
 
 
 

114 
 
 

the jurisdictions in the watershed and their land use composition. In the last few decades, 

because of its location in the developing suburbs of Washington DC, there has been a steady 

increase in urban land use (Dougherty et al., 2007). In 1982, some of the area in Fairfax County 

adjacent to Occoquan reservoir was downzoned to allow one dwelling unit per five acre 

(downzoned area). In contrast, area in Prince William County were allowed to develop adjacent 

to the reservoir were allowed to develop.  

 

Figure 5-1. Land use in Occoquan Watershed. 
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Figure 5-3. Model connection for the Occoquan system model. 
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5.3 Simulations 
In this study, the Occoquan system model was used to understand nonpoint nutrient export from 

current land use pattern by hindcasting pre-anthropogenic development era water quality. The 

model simulations, described below, were designed for the following reasons:  

• simulate pre-development nutrient loads entering the Occoquan Reservoir  

• estimate the excess nonpoint nutrient loads for current conditions (when compared to the 

pre-development condition)  

• estimate the impact of future growth scenarios on nutrient excess exported  

5.3.1 Simulations Using the Occoquan Watershed Models  

The Occoquan Watershed Models have been calibrated and validated for observed conditions in 

the 2002-2007 period. An initial requirement of the study approach was to estimate the pre-

development conditions in the watershed before any anthropogenic activities had affected the 

region. No direct measurements of observed water quality of that era exist, and indeed, the 

existing reservoirs in the watershed would not have existed in the pre-development state. In 

addition, most other water bodies and watersheds in the region, which might have served as 

surrogates, have also experienced changes due to varying degree of development, thereby 

rendering them ineffective as references for pre-development conditions. The Occoquan 

Reservoir was created by the construction of the high dam by the Alexandria Water Company in 

1957. The fact that the site was selected at that time for development as a water supply reservoir 

provides some evidence of the existence of good water quality in the area. In the absence of any 

direct method to quantify past conditions, the modeling system was used to develop a hindcast 

simulation of the pre-development era. The simulated pre-development loads offer a reasonable 

alternative to establish a baseline against which other changes to the watershed may be assessed. 

Similar schemes for using calibrated models to extrapolate water quality for past or future land 

use changes have been used by others (Beighley et al., 2003; Brun and Band, 2000; Choi and 

Deal, 2008; McColl and Aggett, 2007; Shenk and Linker, 2002; USEPA, 2010). 

5.3.2 Simulation Scenarios 

The Occoquan system model uses ten land use classifications, which are broadly grouped into 

four basic categories:  
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1. Agricultural, including landuses with various crop management practices and pasture 

land 

2. Urban, including residential units, commercial, institutional and industrial establishments 

3. Forest, including forest and other wooded regions 

4. Waterbodies, including two major water supply reservoirs, and other smaller lakes and 

ponds 

To create a scenario for the pre-development condition, all existing landuses except forest and 

waterbodies, were changed to forest, and the model system was executed for the years 2002-

2007. Parameters and data sources required for model execution, excluding land use, such as 

meteorology, precipitation, point sources, stream characteristics, and land slope were the same as 

were used for the 2002-2007 calibration. The Occoquan Watershed has one major point source 

input from the UOSA WRF, which discharges a short distance upstream of the reservoir. 

Because our intent was to examine land use effects on nonpoint source export, the point source 

load from UOSA was not changed between simulations. The nonpoint source loads were 

computed by subtracting the WRF constituent loads from the total simulated loads.  

Another simulation was done to estimate the amount of excess nutrient load, compared to the 

forested baseline conditions, originating from existing urban and agriculture land use categories. 

The excess agriculture nonpoint source nutrient load was estimated by simulating water quality 

in the Occoquan Watershed after converting all the agriculture area in the watershed to forest, 

while keeping urban and forest land use the same. The total excess and the agriculture excess 

were then used to compute the urban excess.  

It may be noted that these simulations do not add any unknown or new estimated coefficients. 

