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High rates of nutrient loading from agricultural and urban development have resulted in surface water eutro-
phication and groundwater contamination in regions of Ontario. In Lake Simcoe (Ontario, Canada), anthropo-
genic nutrient contributions have contributed to increased algal growth, low hypolimnetic oxygen
concentrations, and impaired fish reproduction. An ambitious programme has been initiated to reduce phos-
phorus loads to the lake, aiming to achieve at least a 40% reduction in phosphorus loads by 2045. Achieve-
ment of this target necessitates effective remediation strategies, which will rely upon an improved
understanding of controls on nutrient export from tributaries of Lake Simcoe as well as improved under-
standing of the importance of phosphorus cycling within the lake. In this paper, we describe a new model
structure for the integrated dynamic and process-based model INCA-P, which allows fully-distributed appli-
cations, suited to branched river networks. We demonstrate application of this model to the Black River, a
tributary of Lake Simcoe, and use INCA-P to simulate the fluxes of P entering the lake system, apportion phos-
phorus among different sources in the catchment, and explore future scenarios of land-use change and nutri-
ent management to identify high priority sites for implementation of watershed best management practises.
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1. Introduction

Eutrophication is a well-recognised threat to water quality in river
and lake systems around the world. High rates of nutrient loading
from agricultural and urban sources have contributed to serious prob-
lems of surface water eutrophication and groundwater contamination
in many countries. Phosphorus (P) enrichment is the primary driver
of eutrophication in most fresh water ecosystems (Schindler, 1971).
In Lake Simcoe (Ontario, Canada; Fig. 1), P concentrations have in-
creased three-fold since pre-settlement times (Evans et al., 1996;
LSEMS, 1995). Associated increases in algal productivity and declin-
ing hypolimnetic oxygen concentrations have led to degradation of
fish habitat for cold water species and have had negative impacts on
an economically important recreational fishery (LSRCA, 2009).

Recently, some improvements in lake water quality have been ob-
served and been attributed to a decrease in P loading (Winter et al.,
2007). However, further reductions in P loading are required to
allow natural reproduction of cold water fish species including lake
trout and Lake whitefish. As a result, aggressive P reduction targets
have been set. The Lake Simcoe Protection Strategy, a remediation
plan mandated by legislation under the Lake Simcoe Act, requires a
40% decrease in P loads to the lake by 2045 (Lake Simcoe Phosphorus
Reduction Strategy, 2010).

Currently, the largest P source to the lake is its tributaries (LSRCA,
2009; Winter et al., 2007). Although recent data indicate that total P
(TP) loads from some tributaries are declining (Winter et al., 2007),
much larger load reductions are required in the future (Lake Simcoe
Phosphorus Reduction Strategy, 2010). These reductions will have
to be achieved in spite of continued urban growth, climatic change,
and maintenance of a high level of agricultural productivity.

A strong understanding of catchment-scale nutrient dynamics is
required to understand the relative importance of different P sources
in catchments and the relationship between source strength and land
use, to describe source-sink behaviour in soils and sediments, and to
predict P loads under future conditions. In Lake Simcoe and other
human-dominated watersheds, characterisation of the best means
of reducing P loads is a critical research and management goal. As
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Fig. 2. a) Land use in the Black River catchment, b) digital terrain map including INCA-P reach boundaries of Black River and locations of two sewage treatment works (STW) dis-
charging effluents to reach 14 (BR14) and the Simcoe Lake, respectively.
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there is often a considerable lag time between the implementation of
nutrient control measures and lake recovery, management action is
often difficult to assess, a priori.

