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Abstract 

A static phosphorus loading model, as proposed by G.K. Nurnberg (1998, Limnology and 

Oceanography, 43, 1544-1552) is applied to Langford Lake, BC to determine the likely sources 

of phosphorus entering the lake and to predict the consequences of further urbanizing the 

watershed. Export coefficients are calibrated to local conditions by assuming that the phosphorus 

concentration of the epilimnion during the spring and early summer is explained by only external 

loading. Internal loading amounts, as quantified by examining the lake‟s phosphorus profile, are 

compared against estimates derived from sediment analysis. Internal loading is determined to be 

the largest contributor of phosphorus to the lake (69%), while septic fields are the greatest 

external contributor (10%). It is found that the anticipated increase in the phosphorus load, 

resulting from urban expansion, can be largely offset by removing the remaining septic fields 

within the watershed and using low-impact design features in all new developments. 
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1. Introduction 

1.1 The Problem: Phosphorus and Lake Eutrophication 

Despite the more than 35 years that have passed since Schindler (1974) provided 

dramatic evidence linking an increase in a lake‟s phosphorus (P) content to the proliferation of 

algal blooms and aquatic plants, human impacts continue to cause freshwater bodies to „turn 

green‟ on a regular basis. While the scientific literature is rich with studies that examine 

culturally eutrophied lakes, there exists no universally accepted model for predicting a lake‟s 

phosphorus concentration or for diagnosing the most effective management options for 

promoting a lake‟s recovery. Thus, the relation between phosphorus control and lake 

management remains an area of open debate and research. 

Phosphorus is recognized as the limiting nutrient for macrophytes (aquatic plants) and 

algal growth in the majority of freshwater systems (Schindler, 1977). Consequently, excessive 

phosphorus loading of lakes has been linked to accelerated eutrophication and undesirable water 

quality parameters for the purposes of fisheries, drinking, and recreation (Vollenweider, 1968). 

In lakes used for swimming and recreational fishing, eutrophication can produce undesirable 

aesthetics, odour problems, bathing hazards (due to littoral plants), and detrimental changes to 

the lake‟s biotic community. In certain cases, blue-green algae (cyanobacteria) blooms can 

flourish and release toxic compounds into a lake, which are harmful to humans and animals. 

The control of phosphorus from anthropogenic sources within a watershed is, in many 

cases, an attainable objective (Cooke et al., 2005). This exists in contrast to the control of other 

major nutrients such as carbon and nitrogen, which can be fixed from the atmosphere. Therefore, 

quantifying the sources of phosphorus entering and leaving a lake or reservoir, often referred to 
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as the construction of a phosphorus budget, can provide valuable information to managers and 

planners, particularly where lake-related water quality concerns are under discussion. 

 

1.2 Phosphorus Fluxes in Lakes  

In the environment, phosphorus is found in many different forms and, as such, there are 

many different labels to describe its state (i.e. soluble, particulate), origins (i.e. organic, 

inorganic), and reactivity (i.e. liable, sediment-bound, biologically available). Despite these 

many classifications, the cyclic flow of phosphorus in natural systems suggests that it is 

practical, at the ecosystem level, to refer to „total phosphorus‟ (TP).  

Lake phosphorus inputs may come from multiple sources (Figure 1). „External loading‟ 

can be introduced from „nonpoint sources‟ such as atmospheric inputs in dryfall and 

precipitation, runoff from the watershed, and septic systems found near the shoreline (Reckhow, 

Beaulac, & Simpson, 1980). Watershed runoff is influenced by geomorphology and land use, 

including forest cover, agriculture, and urbanization (Dillon & Kirchner, 1975). The phosphorus 

contributions from septic systems are dependent on the population using these systems and the 

efficiency of the septic field in immobilizing phosphorus. Additionally, some lakes have specific 

„point sources‟ such as from a wastewater treatment facility. 
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Figure 1: Generalized phosphorus fluxes within a lake (adapted from Bryhn (2008))  

 

Upon entering a lake, phosphorus will either remain in suspension or solution, be 

metabolised by phytoplankton, or bind to certain metals (usually calcium, aluminum, manganese, 

or iron) and sink to the lake bottom as sediment (Bryhn, 2008). The sediment-bound phosphorus 

in shallow areas can be resuspended through disturbance of the littoral zone via wave action, 

biota interactions, boat traffic, or inflow turbulence (Bryhn, 2008). Additionally, sediment-bound 

phosphorus in deep regions can be released as ortho-phosphate under anoxic conditions 

(Søndergaard, Jensen, & Jeppesen, 2003). Ortho-phosphate is the fully oxidized form of 

phosphorus, encountered in solution as a free ion. Coastal lakes in temperate zones usually 

experience stratification during the summer when higher temperatures isolate the deep, colder 

hypolimnion from the lighter, warmer epilimnion. Under these stratified conditions mixing of the 

water column is inhibited and bacterial consumption of detritus on the lake bottom eventually 

deprives the hypolimnion of its dissolved oxygen (DO). At DO levels below one part per million 

(ppm) phosphorus trapped within the sediment may be released into the overlying water 

(Nurnberg, 1995).  
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When the epilimnion temperature declines in the fall, a lake usually turns over, leaving 

the water column well mixed and homogenized with respect to its temperature and DO profile. 

This transition can also introduce considerable quantities of free phosphorus, previously isolated 

within the hypolimnion, into the biologically productive upper depths of a lake. This 

phenomenon is referred to as „internal loading‟. After a period of excessive external loading and 

a subsequent high sedimentation rate, internal loading can act as a negative feedback mechanism 

that continues to keep phosphorus levels elevated even after the external sources have been 

mitigated. Consequently, lake rehabilitation programs that do not consider internal loading 

factors will often encounter unexpected results or, in some cases, fail entirely (Cooke, Welch, 

Peterson, & Nichols, 2005). 

Phosphorus is permanently removed from a lake by either lake discharge or sediment 

burial. Sediment burial is a slow process whereby precipitated phosphorus is covered by 

additional sediment layers, channelling it from the biosphere to the lithosphere (Bryhn, 2008). 

 



 Phosphorus load modelling of an urbanizing watershed     5 

1.3 Research Focus  

A model can be defined as a hypothetical description of a system built upon one or more 

empirical relationships. Environmental managers will often use models to simplify their 

understanding of real world phenomena and to permit projections of future conditions based on 

possible scenarios. In this way, the consequences of certain actions (or inactions) can be 

examined. Managers responsible for freshwater lakes found in developing watersheds can use 

static phosphorus loading and retention models to quantify the phosphorus feeding into a lake 

and to project future lake phosphorus levels given land use scenarios (Johnes, 1996). 

Consequently, these models are commonly used in developing recovery strategies for culturally 

eutrophied lakes. The practicality of these studies as diagnostic tools can be improved by 

including several aspects often omitted by researchers. These include: 

 error analysis;  

 seasonal resolution of TP levels;  

 lake sediment chemistry considerations; and 

 TP loading reduction estimates based on best management practices (BMPs) and 

model extrapolations. 

This study examines the application of a phosphorus loading and retention model 

(assembled from the literature) to Langford Lake, a suburban lake found in Langford, British 

Columbia. It is the aim of this research to investigate the application of a compartmentalized 

model that addresses the aforementioned shortcomings listed above. Therefore, the specific 

objectives of this study are threefold:  
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1) To assemble a phosphorus external loading model that includes error analysis and 

seasonal resolution; 

2) To examine the use of lake sediment analysis as a predictor of internal loading 

amounts; and 

3) To suggest management responses for reducing the total phosphorus load to Langford 

Lake. 

 Langford Lake is not held to be a surrogate for lakes in general, as models of this type 

must often conform to the specifics of a particular lake (i.e. mono-, di-, or polyliminitic, anoxic 

or oxic). Despite this, efforts are made to suggest a generalized approach where a specific 

modelling tool can be applied to a wider variety of lakes in coastal British Columbia. Wherever 

possible, model outcomes are compared against empirical data in order to test the validity of the 

model assertions.      

 

2. Study Area: Langford Lake 

2.1 Langford Lake Past, Present, and Future  

Langford Lake is a eutrophic freshwater lake found in the municipality of Langford, 

located on southern Vancouver Island (see Figure 2). In the past, this lake has suffered excessive 

phosphorus loading from agriculture, shoreline septic systems, and urban encroachment 

(Rieberger, 2007). This has, in turn, accelerated the eutrophication process of the lake and 

produced undesirable water quality. The degradation of water quality has prompted a number of 

technical assessments (McKean & Munteanu, 1981; Nordin, 1988; Rieberger, 2007) and the 

implementation of several remedial strategies. In 1984, a hypolimnetic destratification system 

was installed with the aim of improving water quality and reducing the proliferation of algal 
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blooms and macrophytes. While this system continues to operate, a 2005 study indicated that it 

no longer fulfills its intended purpose of destratification (Rieberger, 2007). This study also 

prescribed a series of water quality objectives for the lake. The objective for the whole-lake TP 

concentration at spring turnover was set at ≤ 20 ug/l for the short term (5-20 years) and ≤ 10 ug/l 

for the long term (>20 years).       

While the management tactics implemented over the last several decades appear to have 

generated a gradual decline in phosphorus levels, concentrations in the lake remain elevated. 

Recently, the City of Langford (COL) has put forth its Official Community Plan (Langford, 

2008), which indicates the expansion of urban cores throughout large sections of the watershed 

of this lake. As it has been well documented that the urbanization of natural areas can increase 

phosphorus concentrations in runoff (Makepeace, Smith, & Stanley, 1995) it has become a 

concern that development will be detrimental to this water body. 

Figure 2: Map of Study Area  
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2.2 Watershed and Lake Morphology 

Langford Lake is a glacial kettle lake with a maximum depth of 17m and an average 

depth of 6.5m. It has a a surface area of 61.2ha, of which more than half (33.3ha) is considered 

littoral area (<6m deep) (British Columbia Ministry of Environment, n.d.). It is a warm 

monomictic lake, being stratitified in the summer and well-mixed during the winter (Nordin, 

1988). The topography of the 3.3-km
2
 watershed ranges through strongly rolling and undulating 

slopes. The glacial-fluvial deposits which account for much of the watershed surface materials 

are generally characterized as moderate- to well-drained, with the exception of the low lying 

areas to the southwest and northeast of the lake, where poorly drained, organic-rich soils are 

found (McKean & Munteanu, 1981).        

 

2.3 Biogeoclimatic Context 

The watershed under study is found in the Coastal Douglas Fir biogeoclimatic zone of 

British Columbia. As such, the higher elevations are characterized by patches of arbutus, Garry 

oak, red cedar, Douglas fir, and salal, while the vegetative cover of the lowlying wetland areas 

consists of skunk cabbage, spirea, sedges, willow, and grasses (McKean & Munteanu, 1981). 

The climate of Southern Vancouver Island dictates that the area experiences long dry summers 

and has mild winters with most percipitation falling between December to March (Nordin, 

1988). From 1999 to 2009, the region‟s average annual rainfall was 1.108m/yr, the average 

temperature was 9.2
o
C, and the temperature fell below 0

o
C less than 4.6% of the time.     
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3. Field and Laboratory Methods 

All water samples were collected in acid-washed 250ml high-density polyethylene 

(HDPE) bottles. Throughout the period from August 2008 to July 2009, water samples were 

retrieved at various depths of Langford Lake using a van Dorn sampler. The temperature of these 

samples was measured immediately upon collection. Once the lake outflow was sufficient, 

discharge measurements (cross-section measurements and flow reading with a 2100 Swoffer 

flow meter) were taken approximately every two weeks until the flow dissipated. During this 

time water samples were also collected at the outflow. Rainwater was collected in HDPE bottles 

at several lakeshore sites from December, 2008 until May, 2009. Rainwater samples were 

retrieved when the volume was deemed adequate for analysis. TP concentrations in water 

samples were determined in the laboratory using an acidic persulfate digest and Molybdate-blue 

colourimetric determination (American Public Health Association [APHA], 1995). Appendix A 

shows the relative position of the sampling sites and provides their geographical coordinates. 

Appendix B provides the lake TP concentration data collected during the 2008-2009 water year.   

Six sediment samples from deep water (<10m depth) sites were collected in September 

2009 using a 15cm x 15cm Ekman grab. After decanting, the grabs were sub-sampled using 

HDPE 10cm long tubes. These samples were analyzed for moisture content, organic matter, iron, 

and TP as per the methods of APHA (1995). The BDP (bicarbonate dithionite phosphorus) 

extractions of the sediments were performed as per Nurnberg (1988).  