Various HSPF segments of the current calibrated models have forest, agriculture, and urban 

landuses and the empirical constants required to simulate these land use have already been 

calibrated, thus reducing the approximation required in these simulations. Increasing one of the 

landuses for a simulation scenario reduces equivalent area for other landuses in the segment, but 

does not add any unknown or new estimated coefficients. Also, because HSPF is a lumped 

parameter model, changing a given land use type does not impact constituent export from other 

land use types. For example, changing urban land use to forest in a segment does not impact the 

simulated constituent export from the remaining agriculture land use in the segment, thereby 
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allowing the change to be examined in isolation. Nevertheless, it should be noted that there are 

no direct methods available to verify the loads obtained for these simulations of the pre-

development era. For that reason, such loads should be used only for broad planning purposes, 

setting goals for continuous improvement, and assessing trends. 

5.3.3 Constituents of Interest: TIN and OP 

Phosphorus and nitrogen are the two principal nutrients most often identified with the excess 

primary productivity associated with eutrophication. Algal production in the Occoquan 

Reservoir, as is the case in many other fresh water systems, is known to be largely limited by the 

availability of phosphorus (Van Den Bos, 2003). By contrast, the Chesapeake Bay, to which the 

Occoquan Watershed is tributary, is thought to be both nitrogen and phosphorous limited at 

different stages of algal growth (Malone et al., 1996). Of the various soluble and particulate 

forms of nitrogen and phosphorus available for simulation by the modeling system, Total 

Inorganic Nitrogen (TIN) and Orthophosphate Phosphorus (OP) were chosen for this 

investigation, largely due to prior observations of better prediction capability for these forms. In 

addition, TIN and OP represent the dissolved forms of nitrogen and phosphorus, respectively, 

most readily available for uptake by algae, and are used to study nutrient limitation in 

waterbodies (Malone et al., 1996; Wetzel, 2001). Because the major concern with nutrient 

enrichment is the stimulation of algal blooms, knowledge of the effects of land use changes on 

nutrient loading may be expected to provide useful guidance in considering appropriate 

management strategies. It should be noted, however, that although the simulations have been 

performed with TIN and OP, many regulations and discharge limits in the U.S. are based on 

Total Nitrogen (TN) and Total Phosphorus (TP). While TN and TP loads may not be easily 

estimated from TIN and OP simulations, historical data may be used to provide insights into the 

relationships between the total and inorganic forms of the nutrients.  

5.4 Results 

5.4.1 Nutrient Loads in the study period 

Water quality simulations utilizing the conditions of the 2002-2007 period demonstrated that the 

annual average nonpoint source fluvial loads for TIN and OP were strongly influenced by 

precipitation. As expected, increases in precipitation were accompanied by increases in runoff, 

which in turn, increased the fluvial nonpoint nutrient load. Historical precipitation records from 
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1983-2006 and the observed annual nonpoint load for TN and TP from OWML field studies also 

displayed the same trend, as shown in Figure 5-4. In the study period, the annual precipitation in 

2003 was much greater than average (Figure 5-5), and as expected, the nonpoint source nutrient 

loads were also larger. The total annual OP fluvial load exported to the Occoquan Reservoir in 

2003 was estimated to be 2.4 times the average for the period (2002-2007) and the TIN load was 

1.5 times the average annual fluvial load.  

 

Figure 5-4. Observed TN and TP nonpoint annual loads as functions of Theissen average 
rainfall for the period 1983-2006. 

 

Figure 5-5. Average annual rainfall in the Occoquan Watershed for years 2002-2007.  
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Simulated annual watershed fluvial loads for OP and TIN are shown in decigrams per square 

meter (dg/m2) for 2003, 2004, and 2007, in Figure 5-6 and Figure 5-7, respectively. Although the 

magnitude of the simulated loads was different for the years studied, the spatial distribution of 

the load sources within a given year remained essentially the same. As may be seen in the 

figures, the load production for both nutrients were greater from the developed areas of the 

watershed (refer to Figure 5-1 for land use distribution).  

To account for load variability in the simulations due to differences in hydrometeorologic 

conditions, three scenarios were evaluated: 

1. the dry year scenario represented by year 2007 

2. the wet year scenario represented by year 2003 

3. the average scenario representing average among for the study period 

Figure 5-8 shows annual average flows and annual average concentrations of TIN and TP for 

both the wet and dry year simulations. The simulation results also showed that the dry-year 

produced smaller loads and higher concentrations for both constituents, while the wet-year 

produced higher loads but lower concentrations, possibly due to greater dilution from direct 

runoff. The concentrations of the constituents carried in stormwater are known to influence 

removal efficiencies reported for some BMPs. Higher inflow concentrations with lower flows 

may be expected to yield better removal efficiencies than lower concentrations and higher flows 

for most treatment type BMPs (ISBD, 2012). It follows then that most treatment BMPs would be 

expected to perform better in dry years. The difficulty, of course, is that greater watershed 

constituent fluxes are produced in wet years, and the impacts of higher flows on BMP 

performance at the catchment level may compound the problem for nonpoint source control.  
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Figure 5-6. Simulated average annual and study period average OP load. 

