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Executive Summary 
Historic alteration of land cover as has increased the transport of 

nutrients, such as nitrogen and phosphorus, into surface water systems. Nutrient enrichment in 

surface water can lead to the undesirable growth of aquatic plants and algae. Excess plant 

growth, in turn, can compromise waterbodies for human uses through reductions in aesthetic 

quality, water conveyance capacity, and water quality for livestock watering or domestic 

consumption. Aquatic ecosystems are more readily affected by nutrient enrichment as excessive 

growth and decay of plants can alter foodwebs and depress dissolved oxygen levels. Changes to 

aquatic ecosystem structure can also modify the functional traits of aquatic ecosystems and 

impair ecosystem services provided by surface water systems, such as nutrient attenuation and 

fish habitat. Taken together, nutrient enrichment shifts aquatic foodwebs, changes the habitat 

quality of surface water systems, and degrades the ecosystem services and ultimate human uses 

of waterbodies. Thus, mitigating nutrient enrichment in surface water systems is important for 

preserving human and ecological uses of water systems.    

Numeric guidelines for nutrients in surface waters serve a valuable role as benchmarks for water 

quality monitoring and watershed management programs. Numeric guidelines are beneficial as 

they allow for an interpretation of risk to water users based on water quality results, and provide 

management triggers and targets for water resource managers. Monitoring the progression of 

water quality toward management targets, in turn, allows for effective communication of 

watershed management programs to decision makers and the public. Nutrient objectives are also 

useful for agricultural sustainability initiatives by providing tangible values that can be used to 

demonstrate the effectiveness of land management for the preservation of water resources. 

However, despite the benefits of numeric guidelines for managing surface water, guidelines for 

nutrients do not currently exist for the majority of lotic systems in Alberta.  

Efforts are being made to derive site-specific nutrient objectives at long-term water quality 

monitoring sites in rivers and lakes as part of statutory regional plans. These values, however, 

cannot adequately be applied to small streams given their inherently different hydrodynamics and 

ecology. The lack of nutrient guidelines, in turn, challenges assessments of water quality at the 

scale of watersheds typically designated for watershed management programs, which further 

challenges the ability of watershed managers to evaluate and communicate the successful 

progression of water quality improvements in managed systems.  

A stressor-response study design was applied in this study to define numeric nutrient objectives 

for small streams draining agricultural watersheds. In this study, a variety of structural (e.g., algae 

concentrations) and functional (e.g., nutrient uptake) responses were measured together with in-

stream nutrient concentrations. Relationships between aquatic ecosystem responses to in-stream 

nutrient concentrations were analyzed to determine threshold concentrations of nutrients that lead 

to discernable changes in the response variables. In total, 25 response variables were analyzed 
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in this study for their relationship with concentrations of total nitrogen (TN) and total phosphorus 

(TP) in a total of 56 streams across the Grassland and Parkland natural regions of Alberta. These 

natural regions encompass a large proportion of the privately-held agricultural zones of Alberta. 

The approach used here led to the derivation of generalized nutrient objectives that can be 

applied to all 3rd to 5th Strahler order streams in these regions.  

Single-value numeric objectives for nutrients can lead to erroneous conclusions, given that 

aquatic ecosystem variables respond differentially to nutrient enrichment, and multiple 

environmental factors interact to influence aquatic ecosystem response to nutrients. In this study, 

uncertainty in the response of aquatic ecosystems to nutrient enrichment were considered 

through the integration of threshold responses from multiple ecosystem variables.  This 

integration led to the development of categories of aquatic ecosystem health impairment (AEHI) 

risk, which are bound by numeric concentrations of TN and TP. In total, four categories of AEHI 

risk, from low to very high risk, were defined separately for the spring (April  May) and summer 

(June  August) seasons within the Grassland and Parkland natural regions. Separate AEHI risk 

ranges were determined according to season and natural region as it was estimated that the 

relationship between aquatic ecosystem responses and nutrient concentrations would change 

according to large-scale geographic and seasonal factors.   

