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MODELING IMPACTS OF RESIDENTIAL AND AGRICULTURAL  
DEVELOPMENT AND BENEFICIAL MANAGEMENT PRACTICE  

SCENARIOS ON PHOSPHORUS DYNAMICS  
IN A SMALL WATERSHED 

A. Sinclair,  R. Jamieson,  R. Gordon,  A. Madani,  W. Hart,  D. Hebb 

ABSTRACT. Both agricultural land uses and residential on-site wastewater systems (OWS) have the potential to be non-
point sources of phosphorus (P) in rural watersheds. Watershed-scale computer models are a commonly used tool for 
evaluating the impacts of increased human development on P dynamics and for evaluating how beneficial management 
practices (BMPs) can reduce P loading. Many agricultural field BMPs have been evaluated using watershed-scale mod-
els; however, no studies have compared their efficacy to OWS BMPs in a mixed land use watershed. The objectives of this 
research were to (1) use the P on-site wastewater simulator (POWSIM) and the Soil and Water Assessment Tool (SWAT) 
to simulate different agricultural and residential development scenarios in the Thomas Brook watershed in Nova Scotia, 
Canada, and evaluate their impacts on sediment and total P (TP) loads and TP concentrations and (2) simulate and eval-
uate different individual and combinations of select agricultural and OWS BMPs. A 50-year simulation period was used 
for both the development and BMP scenarios. The development scenarios evaluated included increasing the residential 
population and conversion of hay fields or pastures to corn-based cropping regimes. The agricultural BMPs evaluated 
were (1) corn and rotational crop replacement with no-till agricultural land uses and (2) no-till corn. Decreased failure 
rates, increased watercourse setbacks, disposal field replacement, and the use of high P sorption filter media were the 
OWS BMPs evaluated. The agricultural development scenarios increased cumulative sediment and P loads at the water-
shed outlet, while the residential scenarios increased the frequency of hyper-eutrophic conditions in the stream during the 
last 20 simulated years. Agricultural crop replacement BMPs produced the highest reductions in cumulative sediment 
(13% to 46%) and TP loads (26% to 34%) but had no observable change on the in-stream trophic status. The OWS BMPs 
produced small reductions in TP loading (2% to 15%), no sediment load reductions, but had a positive effect on the 
trophic status. The best ranked combination of agricultural and OWS BMPs resulted in a cumulative TP load reduction of 
58%, and the dominant trophic state at the end of the 50-year period was mesotrophic, as compared to eutrophic for the 
reference simulation. The best combination BMP scenario included replacing corn and rotational crops with pastures, 
using high P sorption filter media (5000 mg P kg-1 media), and lowering of the OWS failure rate to 5%. The results of 
these modeling scenarios showed that agricultural BMPs were most effective in reducing cumulative P loads, while OWS 
BMPs were effective in mitigating in-stream eutrophication impacts. This study highlights the importance of identifying 
specific water quality issues that need to be targeted prior to implementing a watershed BMP strategy. Further model 
refinement and testing are required with improved field measurements to improve model confidence before the model 
should be used for planning and design purposes. 

Keywords. Beneficial management practices, On-site wastewater systems, Phosphorus, SWAT, Watershed modeling. 

wo potential nonpoint sources of phosphorus (P) 
in rural mixed land use watersheds are agricultur-
al fields and residential wastewater (Carpenter et 
al., 1998). Phosphorus loading from anthropogen-

ic sources is the primary cause of accelerated eutrophica-
tion in freshwater systems (Schindler, 1977; Carpenter et 
al., 1998). Eutrophic conditions can cause toxic algal 
blooms, oxygen depletion, and loss of aquatic habitat 
(Chambers et al., 2001). Sharpley et al. (2001) identified 
that particulate and dissolved forms of P enter freshwater 
systems from agricultural fields through attachment to 
eroded soil particles, surface and irrigation runoff, and sub-
surface flow. Residential wastewater in rural regions of the 
U.S. and Canada is generally treated using on-site 
wastewater systems (OWS) (Lowe et al., 2007). In these 
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systems, residential wastewater is first treated in a septic 
tank that allows particulate forms of P to settle out, and the 
effluent is then drained into a disposal field. The disposal 
field allows the effluent to percolate through either import-
ed filter media or native soil, with treated water discharging 
into the surrounding soil. Finally, further treatment is pro-
vided by the soil before reaching neighboring surface water 
systems by means of lateral flow. The disposal field can 
undergo surface hydraulic failure when it becomes blocked 
or nonfunctional due to improper drainage or clogging, 
causing septic tank effluent to percolate to the ground sur-
face, thus reducing the amount of P treatment prior to dis-
charge into the freshwater system. The two main P treat-
ment processes that occur in a disposal field and its sur-
rounding soil profile are sorption and precipitation 
(McCray et al., 2009). Because Nova Scotia, Canada, is 
characterized by low-permeability soils, shallow bedrock, 
and high water tables, disposal fields are most commonly 
constructed of imported filter media, typically sand 
(Havard et al., 2008). 

Numerous studies have documented substantial P load-
ing from agricultural fields at the field and watershed scales 
(Sharpley et al., 2001; Hart et al., 2004; McDowell et al., 
2004; McDowell, 2014). For example, McDowell (2014) 
found that grassland catchments in New Zealand with ei-
ther intensive dairy or low-intensity drystock (red deer, 
sheep, or beef) operations contributed 44% and 69% to the 
median stream filterable reactive P and total P (TP) concen-
trations, respectively. In contrast, there is routinely no mon-
itoring of OWS P loads at the watershed scale, and loads 
are assumed to be relatively small compared to agricultural 
land use (Withers et al., 2009, 2011; Badruzzaman et al., 
2012). However, several recent studies have indicated that 
OWS can be significant nonpoint sources of P in mixed 
land use watersheds. A study conducted in small U.K. agri-
cultural watersheds (6.5 to 9.9 km2) found that farmyard 
runoff and septic tank discharges had higher P concentra-
tions than agricultural field runoff and contained greater 
proportions of bioavailable P (Withers et al., 2009). With-
ers et al. (2011) found elevated soluble reactive P concen-
trations in a U.K. stream downstream of a group of OWS, 
with the highest P concentrations occurring during low 
flow or baseflow conditions; the researchers suggested that 
the OWS were experiencing hydraulic failure. Others have 
estimated that OWS P loads represent 4% to 55% (Lom-
bardo, 2006), 14% (Dudley and May, 2007), and 10% 
(Withers et al., 2012) of the total P load from watersheds. 
In general, the contributions of OWS to the total P load in a 
watershed tend to be poorly understood. 

Watershed management plans address eutrophication-
related water quality issues by implementing practices and 
constructing engineered structures to reduce P loading from 
surface runoff or groundwater (Chambers et al., 2012). 
These practices and structures are commonly referred to as 
beneficial management practices (BMPs). Implementations 
of agricultural BMPs for reducing nutrient loading have 
been studied extensively for the past 15 years. Both the 
U.S. and Canadian federal governments have administered 
research programs (U.S.: Conservation Effects Assessment 
Project [CEAP] from 2002 to present; Canada: Watershed 

Evaluation of Beneficial Management Practices [WEBS] 
from 2004 to 2013) to evaluate the environmental impacts 
of different agricultural BMPs in various North American 
ecosystems (Agriculture and Agri-Food Canada, 2013; 
USDA-NRCS, 2013). Rao et al. (2009) conducted a litera-
ture review of agricultural field land use BMPs for reduc-
ing P loads and reported a wide range of P percent reduc-
tions for plot, field, and watershed scale studies. They iden-
tified that most agricultural BMPs reduced P loads by alter-
ing hydrologic pathways away from P sources, by reducing 
surface runoff and soil erosion, or by decreasing P fertilizer 
application rates. 