Additional historical data regarding phosphorus and dissolved oxygen concentrations 

were obtained from Rieberger (2007). Watershed rainfall amounts and lake water level data for 

the 2008-2009 water year were obtained through automated measurements taken by KWL 

Emerald hydrology consultants. The KWL data was provided with the authority of the City of 
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Langford. Historical (1999-2008) rainfall data was obtained, with permission, from the Capital 

Regional District‟s rain gauge at the Mt. MacDonald station. 

Watershed land-use delineations and area assignments were accomplished using 

orthophotos from the Capital Regional District Natural Atlas (Capital Regional District, 2008) 

and Google Earth software (Google, 2009). Orthophotos and civic lot maps were used to 

determine the human populations living within the watershed bounds. Volume estimates of the 

lake strata were obtained through bathymetric map interpretations, where interpolation between 

isolines was done by assuming the geometry of each stratum approximated a conic frustum.                 
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4. Static Phosphorus Loading Models: A Review of the Literature 

 Many scholars accredit the original phosphorus loading models to Richard Vollenweider 

and his work with the Organization for Economic Co-operation and Development (OECD) 

during the late 1960‟s and early 1970‟s (i.e. Vollenweider, 1968; Vollenweider, 1975). These 

models are „static‟, in that the phosphorus contributions to a lake are considered to be relatively 

constant over several years and, therefore, the phosphorus concentration within a lake exists in 

equilibrium with its external and internal load. Since their conception, static phosphorus loading 

models have been found in many permutations, although their foundational basis remains the 

same.  

This chapter provides a broad overview of the fundamentals of these models by 

highlighting specific works where they are applicable to the objectives for this study. It is not 

meant to be an exhaustive review of the literature pertaining to phosphorus loading models. 

Specifically, modelling tools are selected from the literature and critically reviewed to ensure 

that they provide seasonal resolution, error analysis, a forecasting capacity, and an assessment of 

non-point sources of phosphorus entering a lake. As well, it is ensured that the basis of the 

selected models are appropriate for the application to the lake under study.     

 

4.1 The Evolution of Phosphorus Mass Balance Models 

Phosphorus loading models are often constructed through a mass-balance approach which 

pivots on the Law of the Conservation of Matter and views a lake as a continuously stirred tank 

reactor (CSTR) (Cooke et al., 2005). By specifying that the “tank” is of a fixed volume and that 

the inflow rate is equivalent to the discharge rate, the kinetic details of a reactant‟s concentration 
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can be examined. Adopting this concept, Vollenweider (1975) proposed a TP mass balance 

model for lakes as: 

(1)        

Where [TP] is the lake‟s annual average total phosphorus concentration in mg•m
-3

 

(equivalent to ug•l
-1

), L is the areal TP loading to the lake‟s surface in g•m
-2

•yr
-1

, z is the mean 

depth in metres, ρ is the flushing rate (yr
-1

), σ is the sedimentation rate coefficient (yr
-1

) and t is 

time in years (yr). A lake‟s flushing rate is calculated as the quotient of water outflow rate (Qo) 

over the volume (V) of the lake. Assuming steady-state conditions, the differential equation is 

solved as: 

                                                 (2)   

Accordingly, this model predicts average annual TP concentration within a lake based on 

its hydrologic and morphologic parameters. The greatest difficulty in using this form is 

determining the sedimentation rate coefficient (σ) which largely dictates TP retention. In order to 

deal with this shortcoming, many authors have adopted a dimensionless retention coefficient 

factor, R (Cooke et al., 2005). R is the fraction of incoming phosphorus that is lost to the 

sediment and is expressed as:  

 (3) 

Conversely, (1-R) represents the fraction of incoming phosphorus that is retained in the 

lake‟s water column or removed through the outflow. R can be included in the overall expression 

for [TP] by multiplying both the numerator and the denominator of Equation 2 by ρ. The 

following series of equations relate the rearrangement of Equation 2 to incorporate R into the 

static TP model.  

(4)  
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In order to express R, without the need to measure σ, multiple researchers have found that 

the retention coefficient can act solely as a function of a lake‟s hydraulic parameters (Dillon & 

Rigler, 1975). Specifically, many authors found that the greater the amount of water flowing into 

and out of lake, the less time there was for incoming phosphorus to settle out as sediment. 

Nurnberg (1984) proposed one such model to obtain a predicted retention coefficient, Rpred. 

Nurnberg‟s Rpred model is derived from a broad compilation of data on 54 European and North 

American oxic lakes (Nurnberg, 1984) and is given by: 

(5)    

A lake‟s mean depth multiplied by the flushing (z•ρ) rate is considered to be an estimate of the 

areal water loading (Cooke et al., 2005), which is the annual amount of water entering into a lake 

divided by a lake‟s surface area. The areal water load is quantified in m•yr
-1

 and represented by 

the symbol qs. By inputting qs into Equation 5 the predicted retention coefficient becomes: 

(6) 

It is important here to clarify the usage of the term „areal load‟, as it is used regularly in 

this paper to describe the yearly amount of either phosphorus or water flowing into a lake from 

above its surface. In the case of water, the areal load is the sum of the annual watershed runoff 

and the precipitation falling on the lake‟s surface, divided by the area of the lake. In the case 

phosphorus, the areal load is the annual mass of TP entering the lake (either internally or 

externally), divided by the surface area of the lake.       

Lakes that develop an anoxic hypolimnion will often regenerate soluble phosphorus from 

sediments on the lake bottom (Nurnberg, 1984). This can act as a significant source of 

phosphorus loading that must be accounted for if a model is to accurately predict in-lake 

phosphorus concentrations. Unfortunately, internal loading estimates were commonly neglected 
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in most early phosphorus loading models. This is mostly due to the fact that internal loading is 

the result of a complicated interaction between deep water sediments and overlying anoxic 

waters (Søndergaard et al., 2003). Parameters within both these phases are difficult to model. 

Despite the difficulties in estimating internal loading amounts (symbolized by Lint), its addition 

to the mass balance equation is relatively straightforward, as seen in the next section.  

 

4.2 Static Models and Seasonal TP Levels 

A strongly stratified lake with an anoxic hyplimnion will commonly possess varying in-

lake TP concentrations throughout the year. Nurnberg (1998) has suggested that there are three 

useful measures of TP that can express this seasonal variation. Namely they are the average 

annual whole lake TP concentration ([TP]ann), the early summer epilimnion phosphorus 

concentration ([TP]epl), and the whole lake TP concentration after fall turnover ([TP]fall). 

Additionally, [TP] measurements taken during spring turnover (February-March) provide a value 

for [TP]spring, which is often used as a surrogate for [TP]ann because a lake is usually well mixed 

at this time and the biological assimilation of phosphorus is retarded by the reduced daylight 

hours.     

In a study of 96 Minnesota lakes, Osgood (1988) found that [TP]epl could be explained by 

only the external loading quantities in strongly stratified lakes. Osgood‟s research also produced 

a morphological index (the Osgood Index), which uses the ratio of a lake‟s mean depth to the 

square root of its surface area to predict the relative stability of  lake‟s thermal stratification. 

Lakes with an index value exceeding six are considered to be strongly stratified, while those less 

than six are likely to experience hypolimnetic transfer of phosphorus to their eplimnion during 
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summer because they are weakly stratified or polylimnetic (United States Department of 

Agriculture [USDA], 1999).  

Nurnberg (1998) further characterized these seaonsal relationships using her predicted 

retention coefficient (Equation 5) to demonstrate that external and internal loading quantities can 

be used to estimate seasonal TP levels. Nurnberg tested her models, as summarized in Equations 

7 through 9, against observed values in 39 temperate northern lakes that experience anoxic 

hypolimnion and found agreement within p<0.05. 

(7)  

 

(8)  

     

(9)  

As shown in Figure 3, the TP concentration of Langford Lake during the 2008-2009 

water year displays a pronounced seasonal variability. During the summer a well established 

thermocline isolates deep anoxic water from the oxygenated upper portions of the lake. As a 

result of the reductive conditions in the anoxic environment, phosphorus release from sediment is 

observed throughout the lake‟s stratified period (May-October). An Osgood Index value of 8.3 

(z/sqrt(Ao)) (Osgood, 1988) and the fact that the hypolminion is located in a deep basin at the 

south end of the lake suggests that Langford Lake experiences minimal entrainment of its 

hypolimnetic free phosphorus into the epilimnion during the summer months. A minimum TP 

concentration is seen in March, likely indicative of the lake‟s increased flushing rate, due to a 

period of heavy rainfall and, possibly, a high rate of diatomaceous nutrient uptake. The lake‟s 

surface (0-5m) TP levels are seen to slowly rise after spring turnover, suggesting the contribution 



 Phosphorus load modelling of an urbanizing watershed     16 

of external TP sources. As suggested by Nurnberg (1998), with the onset of stratification the TP 

of the lake eplimnion appears to develop a partial steady-state equilibrium with its external TP 

load. Therefore the application of Equation 7 seems valid.    

 Figure 3: Average TP concentration of Langford Lake at 0-5m and 10-15m. 

 

4.3 External Loading Models  

4.3.1 Nutrient export coefficients. 

In an influential paper, Dillon & Rigler (1975) suggested that specific land uses within a 

watershed can be delineated and assigned certain nutrient export constants. These „export 

coefficients‟ (ECs) are quantified as kilograms of phosphorus introduced from an area per year 

(commonly expressed as kg P•ha
-1

•yr
-1

 or g P•m
-2

•yr
-1

). The usage of these values has become 

commonplace in many nutrient budgets based mostly on their ease of application and practicality 

as a watershed management tool. The general approach is to estimate coefficients for a specific 

land use based upon previous literature values. The selected export values are then scaled to the 

specified land use area and these values are then summed with the additional external loading 
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quantities, such as from septic, atmospheric and point sources inputs. Therefore, total annual 

mass of phosphorus entering a lake from external sources (MPext) can be expressed as: 

(10) 

Where Ef, Eag, and Eu are the export coefficients for forest, agriculture, and urban land uses, 

respectively. Similarly, Ai is the respective area of each land use type. Atmospheric contributions 

are quantified by multiplying Eat, the atmospheric TP input per area of lake surface by Ao, the 

lake‟s surface area. Septic system contributions are evaluated by multiplying Eseptic, the 

phosphorus contribution per capita, by C, the population living within the watershed on septic 

fields, and transmission coefficients based on soil type (Tsoil) and distance (Tdistance). Any 

additional point source inputs (PSI) are included in the summation as well. 

MPext is more commonly expressed as the external load quantity (Lext), written in terms of 

the TP load per unit area of the lake surface: 

(11) 

As Langford Lake‟s [TP]epl is largely dictated by only external loading (Nurnberg, 1998), 

applying Lext to Equation 7 allows the ECs to be adjusted until the selected values provide a 

concentration equivalent to the known value, which is obtained through sampling and analysis. 

Ideally EC values should be determined directly for a specific watershed, but this is often a 

prohibitively costly procedure (Cooke et al., 2005). Since the alternative, choosing the ECs from 

the literature, is a somewhat subjective process, care must be taken with selecting appropriate 

literature values (Reckhow & Simpson, 1980). Error can be reduced by examining studies from 

geographically proximate watersheds and keeping values within the published limits of several 

extensive export coefficient compilations (i.e. Lin, 2004). 
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4.3.2 Uncertainty estimates.  

Whenever models are used as potential policy tools, it is important to specify the 

uncertainty associated with a particular projection. In this way the reliability of a prediction can 

be assessed and its significance can be weighed. In order to better evaluate the precision of 

export coefficient modeling, Reckhow & Simpson (1980) developed an error inclusion method 

requiring low, most likely, and high estimates for all coefficients. The „most likely‟ value 

represents the central tendency (the most probable estimates), while moving towards the „low‟ 

and „high‟ estimates means moving increasingly towards less probable states. This error analysis 

technique does not require that the overall uncertainty of the model outcome be normally 

distributed. Instead, a Chebyshev inequality is used to evaluate the probability that a lake‟s 

average TP concentration will lie between the specified positive and negative total errors (ST
+
 

and ST
-
, respectively).  