OP Load in decigrams/m2 



 
 
 

125 
 
 

 

Figure 5-7. Simulated average annual and study period average TIN load. 

TIN Load in decigrams/m2 
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Figure 5-8. Overland flow and nutrient concentrations simulated for the Occoquan 
Watershed. 

Wet Year  Dry Year  
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5.4.2 Pre-development baseline 

A BMP-based watershed management strategy may involve multiple targets, such as pristine 

background conditions, nutrient criteria for the receiving water body, BMP coverage in the 

watershed, use attainment goals for the water body, or variable combinations of the foregoing, to 

track and manage remediation (Wagner and Corbin, 2003). Pristine conditions, however, may 

offer a universally applicable, albeit difficult to achieve, reference point by which the success of 

management action may be judged. Use of such a “reference best case scenario” may also help in 

understanding the waterbody and watershed system (Gibson et al., 2000).  

In this study, pre-development conditions were simulated by changing all landuses in the 

watershed model to forest, which may be taken as the nutrient load state with no anthropogenic 

activity present. The difference between simulated constituent loads for the current land use and 

loads estimated by modeling the entire watershed as forest was taken as the estimate of fluvial 

load increase due to development (both agricultural and urban), or the developed excess (Table 

5-1). As noted earlier, the nutrient load contribution from the UOSA WRF was held constant 

through all simulations and was subsequently removed from all scenarios by subtraction, thereby 

enabling direct comparison of the baseline and future development land use scenarios.  

Table 5-1. Estimates of total annual nonpoint loads for the Occoquan Reservoir. 

 

Pre-
development 

baseline  

Current land 
use  

scenario 
Developed 

Excess 
Annual TIN Loads (kg) 

Wet year 8.1E+05 1.1E+06 2.5E+05 
Dry year 1.9E+05 3.0E+05 1.1E+05 
Average 3.7E+05 5.2E+05 1.6E+05 

Annual OP Loads (kg) 
Wet year 4.2E+04 5.6E+04 1.5E+04 
Dry year 6.7E+03 9.7E+03 3.0E+03 
Average 1.6E+04 2.3E+04 6.6E+03 

 

5.4.3 Contribution from agricultural and urban land use types 

Current land use data show that the Occoquan Watershed has approximately 17% agricultural 

and 26% urban land. These two categories include most of the land disturbed due to 

anthropogenic activity. It follows then that most BMP implementation strategies would be 
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directed towards controlling changes observed in water quality and quantity from these same 

landuses (Muthukrishnan et al., 2004; Simpson and Weammert, 2009). The excess over forest 

fluvial nutrient load contribution from agricultural landuses was estimated by simulating annual 

loads where all agricultural lands were converted to forest, and subtracting from the annual loads 

simulated with the present land use scenario.  

The agricultural excess nutrient export was found to relatively insensitive to changes in flow 

conditions over the period simulated, particularly when compared to the simulated variations in 

urban excess nutrient export (Figure 5-9). Controlling for area in the simulations, the urban 

contribution to annual nutrient load was found to be higher than the agricultural contribution, 

except for the TIN load in the dry year, where both the urban and agricultural landuses were 

predicted to have similar contributions to the total excess (Figure 5-10). For OP, the urban land 

use again accounted for a higher percentage of load (per unit area). However, only small 

differences were predicted in the urban contribution fraction between wet and average condition. 