Computer-based mathematical modelling offers an aid to under-
standing current catchment dynamics and investigating the potential
effectiveness of potential remedial actions. In this paper we consider
the application of a process-based dynamic model, INCA-P, of flow,
suspended sediments and P to the Black River (Fig. 2a and b), a
major tributary of Lake Simcoe. The model is used to estimate the
fluxes of P entering the lake system which then paves the way for
an assessment of alternative management strategies to control P
fluxes and reverse the eutrophication process. An INCA model appli-
cation is also helpful in identifying critical data needs and can be
used to assess the potential consequences of future land use and cli-
mate change. Although INCA-P has been applied widely in a range
of landscapes and land uses, this paper represents the first application
of a new version of INCA-P (Wade et al., 2009), which supports
multi-branched systems including the main streams and their sepa-
rate tributaries. This modified model structure is well-suited to den-
dritic or branched catchments such as the tributaries of Lake Simcoe.
2. Integrated catchment (INCA) model

2.1. The overview of INCA model

INCA has been developed over the past 12 years and is a dynamic
process-basedmodel that predictswater quantity and quality in rivers
and catchments. The philosophy of the INCA model has been to pro-
vide a process-based representation of the factors controlling flow
Fig. 1. The location of Lake Simcoe, Ontario, Canada and the Lake Simcoe sub-catchments, flo
deposition collectors.
and water quality dynamics in both the land and in-stream compo-
nents of river catchments, while minimising data requirements and
model structural complexity (Whitehead et al., 1998a,b). As such,
the INCA model produces daily estimates of discharge, and stream
water quality concentrations and fluxes from both diffuse sources
across a catchment and at discrete points along river channels. The
INCA model has been applied widely in over 20 catchments in the
UK, 21 catchments elsewhere across the EU, as well as in catchments
in Brazil, Australia and Nepal. The major applications of INCA have
been published to date in two special volumes of International Jour-
nals, namely, Hydrology and Earth System Sciences, 2002, 6, (3) and
Science of the Total Environment, 2006, 365, (1–3).

Over the past 12 years versions for nitrogen, phosphorus, carbon,
sediments, ecological parameters (macrophytes and epiphytes), chlo-
ride, mercury and a range of other metals have been created (Futter
et al., 2007; Jarritt and Lawrence, 2007; Jin et al., 2011; Lazar et al.,
2010; Wade et al., 2002, 2004; Whitehead et al., 1998a,b, 2009). The
models simulate flow pathways and track fluxes of pollutants in the
terrestrial and aquatic portions of catchments. The model system al-
lows the user to specify the spatial nature of a river basin or catch-
ment (using semi, or fully-distributed representation), to alter reach
lengths, rate coefficients, land use, velocity-flow relationships and to
vary input pollutant deposition loads.
2.2. Recent INCA developments

INCA is constantly evolving and, over the past two years, there
have been two major new developments to the P and sediment ver-
sions of INCA. There has been a new version of the sediment model
w gauging stations, river and lake sampling stations, weather stations and atmospheric
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to integrate the sediment equations into a new version of INCA-Sed
(Lazar et al., 2010; Whitehead et al., 2010). In addition, there has
been extensive modification of the underlying P process equations
of the INCA-P model so that the delivery and in-stream processing
of particulate and soluble P plus the total dissolved P can be undertak-
en, instead of simulating the delivery of TP only. These modifications
mean that the INCA-P model is better able to both simulate P trans-
port and retention at the catchment-scale, and to also allow for the
interactions between the hydrology, water chemistry and the aquatic
ecology. Wade et al. (2009) gives a full description of all the equations
and processes in the new version of the model. Finally, the INCA-P
model has been modified so that we can simulate fully branched
river networks. The original version of INCA P is a single stem of the
main river that treats the sub-catchments/tributaries in the model
as aggregated inputs, whereas with the multi-branch version we
can simulate branched tributaries in a fully-distributed manner.

The software has been built on top of the latest version of ‘stan-
dard’ main-stem INCA-P and can work in either mode (i.e., as a main
stem-only model or fully branched model). Multi-branch INCA-P can
now represent extremely complicated river networks; there may be
any number of streams, there are no restrictions on the number of
tributaries a stream may have (and indeed, each reach may have any
number of tributaries as inputs) and no restrictions on stream order.