 Although the model‟s cumulative error finds its origins in that of its parameters, this 

approach assumes that the greatest sources of uncertainty are introduced in the selection of the 

export coefficients and the prediction of the R. To permit an error analysis of these terms, two 

primary assumptions are necessary. Firstly, the differences between the most likely TP load 

estimate and the high and low estimates are taken to be approximately twice the standard 

deviation (s.d.) of the total phosphorus load (Reckhow & Simpson, 1980). Secondly, the R 

model error, as defined by the sum of the squares of the residuals, adequately describes the 

uncertainty in predicting a lake‟s phosphorus retention. The standard error in determining Rpred, 

using the Equation 6 model, was found to be ± 0.153. By propagating the individual error terms 

of the model‟s various parameters, the uncertainty in the predicted outcomes is evaluated for the 
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calibration, validation, and forecasting stages. Appendix C provides more details on the error 

analysis included in this study.  

    

4.3.3 EC model calibration and validation. 

By applying calibrated TP export coefficients to historical landuse scenarios backcasting 

has been used to validate models of this type (Johnes, 1996; Winter &  Duthie, 2000). 

Unfortunately, the lake under study has insufficient historical data regarding past [TP]epl to 

warrant this type of backcasting. Instead an alternate approach was adopted where the EC model 

was calibrated to the 2004-2005 water year and then applied to the 2008-2009 water year for 

validation. This approach appears justified given that Winter and Duthie (2000), similarly, only 

used one year of data to validate thier EC model for an urbanizing watershed in Southern 

Ontario.  

 

4.4 Internal Loading Models 

A number of methods have been proposed for estimating TP internal loading quantities. 

In lakes with well-defined seasonal stratification, the most commonly used technique for 

estimating Lint is found by monitoring a lake‟s [TP] just before or after fall turnover. When using 

[TP] data prior to turnover, background TP levels in the anoxic layer not generated by internal 

loading are estimated from the average TP concentration before stratification occurs (Nurnberg, 

1987). After subtracting the background amount, the adjusted TP of the hypolimnion is then 

multiplied by the volume of the lake found below the thermocline boundary (Vhypolimnion), which 

is calculated from the lake‟s morphology. Therefore, the mass of phosphorus inputted by internal 

regeneration (MPint) is found as: 
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        (12)      

Alternately, the internal load can be quantified using lake [TP] data just after 

destratification. In this case, the background quantities are estimated from the [TP] of the 

epilimnion prior to thermocline erosion. After subtracting the background amounts, MPint is then 

calculated by multiplying the change in [TP] by the lake volume.        

Internal load can also be modeled by multiplying the anoxic factor (AF), the number of 

days the lake sediment is overlaid by anoxic waters equivalent to the surface area of the lake, and 

the release rate (RR) in mg P•m
-2

•day
-1

 (Nurnberg, 1988). AF is obtained through in situ DO 

monitoring and lake morphology. RR can be found through in situ [TP] profile monitoring 

during the anoxic period or by sediment core incubation experiments in the laboratory. 

Additionally, relationships between lake sediment composition and RR have been established. 

Using literature data from 63 worldwide lakes, Nurnberg (1988) correlated the total phosphorus 

concentration of the sediment ([TP]sediment) and RR to derive a logarithmic relationship as:  

(13) log RR = 0.76 log [TP]sediment + 0.80 (r
2
 = 0.21, p<0.001) 
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5. Results 

5.1 Water Budget 

An annual water budget of the study area is constructed to determine the lake‟s areal 

water loading (qs) and predicted P retention coefficient (Rpred). A stage-discharge rating curve is 

constructed by plotting the discrete discharge measurements taken at the lake outflow against the 

continuous stage height measurements of the lake level. By fitting a quadratic equation using the 

least squares method the lake discharge is then described as a function of the lake level. This 

equation is then applied to the stage-height data to compute the total hydraulic output of 

Langford Lake for the 2008-2009 water year. This value was compared against the annual 

amount of precipitation falling onto the lake surface and surrounding watershed to derive an 

annual hydrologic budget and lake flushing rate. As such, the annual watershed runoff was found 

to be 503mm (1358 dam
3
, where dam

3
= cubic decametre = 10m x 10m x 10m) over the 

watershed area excluding the lake‟s surface and the flushing rate to be 0.513 yr
-1

 (residence time 

of 1.95 years). Table 1 lists the relevant hydrologic parameters used in this study and their basis. 

See Appendix D for a more detailed description of the stage-discharge data and hydraulic 

calculations.    

Considering the drier than average 2008-2009 water year, the estimated runoff amount 

compares well with a value obtained from Obedkoff (2003), Streamflow in the Lower Mainland 

and Vancouver Island. Here a value for runoff was obtained from a regression line for East 

Vancouver Island after translating the regression to the most approximate gauged watershed, at 

Sooke Lake. Using 84m as the median watershed elevation provided an estimate for runoff as 

650mm/yr. 
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Table 1: Hydrologic parameters for Langford Lake, August 1, 2008 to July 31, 2009. 

  Parameter Notation Value Basis 

Total Rainfall (mm) - 961.3 KWL Emerald rain gauge 

Rainfall Volume onto 

270ha Watershed (dam
3
) 

WP (watershed 

precipitation) 

2596 Area of watershed excluding lake 

surface multiplied by total rainfall 

Rainfall Volume onto 

61ha Lake (dam
3
) 

DP (direct 

precipitation) 

588 Area of lake surface multiplied by 

total rainfall 

Volume of lake (dam
3
) Vlake 3800 Rieberger (2007) 

Storage change (dam
3
) ΔSTOR -5.11 Difference between lake stage height 

readings 

Evaporation (dam
3
) EVP 436.4 0.713m/year from evaporation pan 

studies in Saanich, BC (Sprague, 

2007) multiplied by lake surface area 

Discharge Volume 

(dam
3
) 

Qo 1514 Use of automated lake level stage 

readings and calibrated discharge 

curve 

Annual Runoff (dam
3
) Qi 1358 Calculated from 

Qi = Qo + EVP ± ΔSTOR +WS – DP 

Areal Water Loading 

Rate (m/yr) 

qs 3.18 Calculated from 

qs = (DP+Qi)/ Ao 

   

Assuming the percentage of precipitation as runoff is relatively constant from year to 

year, qs values for the two water years of interest and an average year between 1999 and 2009 

were determined as shown in Table 2. The runoff amount in an average water year is derived 

from the mean annual precipitation measured over the last ten years. It is noteworthy, that the 

alternative method for calculating qs, by multiplying the mean depth of the lake by the flushing 

rate (z • ρ) provided similar values to those seen in Table 2 (i.e. for 2008-2009 water year, z•ρ = 

6.50m • 0.513yr
-1

 = 3.33m•yr
-1

, compared to qs = (DP+Qi)/ Ao = 3.18m•yr
-1

). The Rpred values 
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displayed in Table 2 are derived by inputting the respective qs quantities into Equation 6. 

Appendix D provides more details on the construction of the water budget. 

Table 2: Determination of qs and Rpred for the two water-years of interest 

 
Aug 2004- Aug 2005 Aug 2008- Aug 2009 

Average Water Year              

(1999-2009) 

Annual Rainfall (m•yr
-1

) 1.136 0.961 1.108 

DP (m
3
•yr

-1
) 6.95 x 10

5
 5.88 x 10

5
 6.78 x 10

5
 

Qi (m
3
•yr

-1
) 1.60 x 10

6
 1.36 x 10

6
 1.56 x 10

6
 

Ao (m
2
) 612000 612000 612000 

qs (m•yr
-1

) 3.76 3.18 3.67 

Rpred 0.689 0.708 0.692 

 

5.2 Internal Loading Estimates 

Three estimates for the amount of P released during the summer anoxic period are 

derived. The range of these quantities, 0.313 to 0.337 g P•m
-2

•yr
-1

, is used to specify low and 

high estimates for Lint, while the average, 0.327 g P•m
-2

•yr
-1

, is accepted as the most likely value. 

Details on the adopted approaches for determining Lint are found in the following section. 

 

5.2.1 Lint estimated from accumulated hypolimnetic TP before fall turnover.     

As shown in Figure 4, during the fall of 2008 thermocline erosion in Langford Lake was 

observed between the October and November sampling periods. Therefore, the October [TP] 

measurements for those samples taken below the upper limit of the thermocline (10m) are used 

to estimate the total mass of phosphorus isolated within the hypolimnion. A background [TP] of 

7.0ug/l, obtained from the average [TP] in March 2008, is subtracted from the hypolimnetic [TP] 

before summing the TP masses of the strata. Table 3 summarizes these data calculations. The 
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resultant MPint value is 203 kg P/yr, which translates to a Lint estimate of 0.332 g P•m
-2

•yr
-1

, by 

dividing mass of phosphorus by the lake‟s surface area. 

Table 3: Accumulated hypolimnetic TP, fall 2008  

Depth (m) Stratum Volume (l) [TP]
*
 (ug•l

-1
) [TP]-[TP]background (ug•l

-1
)
†
 TP Mass (kg) 

10 to 11 1.4 x 10
8
 21.7 14.7 2.1 

11 to 12 1.3 x 10
8
 11.0 4.0 0.51 

12 to 13 1.1 x 10
8
 34.5 27.5 2.9 

13 to 14 8.0 x 10
7
 805.6 798.6 64 

14 to 15 5.4 x 10
7
 1169.2 1162.2 62 

15 to 16 2.9 x 10
7
 2466.7 2459.7 71 

   

MPint (kg/yr) = 203 

*[TP] data from October 13
th

, 2009 

†
[TP]background = 7.0 ug/l (from TPavg March 08)   

   

Figure 4: Temperature profile of Langford Lake during fall of 2008  
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5.2.2 Lint derived from the change in lake [TP] profile after fall turnover. 

An alternate approach to quantifying the internal phosphorus load is to examine the 

apparent increase in the [TP] of the upper depths of the lake after fall turnover. [TP] 

measurements in December of 2008 revealed that the upper depths of the lake had, on average, 

increased by 54.2 ug•l
-1

 from the [TP]epl observed while the lake was still stratified in September 

(12.3 ug•l
-1

 versus 66.5 ug•l
-1

). Assuming this increase was entirely due to the liberation of free 

phosphorus from the hypolimnion, the quantity of phosphorus released is 206 kg (multiply 54.2 

ug•l
-1

 by the lake volume). From this a Lint value is calculated as 0.337 g P•m
-2

•yr
-1

. 

 

5.2.3 Lint estimates from sediment analysis and anoxic extent.  

 Originally it was intended to derive the AF for the both the 2004-2005 and 2008-2009 

water years, but higher than expected DO measurements in the hypolimnion made the probe 

readings suspect for the 2008-2009 study period. Consequently, the AF was only determined for 

the 2004-2005 water year. As shown in Table 4, the AF was found to be 34.2 days•yr
-1

. Based 

upon the similarities in the lake temperature profile and, by extension, the behaviour and 

duration of stratification, it is likely the AF is not substantially different between the two water 

years of interest. 

An estimate for the sediment RR is obtained from the analysis of the lake sediments. 

[TP]sediment was found to be 1.63 ± 0.12 mg P/g dry weight (n=6, p>0.01). A more detailed 

summary of the sediment sample analysis, including the quantification of iron and several other 

phosphorus speciation fractions are found in Appendix E. Inputting the [TP]sediment value into 

Equation 13 produces an estimate for the RR as 9.16 mg•m
-2

•day
-1

. Multiplying this value by the 

AF provides an estimate of Lint as 0.313g P/m
2
/yr. 
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Table 4: Anoxic factor (AF) determination, 2005 

Date 
# Days 

(ti) 

Oxycline (DO2>1mg/L) 

Depth (m)* 

(Ai) Stratum 

Area (m
2
)
†
 

ti x Ai                             

(days•m
2
) 

AF = Σ(ti•Ai)/Ao             

(days•yr
-1

) 

09-May-05 0 Emergence of oxycline - - 

 

15-Jun-05 37 14 68485 2533945 

 

21-Jul-05 26 8 177622 4618172 

 

16-Aug-05 36 8 177622 6394392 34.2 

21-Sep-05 22 11 134904 2967888 

 

13-Oct-05 33 11 134904 4451832 

 

15-Nov-05 

 

No oxycline observed - - 

 
*
 From Rieberger (2007) MOE, Site 1100944 

   
†
 From bathymetric mapping 

   

 

5.3 External Loading Estimates 

The external TP loading sources for Langford Lake are quantified using an export 

coefficient (EC) model. Since the Langford Lake watershed has no obvious point-source 

contributors of TP (as evident in the inflow sampling data found in Appendix B) and no 

agricultural activity occurring within its boundaries, a modified form of Equation 10 is 

constructed as: 

(14)  

Where Ec represent the TP export coefficient for cleared (deforested) land and all other variables 

are as defined in Section 4.3.1 (Equation 10). The selection of the ECs and their uncertainty 

range (as given by high and low estimates) is outlined in the following section.   
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5.3.1 Atmospheric TP inputs. 