 

Figure E-1. Numeric nutrient objectives for total nitrogen (TN) that define the boundaries of aquatic 
ecosystem health impairment (AEHI) risk zones for each combination of natural region and season. 
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Figure E-2. Numeric nutrient objectives for total phosphorus (TP) that define the boundaries of aquatic 
ecosystem health impairment (AEHI) risk zones for each combination of natural region and season. 

The numeric nutrient objectives, defined as boundaries to AEHI risk zones, derived through this 

study will allow for an improved assessment of water quality impairment owing to nutrient 

enrichment, as well as a phased-approach to watershed management in agricultural watersheds, 

where watershed managers can work toward continuous improvement of water quality. The 

derived objectives are also meaningfully protective of aquatic ecosystems. The transition from 

low-to-moderate AEHI risk tends to reflect commonly-used guideline values of TN and TP, and 

offers a sensitive indicator of change in minimally disturbed areas. However, these values may 

not be achievable in watersheds with intensive human land-use pressures. Values indicative of 

progressive deterioration, or conversely improvement, of aquatic ecosystems allow for a tiered, 

progressive approach to water quality management in agricultural watersheds. 

As a result of the approach applied, the nutrient objectives derived here are applicable to all 3rd to 

5th Strahler order streams in the Grassland and Parkland natural regions. Given the broad 

applicability of the objectives, a secondary objective of the study was to evaluate the relationship 

of the generalized objectives to site-specific objectives (SSOs) set for a specific stream system. A 

process modelling approach, using the QUAL2K in-stream water quality model, was used to set 

SSOs at two streams, one in each natural region, that have been historically studied and are 

known to have impaired water quality. The SSOs in this study defined the point at which 

concentrations of TN and TP crossed a threshold of pre-determined pH and dissolved oxygen 

(DO) thresholds, which are known to be protective of aquatic ecosystem health. Differential 

relationships between the pH and DO threshold responses were observed between the streams, 
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indicating the response of aquatic ecosystems to nutrients depends on the stream environment. 

However, the SSOs defined in this way predominantly fell within the moderate or high AEHI risk 

categories of the generalized objectives. This indicates that the generalized objectives are both 

reasonably protective of aquatic ecosystems and are suitable benchmarks for improving aquatic 

ecosystem conditions at watersheds with high intensity of land-use pressures.  

The achievability of the generalized nutrient objectives, as well as the SSOs, were assessed 

through watershed-scale simulations of changes to agricultural land management practices using 

the Comprehensive Economic and Environmental Optimization Tool (CEEOT) modelling platform. 

The CEEOT platform models the environmental benefits and farm economic impact of introducing 

beneficial management practices (BMPs) on the agricultural landscape. Modelling results 

demonstrated positive reductions of nutrient loading from the landscape into surface waters 

owing to the adoption of BMPs by agricultural producers. However, reductions in monthly flow-

weighted mean concentrations (FWMC) were not associated with substantial improvements to 

water quality with respect to reductions in AEHI risk. The ability to compare the CEEOT model 

results to the AEHI risk boundaries and the SSOs for the study watersheds were challenged by: 

(i) the monthly FWMCs of nutrients were not calculated in a manner that reflects true in-stream 

concentrations; and (ii) the land-use scenarios included approximately 35% of the available land 

area, which was viewed as an attainable standard but may not be sufficient to affect in-stream 

nutrient concentrations. Additional work will be performed to integrate a more suitable in-stream 

water quality model with the CEEOT platform, and progressively larger land-areas will be 

simulated to determine the scale of land-use change needed to reduce AEHI risk.   

The numeric nutrient objectives derived in this study can be broadly applied to small streams in 

the agricultural region of Alberta. The objectives were formed by a comprehensive evaluation of 

aquatic ecosystem response to gradients in nutrient concentrations, and appear to be protective 

of aquatic ecosystem health. Water and watershed managers can readily compare the values of 

water quality monitoring results to the standards to gauge the relative risk of aquatic ecosystem 

health impairment that a system may be confronting owing to nutrient enrichment. In addition, the 

values can be integrated as management targets or triggers in watershed management 

programs, as they appear to be reasonably reflective of changes in aquatic ecosystem 

parameters.  
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1. Introduction 

1.1 Background 
In Alberta, water management proceeds through a cumulative effects management framework 

that must be met by all economic sectors in the province. Beginning in 2003, the Water for Life 