Higher nutrient contributions per unit area by urban and suburban landuses have also been 

predicted for the much larger Chesapeake Bay Watershed (USEPA, 2010). However, at the 

present time, the net nutrient load from urban/suburban landuses is lower in the Chesapeake Bay 

watershed when compared to agricultural load, because of the much larger net agricultural area 

in the Bay watershed. Increases in urbanization have been reported in the Chesapeake Bay 

Watershed with coincident reductions in agricultural and other natural land use such as forest and 

wetlands (Jantz et al., 2005). As this trend continues, nutrient loads to the Bay from land 

drainage sources may be expected to continue increasing. 
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Wet year Average Dry year
Net Developed Excess 2E+05 2E+05 1E+05
Urban Excess 2E+05 1E+05 7E+04
Agriculture Excess 4E+04 4E+04 5E+04
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Figure 5-9. Simulated net annual excess OP and TIN loads (in kg). 
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Figure 5-10. Simulated annual OP and TIN load contribution per unit area. 

5.4.4 Sub-Area Developed Excess 

Existing landuses and future development policies in the watershed are not homogeneous and are 

strongly influenced by the actions of individuals, businesses, and governments in the various 

political/administrative jurisdictions. For example, in 1982, approximately 41,000 acres in 

Fairfax County adjacent to the Occoquan Reservoir was downzoned (see Figure 5-1) to allow 

only one dwelling unit per five acre parcel (0.2 DU/acre) in order to provide a buffer against 

water quality degradation (OWTF, 2003). By contrast, a large development planned in the early 

1970s on the southern shore of the reservoir in Prince William County was constructed with a 

range of residential and commercial uses at previously-approved zoning densities. Simulation 

results showed that the developed area in Prince William County acted as an elevated source (on 

a unit area basis) of nonpoint nutrient pollution export (Figure 5-6 and Figure 5-7) compared to 

the area in Fairfax County on the northern shore.  

It is clear that development practices and BMP implementation in many watersheds are likely to 

be influenced by a range of landscape conditions, as well as local government policies. However, 

simulations that can serve to quantify the excess nonpoint pollution export from any jurisdiction 

or defined sub-area within a watershed may also be of aid to local governments in identifying 

and addressing potential changes in development policy and control technology (e.g., BMP 

schemes) implementation that might improve future water quality. In addition, such analyses 

may also help to highlight policies and practices that are functioning well and that may be 

replicated in other locations. Finally, the approach may prove useful in identifying control 

technology options where structural or nonstructural BMP strategies may be sufficiently cost-
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prohibitive as to prompt consideration of alternative strategies such as nutrient trading, even on 

an extra-watershed basis. There are a number of other scenarios where knowledge of the 

developed load excess for entire watersheds or sub-areas in the watershed could be useful in 

formulating strategies for performance- and cost-effective control of nutrients and other 

pollutants at the watershed scale.  

5.4.4.1 Simulations of Developed Excess in Jurisdictions of the Occoquan watershed  

In the Occoquan Watershed, four counties: Fairfax County, Fauquier County, Loudoun County, 

and Prince William County comprise most of the land area. At present, at least 50% of the area 

in each of the four counties in the watershed remains in forest. However, the percentage of 

agricultural and urban landuses differs substantially among the four counties (Figure 5-11). 

Fairfax County has almost no agricultural land, and a very high percentage of urban/suburban 

land use, while Fauquier County has a higher percentage of agricultural land and low urban land 

use percentage. The percentages of urban landuses are slightly higher than those for agricultural 

uses for both Prince William County and Loudoun County. This land use pattern, where more 

urban development is present in the northern and eastern sections of the watershed is consistent 

with the historical pattern in the region, where development moved out from the urban core of 

Washington DC along major transportation corridors. This development pattern is also evident in 

most urban expansion phenomena in the U.S., where development pressure on the edge of the 

urban area leads to conversion of agricultural land to urban uses (ESA, 2011; Jantz et al., 2005).  
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Figure 5-11. Land use for four major jurisdictions in the Occoquan Watershed. 

The developed excess (Figure 5-12) and developed excess per unit area (Figure 5-13) were 

simulated for all jurisdictions in the watershed. The procedure used to compute the development 

excess was similar to that previously described for the entire watershed: that is, by subtracting 

the estimated nutrient export observed in the scenario where all land use in the watershed is 

converted to forest from the estimated nutrient exports for present land use conditions for each 

jurisdiction. As discussed earlier, for the entire watershed, the overall magnitude of nutrient 

loads associated with urban landuses was found to be higher than nutrient loads from agricultural 

land use for all the hydrometeorologic conditions analyzed.  