The atmospheric deposition of phosphorus is estimated by measuring the average 

phosphorus concentrations in rainfall and then scaling these values to the total precipitation 

falling on the lake surface over the course of one year. Initially, several sites were selected as 

rainwater collection points to examine the possibility of non-uniform deposition over the lake 

surface, but contamination proved to be a reoccurring problem in collecting these samples. 

Extremely high TP concentrations were observed in certain samples and attributed to direct 

tampering of the collection vessels or contamination with debris from the forest canopy or 

insects. Consequently, it was decided that rainwater samples would be filtered through a glass 

fibre filter prior to [TP] analysis and that only one collection site, which was adequately isolated 

from the overhanging forest canopy and other sources of contamination, would be used. Using 

this approach one sample collected in April still appeared to be contaminated and was rejected 

on the basis of a Q-test at the 99% confidence level (C.L.) (Qcalc= 0.958, n=8). The observed 

TDP (total dissolved phosphorus) concentrations in the collected rainwater are found in Table 5. 

The upper and lower limits at p = 0.1 (90% C.L.) are used to derive high and low estimates, 

while the mean was used to derive the „most likely‟ estimate. The 90% C.L. is used so that the 

low and high Eat estimates are harmonized with the uncertainty range provided for the other ECs. 

The derived Eat values agree with those used in other regionally approximate studies (i.e. 

Sprague, 2007).  
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Table 5: Total dissolved phosphorus analysis of collected rainwater   

Date # Days 

Collected 

Rainfall 

(mm) 

TDP       

(ug/l) Start End 

29-Nov-08 13-Dec-08 14 35.43 28.1 

13-Dec-08 17-Jan-09 35 258.75 23.73 

17-Jan-09 01-Feb-09 15 16.24 9.39 

01-Feb-09 15-Feb-09 15 22.07 4.74 

15-Feb-09 11-Mar-09 24 38.27 13.82 

22-Mar-09 05-Apr-09 25 113.9 13.42 

05-Apr-09 26-Apr-09 21 37.3 768 (Outlier) 

26-Apr-09 14-May-09 18 57.09 41.5 

   

Mean 19.24 

   

s.d. 12.68 

   

90% C.L. ±7.88 

5.3.2 Septic field ECs and transmission coefficients. 

An Eseptic value of 0.72kg P/capita/yr was adopted from Schusslera, Bakera, & Chester-Jones 

(2007), whereas 0.39kg P/cap/yr is estimated to come from human excreta, while an additional 

0.33 kg P is assigned to other household wastes, such as garbage disposal, dishwasher detergents, 

and personal care products. This value is comparable to other commonly used estimates, such as 

the 0.6 kg P/cap/yr cited by Hutchinson (2002), but it is deemed more reliable since it has been 

derived from recent empirical data. The amount of phosphorus that is leached into a lake from a 

specific septic field is strongly dictated by the distance the field is found from the lakeshore. 

Following the works of other authors, McKean & Munteanu (1981) used distance related 

transmission coefficients (in this study termed as Tdistance) to estimate the phosphorus 

contribution of septic fields located within the watershed. As shown in Table 6, these factors are 

used in estimating the phosphorus contributions from those homes using septic fields for the 
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2004-2005 and 2008-2009 water years. It is noteworthy, that the reduction in septic inputs seen 

in the latter timeframe is indicative of residents switching over to a sewer system made available 

in certain areas of the watershed as of 2006.  

Table 6: Septic field inputs within Langford Lake Watershed  

Septic field inputs 2005-2006 

Distance from shoreline 0-60m 60-120m 120m+ Total 

Number of residences 114 72 106 292 

Number of people (using 2.73 persons/residence*) 311 197 289 797 

T distance
†
 0.86 0.58 0.44  - 

Septic TP Load (kg P/yr)  (Eseptic =0.72 kg P/cap/yr) 193 82 92 366 

 

Septic field inputs 2008-2009 

Distance from shoreline 0-60m 60- 120m 120m+ Total 

Number of residences 40 66 102 208 

Number of people (Using 2.73 persons/residence*) 109 180 278 568 

T distance
†
 0.86 0.58 0.44  - 

Septic TP Load (kg P/yr)  (Eseptic =0.72 kg P/cap/yr) 68 75 88 231 

*From 2006 Canadian Census data for Langford, BC 

†Using model from McKean & Munteanu (1981) 

 

In addition to the distance-based retention coefficients for septic fields, there are a variety 

of other physical factors that control the amount of phosphorus leached from on-site sewage 

treatment installations. Geology (grain size and chemical composition), topography, the 
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proximity to groundwater, and the condition and age of a septic system all dictate the capacity of 

the system to bind-out phosphorus before reaching a lake (Dudley & May, 2007). Since these 

phosphorus retention factors posses a significant degree of uncertainty high, low, and most likely 

estimates are used, based on values from McKean and Munteanu (1981). As well, this 

uncertainty range is meant to encompass the inherent error in the selection of the Eseptic and 

Tdistance coefficients. The most likely Tsoil value is calibrated in the EC-fitting phase. 

 

5.3.3 Runoff ECs. 

The land uses within the Langford Lake watershed are broken down into three separate 

categories labelled as „urban‟, „cleared‟, and „forested‟. A „cleared‟ designation is included 

because a sizeable portion of the watershed is deforested, but not yet developed, and it has been 

documented that clear cut areas have a greater TP export than undisturbed forested areas (Dillon 

&  Kirchner, 1975). An examination of the literature provides a range of ECs for the forested, 

cleared, and urban land uses, respectively termed Ef, Ec, and Eu. Low and high ECs factors are 

selected, providing larger ranges to values that have greater uncertainty. For instance, the Ef 

value is given the narrowest range because the literature values are fairly consistent and have the 

greatest degree of precision. Meanwhile, the literature indicates that Eu values are much less 

precise and likely dependent on a host of variables, including the distribution of impermeable 

surfaces and the practices of local residents. Therefore, a greater range between high and low 

estimates is warranted.  

A recent review by Nguyen (2006) compiled ECs from several worldwide and Alberta-

based studies into „box and whisker‟ plots to indicate the minimum, maximum, and median 

values, as well as the 25
th

 and 75
th

 percentile distributions of the data (see Figure 5). These 
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distributions are very similar to those found in the commonly cited US EPA technical document 

by Reckhow et al. (1980). This is the result of both compilations relying heavily on common 

studies. These reviews aided in setting the low and high EC boundaries for the various land uses 

within the study watershed. It should be reiterated that the low and high EC estimates represent 

the prescribed uncertainty for a particular export coefficient. As previously mentioned, the high 

and low ranges on either side of the most likely EC values are considered to approximate two 

standard deviations from the most likely value. This implies that the estimated TP loads from 

each land use are expected to fall within the bounds of the high and low ECs 90% of the time.    

 

Figure 5: Box and whisker plots of export coefficients compiled from the literature  

    (adapted from Nguyen (2006)) 

 

The initial trial (pre-calibration) estimates for the most likely ECs are also derived from 

the literature. A study by Sprague (2007), on nearby Salt Spring Island provided an Ef reference 

of 0.0991 kgP•ha
-1

•yr
-1

 for the mostly forested watershed of Blackburn Lake. Based upon the 

geographical proximity and the similar geomorphology between Blackburn Lake and Langford 

Lake, this value is adopted as the most likely Ef value after rounding off to 0.10 kg P•ha
-1

•yr
-1

. In 
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their study of Canadian Shield lakes, St. Onge, Kalff, Carignan, & Peters (1999) demonstrated 

that clear-cutting forested areas can effectively double the phosphorus export from those land 

uses. Therefore, the most likely Ec is assigned a quantity that is twice that of the forested areas 

(Ec = 0.20 kgP•ha
-1

•yr
-1

). This two-fold increase in phosphorus export is thought to be due to the 

loss of the vegetative cover and root systems, which minimize soil erosion and immobilize 

nutrients in runoff through vascular uptake. A trial Eu value of 0.50 kgP•ha
-1

•yr
-1

 is taken from 

Winter and Duthie (2000). 

 

5.4 Calibration and Validation of EC Model  

The EC model is calibrated to the 2004-2005 water year by inputting the most likely trial 

ECs, as selected in Section 5.3,  into Equation 14 and adjusting the dominant ECs until they 

agree with the observed [TP]epl (14.8 ± 2.8 ug/l, 90% C.L., n=9). After inputting the trial ECs the 

model indicated that the watershed‟s phosphorus export was dominated by contributions from 

urban runoff and septic fields. Consequently, the ECs representing these non-point sources are 

adjusted until the [TP]epl model output equalled the observed 14.8 ug/l. All other ECs are held at 

their initial values. Table 7a displays the input and output parameters for the EC model 

calibration. 

The model is then validated by applying the calibrated ECs to the 2008-2009 water year. 

In order to correspond to the changes in the watershed between 2005 and 2008, the land use 

areas are adjusted to account for the increases in cleared and urban land, by 251% and 103%, 

respectively, and the loss in forest cover by 5%. For the 2008-2009 water year, the most likely 

model output of 13.5 ug/l is not found to be statistically different from the observed [TP]epl of 
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11.7 ± 2.2 ug/l (90% C.L., n=16). The input and output variables for the validation of the EC 

model are displayed in Table 7b. 

 

5.5 Validation of Model’s Seasonal Resolution 

Inputting the estimated external and internal phosphorus load quantities into Equations 8 

and 9 allows the models to predict the average annual whole-lake TP concentration ([TP]ann) and 

the maximum in-lake TP concentration at fall turnover ([TP]fall). Table 8 displays these model 

outputs and the observed TP concentrations for the 2008-2009 study period. The observed 

[TP]ann is found to be 40.0 ug/l, by dividing the average monthly total mass of TP within the lake 

by the lake volume (considered to be equivalent to the „volume weighted‟ average [TP]). This 

compares well with the most likely model prediction of 43.5ug/l. Conversely, an average [TP] of 

7.7 ug/l in March suggests that the commonly used [TP]spring value, as a surrogate for [TP]ann, 

greatly underestimates the average annual whole lake TP concentration. [TP]fall represents the 

maximum whole-lake TP concentration at fall turnover. Since destratification is a variable 

process, occurring rapidly in some lakes and slowly in others, it is rare that a lake‟s [TP] is 

measured immediately after a fall turnover event. Theoretically, at this point in the annual cycle 

of a stratified lake the observed whole lake [TP] should be at a maximum, as the lake‟s 

sedimentation processes have not yet acted on the influx of phosphorus from the internal load. 

Consequently, the model for [TP]fall is held as an inequality, where the observed value should fall 

below a maximum concentration. Agreement is found for the 2008-2009 study period, finding 

the modeled [TP]fall as 116 ug/l and the observed value as 66.5 ug/l. 
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Table 7a: EC model calibration for Langford Lake watershed land uses 2004-2005 

Model Inputs: 

Variable 

Area (Ai)                       

(ha) 

Low Most Likely High 

EC Selection       

(kg P/ha/yr) 

TP Load         

(kg P/yr) 

EC Selection          

(kg P/ha/yr) 

TP Load         

(kg P/yr) 

EC Selection             

(kg  P/ha/yr) 

TP Load         

(kg P/yr) 

Urban EC (Eu) 44.2 0.30 13.3 0.55 24.3 1.00 44.2 

Cleared EC (Ec) 6.3 0.10 0.63 0.20 1.26 0.30 1.89 

Forested EC (Ef) 219.5 0.05 11.0 0.10 22.0 0.15 32.9 

Septic Inputs (Eseptic•C•Tdistance•Tsoil) See Table 6 (Tsoil = 0.05) 18.3 (Tsoil = 0.13) 48.7 (Tsoil = 0.30) 109.8 

Atmospheric Input (Eat) 61.2 0.13 8.0 0.22 13.4 0.31 19.0 

 

Model Output:     

 
Parameter Equation Low Most Likely High 

 
 

 

MPext (kg P/yr) 14 75.0 109.6 175.0 
 

 

 

Lext  (g/m
2
/yr) 11 0.123 0.179 0.286 

 
 

 

[TP]epl (mg/m
3
) 7 - 0.0148 - 

  

 

   ST
-
 (- 1 s.d.)  

 
 

0.0040 
 

  

 

   ST
+
 (+ 1 s.d.)  