Fig. 3 shows the flow of information in INCA from a cell containing
the process equations, to the land use scale, with up to 6 land uses,
Fig. 3. A simplified INCA-P model structure and the actual m
then to the sub-catchment level with multiple reaches and finally to
the multi-branch set up. A schematic of the Black River is shown in
Fig. 3 indicating a main river branch and 3 sub-catchments. In addi-
tion, point sources such as STWs can be fed directly into the main
river system or into any of the sub-catchments. The mass balance
operates at basic cell level for each land use, the sub-catchment
level to sum the land use inputs and also transport fluxes along the
sub-catchment reaches and then at the full river scale to sum the
loads from all the sub-catchments The catchment sub-reach structure
can be set up to be as complex and detailed as is required. However,
in the case of the Black River, we have opted for an intermediate com-
plexity approach with the 3 sub-catchments and the main river sys-
tem. As in the original version of INCA-P, the set of differential
equations used to model the hydrology and water quality are solved
using numerical integration routines. Mass balance is enforced at all
sub-catchment reach boundaries as well as all main river reach
boundaries. This ensures that a full mass balance is obtained along
the entire river system.

3. Application of INCA-P to the Black River catchment

3.1. Study area (the Black River catchment)

Lake Simcoe (44° 25′N, 79° 20′W) is a large lake (729 km2) situat-
ed at an elevation of about 216 metres above sea level (m.a.s.l.) in
ulti-branch structure used for Black River application.
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southern Ontario, Canada (Fig. 1). There are more than a dozen catch-
ments which drain into the lake; these vary in complexity in terms of
stream order, land use, slope, P flux and rainfall. The Black River flows
into the southeast portion of the lake and drains a catchment of
322 km2 in area. Although the catchment has substantial forest
(25.6% of catchment area) and wetland (23.3%) coverage (Winter et
al., 2007), agriculture is the dominant land use in the catchment
(24.3% of catchment is in intensive agriculture, 16.6% in non-intensive
agriculture). Major crops in the catchment are: alfalfa, corn (90%
of corn is planted for grain), soybeans, hay fodder crops, and wheat
(Statistics Canada, 2006). Urban development is relatively limited
(10.1% of land area). There are eight towns located in the Black
River catchment but Sutton and Mount Albert are the only towns
with municipal sewage treatment works (STW) discharging into the
Lake Simcoe catchment.

The catchment is characterised by fertile soils— largely grey-brown
luvisols, and areas of organic soils (Johnson, 1997). Textural quality
ranges from water-logged to free-draining sand plain (Johnson, 1997).
The growing season ranges from approximately 120–140 frost free
days, andmean annual temperature is approximately 6–7 °C. Precipita-
tion occurs year-round, and a significant proportion (20–25%) of precip-
itation falls as snow (Johnson, 1997). The peak period of P export is in
the springtime as a result of high flows during snowmelt. Phosphorus
loads from this tributary are lower than from many other inflows, and
there have been no significant changes in rates of P export or P concen-
trations in the Black River in recent years (1990/91–2003/04) (Winter
et al., 2007).

We applied the INCA-P model to the Black River for the period
2007–2009. Firstly, the multi-branch reach structure was established,
with aid of digital terrain maps for the area. The selection of reaches
depends on many factors including terrain, land use, location of
water quality and flow monitoring sites, point discharges and any
other factors that might affect flow and water quality. Also it is neces-
sary to have reach boundaries where output information is required
such as downstream discharge points into the lake or key sites of eco-
logical significance. Fig. 2a and b shows the land use maps for the
Black River catchment together with a digital terrain map indicating
reach boundary structure set up in INCA-P. Although fully-distributed
modelling can be supported, this represents a semi-distributed appli-
cation of the model.
3.2. Modelling catchment hydrology

INCA requires time-series of hydrologically effective rainfall (HER)
and soil moisture deficit (SMD) to drive themodel. One approach to ob-
tain these data is to utilise a model such as the HBV rainfall–runoff
model. HBV is a conceptual rainfall–runoff model originally developed
by SwedishMeteorological andHydrological Institute (SMHI). It has un-
dergone several modifications over time to meet different hydrological
objectives (Kobold and Brilly, 2006; Lindström et al., 1997; Menzel and
Burger, 2002). In HBV, time series of precipitation, temperature and
physical characteristics of the catchment are used to simulate daily run-
off, HER and SMD. Parameters and simplifiedmathematical expressions
which represent the underlying physical processes, such as snowmelt,
water residence time, and evapotranspiration rates, are adjustedwithin
the recommended range in order to minimise the difference between
modelled and observed flow.