Excess nutrient loads per unit area simulated and tabulated by jurisdiction also show that higher 

urbanization corresponded with higher TIN export. Urbanized Fairfax County, City of Fairfax, 

City of Manassas, and City of Manassas Park have higher than average TIN load per unit area. 

For OP no clear land use related pattern could be observed, however, Prince William County, 

Fauquier County, and City of Manassas have higher than average OP loads per unit area. The 

predicted net excess nutrient loads for Prince William County were the highest for all three (wet, 

dry and average) scenarios (Figure 5-12), as might be expected, given that the county has 

significant urban development, and a very large fraction of the total watershed area. However, 

when the loads were expressed on a unit area basis, the predicted TIN loads for Prince William 

County were found to be closer to the average values for other jurisdictions in the watershed 
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(Figure 5-13). OP excess load for Prince William County was found to be higher than all other 

major counties. Fairfax County per unit area contribution to excess TIN load was higher than 

other counties. This may be a result of non-homogeneous urban development. Fairfax County is 

closer to the urban core of DC, and has somewhat denser residential and commercial 

development compared to other jurisdictions in the watershed, which might lead to greater 

excess nutrient export than other, less densely developed, areas in the watershed.  

The analysis described above uses the difference measure “developed excess” as a basis for 

comparison of sub-units in the watershed. Taking the difference from the pre-developed 

condition and then using it to compare among sub-areas within a watershed minimizes the 

influence of natural phenomenon such as geomorphological conditions, and precipitation 

patterns, which are due to location in the watershed, and do not reflect the development policies, 

although they may affect development practice. By using developed excess direct comparisons 

may be made between sub-areas to analyze the impact of development decisions. It should be 

noted that the pre-development loads were determined by hindcasting, and the current loads were 

also simulated using standard executions of the Occoquan system Model. Both hindcasting and 

current land use simulations may be assumed to be affected by modeling artifacts, uncertainties 

associated with simulations of natural process, and calibration issues. For that reason, the 

specific load predictions are less valuable than the concept of developed excess and the 

illustration of its use as a measure to facilitate comparisons among sub-units, however they 

might be defined. It may be envisioned that any number of other sub-unit definitions might have 

been developed based on other definable catchment characteristices (e.g, slopes, soils, 

conveyance system characteristics). Finally, it may be noted that a number of methods have been 

identified in the literature to address such uncertainties that may be used before utilizing this 

scheme for decision making (Borsuk et al., 2004; Brugnach et al., 2008; Harmel et al., 2006; 

Larocque et al., 2008; Maier et al., 2008; Wahlin and Grimvall, 2008). 
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Figure 5-12. Estimated annual developed excess load for scenarios analyzed. 

 

Figure 5-13. Estimated annual developed excess per unit area load for scenarios analyzed. 

5.5 Discussion 
Historical annual nonpoint TN and TP loads data (1992-2006) collected by OWML do not 

display any increasing temporal trend in loads entering the Occoquan Reservoir, even though 

watershed land use has been altered significantly in the period, and as a result, it might be 

expected that fluvial loads would increase. This was tested using the nonparametric Mann-

Kendall Trend Test as described by Helsel and Hirsch (1993) to examine the historical nonpoint 
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TN and TP watershed loads for trends after LOcally WEighted Scatterplot Smoothing 

(LOWESS) to account for rainfall. No significant trend was observed for Occoquan Reservoir 

nutrient loading data, even though the census population estimates (ESA, 2011) for the region 

indicate that the population of jurisdictions in the watershed have increased on average between 

1% and 5% annually in that period. The absence of a significant trend in the historical TN and 

TP loads, even with consistent increases in population, suggests that the BMP implementation 

strategies in the region have been successful in mitigating the water quality consequences of 

growth and have served to mitigate against further deterioration.  

Many of the Northern Virginia and DC suburban regions have been pioneers in recognizing the 

importance of nonpoint loads and implementing BMPs for reducing nonpoint loads, as evidenced 

by the 1982 decision of Fairfax County to downzone land near the Occoquan Reservoir (OWTF, 

2003), and the initiative to develop a comprehensive handbook to design and implement BMPs 

(NVRC, 1992). Point sources in the watershed were also significantly controlled by building the 

UOSA WRF (OWML, 2005). However, the Occoquan Reservoir still experiences periodic 

HABs, sometimes necessitating application of copper-based algicides. Thus, if a desired water 

quality management end-point is the prevention of HABs in the reservoir, it would appear to be 

necessary to further reduce nutrient inputs to the reservoir along with implementing schemes to 

manage and control autochthonous cycling of nutrients.  