  

0.0055 
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Table 7b: EC model validation for Langford Lake watershed land uses 2008-2009 

Model Inputs: 

Variable Area (Ai)                       

(ha) 

Low Most Likely High 

EC Selection        

(kg P/ha/yr) 

TP Load         

(kg P/yr) 

EC Selection          

(kg P/ha/yr) 

TP Load         

(kg P/yr) 

EC Selection             

(kg  P/ha/yr) 

TP Load         

(kg P/yr) 

Urban EC (Eu) 45.7 0.30 13.7 0.55 25.1 1.00 45.7 

Cleared EC (Ec) 15.9 0.10 1.59 0.20 3.17 0.30 4.76 

Forested EC (Ef) 208.5 0.05 10.4 0.10 20.9 0.15 31.3 

Septic Inputs (Eseptic•C•Tdistance•Tsoil) See Table 6 (Tsoil = 0.05) 11.6 (Tsoil = 0.13) 30.0 (Tsoil = 0.30) 69.3 

Atmospheric Input (Eat) 61.2 0.11 6.61 0.18 11.0 0.26 15.8 

 
Model Output: 

  

 
Parameter Equation Low Most Likely High 

  

 

MPext (kg P/yr) 14 65.6 90.1 136.0 
 

 

 

Lext  (g/m
2
/yr) 11 0.107 0.147 0.222 

 
 

 

[TP]epl (mg/m
3
) 7 - 0.0135 - 

  

 

   ST
-
 (- 1 s.d.)  

 
 

0.0035 
 

  

 

   ST
+
 (+ 1 s.d.)  

  

0.0045 
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Table 8: Modeled and actual seasonal [TP] values for the 2008-2009 water year  

 

Modeled (± 90% C.L.) Actual 

 

ug•l
-1

 ug•l
-1

 

[TP]epl 13.5 (6.5 - 22.5) 11.7 

[TP]fall 116 (110 - 122) 66.5 

[TP]ann 43.5 (24.3 – 63.5) 40.0 
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5.6 Present Annual Phosphorus Budget of Langford Lake 

 With validation of the model completed, it is possible to prescribe a level of certainty to 

the estimated TP loading situation of Langford Lake and to a series of extrapolated future 

scenarios. The EC model provides a range and most likely estimates for the external sources of 

phosphorus feeding into Langford Lake. The three estimates of Lint are averaged to obtain the 

most likely value, while the lowest and highest values are used to specify the error range for the 

internal loading term. The phosphorus budget is summarized in Table 9 and Appendix C 

provides more information on the error propagation technique used to derive the error range for 

the individual TP loading terms. Internal loading is found to be the largest contributor by far, 

while septic inputs are considered to be the largest external phosphorus source.  

Table 9: 2008-2009 Phosphorus budget of Langford Lake 

 

Range (90% C.L.) Most Likely Values 

Source kg TP/yr kg TP/yr % Total  

Internal Load 192 – 206 200 69.0 

Atmospheric 6.6 - 15.7 11.0 3.8 

Septic  11.6 - 69.3 30.0 10.3 

Runoff 

      Urban 13.7 - 45.7 25.1 8.7 

   Cleared  1.6 - 4.8 3.2 1.1 

   Forested 10.4 - 31.3 20.9 7.2 

Total 263 – 336   290 100.0 
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5.7 Model Extrapolations to Predict Future Trophic Status   

In order to assess the effectiveness of certain management actions aimed at mitigating the 

phosphorus loading of Langford Lake, four scenarios are presented. These scenarios are based on 

the anticipated changes to the lake‟s watershed as found in the City of Langford‟s Official 

Community Plan (Langford, 2008). The scenario descriptions are as follows: 

 Scenario A holds that the urbanized area within the watershed is further increased 

by 307% (Au = 140.4ha) and that the urban runoff coefficient (Eu) remains the 

same as that seen in the 2008-2009 water year scenario.  

 Scenario B is constructed around the same external loading parameters as A, but 

here the internal phosphorus loading from anoxic deabsorbance is eliminated. 

This reflects the situation where the hypolimnetic dissolved oxygen levels remain 

well above one ppm throughout the summer or the lake`s sediment-bound 

phosphorus is made inaccessible to future release.   

 Scenarios C holds that the remaining septic TP contributions are removed and that 

the watershed development (in scenario A) proceeds using low impact (LI) 

designs and practices.  

 Scenario D makes the same assumptions regarding the development of the 

watershed as found in C, but additionally holds that the internal phosphorus 

loading has been entirely prevented.  

Dietz & Clausen (2008) have shown that well designed LI residential developments produce no 

overall increase in the TP export coefficient representing urban runoff. In step with this finding, 

but adopting a conservative approach, Scenarios C and D use for all new development an Eu that 

is equivalent to the Ec value.  
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Figure 6: Loading plots of extrapolated land use scenarios   

 

The results of the extrapolations are presented in loading plots (Figure 6), which show 

expected lake trophic status as dictated by the critical TP concentrations. Biologically productive 

eutrophic lakes are held to have TP concentrations of 35ug/l or greater, mesotrophic conditions 

are encountered within the 10 to 35ug/l range, and the clear waters associated with the minimally 
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productive oligotrophic lakes are found below the 10ug/l boundary (Environment Canada, 2004). 

The solid lines indicating the trophic state boundaries are graphed by inputting the critical TP 

concentrations for each trophic boundary into the [TP]ann model (Equation 8) and plotting the TP 

load (sum of Lint and Lext) against the areal water load (qs). The dashed lines above and below 

each solid line indicate the uncertainty in predicting the critical TP concentrations, as dictated by 

the standard error of the retention model (Rpred ± 0.153).   

The future areal water load is assumed not to differ greatly from the average hydraulic 

loading experienced over the last decade, 3.66 ± 0.47 m/yr (n=10, p=0.1). Error bars used in 

these plots show the uncertainty at the 90% confidence level in predicting the future areal water 

load and the total phosphorus load (sum of the internal and external loads) for each scenario.                       
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6. Discussion 

6.1 Quantifying Internal Load: A Comparison of the Employed Techniques 

   Good agreement is shown between all three methods used to estimate the internal 

phosphorus load, but there are various advantages and disadvantages to each approach. 

Determining the amount of accumulated phosphorus within the hypolimnion before thermocline 

erosion starts in the fall is one of the most commonly used methods for quantifying the internal 

load. The greatest difficulty with this approach is ensuring that the required phosphorus profile 

data is taken at a point near the end of the anoxic period, but before the thermal destratification. 

As was the case in this study, sampling may have to be performed frequently throughout the fall 

in order to capture this time-sensitive data. It has been suggested that this method of quantifying 

Lint may overestimate the true value because it does not account for the particulate-bound 

phosphorus settling through the hypolimnion. In the case of Langford Lake, this likely produces 

a small, if not insignificant, error due to the substantial difference between the TP content of the 

epilimnion and the hypolimnion.          

Alternatively, whole lake [TP] data taken after fall turnover can be used to estimate the 

internal load quantity. Shortcomings of this approach are realized if a lake does not destratify 

quickly and, instead, a slow erosion of the thermocline gives way to the incremental liberation of 

the hypolimnetic free phosphate. When this occurs, a portion of the released phosphorus may be 

lost through the outflow or returned to the sediment before post-fall turnover sampling can be 

conducted. As such, an underestimate of  Lint may result. Although the thermocline in Langford 

Lake was observed to gradually erode between September and November of 2008, this method 

of quantifying Lint is still deemed acceptable because there was minimal loss of phosphorus 
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through the outflow during the thermocline breakdown and biological nutrient uptake was likely 

retarded at this time of year. 

Inputting the determined [TP]sediment value into Equation 13 yields a P release rate that, 

when multiplied by the anoxic factor, provides an internal loading quantity that is in excellent 

agreement with the other estimates of Lint. Considering the spread of the data used to construct 

the sediment-RR logarithm relationship, as indicated by an r
2
 of 0.21 for Equation 13, this level 

of agreement is better than expected. In contrast to the spread within the regression, the 

[TP]sediment parameter showed good reproducibility within the sample set, having a relative 

standard deviation of 7%. This degree of precision demonstrates the uniformity of the 

phosphorus content of the sediment throughout the anoxic zone and reinforces the effectiveness 

of measuring [TP]sediment as a predictor of Lint.  

While sediment sampling is relatively straightforward and can be accomplished at any 

point during the year, the data requirements for determining the AF are more extensive, as DO 

monitoring of the lake‟s profile must be performed at least monthly, if not more frequently, 

during the lake‟s stratified period. Ultimately, this may be more labour intensive than sampling 

the water column throughout the fall.  

The results of this study coincide with the findings of other authors (Cooke, 2005; Selig 

& Schlungbaum, 2003), who have suggested that to reliably estimate the amount of internal 

loading it is best to apply several different quantification methods. Agreement between differing 

techniques is then accepted as verification of the estimated quantity.         
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6.2 Model Extrapolations 

The model extrapolations, as shown in Figure 6, provide [TP]ann projections of Langford 

Lake in four envisioned scenarios. As can be seen, in order to achieve the water quality 

objectives outlined for the lake the internal loading must be substantially reduced. Only in 

scenarios B and D, where the internal loading is assumed to be entirely prevented, do the most 

likely TP concentrations fall below the eutrophic boundary and possibly coincide with the short-

term and long-term targets (respectively 20ug P/l and 10ug P/l). The scenarios also reveal that 

the reduction in the TP load resulting from the removal of the remaining septic fields may be 

entirely offset by the increased urbanization of the watershed, assuming the TP contributions 

from the future urban runoff are similar to the present situation. Alternatively, the inclusion of 

low impact features within the expanded urbanized area suggests that the external phosphorus 

load can be kept at or below the present level under the projected future growth.               

 

6.3 Management Implications of Certain Model Components 

6.3.1 Uncertainty analysis.  

This study includes an analysis of the uncertainty in the internal and external TP load 

estimates, as well as the phosphorus retention factor. It is assumed that the greatest sources of 

error in predicting the lake [TP] are largely contained within these three terms. By propagating 

the individual error terms, the total error in the model output for the 2008-2009 water year and 

the four extrapolations are estimated. While this analysis reveals that the model‟s overall error in 

predicting the lake‟s average annual [TP] is substantial (exceeding ± 44%), the approach still 

provides useful information regarding the lake‟s expected trophic status and highlighting where 

management responses can be most effective.       
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For instance, as shown in Figure 6, the TP load error (as represented by the vertical bars) 

and the model error (as represented by the dashed lines) are sufficiently contained such that the 

projections can provide information about the likely future trophic state of the lake. The vertical 

error bars in Figure 6 represent the specified confidence bounds and, as such, indicate where the 

phosphorus load is expected to fall 90% of the time. Although Scenarios A and C still most 

likely find the lake in a eutrophic state, in Scenario C, where LI designs are used, there is greater 

probability that the lake may be within the mesotrophic range (below the critical [TP] of 35ug/l). 

The projected scenarios only show a pronounced deviation from the present situation (i.e. there is 

no overlap within the 90% C.L. bounds) when the internal loading is removed. Here the 

magnitude of the TP contribution from internal loading is so large that it dwarfs the inherent 

uncertainties within the scenarios. Consequently, there is little doubt that internal load is the 

single greatest contributor of phosphorus to the average whole lake TP concentration.               

As well, it is essential to consider the error in the loading quantities when examining the 

projected „worst-case‟ and „best-case‟ outcomes for the anticipated changes to a watershed. With 

a greater error range it is prudent to rely more heavily on the „precautionary principle‟ in 

management decisions. The precautionary principle holds that scientific uncertainty will not be 

used as justification to delay management actions and that appropriate weight should be placed 

on the confidence bounds of an estimate where significant risk is indicated. Scenario A projects 

the worst-case situation for the future phosphorus loading to Langford Lake. While the lower 

bound for Scenario A indicates that the phosphorus load entering the lake may not differ 

significantly from the 2008-2009 water year, the upper limit shows there may be an appreciable 

increase. Therefore, it is sensible to take actions that will preclude this outcome. Certain tactics 

are suggested in Chapter 7.    
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6.3.2 Seasonal phosphorus fluxes.   

Examined alone, the results of the 2008-2009 phosphorus budget might initially lead one 

to believe that the magnitude of the internal phosphorus load is so great as to undermine the 

effects of the external contributions, but this perspective neglects the seasonal variation in the 

lake‟s intended use and the timing of the lake‟s TP fluxes. As a recreational lake, the most 

important measurement of [TP], as it relates to water clarity and algal biomass, is the average 

summertime epilimnion TP concentration ([TP]epl). As suggested in the results of this study, this 

value is predominantly dictated by the external phosphorus load. Being strongly stratified 

throughout the summer, the internal phosphorus load is largely restricted to the hypolimnion 

until the thermocline begins to erode in the fall. Therefore, in the short-term, it is sensible to 

focus on the reduction of external sources, thereby yielding improvements in the summertime 

water quality parameters. Meanwhile, long-term goals should be set at altering the lake‟s trophic 

class (i.e. from eutrophic to mesotrophic) by minimizing the average whole lake TP 

concentration. This will only be possible if the internal loading is substantially reduced.  