Compared to agricultural BMPs, significantly less re-
search has been conducted on OWS BMPS. Much of the 
OWS P loading research to date has focused on evaluating 
P treatment and transport processes and removal rates in 
existing OWS technologies and soil subsurface plumes 
(McCray et al., 2009; Robertson, 2012). An OWS P BMP 
can either improve the P removal rate and treatment capaci-
ty or reduce the hydraulic failure rate. The only OWS P 
BMP that has been evaluated through laboratory and plot 
scale experiments is improving P removal rates and treat-
ment capacity in disposal field media (Cucarella and Ren-
man, 2009). Plot or field scale investigations have not been 
performed on other potential OWS P BMPs, such as in-
creased watercourse setbacks, disposal field replacement, 
and scheduled OWS maintenance and inspection programs. 
To our knowledge, no peer-reviewed studies have been 
published to date that examine the environmental impacts 
of OWS P BMPs at the watershed scale. In mixed land use 
watersheds, there is a need to compare the efficacy of both 
agricultural and OWS BMPs to develop watershed man-
agement plans that target the appropriate land uses to re-
duce P transport to freshwater bodies. 

A commonly used tool in watershed management to 
evaluate BMP scenarios prior to implementation at the wa-
tershed scale is the integrated hydrological and water quali-
ty computer model. Conducting field or watershed scale 
investigations of BMP effectiveness can be difficult and 
costly, so computer models are often used to estimate the 
spatial and temporal environmental impacts of candidate 
BMPs. The Soil and Water Assessment Tool (SWAT) is a 
frequently used watershed-scale model for evaluating sed-
iment and nutrient load reductions from agricultural BMPs 
(Gassman et al., 2007). The SWAT model has previously 
been calibrated and tested in the Thomas Brook watershed 
(TBW) in Nova Scotia, which is the same watershed used 
in this study (Ahmad et al., 2011; Sinclair et al., 2014b). 
The calibrated model has also been used to evaluate the 
impact of different nutrient management plans and tillage 
practices on crop yields and on nitrate and sediment load-
ing in the TBW (Amon-Armah et al., 2013). 

The majority of OWS P treatment and transport model-
ing has been conducted at the laboratory and field scales 
(Jeong et al., 2011; McCray et al., 2009). Lemonds and 
McCray (2003) used the SWAT model to simulate OWS P 
loads in the Blue River watershed in Colorado by adapting 
the fertilizer management practices and found that OWS 
were not the primary source of P loading. The SWAT mod-
el (version 2009) was recently updated to include an OWS 
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algorithm that uses a linear P sorption model to simulate P 
removal (Jeong et al., 2011). However, P transport through 
lateral flow in the soil profile is not simulated in SWAT 
2009 (Neitsch et al., 2011), and representation of this pro-
cess is critical for simulating the OWS typically used in 
eastern Canada. To address this issue, Sinclair et al. 
(2014b) developed a P on-site wastewater simulator 
(POWSIM) to use in conjunction with SWAT to simulate 
OWS P loads at the watershed scale and applied it to the 
TBW. 

The objectives of this research were to (1) investigate 
the impacts of different agricultural and residential devel-
opment scenarios on sediment, P loading, and trophic status 
at the watershed outlet of the TBW using POWSIM and 
SWAT, and (2) assess, rank, and combine several agricul-
tural (crop replacement and no-till) and OWS (reduced 
failure rates, increased watercourse setbacks, high P sorp-
tion filter media, and disposal field replacement) BMPs and 
evaluate their potential impact on water quality metrics 
with POWSIM and SWAT. 

CASE STUDY WATERSHED 
The Thomas Brook watershed is located in the Annapo-

lis Valley region of the province of Nova Scotia, Canada. 
The TBW is an approximately 665 ha headwater subcatch-
ment for the Cornwallis River. The headwaters of the TBW 
begin on the north side of the Annapolis Valley, referred to 
as the North Mountain, and are characterized by two dis-
tinct stream branches that converge approximately one-
third of the distance through the watershed (Jamieson et al., 
2003). The TBW undergoes an elevation change from 
212 m on North Mountain to 7 m on the valley floor. 
Goulden et al. (2014) determined from a 1 m spatial resolu-
tion digital elevation model (DEM) that the majority of the 
TBW landscape slope was between 0% and 7%, with 95% 
existing below 20%. Details of the LiDAR survey and de-
termination of the 1 m DEM from the LiDAR point cloud 
can be found in Goulden et al. (2014). The stream network 
has an average slope of 3.5%, with a maximum of 30% on 
North Mountain and a minimum of 0.5% on the valley 
floor (Sinclair et al., 2009; Goulden et al., 2014). The width 
of the stream varies between 2 and 3 m, with sections on 
the valley floor incised because of mechanical straightening 
(Brisbois et al., 2008; Goulden et al., 2014). The main soil 
type in the TBW is reddish brown sandy loam (Jamieson et 
al., 2003). 

The main land uses within the TBW are agriculture, for-
est, and residential, representing 60%, 34%, and 4% of the 
total watershed area, respectively. As shown in figure 1, the 
main types of agricultural field land uses are rotational and 
permanent crops, such as corn, timothy, and alfalfa for pro-
ducing animal fodder, and strawberries for human con-
sumption. The average agricultural field size in the TBW is 
2 ha. The major agricultural BMP used in the TBW is the 
nutrient management plan (NMP), which was implemented 
in 2005 for approximately 80% of the agricultural crops 
(Nunn, 2007). Both rotational and permanent crops are 
fertilized with animal manure and/or chemical fertilizers. 

Table 1 lists the agricultural field land uses, P fertilizer 
application rates, and tillage operations within the TBW. 
The main sources of animal manure come from approxi-
mately 186 bovines on a dairy farm with manure storage 
and from two beef farms with 36 and 16 animals, respec-
tively (Sinclair et al., 2009). The two beef farms pasture 
their cattle during the growing season (May to October) in 
various fields throughout the watershed. There are 81 resi-
dences in the TBW that treat their household wastewater 
using OWS (Sinclair et al., 2014b). 

Two water quality studies have been conducted in the 
TBW examining P concentrations in the stream network to 
assess its trophic state. Brisbois et al. (2008) collected 
weekly grab samples from TBW monitoring stations (Stns) 
1 to 5 (fig. 1) from May to September 2006 that were ana-
lyzed for total phosphorus (TP). Only samples collected 
from station 2, which was directly downstream of a dairy 
farm, were consistently in the eutrophic range of 0.035 to 
0.1 mg TP L-1 outlined by the Canadian Environmental 
Quality Guidelines (CCME, 2004). However, the TP meth-
odology used by Brisbois et al. (2008) had a detection limit 
of 0.06 mg P L-1, which is above the minimum range limit 
for the CCME eutrophic classification. Brisbois et al. 
(2008) compared the TBW TP results with those from a 
forested reference watershed in the Annapolis Valley re-
gion that was studied during the same time period. The 
TBW was identified as having elevated TP concentrations 
compared to the reference watershed and had TP concentra-
tions typical for a stream impacted by agricultural activi-
ties. Nunn (2007) collected samples using autosamplers 
every 6 h, which were then combined to form three-day 
composite samples during the growing season (May to Oc-
tober) from 2001 to 2005 at TBW stations 2, 4, and 5. Sta-
tions 4 and 5 are located on the low slope (0.5%) valley 
floor, where 85% of the corn and rotational crop land area 
is located. The station 4 subcatchment also has 35 OWS in 
relatively close proximity to the station (fig. 1). The five-
year mean TP concentrations at stations 4 and 5 were with-
in the eutrophic range, while the mean TP concentrations at 
station 2 were in the hyper-eutrophic range (>0.1 mg P L-1). 
The TP concentrations observed by the two studies show an 
impacted stream network, presumably caused by agricul-
tural and residential activities. 