It was estimated, by simulating pre-development conditions and comparing to simulated 2002- 

2007 conditions, that the Occoquan Watershed exports about 150-250 metric tonnes of excess 

TIN compared to pre-development (forested) conditions. For OP, the excess load was estimated 

to be between 3-15 metric tonnes. The average annual TIN and OP excess loads estimated for the 

period 2002-2007 were 31% and 29% of the net average annual fluvial load to the reservoir, 

respectively. For the wet year (2003), simulations suggested that the annual excesses for TIN and 

OP, respectively, were 23% and 27%. For the dry year (2007) simulation, the average annual 

excesses were found to represent considerably higher fractions of the annual fluvial loads (37% 

TIN and 31% OP), even though the magnitude of annual excess was less than for either the 

average or wet-year (Table 5-1). It is important to note that lower nonpoint pollutant 

concentrations and high flow volume conditions observed in the wet years are known to 

adversely affect the performance of BMPs (Simpson and Weammert, 2009; USEPA, 2010). 
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Degraded BMP performance under these conditions may make reducing watershed nutrient loads 

in wet-year conditions even more difficult, as these are precisely the times when mass transport 

is at its greatest.  

Achieving pre-development nutrient loadings from developed areas in most urbanized or 

partially urbanized drainage basins, such as the Occoquan Watershed, may not be possible with 

conventional technologies. However, the pre-development state still has value in serving as a 

reference point for the implementation and evaluation of long-term management goals and 

policies. Increasing or strengthening non-structural BMPs, such as education and outreach, for 

stormwater management may be one of the steps to further reduce the nutrient loads. It is 

suggested that these stakeholder education activities serves the additional purposes of enhancing 

stakeholder participation and awareness about the watershed. This has been linked with 

numerous benefits to society and water quality (Kumar et al., 2012b). Better surveillance and 

maintenance of current treatment BMPs may also enhance their effectiveness. Less conventional 

approaches such as chemical treatment enhancements for current BMPs have been shown to be 

very effective and reliable. In some cases, such enhancements may offer viable solutions for 

retrofitting existing BMPs. Manufactured Treatment Devices (MTDs) for stormwater control are 

primarily intended for retrofit or small site applications, and may also have higher removal 

efficiencies than conventional BMPs.  

Chemical treatment enhancements to conventional BMPs have also been used to manage 

construction area stormwater with high sediment loads. Similar schemes have been used in 

Florida and Indiana, where small doses of alum are injected to treat stormwater (Harper, 1994; 

Herr and Harper, 2000). Such systems dose alum in stormwater flows, forming an aluminum 

hydroxide floc which promotes the agglomeration of colloidal matter into sizes that may be 

removed in settling ponds. Phosphorus, nitrogen and other pollutants are typically removed with 

the particulate matter and aluminum phosphate may be precipitated directly. Herr and Harper 

(2000) reported removal effectiveness of about 85-95% for OP and 40-60% for Nitrogen by 

retrofitting conventional BMPs with chemical enhancements. Addition of similar chemical 

compounds to stormwater in the Lake Tahoe watershed has also been suggested (Bachand, 2010; 

Trejo-Gaytan et al., 2006). Although chemical addition systems to treat stormwater have been 

used in some places, they have not been widely applied. Concerns remain about the toxicity of 
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chemical additives and their economic viability. Lopus et al. (2009) observed some adverse 

effects to zooplankton reproduction with low-dose chemical treated stormwater. Low-dose 

chemical addition to stormwater may provide a reliable method to improve performance of many 

current structural BMPs, but due to lack of wide application of these systems it would be 

necessary to do a viability assessment of these chemically enhanced systems before their 

application in the Occoquan Watershed. If found viable, low intensity chemical dosing may offer 

a solution to further reduce the nutrient loads from developed areas of Fairfax County, Prince 

William County, and other urbanized cities in the watershed, with high contribution to the excess 

nutrient loads. 