The model has four main storage components: snow, soil mois-
ture, an upper runoff zone and a lower runoff zone. The processes
within and between the four zones are governed by simplified ex-
pressions which represent the underlying physical processes and
are controlled by parameters which are adjusted during the calibra-
tion process (Lawrence et al., 2009). This was achieved by manually
adjusting the main parameters within the recommended range in
order to achieve a best fit relative to observed daily stream flows.
We applied HBV to the Black River catchment, using meteorologi-
cal data, and flow data from the gauging station near the river mouth
(BR04 in Fig. 2b). The version of HBV utilised here was implemented
in Structural Thinking Experimental Learning Laboratory with Anima-
tion (STELLA) modelling software (ISEE, 2009). HBV has been used on
previous occasions to estimate daily SMD and HER to provide input
data for INCA (Futter et al., 2009; Oni et al., 2011). The HBV model
was run on the Black River from 1992 to 2009 (Oni et al., 2011). Fur-
ther details of the HBV model applications to the other catchments of
Lake Simcoe are given by Oni et al. (2011).

3.3. Phosphorus inputs

Two small sewage treatment plants are located in the Black River
catchment. The Mount Albert sewage treatment serves a population of
~3200 (2008) and discharges into reach BR14 (Fig. 2b). This plant has
a mean flow of 0.0077 m3 s−1 (2006–2008 data) (XCG Consultants
Ltd., 2010) and a mean P concentration of 0.063 mg L−1 (XCG Consul-
tants Ltd., 2010), resulting in a load to the river of approximately
15.3 kg P per year. The second sewage treatment plant is in Sutton, On-
tario, serving a population of ~4100 (Ontario Center for Municipal Best
Practices, 2008). This is a direct-to-lake dischargewith a load of approx-
imately 88.5 kg P year−1 (2008 data; XCG Consultants Ltd., 2010). This
plant is not considered an input to the Black River, hence is excluded
from our model inputs.

In addition to the population served by these sewage treatment
plants, there is a large population (15,108 people) serviced by septic
tanks in this catchment, which can be an important additional P
input. Because septic inputs enter soil and groundwater, the phospho-
rus is expected to be largely retained by soil-processes. We assumed P
release rates (excretion plus detergent P inputs) of 2.0 g per capita
day−1 and 57% efficiency of septic tanks in P removal (Stephens,
2007). Septic tank loads (0.9 kg P ha−1 year−1) are included in the
term accounting for manure application on non-intensive agriculture.
Atmospheric deposition is 0.2 kg P ha−1 year−1 (estimated based on
the nearest monitoring site; Ramkellawan et al., 2009).

Agricultural P inputs were estimated for both intensive and non-
intensive agricultural land. To determine manure production in the
catchment, we used Census of Agriculture data to determine the
number of livestock present in the catchment (Statistics Canada,
2006). We assumed 14% of cows were grazed (Statistics Canada
2008 in MacDonald and Bennett, 2009), and based on this, we as-
sumed 14% of cattle excrement (an estimated 4424 kg P, based
on excretion data from ASAE, 2003) was deposited by grazing cattle
on non-intensive agricultural land, resulting in an input of
0.8 kg P ha−1 year−1. Beyond these diffuse inputs to non-intensive ag-
ricultural land, we assumed a low-level of fertilisation using manure
to supplement forage crops (5.1 kg P ha−1 year−1). The sumof fertiliser
(manure P+grazing cattle excretion) inputs and septic inputs results in
an estimate of P addition to non-intensive land of 6.8 kg P ha−1 year−1.
On intensive agricultural land, we assume an intermediate level of fer-
tilisation for cropland of 33.3 kg P ha−1 year−1 (Hilborn and Stone,
2011). We assume this fertilisation was performed during a 60-day
period in spring using both manure, and inorganic fertilisers. There is
a large amount of information required to set up the INCA-P model
and a full description of this information is given elsewhere (Wade
et al., 2002, 2009). A summary of key input parameters is given in
Table 1.

