels can determine the quantity of desorbable P in runoff or soils the 
medium and long-term (Freese et al., 1995; Sharpley, 1993). 

Threshold analysis 
Threshold analysis of soil P data represents an important step in source risk assessment. 
One innovative environmental approach uses a split-line model to determine a threshold, 
termed a "change point," in soil P concentration. The change point separates the 
relationship between soil phosphorus and dissolved P in runoff into two sections, one 
with greater P loss per unit increase in STP concentration or percent saturation than the 
other (Heckrath et al., 1995; Hesketh and Brookes 2000; McDowell and Condron 1999). 
McDowell and Sharpley (1999) showed that a similar change point occurred between 
STP concentrations of the 0 — 5 cm soil layer and dissolved P in either surface or sub-
surface runoff (Figure 8). The change point identifies a critical soil P level that should 
not be exceeded, and has potential for use in threshold identification of source risk. 
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Another approach to threshold identification employs P sorption isotherms that are 
generated under experimental conditions in the laboratory. The basis for this approach is 
the assumption that a fundamental property of a soil with a low degree of P saturation is a 
standard, L- or H-type Q/I curve (see McBride, 1994). Figure 9 illustrates such a curve, 
divided roughly into two integral stages: an initial, steeply-sloped, "fixation" stage in 
which the proportion of soluble P additions that are sorbed is high; and, a "saturated" 
stage of gradual slope in which the proportion of soluble P additions that are sorbed is 
significantly lower relative to the first stage. 
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Figure 9. Description of P sorption isotherm by segmented regression. Sorption 
threshold identifies the intersection of quadratic and linear models 

The sorption threshold for an "unsaturated" soil (i.e., a soil with both "fixation" and 
"saturated") is estimated by determining the point that joins the "fixation" stage with the 
"saturated" stage of the sorption isotherm. The ordinate value of this join point, the 
sorbed P value, represents the remaining capacity of a soil to bind soluble P before the P 
sorption efficiency significantly declines. 

Figure 10 illustrates P sorption isotherms for three soils, representing low (Figure 10c), 
intermediate (Figure 10b) and high soil P saturation (Figure 10a). Notably, as soil P 
saturation increases, presumably due to increased P loading, the magnitude of the fixation 
stage (i.e., the sorption threshold value) decreases. Sorption isotherms of soils with high 
degrees of P saturation (Figure 10a) manifest near-linear relationships (i.e., only the 
"saturated" portion of the sorption isotherm) and, therefore, possess low P sorption 
efficiencies. Soluble P added to these "P-saturated" soils is more likely to be removed by 
runoff or leaching due to the lowered P sorption efficiency. 
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Soil-Specific Nature of Source Risk 
As mentioned earlier, source risk is highly soil specific. A number of studies relating soil 
P to runoff P have shown the relationships to be dependent on soil properties such as pH, 
mineralogy and texture. For instance, Sharpley (1995) found the relationship of Mehlich 
III P and dissolved P in runoff to be related to soil type as differentiated texture (soil P 
saturation was related to dissolved P in runoff for all soil types by a single regression 
equation). This study also found calcareous soils to release significantly less P to runoff 
than non-calcareous soils with similar Mehlich 3 P levels. Indeed, much attention is now 
focused on the differential release of P from calcareous and non-calcareous soils to 
runoff, as highlighted by work in Arkansas, Pennsylvania and New York under the 
National Phosphorus Project (see Sharpley et al., 1999 for a description of the project). 
At this time, however, further research is required before definitive generalizations can be 
made concerning calcareous and non-calcareous soils and P source risk. 

Role of management in P source risk 
Much attention has focused on the relationship between soil P and dissolved P losses. 
This relationship is certainly fundamental to our understanding of source risk, particularly 
over the long-term since soil P levels are comparatively recalcitrant. However, the near-
term effects of P application, either in manure or mineral fertilizer, generally overwhelm 
the contribution of soil P to source risk (see Sharpley, this proceedings). 

The relative contribution of P additions to source risk is highly time dependent. Over 
time, added P reacts with the soil, reducing its availability to runoff or leaching waters. 
Thus, runoff and leaching events that occur near the time of application remove much 
more added P than events that occur later. Figure 11 shows a typical decay-type curve, 
relating timing of surface manure application to dissolved P concentration in runoff. 
Curve parameters vary with factors such as amount and placement of the P addition. 
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Figure 11. Dissolved phosphorus concentration in runoff vs. days since application and 
application intensity (data presented in Klausner et al., 1976, and interpreted by Brookes 
et al., 2000). 
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Incorporation of added P increases interactions between P and the soil, reducing the 
availability of that P to transport mechanisms. Surface application of P (e.g., top-dressed 
manure) greatly increases source risk relative to methods that incorporate added P (e.g., 
drilling of manure). This applies both to overland transport via surface runoff as well as 
to sub-surface transport by preferential, or macropore flow: the higher the concentration 
of P at the soil surface the higher the concentration of P in runoff and leachate. Indeed, 
deep cultivation can serve to dilute surface P, hence lower source risk (Sharpley, 1999), 
although the trade off between lowered surface P levels and increased potential for 
erosion must be assessed. 

In addition to application methods, a number of management practices are now being 
explored to control source risk. The use of phosphorus immobilizing soil and manure 
amendments (PISMAs) is receiving considerable attention, particularly given the success 
of alum in simultaneously limiting P solubility and ammonia volatilization in poultry 
litter (Moore et al., 1999). Stout et al. (1999) examined the utility of low-cost, coal 
combustion byproducts as PISMAs, with special focus on the combined implications of 
these PISMAs to agronomic and environmental indicators of soil P. The addition of FBC 
fly ash and FGD gypsum to soils of near-neutral acidity (pH = 7.2) resulted in significant 
declines in water-extractable P (environmental indicator) and negligible declines in 
Mehlich III P (agronomic indicator). The authors conclude that these PISMAs can 
effectively control source risk (i.e., potential for dissolved P loss) without reducing the 
availability of P to crops. 

Conclusions 

Source factors for P and N play an important role in the risk of diffuse nutrient losses 
from agricultural lands. Because of the differing mobility of P and N in the environment, 
source factors are much more important to N loss potential than to P loss potential, as P 
loss is restricted primarily to critical source areas where high P availability and high 
transport potential overlap. Measurement of source risk requires an understanding of 
nutrient sources, soil properties and cropping system management. As new management 
practices, such as PISMAs, are targeted to source risk control, these too must be 
accounted for in risk assessments. Ultimately, true control of source risk requires balance 
of nutrient inputs and outputs at the farm gate. 
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