(WfL) strategy set out goals to balance concurrent uses of safe secure drinking water, aquatic 

ecosystem health, and quality supplies to support a sustainable economy (AE, 2003). As part of 

the WfL strategy, Watershed Protection and Advisory Councils (WPAC) were created for each 

major river basin and empowered to report on the state of watershed and to prepare integrated 

watershed management plans (IWMPs). The IWMPs are voluntary, cooperative efforts aimed 

toward multi-stakeholder management of water resources. In 2008, principles of cumulative 

effects management were included in the Land-Use Framework (LUS, 2008), which is legislation 

that empowers statutory plans for environmental management. Under the LUF, seven land-use 

regions were created, each led by a multi-sector Regional Advisory Council mandated to manage 

the cumulative effects of land-use and resource extraction on land, air and water resources. Each 

regional plan is required to establish statutory plans for water resources, through approved Water 

Management Frameworks (WMF), that set out the goals and objectives of water quantity and 

quality within the region. The IWMPs are often used as advisory documents to the WMFs within 

the regional plans, but are not explicitly linked. Key to the success of both the IWMPs and 

regional plans are the consultation, involvement, and participation of all sectors within the 

watershed such that collaborative approaches are built to meet water management goals.   

The area primarily suited for agriculture and settlement in Alberta, the White Area, accounts for 

39% of the provincial land area and approximately 75% of it is privately held and predominantly 

used for agricultural activity (GoA, 2007). Hence, the agricultural sector has a relatively large 

geographic footprint in Alberta and non-point source pollution from agricultural activity is of 

concern to the management of water resources. Two federal-provincial studies conducted in 

Alberta [CAESA (1992  1997) and AESA (1999  2008)] revealed that an increase in the 

intensity of agricultural activity was associated with increasing concentrations of nutrients, in 

surface waters draining small agricultural watersheds (Anderson et al., 1998; Lorenz et al., 2008). 

Differences in nutrient export from agricultural land to surface water was also observed among 

different natural regions, where nutrient exports were highest in the Boreal and lowest in the 

Grassland, due to differences in landscape and climate (Lorenz et al., 2008).  

Recognizing that agricultural activity can contribute to a decline in environmental quality, the 

agricultural sector has committed to principles of sustainable development, as evidenced by the 

growing adoption of sustainability frameworks. The Unilever Sustainable Sourcing Program for 

Agricultural Raw Materials and the Sustainable Agriculture Initiative (SAI) Platform, are global 

frameworks that make up the Farm Sustainability Readiness Tool that can be used by crop 

producers in Alberta (AFSE, 2018). In the livestock sector, Certified Sustainable Beef (CSB) and 
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Verified Beef Production Plus (VBP+) are verification frameworks that can be applied by livestock 

producers to market their products as being sustainably produced. Water management, 

particularly minimizing water use and protecting water quality through appropriate management of 

nutrients and manure, figure prominently within the crop and livestock sustainability frameworks. 

Thus the agriculture sector recognizes and is taking steps toward judicious management of water 

resources in a manner that is consistent with the principles of cumulative effects management.  

Measuring water quality outcomes best occurs through the comparison of water quality 

parameters to established numeric values that are indicative of suitable water quality or aquatic 

ecosystem health. However, numeric guidelines for nutrients that can be used to interpret the 

success of agricultural land management practices on maintaining or improving water quality at 

the scale of small watersheds, where land management practices are intimately linked with 

surface water quality, do not exist in Alberta. In current practice, it remains challenging to interpret 

water quality results for small streams, plan watershed management activities for reducing 

nutrients, and measure the success of nutrient reduction practices in watersheds with 

predominantly agricultural land uses.  While many studies define success as an overall reduction 

in nutrient loads, the resultant concentrations cannot be put into the context of aquatic ecosystem 

health, as aquatic ecosystems respond to concentrations instead of load effects.  