3.4. Water quality monitoring data

Routine monitoring of TP, SRP, and SS is performed (2–4 samples
per month plus limited event-based sampling) at two sites (see
Fig. 2, BR02 and BR14) in the Black River. Specifically, P was ana-
lysed colourimetrically either following a digestion of the whole
water sample (TP) or following filtration without digestion (MOE,



Table 1
Data sources for INCA P.

Data Data description Data source

Observed water chemistry
TP, SRP, SS Routine sampling (2–4 times per month)

and event sampling
Two sampling programmes: Lake Simcoe Environmental
Management Strategy, Provincial Water Quality
Monitoring Network

Hydrological inputs, observed data
Precipitation Daily time series Environment Canada
Discharge Daily time series Environment Canada
Flow-velocity relationship Measurements for flow rating Measured at site BR07, BR09
SMD and HER Daily time series HBV derived

Land use data, and P inputs
Land use data Ecological land classification and land

use classifications GIS layer
GIS

P inputs to nonintensive agriculture Septic tanks Septic population estimates (GIS), excretion and detergent
release estimates, septic efficiency estimates (Stephens, 2007)

Grazing inputs Cattle populations (GIS; Census of Agriculture Statistics Canada, 2006)
Manure fertiliser inputs Low fertilisation estimate for forage crops (OMAFRA 2011 —

Agronomy guide for field crops; http://www.omafra.gov.on.ca/english/
crops/pub811/3fertility.htm#table3-7)

P inputs to intensive agriculture Manure+fertiliser inputs Intermediate estimate (Hilborn and Stone, 2011)
P inputs to whole catchment Atmospheric deposition Nearest monitoring site (Ramkellawan et al., 2009)
P inputs to stream Direct sewage inflow XCG Consultants Ltd. (2010)
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1983). Suspended solids were analysed gravimetrically after filter-
ing a known volume of water through a glass fibre filter (MOE,
1983).

INCA-P does not directly simulate SRP but the model can be used
to estimate SRP concentrations using simulated TDP values, based
on the relationship between these two parameters in the study
stream. TDP is SRP plus a dissolved (b0.45 μm) hydrolysable fraction
(i.e. organic/polymeric P) which is released under acid/persulphate
digestion and autoclaving. However, TDP is not routinely analysed
in the Lake Simcoe monitoring programme. In order to assess the re-
lationship between SRP and TDP in the Lake Simcoe watershed, we
sampled 13 tributaries of the lake between July 2008 and November
2009. Sampling was performed 6–7 times per site at 1–2 sites in
each tributary (19 sites in total). Samples were filtered (0.2 μm)
and analysed using standard methods (MOE, 2007; Stainton et al.,
1977). The SRP–TDP relationship was found to be approximately lin-
ear, described by Eq. (1) and bounded by a lower limit of zero:

SRP ¼ 0:6614 × TDP−0:0008

r2 ¼ 0:65;p b 0:001
� � : ð1Þ

However, while this might be a useful relationship to use for a
whole Simcoe catchment study, here we are concerned with just
the Black River catchment, and on analysing the Black River data, no
strong relationship was found between SRP and TDP. Data from
other regions (e.g. Jarvie et al., 1998; Neal et al., 2010) suggest the
SRP–TDP relationship may be flow-dependent, as SRP can be diluted
by storm flow, while TDP may not be significantly flow-affected
(Neal et al., 2010). Therefore, measured SRP were not used for cali-
bration in this study.