MATERIALS AND METHODS 
MODELING FRAMEWORK 

The two computer models used in conjunction in this 
study were the SWAT2009 (Neitsch et al., 2011) and 
POWSIM (Sinclair et al., 2014b). The SWAT2009 model 
is a continuous, process-based, watershed-scale model that 
was developed to simulate long-term land management 
practices and has been widely used to simulate hydrology, 
sediment, nutrient, pesticide, and bacteria transport 
(Gassman et al., 2007). The monthly time step POWSIM 
loading tool simulates lateral-flow P removal and transport 
from an individual OWS or cluster of OWSs to the nearest 
surface water system, which are then input into SWAT2009 
as point-source loads (Sinclair et al. 2014b). The OWS de-
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signs that can be simulated by the POWSIM loading tool 
are the most commonly used in Nova Scotia, i.e., contour 
trenches, lateral flow sand filters, and mound systems, all 
containing sand filter media, according to L. Boutilier (per-
sonal communication, 9 Sept. 2013). The POWSIM loading 
tool uses slope and soil data from SWAT2009 and user-
defined OWS operation and maintenance inputs to choose 
the types of OWS designs that would be present in the wa-
tershed. These OWS designs and input parameters are then 
used to calculate the mass of disposal field treatment media 
and soil that will be involved in P treatment for each indi-
vidual or cluster OWS. The other two computational com-
ponents of POWSIM simulate P treatment dynamics in the 
OWS disposal field and the soil subsurface plume that 
would exist downgradient of the disposal field. Phosphorus 

sorption and precipitation processes are simulated in 
POWSIM using a two-part piecewise linear equation. A 
piecewise function consists of at least two equations, each 
of which applies to a different part of the domain. The 
POWSIM model uses the treatment media or soil maximum 
P sorption capacity as the set y-axis value to switch from 
one equation to another. POWSIM simulates OWS failure 
as direct transmission of P loading to the nearest surface 
water system. The POWSIM loading tool is described in 
further detail in Sinclair et al. (2014b). 

The calibration and testing of the combined SWAT2009 
and POWSIM modeling approach in the TBW for simula-
tion of hydrology and of sediment and phosphorus transport 
processes was presented by Sinclair et al. (2014b), who 
 

 

Figure 1. Thomas Brook watershed land use map with monitoring station (Stn) locations for 2004 to 2008. 
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found that the inclusion of POWSIM into the SWAT model 
resulted in higher annual baseflow TP loads at both stations 
and improved the fit to the observed data compared to us-
ing the SWAT model alone. Calibration for hydrology and 
sediment was done using the autocalibration technique Se-
quential Uncertainty Fitting Version 2 (SUFI-2) with the 
software program SWAT-CUP (version 4.3.7.1) (Ab-
baspour, 2011). The optimization statistic used was the 
Nash-Sutcliffe efficiency (NSE). The daily time step hydro-
logic flow simulations were mostly satisfactory for both the 
calibration and testing periods at stations 3 and 4 (table 2). 
Stations 3 and 4 were used for SWAT model calibration, as 
they had the most complete observed datasets of the five 
monitoring stations within the watershed. The evaluation 
criteria for hydrologic model performance were developed 
by Moriasi et al. (2007) for a monthly time step, which 

generally has better statistical results than a daily time step 
model. The sediment statistical results had both satisfactory 
and unsatisfactory results for percent bias (PBIAS) at sta-
tions 3 and 4 for the calibration and testing periods. A pre-
vious simulation of sediment transport by Ahmad et al. 
(2011) using SWAT version 2005 (SWAT2005) at TBW 
station 4 also had unsatisfactory results. The unsatisfactory 
simulation of sediment transport at stations 3 and 4, par-
ticularly for the NSE, is potentially caused by the less than 
one day time of concentrations for both of these subcatch-
ments; both SWAT2009 and SWAT2005 use a daily time 
step (Ahmad et al., 2011; Sinclair et al., 2014b). The TP 
calibration results in table 2 also show both satisfactory 
(PBIAS) and unsatisfactory (NSE, ratio of root mean 
square error to the standard deviation of measured data 
(RSR)) statistical results for stations 3 and 4 that are possi-

Table 2. Statistical evaluation results for Soil and Water Assessment Tool (SWAT) and Phosphorus On-Site Wastewater Simulator (POWSIM) 
models for the Thomas Brook watershed for flow, sediment, and total phosphorus (adapted from Sinclair et al., 2014b).[a] 

Station 
Model 
Run 

Simulation 
Period 
(years) 

Hydrology (Daily) 

 

Sediment (Monthly) 

 

Total Phosphorus (Monthly) 

NSE 
PBIAS 

(%) RSR NSE 
PBIAS 

(%) RSR NSE 
PBIAS 

(%) RSR 

3 
SWAT + 
POWSIM 

Calibration 
(2004-2006) 

0.57 10.7 0.66 
 

-2.35 -127.9 1.83 
 

-0.48 43.7 1.22 

Validation 
(2007-2008) 

0.39 37.5 0.78 
 

-0.21 -4.9 1.10 
 

-0.30 64.0 1.14 

4 
SWAT + 
POWSIM 

Calibration 
(2004-2006) 

0.64 -26.3 0.60 
 

0.19 -4.8 0.9 
 

0.05 59.1 0.98 

Validation 
(2007-2008) 

0.59 -3.7 0.64 
 

-2.26 -65.9 1.81 
 

-1.58 -50.3 1.61 

[a] NSE = Nash-Sutcliffe efficiency (satisfactory is >0.5), PBIAS = percent bias (satisfactory is 25% hydrology, 55% sediment, 70% phosphorus), 
and RSR = ratio of root mean square error to the standard deviation of measured data (satisfactory is <0.7). Criteria source: Moriasi et al. (2007). 

Table 1. Agricultural field land uses with crop rotations, phosphorus fertilizer application timing and rates, and types and timing of tillage 
(source: Ahmad et al., 2011). 

Land Use 
Land Use 

Abbreviation 
Type of 
Rotation Crops[a] 

TP Fertilizer Application 
Type of 

Tillage[a][b] 
Tillage 

Months[a] 
Rate 

(kg ha-1)[a] 
Application 
Months[a] 

Alfalfa-barley- 
timothy 

ABBT Four years A-B-B-T A: 9.68;  
B: 20.55;  

T: 0 

A: May;  
B: May/June 

A,T: 96; 
B: 43, 96 

A,B: May; 
T: Oct. 

Alfalfa ALFA Continuous A 9.68 May 96 May 
Alfalfa-corn ALFC Four years A-A-A-C A: 9.68;  

C: 30 
A,C: May A: 96; 

C: 43, 96 
A,C: May 

Clover CLVR Continuous R 9.68 May 96 May 
Corn CORN Continuous C 30 May 43, 96 May 

Grazing GRAZ Continuous G 1.48 June to Oct. No-till - 
Hay HAY Continuous T 16.5 May 96 Oct. 

Pasture PAST Continuous Pa 1.48 June to Oct. No-till - 
Strawberries STRW Four years S-S-S-S 0 - S (1st years): 33;  

S (2nd & 3rd year): No-till;  
S (4th year): 1 

S (1st year): May; 
S (4th year): Oct. 

Strawberries- 
wheat 

STWH Four years S-S-S-Ws 0 - S (1st year): 33;  
S (2nd year): No-till;  

S (3rd year): 1;  
Ws: 43, 96 

S (1st year): May; 
S (3rd year): Oct.; 

Ws: May 

Timothy with 
fertilizer 

and manure 

TFRM Continuous T 30 May/ June 96 Oct. 