 

6.4 Suggestions for Further Refinements to the Model  

No error analysis was undertaken in determining the consistency of the internal loading 

quantities between years. Based on the similar hypolimnetic [TP] and stratification profile in the 

two water years of interest, it is assumed that the internal contributions are relatively constant 

from year to year, but this area of uncertainty does warrant further study. The uncertainty in the 

water budget, which is largely dependent on hydrologic variability and errors in flow 

measurements (Reckhow et al., 1980), was only evaluated on the basis of the variation in rainfall 

over the last ten years. Reckhow and Simpson (1980) held that since hydrology dependent terms 
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are found in both the numerator and the denominator of the static model, the introduced 

uncertainty cancels out in the compiled total error. Nonetheless, additional precipitation and 

outflow discharge readings during future wet seasons would help estimate the uncertainty 

associated with the quantification of the water budget. The effects of ongoing climate change, 

and the inherent increase in hydrologic variability, might also be part of future investigations.     

It is noteworthy that many of the lake phosphorus retention models, including the one 

used in this study, employ an assumption that may present a significant source of error. The 

original static TP loading model, as purposed by Vollenweider (Equation 2), holds that the 

flushing rate dictates the loss of phosphorus through the outflow. This implies that the lake 

discharge, rather than surface water load, is the determining hydraulic factor in predicting a 

lake‟s phosphorus retention. Likely because runoff data is more commonly available (i.e from 

runoff maps and tables) many static TP retention models, including the one employed in this 

study, are calibrated using inflow rather than outflow data. In the case of Langford Lake, 

evaporation is a significant term in the overall water budget and it creates a disparity between the 

lake‟s annual inflow and outflow volumes. Consequently, the two methods for calculating the 

flushing rate, from either the areal water load or the discharge volume, are not equivalent. 

It is hypothesised that better agreement within the phosphorus retention model, and 

therefore better precision, could be achieved by recalibrating empirical R values against annual 

lake discharge amounts. This, in turn, may greatly reduce the total error in the projected TP 

concentrations.  
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7. Managements Options and Considerations for Lake Recovery 

7.1 Reductions in External Input 

As indicated in the extrapolated export coefficient model, the greatest phosphorus load 

reductions can be realized by minimizing septic inputs and mitigating urban runoff contributions. 

The decrease in septic fields, as residents switch over to the recently installed sewer system, is 

modelled to have reduced the mass of phosphorus entering the lake by 19kg annually. 

Decommissioning the remaining septic fields is estimated to remove an additional 30kg P per 

year. The City of Langford (COL) Bylaw No. 1066 (Langford, 2007), which requires all lakeside 

property owners to connect any buildings generating sanitary sewage to a sanitary sewer main, 

has been effective in prompting many residents to disconnect their septic fields. It is anticipated 

that the continued enforcement of this bylaw will be a positive step to significantly reducing the 

external loading of phosphorus into Langford Lake from existing septic fields. 

Low impact (LI) residential developments have been shown to reduce the amount of 

phosphorus transmitted through urban runoff. In the case of one particular comprehensively-

designed LI development, Dietz & Clausen (2008) demonstrated that the TP export coefficient 

for representing urban drainage did not change significantly from its pre-developed state. This LI 

subdivision was characterized as having reduced impervious surfaces, through the use of shared 

driveways, pervious paving stone instead of asphalt, and grassed swales. Infiltration and 

detention ponds were used as rain gardens in each individual lot and in the centre of the 

neighbourhood cul-de-sac. As well, homes were arranged in a clustered formation and lawn 

coverage was kept to a minimum. Finally, best management practices were adhered to during 

construction of the subdivision (i.e. avoidance of slumping and erosion, filtering runoff through 

hay bales) and all residents were educated in how to practice low impact lifestyles. 
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Similarly, Winter & Duthie (2000) estimated that phosphorus reduction in urban runoff 

could be improved by using detention ponds (40% reduction), a 30m wide forest buffer with 

level spreader around the waterbody (60% reduction), or infiltration trenches (80% reduction). A 

"level spreader" is a landscape modification designed to redistribute the discharge volume and 

erosive energy of storm water flows into sheet flows, which are more likely to infiltrate into soil.  

The COL has already implemented several regulatory measures that require developers to 

adhere to LI designs and produce effective storm water management plans. In the Development 

Permit Guidelines of Zoning Bylaw 1201 (Langford, 2009) it is stipulated that LI designs must 

be incorporated in the proposed developments for the Langford Lake watershed. These LI 

strategies focus on the preservation of green corridors and riparian areas by reducing lot sizes 

and clustering smaller units into villages.  

The COL‟s Storm Water Management Guidelines (Langford, 2000) require developers to 

utilize water purifying technologies or detention ponds to reduce the intensity of storm water 

flows and assist in the remediation of discharge. Additionally, the Langford OCP highlights the 

need for an “integrated watershed and storm water planning and management” strategy 

(Langford, 2008). Vegetated roofs, compost-amended soils, pervious paving, tree planting, and 

drainage swales are cited as possible tactics.  

While these regulations are an important step forward in reducing the external 

phosphorus loading of Langford Lake, it is important that these bylaws include measureable 

objective standards. For instance, a maximum permissible TP load in urban runoff could be set 

and monitoring could be conducted through routine testing. Equally important is the 

implementation of an effective enforcement program to ensure compliance with these bylaws.  
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7.2 Dealing with Internal Loading 

Eutrophic and hypereutrophic lakes commonly experience significant amounts of internal 

phosphorus loading. Several options for reducing or entirely preventing anoxic internal loading 

exist. Specific management options and their advantages and disadvantages are elaborated on 

below.     

Hypolimnetic destratification 

A hypolimnetic destratification system is installed on Langford Lake, although at present 

it appears not to be fulfilling its intended function (Rieberger, 2007). Systems of this type are 

intended to prevent the vertical layering of a lake during the warmer period of the year. This, in 

turn, ensures that the lake remains well-mixed and that appreciable DO levels are sustained at the 

lake bottom. The greatest disadvantage of this approach is that the colder hypolimnetic water, 

which provides a refuge for salmonids (i.e. trout), is lost. This may be a problem if the whole 

lake temperature approaches intolerable levels for cold water species.  

Hypolimnetic aeration (or oxygenation)  

Hypolimnetic aeration can be undertaken in several different ways, but the objective 

remains the same; to supply a lake‟s hypolimnion with a sufficient supply of oxygen to prevent 

the onset of reductive conditions at the sediment-water interface and to provide an aerobic cold 

water refuge for aquatic species. This approach has the advantage of not disrupting the natural 

stratification of a lake during the summer, but it must be ensured that the air or oxygen supply is 

adequate to compensate for the sediment oxygen demand. The costs of these systems may be 

substantial when compared with the destratification option.    
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Hypolimnetic withdrawal  

This management option is highlighted in Rieberger's (2007) assessment of Langford 

Lake. Hypolimnetic withdrawal involves pumping the phosphorus-rich hypolimnetic waters out 

of the lake. The removed water can then be used for storage or a particular function (i.e. 

irrigation). Care must be taken to prevent the possibility of destratifying the lake, thereby 

introducing the nutrient-rich deep water into the phytotic (and biologically productive) zone. 

Additionally, issues of odour and toxicity, such as from hydrogen sulphide, have emerged in past 

examples of this application (Cooke et al., 2005).  

Harvesting macrophytes (aquatic plants) 

Since 1996 the COL and a local citizens group (the Langford Lake Area Protection 

Society, LLAPS) have been working in partnership to harvest and remove aquatic plants from 

Langford Lake with the use of a mechanical aquatic plant harvester. In 2009, approximately 

40,000 kilograms of aquatic plants were removed from the lake (M. Leskiw, personal 

communications, January 2010). As plants incorporate phosphorus, amongst other nutrients, 

within their cellular structure, it has been suggested that the removal of aquatic vegetation can 

export phosphorus from a lake. While undoubtedly the harvesting of aquatic plant removes a 

quantity of phosphorus from the lake and its sediments, there is no clear evidence that this tactic 

reduces the overall TP concentration of the water column, nor that it significantly reduces the 

lake‟s internal phosphorus pool (Cooke et al., 2005; Madsen, 2000). Despite this, there are 

immediate advantages to harvesting macrophytes, particularly the removal of obstructions to 

recreational boaters and bathers.                       
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Alum, Iron, or Calcium addition 

In contrast to aeration and destratification, which are tactics aimed at eliminating or 

minimizing the anoxic conditions at a lake‟s bottom, the addition of certain metals to a lake is 

intended to permanently immobilize or inactivate the sediment-bound phosphorus. The addition 

of alum (aluminum sulphate) is probably one of the most commonly used phosphorus 

inactivation techniques for potable waters and wastewaters (Cooke et al., 2005). Upon 

application alum settles to the lake bottom as a flocculent (precipitate), where it forms insoluble 

hydroxides that permanently adsorb phosphorus. Once complexed to aluminum hydroxide, 

phosphorus is generally considered to be inert to anoxic release. The greatest risks to this 

procedure are encountered in lakes with minimal pH buffering capacity (i.e. low alkalinity). At a 

pH below six or above eight the aluminum complexes may be resolubilized, thereby releasing 

the sorbed phosphorus and liberating ionic aluminum (Cooke et al., 2005). The toxicity of 

aluminum can be a significant concern when this occurs. In order to deal with this shortcoming, a 

buffering compound is often applied in conjunction with the alum.  

Similarly, the addition of iron or calcium is intended to inactivate phosphorus within the 

lake sediments. While the toxicity concerns are reduced with the use of these metals, their 

practicality as long-term phosphorus „sinks‟ is questionable, since calcium- and iron-hydroxide 

phosphorus complexes are easily made labile with changes to a lake‟s pH or DO (Cooke et al., 

2005).  

 



 Phosphorus load modelling of an urbanizing watershed     52 

8. Conclusion 

  A static phosphorus loading model, as proposed by Nurnberg (1998), was applied to 

Langford Lake in order to determine the magnitude of phosphorus sources entering the lake and 

to predict the consequences of further urbanizing the watershed. Export coefficients were 

calibrated to local conditions by assuming that the phosphorus concentration of the epilimnion 

during the spring and early summer could be explained by external loading only. Three methods 

for quantifying the internal phosphorus load from anoxic sediment release were explored. Good 

agreement was found between these methods, including a technique that used the total 

phosphorus concentration of the sediment as predictor of the anoxic phosphorus release rate. An 

error analysis, which examined the uncertainty in predicting the lake`s phosphorus concentration, 

showed that despite a substantial overall error (exceeding ±45%, in certain cases), this modelling 

approach can still provide practical information regarding the lake`s phosphorus budget, both at 

present and in hypothetical future scenarios.     

Internal loading was determined to be the largest contributor of phosphorus to the lake 

(69%), while septic fields were the largest external contributor (10.3%). Management options 

that aim to either eliminate the anoxic conditions at the lake bottom or inactivate the sediment-

bound phosphorus should be a major focus. However, this should not distract planners from 

adhering to strict development guidelines that take pre-emptive measures to deal with the 

elevated nutrient loads from urban runoff. As suggested by the model employed in this study, an 

increase in the  phosphorus contribution from urban runoff could have detrimental effects to the 

water quality of the lake during a period of high recreational usage (the spring and summer), as 

well as potentially exacerbating the internal loading problem. Through model extrapolations, it 

was found that the anticipated increase in the phosphorus load, resulting from expansion of urban 
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areas, could be offset by removing the remaining septic fields within the watershed and using 

low impact design features in all new developments.  



 Phosphorus load modelling of an urbanizing watershed     54 

References 
 

American Public Health Association [APHA] (1995). Standard methods for the examination of  

water and wastewater. American Public Health Association, American Water Works 

Association, and Water Pollution Control Federation. 

 

British Columbia Ministry of Environment. (n.d.). Fisheries Information Summary System  

(Database query for Langford Lake). Retrieved on September 9, 2009 from 

http://a100.gov.bc.ca/pub/fidq/fissReport.do. 