3.5. Scenarios of future change

The Lake Simcoe watershed is undergoing continued urbanisation.
To address these changes, and the need for concurrent P load reduc-
tions despite the likelihood of increased urban P loading, we utilised
a series of scenarios to reflect likely future conditions, and maximum
possible mitigation measures. We have considered a set of scenarios
for P and sediment control for the Black River system with these
being:

Scenario 1a. Increased sewage loads are projected based on ap-
proved growth, assuming future population growth is treated by the
Mount Albert water pollution control plant, using the best possible
technology to limit P loads to 35 kg year−1 (Lake Simcoe Phosphorus
Reduction Strategy, 2010).

Scenario 1b. Future population growth with maximum allowable P
discharge from the sewage treatment plant resulting in loading of
75 kg year−1 (Lake Simcoe Phosphorus Reduction Strategy, 2010).

Scenario 2. Controls on fertiliser and manure addition on the inten-
sive agricultural area such that the P loading is within the lower
range of recommended rates at 16.7 kg P ha−1 year−1 (Hilborn and
Stone, 2011).

Scenario 3. A set of measure to control sediments in the catchment
using buffer strips and bank erosion controls.

Scenario 4. 1a combined with 2 and 3.

Scenario 5. Assuming all P additions of either fertilisers or manures
are stopped.

Scenarios were run for a three-year period, assuming that envi-
ronmental conditions were otherwise unchanged from the conditions
in 2006–2009.

4. Results and discussion

4.1. Hydrological modelling

The INCA-P model was calibrated using the observed flow and
water quality data for the Black River for a 3 year period from
1/1/2007 to 31/12/2009. Flows are generally less than 10 m3 s−1 ex-
cept for the spring snowmelt period (Fig. 4). Hydrological modelling
of the Simcoe catchments is discussed in detail elsewhere (Oni
et al., 2011). Importantly, in some cases high flow events (particularly
during spring runoff) are overestimated or underestimated, which

http://www.omafra.gov.on.ca/english/crops/pub811/3fertility.htm#table3-7
http://www.omafra.gov.on.ca/english/crops/pub811/3fertility.htm#table3-7
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will impact modelling, particularly of SS exports. However, in general,
a good fit to the observed flows are obtained, as shown in Fig. 4, with
an r2 of 0.67 and a Nash–Sutcliffe statistic of 0.58.

4.2. Water quality

In general the model simulates water quality well (Fig. 4). The
model is being used in the current study to estimate loads of phos-
phorus being transported into Lake Simcoe and Fig. 5 shows the
mean simulated and observed monthly load estimates for the 3 year
period, which gives an r2 of 0.91. However, it is difficult to model riv-
ers with extreme climatic conditions and in some instances, seasonal
ice cover on the Black River may also be contributing to differences
between modelled and observed water chemistry data. Ice abrasion
and altered flow dynamics during periods of ice cover can contribute
to very high SS concentrations during periods of ice cover and break
up (Milburn and Prowse, 2000, 2002; Prowse, 1993). The INCA-P
modelling approach does not explicitly address ice-related sediment
entrainment. In addition, the complexity of physical processes associ-
ated with snowmelt, combined with high variability in snowpack can
affect the accuracy of flow simulations.

Simulations indicated that water quality in the Black River during
the model period was fair. Median TP concentrations at BR02 (Fig. 6)
were below provisional chemical targets of 0.032 mg P L−1 for streams
in this ecozone (Chambers et al., 2009), and indeed modelled median
concentrations are near to a more protective “ideal performance stan-
dard”whichhas been suggested to prevent adverse effects on ecological
condition (Chambers et al., 2009). However at the upstream site BR14,
the median TP concentrations were 0.036 mg P L−1, which is above
the TP target. Approximately 34% of reaches on the Black River were
above the target, which mainly occurred in the central part of the
Fig. 5. Comparison of observed and simulated TP mean monthly loads.
catchment where intensive and non-intensive agriculture activities
are high.We also note macroinvertebrate indicators are typically indic-
ative of poor to fairly poor conditions, and fish sampling is indicative of
conditions ranging between “good” and “fair” (Louis Berger Group and
Greenland International I, 2006). The range and median value of simu-
lated TDP concentrations were similar at two sites shown in Fig. 6. Me-
dian total SS concentrations were also relatively low but simulated
concentrations of SS tend to be higher in the upstream reaches
(Fig. 6), which are characterised by steep slopes, but settle out in shal-
lower portions of the downstream catchments.