Two general approaches exist for setting numeric values for nutrients (or other non-toxic chemical 

stressors): (i) the identification or estimation of background conditions either by assessing 

minimally disturbed watersheds or by modelling; or (ii) the identification of boundaries associated 

with ecological impairment, which identify the concentrations of N or P associated with 

ecologically meaningful changes in aquatic communities.(Dodds and Oakes, 2004; Chambers et 

al. 2012a). The extent of land conversion in the White Area precludes the definition of appropriate 

nutrient values through an assessment of control watersheds. In the National Agri-Environmental 

Standards Initiative (NAESI), a joint initiative by Environment Canada (EC) and Agriculture and 

Agri-Food Canada (AAFC) designed to establish non-regulatory environmental performance 

standards to guide agri-environmental decision-making in agricultural regions across Canada, 

provisional standards for nitrogen and phosphorus in surface waters were recommended for all 

major ecoregions of Canada (NAESI, 2009). However, the provisional standards recommended 

for the Prairie region were established using chemical-threshold approaches that are based on 

statistical distributions of monitoring data; the NAESI team identified a lack of biological 

assessment information paired with water quality data in the Prairie region that could 

meaningfully be used to define nutrient standards in this region (Chambers et al. 2012a,b).  

The lack of numeric standards for concentrations of nutrients that reflect changes in aquatic 

ecosystem structure or function is a key knowledge gap for water resource management in 

Alberta. Their availability will aid cumulative effects management either through voluntary IMWPs, 

statutory regional plans, or industry-driven sustainability initiatives. The provision of numeric 

nutrient objectives will improve watershed management in Alberta by providing appropriate 

benchmarks for assessing the risk of aquatic ecosystem health impairment, prioritizing areas for 

expending scarce resources, and evaluating the success of watershed management programs.  
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1.2 Scope and Objectives 
The goal of this study is to recommend numeric nutrient objectives for small streams in 

agricultural watersheds that can be used to guide watershed management activities on a 

provincial scale.  The numeric objectives were established through a stressor-response study 

design (EPA, 2010; CCME, 2016), whereby structural and functional aquatic ecosystem 

components were measured together with nutrient concentrations in a range of representative 

streams.  A stressor-response study design was chosen in recognition of the historic conversion 

of land to agricultural production, the intensity of agricultural production in the study watersheds, 

and the fact that agricultural land is unlikely to be taken out of production. The study outcomes 

are intended to inform water quality standards that can be realistically achieved in the socio-

economic conditions of the White Area of Alberta. 

In this study, distinct nutrient objectives established on a natural region basis were desired given 

that the concentrations, forms, and export of nutrients in agricultural streams were found to differ 

among the Grassland, Parkland and Boreal natural regions of Alberta (Lorenz et al., 2008). 

Distinct seasonal nutrient objectives were also desired as the response of aquatic ecosystems to 

nutrients is expected to change between spring and summer (USEPA, 2010). The project 

proceeded with three specific objectives: 

1. Derive seasonal numeric nutrient objectives for total nitrogen and total phosphorus 

that can be generally applied to small streams (3rd to 5th Strahler order) in the 

Grassland and Parkland natural regions of Alberta; 

2. Define site-specific nutrient objectives using an in-stream water quality model 

(QUAL2K) for two streams in high-intensity agricultural watersheds to assess the 

generalizability of the stressor-response approach; 

3. Assess the achievability of the numeric and site-specific objectives through 

simulation of agricultural management practices in two agricultural watersheds. 

 

In this report, nutrient objectives are defined as the numeric bounds of four categories of aquatic 

ecosystem health impairment (AEHI) risk. This approach was permitted through the concurrent 

evaluation of 25 aquatic ecosystem response parameters together with analysis of nutrient 

stressors. In this way, AEHI risk categories will facilitate assessments of aquatic ecosystem 

health, and the numeric bounds allow for flexible management of target streams. Objectives were 

only derived for total nutrients (TN and TP), given that rapid uptake of dissolved nutrients can 

make them unreliable indicators of eutrophication (CCME 2016).  