 

Bryhn, A. C. (2008). Quantitative understanding and prediction of lake eutrophication. (Doctoral  

Dissertation, Uppsala University 2008). Retrieved May 29, 2008 from  

www.diva-portal.org/diva/getDocument?urn_nbn_se_uu_diva-8593-2__fulltext.pdf . 

 

Capital Regional District [CRD] (2008). Natural areas atlas. Retrieved on February 1, 2009  

from http://www.crd.bc.ca/maps/natural/atlas.htm 

 

Cooke, D. G., Welch, E. B., Peterson, S. & Nichols, E.B. (2005). Restoration and management  

of lakes and reservoirs (pp.47-73). Baco Raton, FL: CRC Press. 

 

Dietz, M. E. & Clausen, J.C. (2008). Stormwater runoff and export changes with development  

in a traditional and low impact subdivision. Journal of Environmental Management, 87, 

560-566. doi: 10.1016/j.jenvman.2007.03.026 

 

Dillon, P. J. & Kirchner, W.B. (1975). The effects of geology and land use on the export of  

phosphorus from watersheds. Water Research, 9, 135-148. doi:10.1016/0043-

1354(75)90002-0 

 

Dillon, P. J. & Rigler, F.H. (1975). A simple method for predicting the capacity of a lake for  

development based on lake trophic status. Journal of the Fisheries Research Board of 

Canada, 32, 1519-1531.  

 

Dudley, B. & May, L. (2007). Estimating the phosphorus load to waterbodies from septic tanks.  

United Kingdom NERC/Centre for Ecology and Hydrology. (CEH Project Number: 

C03273, C01352.) 

 

Environment Canada (2004). Canadian guidance framework for the management of phosphorus  

in freshwater systems. National Guidelines and Standards Office, Water Policy and 

Coordination Directorate, Environment Canada. Gatineau, Quebec. 

 

Google (2009). Google Earth (Version 5.0) [Software]. Available from earth.google.com. 

 

Hutchinson, N. J. (2002). Limnology, plumbing and planning: evaluation of nutrient-based limits  

to shoreline development in Precambrian Shield watersheds. In France, R. L. (Ed.), 

Handbook of water sensitive planning and design. pp. 647-680. Lewis Publishers. 



 Phosphorus load modelling of an urbanizing watershed     55 

 

Johnes, P. J. (1996). Evaluation and management of the impact of land use change on the  

nitrogen and phosphorus load delivered to surface waters: the export coefficient 

modelling approach. Journal of Hydrology, 183, 323-340.  

doi:10.1016/0022-1694(95)02951-6 

 

Langford, City of (2000). City of Langford Bylaw No. 500, Schedule 3. Storm water  

management guidelines. 

 

Langford, City of (2007). City of Langford Bylaw No. 1066. A bylaw to require sewer 

connections.  

 

Langford, City of (2008). City of Langford Bylaw No. 1200. Community plan for the entire  

municipality. Langford, BC. Retrieved on June 15, 2008 from 

http://www.cityoflangford.ca/OCP/Langford%20Final%20Draft%205-14-

08%20OCP.pdf . 

 

Langford, City of (2009). City of Langford Bylaw No. 1201. Langford zoning bylaw, L1. 

 

Lin, J. P. (2004). Review of published export coefficient and event mean concentration (EMC)  

data. Engineer Research and Development Center, Vickburg, MS. 

 

Madsen, J.D. (2000). Advantages and disadvantages of aquatic plant management techniques  
LakeLine, 20(1), 22-34. Retrieved on January 29, 2010 from  

http://www.aquatics.org/pubs/madsen2.htm 

 

Makepeace, D. K., Smith, D. W. & Stanley, S.J. (1995). Urban stormwater quality: summary of  

contaminant data. Critical Reviews in Environmental Science and Technology, 25,       

93-139. doi:10.1080/10643389509388476 

 

McKean, C. & Munteanu, N. (1981). An assessment of water quality of Langford Lake with  

proposal for possible solutions to its eutrophication problem. University of Victoria 

Department of Biology, Report to the Langford Lake Improvement District and the 

Capital Regional District. 

 

Nguyen, T. (2006). The development and application of the export coefficient model to  

Alberta watersheds, with a focus on total phosphorus and total nitrogen. Royal Roads 

University, MSc Thesis. 

 

Nordin, R. (1988). Destratification-aeration of Langford Lake: physical, chemical and  

biological responses. BC Ministry of Water, Air and Land Protection, Water Quality 

Unit, Resource Management Section, Water Management Branch. 

 

Nurnberg, G. K. (1984). The prediction of internal phosphorus load in lakes with anoxic  

hypolimnia. Limnology and Oceanography, 29, 111-124. 

 



 Phosphorus load modelling of an urbanizing watershed     56 

Nurnberg, G. K. (1987). A comparison of internal phosphorus loads in lakes with anoxic 

hypolimnia: laboratory incubation versus in situ hypolimnetic phosphorus accumulation. 

Limnology and Oceanography, 32, 1160-1164. 

 

Nurnberg, G. K. (1988). Prediction of phosphorus release rates from total and reductant-soluble  

phosphorus in anoxic lake sediments. Canadian Journal of Fisheries and Aquatic 

Sciences, 45, 453-462. doi:10.1139/f88-054 

 

Nurnberg, G. K. (1995). Quantifying anoxia in lakes. Limnology and Oceanography, 40,    

1100-1111. 

 

Nurnberg, G. K. (1998). Prediction of annual and seasonal phosphorus concentrations in  

stratified and polymictic Lakes. Limnology and Oceanography, 43, 1544-1552. 

 

Obedkoff, W. (2003). Streamflow in the Lower Mainland and Vancouver Island. BC Ministry of  

Sustainable Resource Management, Aquatic Information Branch. 

 

Osgood, R. (1988). Lake mixis and internal phosphorus dynamics. Archiv fuer Hydrobiologie,  

113, 629-638. 

 

Reckhow, K. H. & Simpson, J.T. (1980). A procedure using modeling and error analysis for  

the prediction of lake phosphorus concentration from land use information. Canadian 

Journal of Fisheries and Aquatic Sciences, 37, 1439-1448. 

 

Reckhow, K. H., Beaulac, M. N. & Simpson, J.T. (1980). Modeling phosphorus loading and  

lake response under uncertainty: a manual and compilation of export coefficients. US 

Environmental Protection Agency. 

 

Rieberger, K. (2007). Water quality assessment and objectives for Langford Lake: technical 

 assessment (Catalogue no. C2007-960194-4) Victoria, BC: Ministry of Environment. 

 

Schindler, D. W. (1974). Eutrophication and recovery in experimental lakes: implications for  

lake management. Science, 184, 897-899. doi:10.1126/science.184.4139.897 

 

Schindler, D. W. (1977). Evolution of phosphorus limitation in lakes. Science, 195, 260-262.  

doi:10.1126/science.195.4275.260 

 

Schusslera, J., Bakera, L. & Chester-Jones, H. (2007). Whole-system phosphorus balances as a  

practical tool for lake management. Ecological Engineering , 29, 294-304. 

doi:10.1016/j.ecoleng.2006.09.009 

 

Selig, U. & Schlungbaum, G. (2003). Characterization and quantification of phosphorus release  

from profundal bottom sediments in two dimictic lakes during summer stratification. 

Journal of Limnology, 62, 151-162. 

 

 



 Phosphorus load modelling of an urbanizing watershed     57 

 

Sprague, J. B. (2007). Apparent sources of phosphorus affecting Cusheon Lake, Salt Spring  

Island, B.C. (A background report for the Cusheon Lake Watershed Management and 

Steering Committee). Salt Spring Island, BC. 

 

Søndergaard, M., Jensen, J. P. & Jeppesen, E. (2003). Role of sediment and internal loading of  

phosphorus in shallow lakes. Hydrobiologia, 506-509, 135-145. 
doi:10.1023/B:HYDR.0000008611.12704.dd 

 

St. Onge, P., Kalff, J., Carignan, R., & Peters, R. (1999). The forest is more than the trees: 

The effect of clear cutting on whole-lake hypolimnetic oxygen deficits in remote 

Canadian Shield lakes. Paper for Canadian Journal of Fisheries and Aquatic Sciences. 

Retreived on December 23, 2009 from http://users.openface.ca/~pete/paper1.pdf. 

 

Taylor, J. R. (1997). An Introduction to Error Analysis: The Study of Uncertainties in Physical  

Measurements (2
nd

 ed.). Sausalito, CA: University Science Books.  

 

United States Department of Agriculture [USDA]. (1999). A procedure to estimate the 

response of aquatic systems to changes in phosphorus and nitrogen inputs.  

Retrieved on September 20, 2009 from 

http://www.sera17.ext.vt.edu/Documents/Procedure_Aquatic.pdf .  

 

Vollenweider, R. A. (1968). The scientific basis of lake and stream eutrophication, with  

particular reference to phosphorus and nitrogen eutrophication factors. Organization for 

Economic Co-operation and Development Technical Report. 

 

Vollenweider, R. A. (1975). Input-output models with special reference to the phosphorus 

loading concept in limnology. Schweizerische Zeitschrift für Hydrologie, 37, 53-84. 

doi:10.1007/BF02505178 

 

Winter, J. G. & Duthie, H.C. (2000). Export coefficient modeling to assess phosphorus  

loading in an urban watershed. Journal of the American Water Research Association, 36, 

1053-1061. doi:10.1111/j.1752-1688.2000.tb05709.x 



 Phosphorus load modelling of an urbanizing watershed     58 

Appendix A: Sampling Locations 

Figure A1: Study area map showing sampling locations 

 

Table A1: Geographic co-ordinates of sampling locations 

Sampling Site Description 

Longitude 

(
o
N) 

Latitude 

(
o
W) 

Lake Sample Deep water sampling site 48.44733 123.52474 

Outflow Bridge at Langford Creek outflow 48.45780 123.54002 

Rain Collector Site of open vessel rain collector  48.45266 123.53025 

Inflow 1 Storm water culvert 48.45420 123.54000 

Inflow 2 Highway runoff into small stream  48.45487 123.53360 

Inflow 3 Storm water culvert 48.45195 123.53252 

Inflow 4 Small creek 48.45199 123.53021 

Inflow 5  Storm water culvert 48.44853 123.52300 

Inflow 6 Runoff channelled along railway embankment  48.44422 123.52678 
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Appendix B: Raw Total Phosphorus Data 

Table B1: 2008 in-lake total phosphorus (TP) data from deep water sampling site 

 

 

 

 

Depth (m) 
Startum  

Volume (dam
3
) 

[TP] (ug/l) 

26-Aug-08 09-Sep-08 13-Oct-08 11-Nov-08 13-Dec-08 

0 0 1.9 
 

22.4 34.8 65.6 

1 531 2.3 9.9 22.5 35.3 
 

2 466 1.7 10.9 21.9 36.1 
 

3 407 1.7 14.3 21.5 38.5 
 

4 353 1.1 12.2 21.1 35.7 
 

5 309 2.1 14.7 19.2 42.3 68.9 

6 273 2.4 13.7 16.6 37.5 
 

7 235 2.7 11.0 19.4 39.1 
 

8 196 3.3 14.0 22.9 40.3 
 

9 170 3.9 25.9 22.2 47.3 
 

10 156 5.4 23.8 21.7 42.0 69.1 

11 142 9.4 138.0 11.0 38.9 
 

12 128 198.0 268.0 34.5 52.1 
 

13 107 261.0 536.0 805.6 407.6 
 

14 80 542.0 1160.0 1169.2 896.3 
 

15 54 1680.0 1860.0 2466.7 1990.0 62.3 

16 29 
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Table B2: 2009 in-lake total phosphorus (TP) data from deep water sampling site  

Depth (m) 
[TP] (ug/l) 

01-Feb-09 23-Mar-09
*
 05-Apr-09 21-May-09 07-Jun-09 23-Jun-09

*
 01-Jul-09 21-Jul-09 

0 
 

9.0 11.5 
  

8.0 10.0 6.4 

1 11.8 
  

14.4 23.2 
  

9.9 

2 
       

5.8 

3 
       

5.1 

4 
       

6.3 

5 14.5 
 

10.8 16.7 21.1 
 

11.6 9.8 

6 
       

13.6 

7 
 

4.0 
   

16.0 
 

8.6 

8 
       

10.9 

9 
       

28.9 

10 11.8 
 

12.7 17.5 18.9 
 

13.3 27.9 

11 
   

19.9 20.6 
 

14.5 64.4 

12 
   

52.3 134.6 
 

112.0 117.9 

13 
   

84.7 360.9 
 

221.3 405.7 

14 23.5 10.0 
 

147.0 475.0 403.0 426.9 456.3 

15 43.8 
 

31.6 360.0 815.0 
 

1408.0 1653.8 

16 

        *Data from BC Ministry of Environment 
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Table B3: Outflow discharge and total phosphorus (TP) concentration and mass at Langford Creek (November, 2008 to May, 2009) 

Date Outflow [TP] (ug/l) Discharge (dam
3
) Mass TP Removed (kg) 

11/11/2008 12:00 54 0 0 

12/11/2008 19:00 - (Discharge start) 0 

29/11/2008 12:00 39.9 51.41 2.05 

13/12/2008 12:00 56.3 66.61 3.75 

10/01/2009 15:46 35.4 573.57 20.30 

17/01/2009 11:20 19.8 329.22 6.52 

01/02/2009 12:13 2.39 221.41 0.53 

15/02/2009 11:00 22.3 60.40 1.35 

11/03/2009 15:22 16.9 32.71 0.55 

22/03/2009 12:20 36.1 22.37 0.81 

05/04/2009 13:05 16.4 49.77 0.82 

26/04/2009 12:00 13.2 62.70 0.83 

14/05/2009 12:00 15 3.04 0.05 

20/05/2009 5:30 - 
1.43 

(Discharge end) 
  

 
Total: 1473.21 37.55 
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Table B4: Langford Lake inflow [TP] measurement after two rain events  

Site 

[TP] (ug/l) 

Jan-09 Mar-09 

Inflow 1 35.2 12.2 

Inflow 2 4.03 27.1 

Inflow 3 68.7 No flow 

Inflow 4 30.9 10.4 

Inflow 5 74.4 No flow 

Inflow 6 17.8 9.32 
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Appendix C: Error Analysis Supplement  

The error analysis included in this study largely stems from the procedure of Reckhow, 

Beaulac, & Simpson (1980), although several adaptations are made throughout. These 

adaptations are highlighted within this Appendix.  