Low concentrations of P also make simulation difficult, and are
pushing the lower boundaries of model behaviour. At low concentra-
tions, field data are frequently near the detection limit, further chal-
lenging modelling activities, as the accuracy of field data is also
expected to decline. There is also an issue of sample times when con-
sidering the differences between the modelled and observed phos-
phorus concentrations (Dean et al., 2009). INCA-P models flow and
concentrations at a daily time-step and generate daily mean values.
However, grab samples are collected at a single point in time. It is
known that phosphorus concentration can vary significantly sub-
daily (Johnes, 2007). Therefore, the grab samples may not be repre-
sentative of daily mean concentrations.

Much of the research and management effort on Lake Simcoe is
targeted to understanding, and reducing phosphorus loads from the
rivers to the lake. Our modelling results estimate P export from the
Black River at 4034 kg P/year (average across 3 years). This compares
well with other loading estimates which range between observed es-
timates of 3709 kg P/year (LSRCA, 2009) for the period 2004–2007
and 2907 kg P/year (Louis Berger Group and Greenland International
I, 2006) based on an export coefficient approach. Estimated catch-
ment P export rates vary between 0.12 kg/ha/year (this study) and
0.11 kg/ha/year (2004–2007 period; LSRCA, 2009). These catchment
export rates are quite low compared to values for Europe, which
range from 0.02 kg/ha/year for woodlands up to 0.65 kg/ha/year for
cereal crops (Johnes, 1996). Given that the Black River catchment is
mixed forest, pasture and agriculture, the export rate of 0.12 kg/ha/
year seems reasonable.

A further issue to consider when applying models, is that of uncer-
tainty analysis. Uncertainty is always a major problem with water
quality models and techniques such as generalised sensitivity analysis
have been used byWade et al. (2001)) to evaluate both parametic un-
certainty in the INCA Model and uncertainty in the data used to drive
the model. In general, it is found that there are key parameters that
control the behaviour and in the case of the P model these are often
related to the sediment–water column exchange and the suspended
SRP to particulate P exchange. Research by Jarvie et al. (2006) utilised
an improved sediment–water exchange equation which has been in-
corporated into INCA by Wade et al. (2009). INCA has progressed sig-
nificantly over the years by taking advantage of new ideas on
mechanisms and improved understanding of catchment phosphorus
fluxes to enhance the model. In the case of this Black River application
there are considerable uncertainties because of the extensive ice
cover in winter, difficulty in simulation of snowmelt and the low ob-
served concentrations, which are sometimes close to the limits of de-
tection, and create significant challenges for modelling.

4.3. Scenarios of future change in the Black River

Table 2 summarises the scenario impacts on P changes in terms of
concentrations of TP at the bottom of the river system and in terms of
TP loads to the lake. Simulation results suggest that P load reductions
for the Black catchment may be quite difficult to achieve. The STW
input at Mount Albert is relatively small (35 to 75 kg year−) com-
pared to the overall load of P moving down the river system
(~4034 kg year−1). Projected population increases suggest this load
will increase at the catchment outlet to the lake, and the predicted
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increases are 1.4% and 3.4% for TP concentrations assuming the best
and worst technologies, respectively. In terms of load, the TP loads
will increase by 1% and 2.5% respectively for the best and worst
technology.

The second scenario assumes that the farmers act to reduce their
fertiliser and manure use to the lower level of the recommended ap-
plication rates. This does lower TP concentration and TP loads mar-
ginally by 0.1% but the effect is most significant in springtime and
early summer when a 9.4% reduction is achieved. So, relative to
point-source controls, this does appear to be an effective method of
lowering TP loads across the catchment during the spring and early
summer months.