This report presents methodological details (Section 2) and statistical approaches (Section 3) 

used to derive the generalized nutrient objectives. Section 4 assesses the representativeness of 

the generalized objectives through comparison to site-specific objectives derived using an in-

stream water quality model. Section 5 assesses the achievability of the generalized and site-

specific objectives through watershed-scale simulations of land management practices. 
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2. Application of Stressor-Response 
Study Design to Agricultural Streams 

2.1 Stressor-Response Study Design 
This study applied a stressor-response study design, which involves collecting concurrent 

information on stressor variables (e.g., nutrients) of increasing concentrations and ecosystem 

response variables (e.g., dissolved oxygen). These designs are recommended for setting numeric 

standards for non-toxic chemical stressors, such as nutrients, and where conditions do not permit 

comparison to control (i.e., undisturbed or minimally-disturbed) conditions (EPA, 2010; CCME, 

2016). In the White Area of Alberta, most watersheds have a large degree of land conversion to 

agricultural, municipal, or other land-uses, so a control-comparison was not possible. In this 

study, a separate stressor-response design was applied to both the Grassland and Parkland 

natural regions of Alberta. These regions contain a high degree of agricultural activity, yet have 

been found to have differing concentrations and forms of nutrients. For instance, the Parkland 

natural region has been found to have higher nutrient concentrations, as well as a greater 

proportion of dissolved nutrients than the Grassland natural region (Lorenz et al., 2008). 

Thirty streams of 3rd  5th Strahler order were targeted within each of the Grassland and Parkland 

natural regions of Alberta for inclusion in the study in order to achieve a gradient in nutrient 

concentrations, and to ensure sufficient power to detect thresholds in aquatic ecosystem 

response to nutrients. Concentrations of total nitrogen (TN) and total phosphorus (TP) make up 

the stressor component of the study design. The objectives were set for total nutrients (i.e., 

inclusive of dissolved and particulate forms) given the variability in nutrient fractionation owing to 

dynamic biological and geochemical processes occurring in surface waters (Dodds, 2003).  

Aquatic ecosystem components forming the response metrics include both structural and 

functional ecosystem components. Aquatic ecosystem structure was measured from algal 

communities both in suspended (phytoplankton) and attached (periphyton) forms. Phytoplankton 

algal communities were assessed only in terms of their total biomass, whereas both periphyton 

community biomass and composition were assessed, the latter both in term of pigment-derived 

and taxonomically-derived composition. Stream function responses included litter decomposition 

rates, nutrient uptake rates, and ecosystem metabolic rates of gross primary production and 

ecosystem respiration. All components were chosen in accordance with recommendation from an 

expert workshop held on best indicators of nutrient enrichment in streams (EPA, 2013).   
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2.2 Site Selection 
Thirty streams of 3rd  5th Strahler order were targeted within each of the Grassland and Parkland 

natural regions for inclusion in the study. Study streams were selected by the following criteria: 

1) Historically monitored streams were 

preferentially included in the analysis, so that the 

available data could be used to inform secondary 

methods for setting nutrient objectives based on 

chemical thresholds, if required. 

2) The remaining streams were selected within 

candidate Hydrologic Unit Code 8 (HUC8) 

watersheds using a stratified random sampling 

procedure. Stratifications were based on:  

a) runoff potential using the Water Erosion 

agricultural area (Jedrych et al. 2004); and  

b) agricultural intensity indices (Anderson et al. 

1999); 

3) Each stratification was separated into two zones 

defined by median quantiles of continuous data, 

yielding four combined categories of runoff 

potential and agricultural intensity;   

a) Up to five streams were randomly selected 

within each group in each natural region; 

4) Monitoring sites in the selected streams were

positioned as close as practicable to the 

watershed outlet. The following conditions were 

required at each monitoring site: 

a) Relatively open canopy so as not to 

introduce light limitations; 

b) Persistent flow conditions throughout the growing season (i.e., non-ephemeral); 

c) Easy access from roadway crossings; 

d) Landowner permission to access the stream through privately held land. 

Using these criteria, 33 streams were selected in each natural region; however, only 27 and 28 

streams were retained in the Grassland and Parkland natural regions, respectively.

selected 

streams were the primary causes for reducing overall site numbers. The retained sites had a 

relatively broad coverage over the study extent (Figure 2-1). Locations and characteristics of the 

study sites are presented in Tables A-1 and A-2.  