After assuming that all model variables have uncertainties that are independent of one 

another and randomly distributed on either side of the „most likely‟ value, a three step error 

analysis was undertaken to determine the overall error in predicting the lake‟s [TP]. Firstly, 

instead of directly adding the individual TP loading terms for the high and low export 

coefficients, these uncertainties are combined according the techniques of error propagation, 

whereas the standard deviations (S) are added in quadrature (Taylor, 1997). Secondly, since 

Nurnberg‟s (1984) phosphorus retention model is employed in this study, rather than the model 

proposed by Reckhow, the standard error in the Rpred model is used as the Sm quantity. Thirdly, 

the model error and the TP load error are combined according to the rules of error propagation.        

 

Step 1: Determining the error in the overall phosphorus load 

The error in the individual export coefficients for each phosphorus source is given by ±Sx 

and formulated as:  
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Where:  

 „x‟ represents each external phosphorus source within the watershed. For Langford 

Lake this includes the runoff from the urban (x=u), forested (x=f), and cleared (x=c) 

land uses, as well as the septic (x=septic) and atmospheric (x=at) TP inputs.  

 „Ex(high)‟, „Ex(low)‟ and „Ex(ml)‟ respectively label the high, low, and most likely 

estimate for each export coefficient. 

 Ax represents the area of each land use or the extent of the particular TP source (i.e. 

the population living within the watershed using septic fields or the lake surface area 

for phosphorus contributions from the atmosphere). 

Low, high, and most likely estimates for the internal phosphorus load amount are respectively 

labelled as Lint(low), Lint(high), and Lint(ml). The error in the internal loading term is expressed 

as: 

 

 

Where Ao is the lake surface area. 

The overall positive error in the phosphorus loading term ( ) is formulated as: 

 

And the overall negative error in TP loading ( ) as: 
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Step 2: Determining the error in the phosphorus retention model 

The standard error in the retention (Rpred) model was found using the following approach. 

The sum of the model‟s squared residuals [Σ(Robs – Rpred)
2
] is divided by the degrees of freedom 

(n-2) and the square root is taken to determine the standard error in the retention model, labelled 

as Sm. Mathematically, this expressed as:   

 

Table C1: Determination of standard error in Rpred model (data from Nurnberg, 1984)  

qs (m•yr
-1

) Rpred Robs Residual (Residual)
2
 

4.19 0.68 0.58 -0.10 0.01 

2.60 0.73 0.6 -0.13 0.02 

6.34 0.62 0.51 -0.11 0.01 

2.89 0.72 0.5 -0.22 0.05 

2.63 0.73 0.74 0.01 0.00 

0.96 0.79 0.67 -0.12 0.01 

5.70 0.63 0.73 0.10 0.01 

6.36 0.62 0.69 0.07 0.01 

26.32 0.34 0.16 -0.18 0.03 

10.20 0.53 0.75 0.22 0.05 

2.63 0.73 0.88 0.15 0.02 

11.27 0.51 0.59 0.08 0.01 

2.71 0.72 0.83 0.11 0.01 

1.23 0.78 0.93 0.15 0.02 

1.31 0.78 0.9 0.12 0.02 

23.87 0.36 0.34 -0.02 0.00 

9.97 0.54 0.55 0.01 0.00 

2.80 0.72 0.84 0.12 0.01 
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qs (m•yr
-1

) Rpred Robs Residual (Residual)
2
 

6.02 0.62 0.73 0.11 0.01 

38.51 0.27 0.37 0.10 0.01 

24.50 0.35 0.53 0.18 0.03 

196.00 0.07 0.06 -0.01 0.00 

82.86 0.15 0.32 0.17 0.03 

8.67 0.56 0.5 -0.06 0.00 

61.43 0.19 0.19 0.00 0.00 

5.70 0.63 0.57 -0.06 0.00 

5.25 0.65 0.63 -0.02 0.00 

24.62 0.35 0.32 -0.03 0.00 

5.65 0.63 0.72 0.09 0.01 

0.81 0.80 0.95 0.15 0.02 

44.25 0.24 0.64 0.40 0.16 

1.58 0.77 0.73 -0.04 0.00 

2.28 0.74 0.72 -0.02 0.00 

0.58 0.81 0.92 0.11 0.01 

5.38 0.64 0.41 -0.23 0.05 

93.33 0.13 0.16 0.03 0.00 

9.88 0.54 0.47 -0.07 0.00 

16.98 0.43 0.28 -0.15 0.02 

4.00 0.68 0.69 0.01 0.00 

30.83 0.31 0.31 0.00 0.00 

5.41 0.64 0.46 -0.18 0.03 

5.14 0.65 0.49 -0.16 0.03 

1.28 0.78 0.74 -0.04 0.00 

0.96 0.79 0.7 -0.09 0.01 

14.28 0.46 0.47 0.01 0.00 

3.19 0.71 0.77 0.06 0.00 

21.77 0.38 0.34 -0.04 0.00 
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qs (m•yr
-1

) Rpred Robs Residual (Residual)
2
 

8.33 0.57 0.2 -0.37 0.14 

37.11 0.27 0.01 -0.26 0.07 

0.46 0.81 0.67 -0.14 0.02 

12.95 0.48 0.56 0.08 0.01 

9.84 0.54 0.99 0.45 0.20 

   
SUM: 1.17 

Step 3: Determining the total error in predicting lake [TP] 

Finally, the total positive error in predicting a lake‟s [TP] (+ST) is given by propagating +SL and 

+Sm according to: 

 

 
Where Ltot = Lext + Lint. Similarly, the total negative error is given by: 

 

 

In order to interpret these error ranges as a confidence interval (the probability that the predicted 

[TP] will fall within a specified range) it is necessary to apply a modified form of the Chebyshev 

inequality (Reckhow, et al., 1980) as: 

 

Where h defines the probability, such that when h=1: 

 

and when h=2: 
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Appendix D: Water Budget Supplement 

An annual hydrologic budget of Langford Lake is proposed to determine the flushing rate 

and areal water load. Data is required regarding the lake level, outflow discharge, local 

precipitation data, and watershed area. The general form of the water budget equation is: 

Qi + GW + DP = Qo + EVP + WS ± ΔSTOR 

Stream inflow(runoff) + Groundwater + Direct precipitation = Stream outflow + Evaporation + 

Water supply + Change in storage 

 

Table C1: Data used to construct stage–discharge rating curve: 

Date Stage (m) Geodetic Level (m) Discharge (l/sec) 

10/01/2009 15:46 1.3453 63.3843 878.62 

17/01/2009 11:20 1.0983 63.1373 337.48 

01/02/2009 12:13 0.8863 62.9253 52.85 

15/02/2009 11:00 0.8429 62.8819 31.43 

11/03/2009 15:22 0.8131 62.8521 0.00 

22/03/2009 12:20 0.8574 62.8964 49.78 

05/04/2009 13:05 0.8786 62.9176 57.67 

26/04/2009 12:00 0.8063 62.8453 0.00 

14/05/2009 12:00 0.8139 62.8529 0.00 

 

 

 

 



 Phosphorus load modelling of an urbanizing watershed     69 

Figure C1: Stage-discharge curve for Langford Creek (2008-2009 water year) 

 

Figure C2: Langford Creek discharge and rainfall volumes in 10-day intervals during the  

       2008 - 2009 water year  

 

Annual hydrologic budget expressed as: 
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Qi + DP + GW = Qo + EVP + WS ± ΔSTOR 

 Qi + 588dam
3
 + GW = 1514dam

3
 + 436.4dam

3
 +1.13 dam

3
– 5.112dam

3
 

Qi + 588dam
3
 + GW = 1946dam

3
 

Assuming GW flux is negligible: 

Qi + 588dam
3
 = 1946dam

3
 

Qi  = 1358dam
3
 = Annual Runoff 

Or:  

Annual Runoff = 1,358,000m
3
/2,700,000m

2
 = 0.503m= 503mm 

 

Figure C3: Runoff plot for Eastern Vancouver Island showing regression adjustment to most 

approximate watershed at Sooke Lake (adapted from Obedkoff (2003)) 
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Considering the drier than average water year, this compares well with the value for runoff taken 

from Obedkoff (2003), Streamflow in the Lower Mainland and Vancouver Island. Here a value 

for runoff was obtained from a regression line for East Vancouver Island adjusted to the most 

approximate gauged watershed (Sooke Lake). Using 84m as the median watershed elevation 

provides an estimate for runoff at 650mm/yr. 

 

 Therefore, for 2008-2009 water year:  

% Annual Runoff from Watershed = (Qi /WP) x 100%     

          = (1358dam
3
/ 2596dam

3
) x 100% 

              = 52.3 % 

Water Residence Time = Vlake / (Qi + DP) 

  = 3800dam
3
 / (1358dam

3
•yr

-1
 + 588 dam

3
•yr

-1
)  

  = 1.95 yr  

 Flushing Rate (ρ) = 1 / 1.95yr = 0.513 yr
-1
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Appendix E: Lake Sediment Analysis Data 

Figure D1: Bar plot of phosphorus fractionations of Langford Lake sediment 

 

 

 

 

 

 

 

 

 

 

Table D1: Phosphorus concentration data from lake sediment analysis 

Sediment    

Sample 

Approx.              

Depth (m) 

ug P/ g dry sediment* 

TPsediment 
NaOH -

SRP 

NaOH- 

NRP 
BDP HCl-P 

Residual 

P 

A 11 1715 275 622 148 108 562 

B 10 1508 178 475 44 108 704 

C 14 1471 298 321 88 77 687 

D 14 1660 570 336 298 79 376 

E 12 1701 273 432 136 80 781 

F 15 1735 357 499 92 127 659 

Mean - 1632 325 447 134 96 628 

Std Dev - 113 133 112 88 21 142 
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*TPsediment is the total phosphorus concentration of the sediment, NaOH (SRP) and NaOH (NRP) 

are, respectively, the soluble reactive and non-reactive phosphorus concentrations of the NaOH 

extract, BDP is the phosphorus concentration of the bicarbonate dithionite extract, HCl-P is the 

phosphorus concentration in the HCl extract, and the Residual P is the difference between the 

combined phosphorus fractions and the TPsediment (assumed to be mostly organic P).  

 

Table D2: Moisture, loss on ignition (LOI) and iron (Fe) data from analysis lake sediment  

Sediment    

Sample 

Moisture 

(%) 

LOI        

(%) 

Fe            

(mg/g dry wt) 

A 94.3 52 18.0 

B 94.6 49 9.4 

C 93.6 35 9.1 

D 93.5 32 23.1 

E 94.0 39 9.1 

F 93.8 40 17.3 

Mean 94.0 41 14 

Std Dev 0.5 8 6 

 