Timothy TIMO Continuous T 0 - No-till - 
Timothy with 

manure 
TMAN Continuous T 16.5 May 96 Oct. 

Wheat-barley- 
corn 

WBBC four years Ww-B-B-C Ww: 24;  
B: 20.55;  

C: 30 

Ww: Sept;  
B: May/June; 

C: May 

Ww: 1;  
B,C: 43, 96 

Ww: Oct.; 
B,C: May 

[a] A = alfalfa, B = barley, C = corn, G = grazing, Pa = pasture, R = red clover, S = strawberry, T = timothy, Ws = spring wheat,  
and Ww = winter wheat. 

[b] 1 = fall plow, 33 = roller harrow, 43 = springtooth harrow, and 96 = tandem disk.  
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bly explained by the less than one day time of concentra-
tion. Given the small watershed area (<700 ha) for the 
TBW, the mostly satisfactory hydrologic flow calibration 
and testing, and the satisfactory PBIAS results for simula-
tion of TP, it was concluded that TBW SWAT2009 and 
POWSIM models would be adequate to simulate the refer-
ence, development, and BMP scenarios. Further details 
about the model performance evaluation process are pro-
vided by Ahmad et al. (2011), Sinclair (2014), and Sinclair 
et al. (2014b). 

DEVELOPMENT SCENARIOS 
An objective of this study was to examine the long-term 

impacts on sediment and P loading associated with differ-
ent agricultural and residential development scenarios in 
the TBW. The agricultural development scenarios were 
(1) replacement of existing pasture and grazing lands with 
corn-based crops (corn, alfalfa-corn, and wheat-barley-
corn), and (2) replacement of existing timothy crops with 
corn-based crops (table 3). The residential development 
scenarios involved increasing the human population in the 
watershed by 25% and 50%. Sinclair et al. (2014b) found 
that the calibrated station 3 TBW POWSIM model reached 
P saturation in the soil subsurface plume component at 
~33 years, which occurs concurrently with peak OWS P 
loading to the watercourse. Therefore, a 50-year simulation 
time period (1962 to 2011) was chosen for the SWAT and 
POWSIM models to evaluate long-term scenario impacts. 
The 1962 to 2011 time period was chosen because of the 
availability of daily precipitation and temperature data from 
the nearby (~17 km southeast) Environment Canada mete-
orological station in Greenwood, Nova Scotia, for input 
into SWAT2009. The simulation period was preceded by a 
five-year parameterization or warm-up period for the 
SWAT2009 model from 1957 to 1961. The calibrated 
SWAT2009 and POWSIM input parameters were used to 
develop a reference scenario model. All scenario models 
were developed using the reference scenario model and 
evaluated by comparing results between the reference and 
scenario models. The OWS were all assumed to begin op-
eration in 1962. Each scenario was set up with the complete 
land use change occurring over the entire watershed at the 
beginning of the 50-year simulation period. No further land 
use or management changes were simulated for the 50-year 
simulation period. 

The agricultural development scenarios were set up in 
SWAT2009 by taking the input land use shapefile geo-
graphic information system (GIS) layer, which was used to 
calculate the hydrologic response units (HRUs), and replac-
ing the applicable land uses with corn-based cropping sys-
tems. Corn and corn-based cropping rotations were chosen 
for the agricultural development scenarios because they 
have high sediment and nutrient runoff associated with 
frequent tilling practices and poor cover characteristics 
(Bundy et al., 2001). Corn also has the highest P fertilizer 
application rate of all TBW agricultural field land uses  
(table 1). The corn-based rotations represent a worst-case 
agricultural development scenario for the TBW based on 
existing land use practices. The existing corn-based crops 
in the TBW SWAT2009 model were wheat-barley-corn, 
corn, and alfalfa-corn, with relative areal percentage break-
downs to each other of 47%, 42%, and 11%, respectively. 
The replacement of hay fields or pastures with corn-based 
crops maintained this relative areal percentage breakdown 
by first computing the area of each field requiring replace-
ment. A manual mix-and-match method was used to place 
the corn-based cropping systems into the applicable fields 
until the development scenario land use layer had approxi-
mately the same relative areal percentage breakdown as the 
existing TBW corn-based cropping systems. Each replace-
ment crop was set up in the TBW SWAT2009 model by 
overwriting the applicable land use scheduled management 
operations within the HRU management file (.mgt) with the 
appropriate corn or corn-based crop rotation operation 
schedule. The corn and corn-based crop operation sched-
ules used for crop replacement were the same as the exist-
ing schedules in the TBW SWAT2009 model. 

Residential scenarios were set up in POWSIM by in-
creasing the population in each monitoring station subbasin 
by either 25% or 50%. The TBW is part of the municipality 
of Kings County, which had an 11.5% increase in popula-
tion from 1986 to 2011 (Statistics Canada, 2012a). The 
Kings County population growth increase equals 24% for a 
50-year time period, which is represented by the 25% popu-
lation increase scenario. The SWAT model land use GIS 
layer was updated by replacing pasture, grazing, or general 
agricultural fields in each monitoring station subcatchment 
with low-density residential to obtain an approximately 
25% or 50% increase in residential land use area. Pasture, 
grazing, or general agricultural fields were chosen for resi-
dential land use replacement because they are not corn or 
rotational crop operations and require less site development 
than forest for residence construction. 

BENEFICIAL MANAGEMENT PRACTICE SCENARIOS 
The agriculture and residential OWS BMP scenarios were 

run for the same simulation period (1962 to 2011) as the 
development scenarios. The SWAT and POWSIM models 
were parameterized using the calibrated inputs from Sinclair 
et al. (2014b) for the BMP scenarios. The same reference 
SWAT and POWSIM models as the development scenario 
were used for BMP evaluation. Current land uses were used 
for the reference scenario to allow the BMP analysis results 
to be effectively communicated to existing landowners and 
provincial and municipal levels of government. 

Table 3. Summary of development and beneficial management
practice categories simulated with the SWAT and POWSIM models. 
Category Scenario 
Development  
 Agriculture Corn-based crops replace hay; 

corn-based crops replace pasture
 Residential +25% population; 

+50% population 
Beneficial management practice  
 Corn and rotational crop  

replacement 
Timothy, grazing/pasture, 

and rangeland 
 Tillage No-till corn 
 OWS failure rate 10% and 5% 
 OWS watercourse setback 50 m 
 OWS disposal field replacement 25-year cycle 
 OWS high P sorption filter media[a] 5000 mg P kg-1 media 
[a] Adapted from Cucarella and Renman (2009). 
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The two types of agricultural field BMPs simulated were 
corn and rotational crop replacement, and no-till corn  
(table 3). Corn and rotational crops typically have the high-
est TP fertilization rates and most intensive tillage practices 
of the agricultural field land uses (table 2). Replacing these 
crops with timothy grass, grazing/pasture, and rangeland, 
which have no tillage and lower TP fertilization rates, 
should reduce the sediment and TP surface runoff into the 
stream network. The corn and rotational crop replacement 
BMPs were set up in the SWAT model using the same 
methodology as the crop replacement development scenari-
os. 