The simulation results presented earlier clearly suggest that current BMP schemes employed in 

either urban or agricultural areas of the watershed may be improved further to achieve load 

exports closer to the pre-development levels for all jurisdictions. Urban landuses were shown to 

export more nutrients (both total and per unit area) and may, therefore, represent the best 

opportunity to reduce total nutrient loading in the watershed. Continuing with the observed trend 

for the past few decades, it is estimated that new urban developments in the watershed will 

continue to rise. If these developments continue to use conventional stormwater management 

controls, the net nutrient load inflow into the Occoquan Reservoir is not likely to be reduced. 

However, Low Impact Development (LID) may help in controlling future excess loads. In the 

Chesapeake Bay watershed, the concept of LID has been implemented for more than two 

decades (PGC, 1993). LID techniques such as bio-retention, porous pavements, rainwater 

harvesting and green-roofs rely on controlling both flow and pollutant mass flux, effectively 

reducing fluvial loads (Dietz, 2007). These can be implemented easily for new developments in 

conjunction with traditional BMPs. Most new development in the watershed is likely to occur in 

Fauquier County and Prince William County, where agricultural land is available for conversion. 

Implementing targeted LID practices in this area may yield significant benefits for the net load 

entering the reservoir and also help in maintaining aesthetic beauty of the areas.  

5.6 Conclusions 
The participation of stakeholders, including planners and those who are directly or indirectly 

affected by watershed change, is an important element in most successful watershed 

management strategies (Kumar et al., 2012b). To enable stakeholder interaction, it is desirable to 
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have clear points of reference, and strategies that have defined end-points that are relatively easy 

to understand and measure. The idea of using the pre-development state as a reference point 

offers a simple and universally applicable baseline that may be used to measure progress in 

nonpoint pollution control. In this study we have demonstrated a simple method to estimate the 

pre-development pollutant export baseline using water quality models. The undeveloped baseline 

condition was simulated using hindcasting techniques, and for that reason, was not based on 

traditional model calibration methods. Nevertheless, it may still serve as a useful reference point 

for measuring restoration progress. Calculating pre-development loads also enabled computation 

of the developed excess, which is proposed as the difference in pollutant export between current 

observed conditions and an estimated pre-development baseline. The developed excess may be 

used as a simple measure to gauge progress in achieving nonpoint pollution control in the 

watershed. The area-normalized developed excess is also useful in that it reduces the effects of 

variable geomorphological conditions, such as soil types, slopes, and different precipitation 

patterns between watershed sub-units. The normalization therefore, enables direct comparisons 

of water quality impact for land use development policies between sub-units. This property may 

be useful to watershed managers in prioritizing restoration and control efforts to higher load 

producing areas.  
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Chapter 6. Summary, Conclusions and Recommendations 

6.1 Summary 
In the past few decades, an increased emphasis has been placed on stakeholder participation in 

many aspects of environmental policy development. Proliferation of public participation schemes 

as a component in most environmental projects (EC, 2012; USEPA, 2000, 2001), and the 

increase in adoption of a “watershed-approach” to address waterbody management (USEPA, 

1996, 2008a), illustrate this phenomenon of increasing partnerships with stakeholders. This 

approach has also shifted environmental policy development from a largely top-down one where 

the experts and planners make all the decisions, towards a more bottom-up one that involves 

local watershed stakeholders. 

Local watersheds are natural aggregators of activities that influence water quality and quantity in 

any waterbody. An analysis of the literature revealed a general consensus that when a 

stakeholder partnership, essential for the watershed-based approach, is applied prudently it 

enhances the quality of solutions and improves the acceptance of the solution by the people 

affected. On the other hand, unsatisfactory partnerships, which are not well planned or executed, 

have been shown to have a detrimental effect on decision-making (Kumar et al., 2012c). 

Examples from the literature also indicated that clear stakeholder participation implementation 

plans and appropriate mechanisms to evaluate them are necessary to implement a participatory 

scheme (Kumar et al., 2012c).  

Water quality models for waterbodies and their tributary watersheds are frequently employed in 

watershed management. Following the trends of increased stakeholder involvement evident in 

environmental planning through the watershed-based approach, efforts have been made to make 

water quality modeling more stakeholder-friendly. These efforts include a wide variety of 

approaches, such as involving stakeholders from the ground-up by developing new models, and 

making current water quality models accessible to stakeholders. However, these initiatives to 

encourage stakeholder partnership are available for far fewer watersheds, compared to the large 

number of watersheds where water quality models are used. 