The third scenario explores the use of buffer strips and bank ero-
sion control measures to reduce SS in the river system. Riparian buffer
zones have many advantages (Rabeni and Smale, 1995). They mini-
mise overland transport of sediment and reduce the direct runoff
flow velocity and filter the direct runoff. In a literature review, Liu
et al. (2008) suggest a 45–100% sediment removal efficiency depend-
ing on the width of the buffer zone and physical characteristics of the
site. Therefore, a 15% decrease of the transport capacity parameter
of INCA-P model produces a realistic potential buffer strip effect
(Whitehead et al., 2010). In addition, it has been assumed that a
small bank erosion control policy has been introduced to control the
banks as a source of sediments. The effects of these measures in the
model scenario run are significant in terms of SS with the measures
producing a 6.6% reduction in SS concentrations in the river system.
As shown in Table 2, this translates into an improvement in TP con-
centrations and load of 6.5% and 5.6% respectively. A factor to consid-
er is the source of P in the bed sediment and the subsequent
remobilization back into the water column which can delay any P im-
provements (Jarvie et al., 2005, 2006).

Scenario 4 is the combined strategy of Scenarios 1a, 2 and 3. It is
assumed that population increases but improved technology is intro-
duced at the sewage treatment plants. In addition we assume that
there is a reduced use of fertilisers and manures and also the sedi-
ment controls are introduced. Collectively these effects generate TP
Table 2
Summary of the scenario simulations.

TP conc.
mg L−1

TP conc.
% Change

TP load
kg year−1

TP load
% Change

Baseline 0.0317 4034
Scenario 1a 0.0322 1.4 4073 1.0
Scenario 1b 0.0328 3.4 4132 2.5
Scenario 2 0.0316 −0.6 4029 −0.1
Scenario 3 0.0297 −6.5 3806 −5.6
Scenario 4 0.0297 −6.6 3804 −5.7
Scenario 5 0.0310 −2.3 3989 −1.1
concentration and load reductions of 6.6% and 5.7% respectively.
This is a quite disappointing result, especially if such small achievable
reductions are true of other catchments draining into Lake Simcoe.

Finally a further scenario was run to assess the total effects of
stopping all P additions in the agriculture parts of the catchment.
This is an exploratory scenario, rather than a realistic one, as much
of this land is designated “greenbelt”, based on its important to re-
gional food supplies. The simulated cessation of fertilisation is not
consistent with goals of continued high agricultural productivity.
Even under this extreme scenario, the TP concentrations and TP
loads would only fall by 2.3% and 1.1% respectively over the 3 years
of the simulation. Again there is a legacy effect here as there is a
store of P available in the river sediments and the catchment and it
will deplete over time, although this can be relatively fast according
to Jarvie et al. (2006).

Clearly, P reductions to Lake Simcoe will require long-term man-
agement changes. Results of these management changes will mani-
fest both in relatively short-term changes and longer-term load
reductions as stored P begins to decline. Importantly, Scenario 4 –

which reflects growth commitments and ambitious management
programmes – leads to only a ~230 kg reduction in P loads over the
3-year simulation. Although greater reductions may be achieved
over the long-term, this is a very small proportion of the P reduction
target which ultimately requires annual loads to be reduced by al-
most 30 tonnes (OMOE, Lake Simcoe Protection Plan, 2009). Given
load reductions for the entire Lake Simcoe catchment will have to
be attained in a changed climate, more work is required to under-
stand how hydrology will change in the Black River and how altered
hydrology will affect P loads. The INCA scenarios show the difficulty
in achieving large-scale reductions from the watershed, given its al-
ready low rates of export. Although our model simulations are subject
to uncertainty, none of our scenarios suggested significant reductions
in P loads would be easily attainable. Reducing non-point source pol-
lution is a difficult problem in many catchments, and regions of the
world. In Lake Simcoe, most point sources are already under stringent
control, near the minimum feasible P discharges. As a result, reducing
non-point source inputs is critical to recovery of the lake. Although
some degree of load reduction can be achieved from low P-export
catchments such as the Black River, management efforts may be
best targeted towards areas which represent hotspots of P export in
the landscape, and catchments where P export is markedly higher.
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