No-till practices are one of the most widely used agricul-
tural BMPs for reducing soil erosion and nutrient loading 
(Holland, 2004). However, no-till systems have been found 
to increase soluble nutrient losses, particularly P (Bundy et 
al., 2001; Tiessen et al., 2010). The no-till corn BMP was 
applied to the TBW because of its widespread adoption 
across North America as an agricultural BMP, and 131 ha 
of the TBW is in some form of corn-based cropping system 
(Horowitz et al. 2010; Statistics Canada, 2012b). No-till 
was set up in the SWAT model in the scheduled manage-
ment operations (MGT_OP) within the HRU management 
file (.mgt) by revising the existing tillage implement code 
(TILL_ID) to generic no-till mixing with a tillage depth of 
0.25 m and mixing efficiency of 0.05. The USDA Natural 
Resource Conservation Service (NRCS) surface runoff 
curve number (CN2) was reduced by three points in the 
HRU management file (.mgt) for each of the corn and rota-
tional crops with no-till in the TBW SWAT2009 model 
(Chung et al., 1999). 

The OWS BMPs examined in this study included in-
creased watercourse setbacks for OWS, reduced OWS fail-
ure rates, periodic disposal field replacement, and high P 
sorption filter media in the disposal field. Sinclair et al. 
(2014b) estimated the distance from each OWS to the near-
est watercourse as the straight-line distance from the center 
of the residential property, minus 20 m to represent the 
approximate length from the house to the downgradient end 
of the OWS disposal field. Increasing the distance of the 
OWS from the watercourse increases the mass of soil that 
could be involved in P treatment. All of the monitoring 
station subcatchments possessed an average OWS distance 
to the watercourse of less than 50 m (164 ft); therefore, a 
scenario was run assuming the OWS setback for each sub-
catchment was 50 m. OWS watercourse setback distances 
greater than 50 m were not simulated because many of the 
residential lots were too close to the stream network to al-
low placement of an OWS on the property while still meet-
ing the higher distance criteria. 

The default OWS failure rate for the TBW is 15% and is 
based on the results of a regional mail-in survey conducted 
by Sinclair et al. (2014b) that included the TBW area. One 
main cause of OWS failure is hydraulic failure of the dis-
posal field caused by solids breakthrough from the septic 
tank. Solids breakthrough typically occurs because of in-
frequent pumping out of the solids that accumulate in the 
septic tank. Scheduled pumping of a septic tank every three 
to five years in conjunction with a visual inspection of the 
septic tank can prevent hydraulic failure (Nova Scotia En-

vironment, 2013). An OWS watershed management strate-
gy that would require all homeowners to pump out and 
visually inspect their septic tanks every five years would be 
expected to lower the hydraulic failure rate. Scenarios with 
OWS failure rates reduced to 10% and 5% from the refer-
ence scenario value of 15% were simulated. 

Many studies have shown that OWS disposal fields and 
soil subsurface plumes experience reduced P removal effi-
ciencies over time (Robertson, 2012; Sinclair et al., 2014a). 
Sinclair et al. (2014a) found that six field-scale lateral flow 
sand filters that were continuously loaded with septic tank 
effluent for eight years (2004 to 2011) had TP removal 
efficiencies of 93% to 72% and 44% to 8% for the 2004 to 
2006 and 2009 to 2011 time periods, respectively; both 
time periods received similar total TP influent loads. An 
OWS BMP that would require the disposal field filter me-
dia to be excavated and replaced with new media would 
regenerate these P sorption sites and improve long-term P 
removal. Disposal field replacement is the most expensive 
and labor-intensive of the OWS BMPs. Based on our expe-
rience, a disposal field replacement strategy of every 
25 years was chosen, as a higher frequency replacement 
schedule would be considered cost prohibitive to the home-
owners. 

All of the OWS disposal field designs that are common-
ly used in Nova Scotia and simulated by POWSIM employ 
sand as the main filter media. Sinclair et al. (2014a) con-
ducted batch P sorption capacity tests on three sand types 
typically used in Nova Scotia OWS and found that their 
maximum P sorption capacities ranged from 47 to 135 mg 
P kg-1 sand. A literature review of batch P sorption test 
results by Cucarella and Renman (2009) classified iron-
enriched and shell sands as having high maximum P sorp-
tion capacities (1000 to 10000 mg P kg-1 sand). To simulate 
the alternative filter media BMP, an average of the high P 
sorption capacity sand range reported in the literature 
(5000 mg P kg-1 media) was used, and it was assumed that 
these enriched sands would exhibit hydraulic properties 
similar to the media currently used in Nova Scotia OWS. 

Per the development scenarios, each BMP scenario was 
initiated at the beginning of the 50-year simulation period 
over the entire watershed. No gradual changes in land use 
or management practices were simulated during the 50-year 
time period. 

SCENARIO EVALUATION 
The two main evaluation methods for the development 

and BMP scenarios were cumulative pollutant loading and 
trophic state frequency distribution. Both TP loads and in-
stream trophic state (as determined from TP concentration) 
were assessed, as they characterize different potential envi-
ronmental impacts. The total load of TP is of interest with 
respect to management and protection of downstream water 
bodies (lakes, reservoirs, estuaries), while the in-stream TP 
concentration and associated trophic state characterize po-
tential impacts to in-stream aquatic habitat within the wa-
tershed. Streams and rivers within the Annapolis Valley are 
also heavily used for irrigation and recreational purposes, 
and algae blooms could have negative impacts on these 
anthropogenic water uses. The 50-year cumulative TP and 
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sediment loads were calculated from the simulation results 
for each of the scenarios at the watershed outlet (station 5) 
and compared against the reference scenario loads. Station 
5 did not have an adequate observed flow, sediment, and 
phosphorus dataset to be used in the calibration and valida-
tion process. It was used to evaluate the BMPs, as the wa-
tershed outlet is typically the primary point of concern in 
watershed management, and the TBW is a relatively small 
watershed (665 ha). The BMPs were ranked based on their 
percent reduction of sediment and TP. The best ranked res-
idential and agricultural BMPs were then combined and 
simulated using SWAT and POWSIM with a sequential 
methodology adapted from Yang et al. (2012). 

For each of the development and BMP scenarios, the dai-
ly TP concentrations were calculated for station 5. The daily 
TP concentrations for the growing season (May to October) 
were grouped into five-year intervals and used to develop 
frequency distributions representing the trophic status classi-
fications. The trophic state classes were adapted from CCME 
(2004) and were oligotrophic (<0.01 mg TP L-1), mestrophic 
(0.01 to <0.035 mg TP L-1), eutrophic (0.035 to <0.1 mg TP 
L-1), and hyper-eutrophic (≥0.1 mg TP L-1). Five-year inter-
val periods were chosen for the trophic state analysis to rep-
resent the conditions of a full four-year crop rotation cycle. 
The May to October growing season encompasses the annual 
time period when freshwater streams, rivers, and lakes in 
Nova Scotia are most used for livestock watering, agricultur-
al irrigation, and recreation. The trophic state analysis in-
volved examining how the trophic state frequency distribu-
tions changed over the 50-year simulation period for each 
scenario. 

RESULTS AND DISCUSSION 
DEVELOPMENT SCENARIOS 

The simulated 50-year cumulative sediment and TP 
loads for the agricultural and residential development sce-
narios are shown in table 4. Both of the corn-based crop 
rotation replacement scenarios increased the sediment and 
TP loads compared to the reference. Pasture replacement 
had the largest increase in cumulative sediment loading of 
58%, compared to 20% for hay field replacement (table 4). 
Pasture and hay fields comprise 12.3% and 13.2% of the 
existing watershed area, respectively. A reason that corn-
based crop replacement of pasture/grazing land uses had a 
larger sediment load increase is that two of the hay crop-
ping systems (timothy with manure, and timothy with ferti-
lizer and manure) are tilled annually. An example of the 
relative differences in sediment loading between the two 
agricultural scenarios is in subbasin 3 in the station 3 sub-
catchment. When the timothy with manure/Kingsport/4-8 
slope HRU was switched to corn, an 89% increase in the 
average cumulative sediment load ha-1 (43 vs. 82 Mg ha-1) 
was observed. In contrast, when pasture/Kingsport/4-8 
slope HRU in subbasin 6 (station 3 subcatchment) was 
switched to corn, a 710% increase in the average cumula-
tive sediment load ha-1 (6 vs. 49 Mg ha-1) was observed. 
The higher sediment loads for the corn-based crop rotation 
replacement scenarios are related to the higher TP loads, as 
one of the main P transport mechanisms in SWAT is at-
tachment to sediment particles in surface runoff (Neitsch et 
al., 2011). 