The following have been identified as some key problems in extensively propagating stakeholder 

involvement in the modeling processes: the complex nature of the water quality models is 
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difficult for many stakeholders to understand (McIntosh et al., 2008); a perceived lack of 

understanding by stakeholders of the uncertainty associated with simulation of natural processes 

(Maier et al., 2008); and the lack of technological solutions that may aid the process of sharing 

water quality models (Matthies et al., 2007; Rizzoli et al., 2008). Though some theoretical ideas 

for using the World Wide Web (web) and web-based mapping solutions for extending water 

quality models to stakeholders have been suggested, practical implementations that go beyond 

presentation of results to stakeholders are not yet available. In this research, however, it was 

demonstrated that by using a web-based Environmental Decision Support System (EDSS) water 

quality models may be made more accessible and informative to stakeholders.  

EDSSs have been recognized as an important extension for water quality models, which will 

make the models more accessible than what may be achieved now (Sànchez-Marrè et al., 2008). 

One of the key issues when creating an EDSS backed by water quality models is the expected 

computational strain of executing multiple water quality models, making the required computer 

hardware prohibitively expensive. Some water quality models may take up to a day to execute 

(Xu, 2005), and execution of multiple simulations may be extremely time-consuming. A 

Locally-Distributed Simultaneous Model Execution (LDSME) framework (Kumar et al., 2012a), 

developed as part of this research, provides a simple solution for these problems by using the 

computing power of local-network computers to execute several water quality models 

simultaneously. The utility of the LDSME framework was demonstrated by developing a tool for 

the Occoquan Reservoir and its tributary watershed’s water quality models. The tool, created in 

Java, was used to execute eight instances of complexly-linked water quality models, using a 

server grid of five computers (Kumar et al., 2012a).  

Leveraging the power of the LDSME tool for the Occoquan system models, a web-based EDSS 

was created to facilitate stakeholder interaction with water quality models (Kumar et al., 2012b). 

The EDSS, through the web interface, allows users to analyze the effects of land use changes on 

selected water flow and quality indicator parameters, such as nutrient loads, by modifying the 

current land use pattern and executing water quality models for the watershed. Further, the EDSS 

allows users to organize and share land use modifications, collaboratively build land use 

modifications, and query results comparing changes in several water quality indicators due to 

land use modifications. It is expected that the EDSS will also function as an education, 
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negotiation, and information sharing module, beyond its basic application as a model execution 

system. As an example study, the EDSS was successfully used to analyze four hypothetical 

development options in the watershed and to choose the best alternative from a purely water 

quality standpoint (Kumar et al., 2012b). It is important to note that most environmental 

decisions evaluate multiple criteria, such as socio-economic conditions and political inclinations, 

along with environmental quality. The EDSS, by making the water quality model readily 

accessible to the planners when decisions are made, is expected to enhance the utility of the 

water quality models in the final decision.  

Another study was done to analyze Occoquan Watershed fluvial nutrient (Nitrogen and 

Phosphorus) loads and establish the pre-development loads for the watershed (Kumar et al., 

2012d). Pre-development loads are the fluvial loads that would have been expected to be 

delivered to the reservoir before the watershed was disturbed by anthropogenic activity, and was 

simulated by changing all land use types to forest. In this study, three hypothetical land use 

scenarios were simulated, in addition to the current land use. These were:  

• all watershed land area converted to forest (simulating the pre-development state)  

• all areas classified as agricultural converted to forest (simulating only urban nonpoint 

pollution sources) 

• all urban land use converted to forest (simulating only agricultural nonpoint pollution 

input)  

By analyzing the nonpoint loads simulated in each scenario, stormwater management schemes 

employed for urban and agricultural landuses in the watershed were assessed. The study also 

demonstrated a method to estimate the pre-development baseline using water quality models. 

Though the baseline obtained might not accurately reflect the pre-development conditions, as it 

is estimated by hindcasting without available calibration points, it may still serve as an easy to 

understand and universally applicable reference point for development of restoration policies. 

The computation of pre-development loads also enabled computation of the “developed excess”, 

which is the difference between current observed conditions and the estimated pre-development 

baseline. The developed excess is a straightforward measure to gauge progress in achieving 

nonpoint pollution control in the watershed. An area-normalized developed excess also 

minimizes the effects of variable geological, geomorphological, and hydrological conditions, 
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