The two residential development scenarios did not in-
crease the cumulative sediment loading, as shown in  
table 4. Sinclair et al. (2014b) also found that inputting the 
POWSIM model results into SWAT did not change flow or 

Table 4. Simulated development and beneficial management practice (BMP) scenario cumulative and average annual sediment and total 
phosphorus loads, percent differences, and rankings. 

Scenario[a] 

Sediment 

 

Total Phosphorus 

BMP 
Ranking 

Cumulative
Load 

(Mg ha-1) 

Percent 
Difference 

from 
Reference 

Average 
Annual 
Load 

(Mg ha-1) 

Cumulative 
Load 

(kg P ha-1) 

Percent 
Difference 

from 
Reference 

Average 
Annual 
Load 

(kg P ha-1) 
Reference 23.6 - 0.47  33.7 - 0.67 - 
Development         
 Corn-based crops replace hay 37.3 20 0.75  44.1 23 0.88 - 
 Corn-based crops replace pasture 28.3 58 0.57  41.5 31 0.83 - 
 +25% residential population 23.6 0 0.47  36.1 7 0.72 - 
 +50% residential population 23.6 0 0.47  38.9 15 0.78 - 
Beneficial management practices         
 PRCRC 12.8 -46 0.26  22.3 -34 0.45 1 
 Rangelands replace corn and rotational crops 12.4 -47 0.25  22.2 -34 0.44 1 
 Timothy replaces corn and rotational crops 20.5 -13 0.41  24.9 -26 0.5 3 
 No-till corn 22.7 -4 0.45  34.2 2 0.68 9 
 10% OWS-FR 23.6 0 0.47  32.6 -3 0.65 7 
 5% OWS-FR 23.6 0 0.47  31.5 -6 0.63 6 
 50 m OWS watercourse setback (OWS-SB) 23.6 0 0.47  30.6 -9 0.61 5 
 25-year DFR 23.6 0 0.47  33.0 -2 0.66 8 
 High P sorption filter media (HPSFM) 23.6 0 0.47  28.8 -15 0.58 4 
Combination BMPs         
 PRCRC, HPSFM 12.8 -46 0.26  17.4 -48 0.35 3 
 PRCRC, HPSFM, 50 m OWS-SB 12.8 -46 0.26  17.4 -48 0.35 3 
 PRCRC, HPSFM, 50 m OWS-SB, 5% OWS-FR 12.8 -46 0.26  14.2 -58 0.28 1 

 
PRCRC, HPSFM, 50 m OWS-SB, 5% OWS-FR,  

25-year DFR 
12.8 -46 0.26  13.8 -59 0.28 1 

[a] PRCRC = pastures replace corn and rotational crops, OWS-FR = on-site wastewater system failure rate, DFR = disposal field replacement,  
OWS-SB = on-site wastewater system watercourse setback, and HPSFM = high phosphorus sorption filter media. 
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sediment statistical evaluation results. However, the cumu-
lative TP loads for both residential development scenarios 
increased compared to the reference. The increase in popu-
lation from 25% to 50% resulted in a simulated increase in 
cumulative TP loading from 7% to 15%. 

The agricultural development scenarios had higher cu-
mulative TP and sediment export loads than the residential 
development scenarios. Agricultural scenario cumulative 
TP loadings exhibited higher rates of increase compared to 
the residential scenarios (fig. 2a). The agricultural scenarios 
would pose a higher risk to lakes, reservoirs, or estuaries 

that are downstream of the TBW, where sediment attached 
P would settle out. The increased P load into these water 
bodies would contribute to algal and macrophyte growth in 
the water column and accelerated eutrophication (Carpenter 
et al., 1998). 

The trophic state frequency distributions (fig. 3) indicate 
that all of the residential and agricultural scenarios promote 
accelerated eutrophication, causing a shift from meso-
trophic to eutrophic/hyper-eutrophic status over the 50-year 
period. In the last 20 years of all the scenarios, over 50% of 
 

 

Figure 2a. Cumulative total phosphorus loads for development BMP scenario. 
 

 

Figure 2b. Cumulative total phosphorus loads for agricultural BMP scenario. 
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Figure 2c. Cumulative total phosphorus loads for residential BMP scenario. 
 

 

Figure 3. Development scenario growing season trophic status percent breakdowns for 50-year simulation period. 
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the in-stream TP concentrations during the growing season 
are in the hyper-eutrophic range, as at ~30 years the OWS 
soil subsurface plumes reach P saturation and peak OWS P 
loading occurs. The residential scenarios exhibited higher 
hyper-eutrophic frequencies than the agricultural scenarios. 
When the trophic state frequencies of the development sce-
narios are compared to the reference (fig. 4), both agricul-
tural scenarios show only slight differences in trophic state 
frequencies. However, the residential scenarios produced a 
marked increase in the number of days exhibiting hyper-
eutrophic conditions (>40% increase in the last 20 years of 
the simulation period). As the OWS are a continuous 
source of TP loading, and agricultural loading is episodic 
during surface runoff events, it would be expected that 
OWS would contribute more to increased TP concentra-
tions during baseflow conditions. 

AGRICULTURAL BMPS 
Both the agricultural and OWS BMPs were analyzed in-

dividually before ranking and simulating combinations of 
the highest ranked BMPs. The corn and rotational crop 
replacement BMPs resulted in the largest cumulative reduc-
tions in sediment and TP loads of the agricultural BMPs 
(table 4, fig. 2b). Replacement of corn and rotational crop-
ping systems with pasture and rangeland were the highest 

ranked, producing approximately equivalent load reduc-
tions for both pollutants. The no-till corn BMP produced a 
relatively small decrease in cumulative sediment loading 
and a small increase in cumulative TP loading. Several 
SWAT modeling studies that simulated no-till BMPs ob-
served increased P losses from agricultural fields, particu-
larly organic P (Einheuser et al., 2012; Yang et al., 2012; 
Giri et al., 2014). Although the corn and rotational crop 
replacement BMPs had the largest cumulative TP reduc-
tions, there was relatively no change in the trophic state 
frequency distribution at station 5 (fig. 4) for the pastures 
replace rotational crops scenario when compared to the 
reference. The other agricultural BMP scenarios also exhib-
ited relatively no change in the trophic state frequency dis-
tribution (results not shown). 

All of the agricultural BMPs involved changing crop 
production practices to reduce or eliminate tillage and sup-
plementary fertilization. The timothy replaces corn and 
rotational crops BMP possibly did not have as large a de-
crease in cumulative sediment loading as the pasture and 
rangeland crop replacement scenarios because it undergoes 
a harvest and kill operation at the end of the growing sea-
son that reduces the amount of ground cover during the 
dormant season. The no-till corn BMP only had a relatively 
small decrease in sediment loading because only one of the 

 

Figure 4. Individual BMP scenario growing season trophic status percent breakdowns for 50-year simulation period. 
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three corn-based crops was non-rotational. Both the alfalfa-
corn and wheat-barely-corn cropping systems had tillage 
occur for three years out of every four-year crop rotation 
cycle when corn was not grown and would not experience 
significant long-term reductions in sediment and TP runoff. 
There was relatively no change to the trophic state frequen-
cy distributions by the agricultural BMPs, as they only re-
duced storm-event TP loads and had little influence on 
baseflow in-stream TP concentrations. The corn and rota-
tional crop replacement BMPs should presumably influence 
baseflow TP loads and the trophic status, as lower P fertili-
zation rates would reduce the amount of P available for 
transport through subsurface lateral flow. However, the 
SWAT2009 model does not simulate lateral flow P 
transport processes (Neitsch et al., 2011). 

ON-SITE WASTEWATER SYSTEM BMPS 
The high P sorption filter media BMP had the highest 

cumulative TP reduction of the OWS BMPs at 15% (table 4 
and fig. 2c). The 10% OWS failure rate and 25-year dis-
posal field replacement BMPs were the worst ranked, with 
cumulative TP load reductions of 3% and 2%, respectively. 
None of the residential BMPs changed the cumulative sed-
iment load leaving the TBW. All of the OWS BMPs pro-
duced changes to the accelerated eutrophication rate for the 
50-year simulation period, with high P sorption filter media 
having the greatest influence (fig. 4). The reference scenar-
io trophic state changed from mesotrophic to eu-
trophic/hyper-eutrophic over the course of the simulation 
time period, while the high P sorption filter media had a 
lower eutrophication rate and mesotrophic conditions exist-
ed for at least 20% of the growing season. The 5% OWS 
failure rate and 50 m OWS setback BMPs both exhibited 
reduced eutrophication rates but had predominantly eu-
trophic conditions at the end of the simulation period. The 
25-year disposal field replacement scenario only differed 
from the reference trophic state frequency distribution with 
improved trophic conditions for the five-year interval im-
mediately following the 1986 replacement of the filter me-
dia. 

One reason that the high P sorption filter media had the 
highest ranked cumulative TP reduction and reduced eu-
trophication rate was its assumed maximum P sorption ca-
pacity, which was 5000 mg P kg-1 media compared to 
74.7 mg P kg-1 media for the reference filter sand. The 
maximum P sorption capacity changed when the POWSIM 
model switched from disposal field two-part piecewise lin-
ear equation I to equation II, with equation I having a high-
er P removal rate than equation II. Equation I represents 
both sorption and precipitation processes occurring, and 
equation II represents only precipitation. In the reference 
scenario, the POWSIM model for each monitoring station 
switched from linear equation I to II after approximately 
1.8 years of OWS operation when the disposal field maxi-
mum P sorption capacity was reached. The 25-year dispos-
al field replacement BMP scenario illustrates this relatively 
short time period for the disposal field to reach P satura-
tion. In figure 4, the trophic status improves to mesotrophic 
from eutrophic for the five-year interval immediately fol-
lowing the 1986 sand filter media replacement, which is 

then followed by a return to eutrophic dominated condi-
tions for the remainder of the simulation period (fig. 4). 
The high P sorption filter media POWSIM models switched 
from linear equation I to II after 58 to 64 years of OWS 
operation, which contributed to the decreased eutrophica-
tion rate. 

Both the 50 m OWS setback and 5% OWS failure rate 
BMPs predominantly influenced P treatment in the soil 
subsurface plumes. The 50 m OWS setback BMP increased 
the mass of soil involved in P treatment by approximately 
52% compared to the reference scenario. This larger soil 
subsurface plume P treatment capacity increased the length 
of time until the maximum P loading rate was reached from 
25 to 39 years for the reference scenario to 45 to 50 years 
(Sinclair et al., 2014b). Figure 4 illustrates when the P max-
imum loading rate was reached for the 50 m OWS setback 
BMP, as mesotrophic conditions were not present for the 
last five-year interval of the simulation period. The 5% 
OWS failure rate BMP did not change the mass of soil in-
volved in P treatment but did increase its influent P loading 
rate. The lower OWS failure rate reduced the total OWS P 
loading rate to the watercourse and decreased the eutrophi-
cation rate more than any other OWS BMP for the first 
30 years of the simulation period. However, the increased 
influent P load to the disposal field and soil subsurface 
plume decreased the length of time until both components 
reached their maximum P sorption capacities and peak P 
loading rate to the watercourse, which was approximately 
23 to 35 years. 

The individual OWS BMP cumulative TP loads and 
trophic state frequency distributions illustrate the im-
portance of long-term simulation of OWS, such as the 50-
year period used in this study. Sinclair et al. (2014b) found 
that 25 to 39 years are generally needed for soil subsurface 
plumes to reach P sorption saturation in the TBW. Two of 
the OWS BMP scenarios extended that time to peak P load-
ing to 45 to 50 years for the 50 m OWS watercourse set-
back and to 58 to 64 years for the high P sorption filter me-
dia BMP scenario. If OWS are a potential P source in a 
watershed, then simulation periods of 50 years or more may 
be necessary to properly evaluate the maximum potential P 
loads into a freshwater system and the impacts of OWS 
BMP implementation. 

COMPARISON OF AGRICULTURAL AND  
ON-SITE WASTEWATER SYSTEM BMPS 

As was observed in the development scenario compari-
son, the agricultural field BMPs had the largest reductions 
in cumulative sediment and TP loads (table 4), and the res-
idential BMPs produced greater changes to the trophic state 
frequency distributions (figs. 3 and 4). These results high-
light the importance of identifying specific water quality 
issues that exist within a watershed prior to developing 
watershed management and BMP plans. If the freshwater 
system is used directly for irrigation, human and animal 
drinking water, and/or recreation, then implementing OWS 
BMPs would reduce the eutrophication rate, decrease the 
risk of harmful algal blooms, and improve water quality 
conditions in the stream network during periods of peak 
use. If the concern is P loading to downstream water bod-
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ies, then agricultural BMPs would be better at addressing 
these long-term cumulative loads. As many watersheds 
have a variety of direct and downstream users, combina-
tions of agricultural and OWS BMPs would potentially 
address both water quality issues. 

COMBINATION BMPS 
The first combination BMP scenario was constructed by 

combining the highest ranked individual agricultural and 
OWS BMPs (pastures replace corn and rotational crops, 
and high P sorption filter media). The rangelands replace 
corn and rotational crops BMP had almost equivalent pollu-
tant load reductions as pasture crop replacement, so it was 
assumed that a farmer would choose the active agricultural 
land use of pasture over rangeland that would not have ag-
ricultural production. Other combination scenarios were 
developed by adding the next highest ranked BMP in se-
quence (50 m OWS setback, 5% OWS failure rate, and 
disposal field replacement) to the first combination scenar-
io until all five individual BMPs were combined for a total 
of four combination scenarios (table 4). Only OWS BMPs 
could be added to the first combination scenario, as the 
other agricultural BMPs involved replacing cropping sys-
tems on the same fields used by the pasture replaces corn 

and rotational crops BMP. The better ranked 5% OWS fail-
ure rate was chosen over the 10% failure rate. The cumula-
tive sediment load reductions of all combination scenarios 
were equivalent to the highest ranked agricultural BMPs, as 
the OWS BMPs experienced no reduction in sediment load-
ing. The cumulative TP loads were further reduced by 14% 
to 25% for the four combination BMPs compared to the 
individual pasture replaces corn and rotational crops BMP. 
As shown in figures 4 and 5, all of the combination scenar-
ios experienced greater reductions in the eutrophication rate 
compared to the individual high P sorption filter media 
BMP. 

The combination scenarios with four and five BMPs 
were the highest ranked, with both exhibiting the same rela-
tive reductions in cumulative TP loads (58% to 59%) and 
decreased eutrophication rates, resulting in mesotrophic 
conditions for the last 20 years of the simulation period. 
However, the influence of the 50 m OWS setback when 
combined with the high P sorption filter media and pastures 
replace corn and rotational crops BMPs exhibited no 
change in the cumulative TP load and trophic state fre-
quency distribution (fig. 5). One reason for the no change 
in TP load or trophic state by the 50 m OWS setback BMP 
is the influence of the high P sorption filter media. As the 

 

Figure 5. Combination BMP scenario growing season trophic status percent breakdowns for 50-year simulation period (DFR = 25-year disposal 
field replacement, HPSFM = high P sorption filter media, OWS-FR = 5% OWS failure rate, OWS-SB = 50 m OWS watercourse setback, and 
PRRC = pasture replace corn and rotational crops). 
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high P sorption media disposal field does not reach P satu-
ration until 58 to 64 years, there is a lower influent TP 
loading rate to the soil subsurface plume for the entire sim-
ulation period compared to the reference and other individ-
ual OWS BMP scenarios. This lower TP loading rate into 
the soil subsurface plume does not exceed the maximum P 
sorption capacity of the existing plume soil mass for the 
simulation period, so increasing the sorption capacity of the 
soil subsurface plume will not affect the P removal rate of 
the soil subsurface plume. As the 50 m OWS setback when 
combined with high P sorption filter media does not im-
prove P-related water quality in the TBW, it can be re-
moved from the best ranked combination scenarios. 

The main observable difference between the two highest 
ranked combination scenarios is the trophic state frequency 
distribution, with the scenario including disposal field re-
placement exhibiting higher frequencies of oligotrophic 
conditions throughout the simulation period. However, the 
relative difference between the frequency distributions for 
the last 20 years of the simulation period is small, with the 
majority (>60%) of the growing season exhibiting meso-
trophic conditions for both scenarios (fig. 5). Chambers et 
al. (2012) developed threshold TP criteria for Atlantic Mar-
itime agricultural watersheds of 0.01 to 0.03 mg P L-1 to 
protect ecological conditions. The reference scenario eu-
trophic conditions (0.35 to 0.1 mg P L-1) exceed the thresh-
old criteria range. The mesotrophic conditions (0.01 to 
0.035 mg P L-1) for the best ranked combination scenarios 
would meet the threshold TP criteria and result in accepta-
ble in-stream ecological conditions. Therefore, the combi-
nation scenario with pastures replace corn and rotational 
crops, high P sorption filter media, and 5% OWS failure 
rate would be the preferred scenario for reducing cumula-
tive TP loads and maintaining an acceptable trophic state in 
the TBW. 

The levels of accuracy and uncertainty in the model pre-
dictions require some discussion in order to provide guid-
ance on how these findings should be interpreted. Harmel 
et al. (2014) presented a qualitative framework for charac-
terizing model accuracy and uncertainty, as well as how 
these factors should influence the use of model predictions. 
Based on their framework, we conclude that the model 
could be used for exploratory purposes, but further refine-
ment of the model, and the data used for calibration and 
validation, would be required before the model could be 
used for planning and design purposes. This conclusion is 
based on the relatively low accuracy of the model for sedi-
ment and TP predictions (table 2), the high measurement 
uncertainty for sediments and phosphorus, and a moderate 
level of model uncertainty. The SWAT-CUP software pro-
vided an estimate of the SWAT model uncertainty, present-
ed as 95% confidence intervals of the percent variation 
from the predicted value. For predicted daily water yield, 
15% to 25% variation was typical, while for monthly sedi-
ment loads, 25% to 75% variation was observed, depending 
on how the calibration process was constrained. Unfortu-
nately, this analysis was not possible for TP predictions, as 
the SWAT and POWSIM models were not linked together 
during the calibration process, but we expect the uncertain-
ty in TP predictions to be comparable to that for sediment. 

With this in mind, we believe that the model is useful for 
assessing the relative impacts of agricultural versus resi-
dential BMPs on different water quality metrics (loading 
vs. in-stream concentrations) and the time scales necessary 
to fully understand these impacts. However, the model will 
require more refinement and testing with improved field 
measurements in order to build confidence in the absolute 
values of the predicted pollutant concentrations and mass 
loads. 

A number of socio-political factors would also influence 
the implementation of the proposed agricultural and OWS 
BMPs in the TBW and in other similar watersheds in Nova 
Scotia. As the TBW is not a designated protected water 
area, there are no existing regulations or financial incen-
tives to assist with developing a BMP strategy (Nova Sco-
tia Environment, 2006). The rotational crop replacement 
BMPs would presumably require financial incentives to 
compensate for the reduced farm income by switching from 
commodity crops (corn, wheat, and barley) to pasture or 
fallow rangelands. A provincial and/or federal government 
crop replacement funding program would be most appro-
priate, as such programs currently provide crop insurance, 
adaptation programs, and other financial services to farm-
ers. Provincial regulations for agricultural BMPs may be 
required if the water quality issues are of a serious envi-
ronmental or human health concern and voluntary partici-
pation does not meet water quality targets. For OWS BMP 
implementation, the Nova Scotia Department of Environ-
ment will need to be involved, as it is the OWS regulatory 
body (Nova Scotia Environment, 2013). Municipal gov-
ernment involvement may also be required, as it is respon-
sible for regulating development in the watershed area. 
Financial incentives may be required for the more intrusive 
and costly high P sorption filter media and disposal field 
replacement OWS BMPs through municipal and/or provin-
cial programs. Specific P treatment targets for new OWS 
may be required to ensure appropriate disposal field de-
signs and filter media installation. Currently, there are no 
water quality targets for OWS disposal field effluent. The 
reduction in OWS failure rate through regular septic tank 
pumping and inspection may require regulation and en-
forcement by provincial or municipal authorities to ensure 
that the program is properly enacted. An alternative failure 
rate reduction strategy could involve the establishment of a 
municipally managed wastewater management district. In 
this situation, the municipal government would coordinate 
a scheduled septic tank pumping program. Watershed resi-
dents could be charged user fees or increased property tax 
rates to fund the maintenance program. 

CONCLUSIONS 
The evaluation of agricultural and OWS development 

scenarios simulated using the SWAT and POWSIM models 
in the TBW found that both would have long-term negative 
impacts on stream water quality. The agricultural develop-
ment scenarios increased both cumulative sediment and TP 
loads at the watershed outlet. The OWS development sce-
narios produced dramatic changes in stream trophic condi-
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tions during the growing season. 
Agricultural corn and rotational crop replacement BMPs 

were shown to produce the highest reductions in cumula-
tive sediment and TP export loads, while most of the OWS 
BMPs had the greatest impact on growing season trophic 
state. The highest ranked combination of agricultural and 
OWS BMPs decreased the 50-year cumulative sediment 
and TP export loads by 46% and 58%, respectively, and 
included replacing corn and rotational crops with pastures, 
using high P sorption OWS filter media, and reducing the 
OWS failure rate to 5%. The reference scenario had con-
sistently eutrophic conditions during the growing season 
for the last 20 years of the simulation period, while the best 
combination BMP scenario had mesotrophic conditions for 
the same time period, representing a reduction in the eu-
trophication rate. 

This study demonstrates that OWS development and 
BMP simulation periods need to exceed the length of time 
required for the OWS to reach P treatment saturation, 
which for the reference scenario in the TBW is 25 to 
39 years. Simulation periods that do not include the maxi-
mum OWS P loading rate may miss a significant P source 
that will cause future water quality issues. Implementation 
of the agricultural and OWS BMPs in the TBW and other 
similar watersheds in Nova Scotia will require working 
with several levels of government and may require finan-
cial incentives and new regulations to achieve water quality 
targets. Biophysical field studies should be conducted at the 
watershed scale in Nova Scotia to evaluate the agricultural 
and OWS BMPs examined in this study individually and in 
various combinations to build confidence in the model pre-
dictions. 
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