Figure 2-1. Location of study sites in the Parkland (orange) 
and Grassland (green) natural areas of Alberta. Portions of 
the agricultural zone located in the Boreal natural region 
are indicated in grey, but were not included in this phase of 
the project. 
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2.3 Field Sampling Schedule 
Ecosystem assessments were to be completed in both the spring (April  May) and summer 

(June  August) months of three years (2016  2018). This separation was desired to account for 

variable hydrology of small streams in the spring, which are driven by snowmelt dynamics and 

immature ecosystems, and the summer, which are typically lower flow and of mature ecosystem 

structure.  Algal bioassessments were conducted in spring and summer of each year. However, 

logistic constraints with contracting and procurement at the 

onset of the study precluded the spring 2016 

bioassessment. Aquatic ecosystem function was assessed 

variably between spring and summer. The whole-stream 

metabolism work proceeded in both spring and summer 

owing to the relative ease of the field methods. However, the 

litter decomposition and nutrient uptake experiments were 

only performed in the summer months owing to longer-term 

deployments and human resource constraints, respectively.  

 

In total, algal bioassessments were completed on all streams 

included in the study and were paired with water sampling, 

flow measurement, and in situ water quality at each 

deployment and retrieval. However, due to the added 

complexity of the functional assessments, either through a 

need for increased equipment, materials, supplies or human 

resources, the function assessments could only be performed 

on a subset of the streams. Function assessments were 

performed on fifteen streams in 2017 and 2018; the focus was on the Grassland region in 2017 

and the Parkland region in 2018. In 2017, 12 streams from the Grassland region and three 

streams from the Parkland region were assessed. In 2018, 12 streams (including the three 

streams from 2017) within the Parkland region and three streams (of the 12 monitored in 2017) 

were included in the assessments. The three-stream overlap between years was included to 

assess inter-annual variation in aquatic ecosystem function. 

2.4 Water Sample Collection and Analysis 
At each water sampling event, samples were collected at mid-channel, mid-depth through grab 

sampling, using either a telescoping sampling pole or by hand where channel and flow conditions 

permitted. All samples were stored on ice and submitted immediately to a contracted laboratory 

(ALS Environmental Ltd., Edmonton, AB) for analysis of water quality parameters outlined in 

Table A-3. At the time of sample collection, stream flow was measured through acoustic Doppler 

velocimetry, either using a handheld (SonTek FlowTracker, Xylem Inc.) or boat-mounted (SonTek 

StreamPro) device, and in situ water quality parameters were collected using a multi-parameter 

water quality sonde (In Situ SmarTROLL). Measured flow properties for the study sites are 

Figure 2-2. Generic schedule of 

aquatic ecosystem biological and 

functional assessments. Asterisks 

denote water sample collection and 

flow monitoring. 
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presented in Table A-4 and A-5, and in situ and laboratory water quality results are summarized 

in Table A-6 and A-7.  

In stressor-response study designs, sites are intended to be selected to establish a gradient of 

the stressor variable. Here, the stressor variable consisted of concentrations of total nitrogen and 

total phosphorus. Evident from the collected data is that the Parkland natural region generally 

contains higher concentrations of total nitrogen and phosphorus than the Grassland region, but 

little general seasonal difference is apparent overall (Figure 2-3). The average concentrations of 

total nutrients collected from each stream (Figure 2-4) indicate that stressor gradients were 

established through the site selection procedure outlined in Section 2.2.  

2.5 Aquatic Ecosystem Structural Responses 

Stream ecosystems are complex and include many groups of organisms whose community 

structure responds to nutrient enrichment. In this study, algal communities were chosen for 

assessment of structural responses given that they are often considered to show more sensitive 

responses to nutrient concentrations than higher-level organisms, being primary producers that 

directly use inorganic nutrients (EPA 2013). Algal bioassessments were conducted through the 

use of floating algal samplers containing glass microscope slides (periphytometers), which were 

chosen to standardize the attachment matrix and reduce the confounding effect of substrate type 

on algal community development (Tarkowska Mieczan, 2012). The periphytometers were 

installed by tethering to a cinder block with 1  2 m of airline cable and placing them mid-channel. 

A temperature and light pendant logger (HOBO UA-64, Onset Corp.) was attached to each 

periphytometer. The periphytometers were retrieved after approximately four weeks following 

Figure 2-3. Seasonal distribution of total nitrogen (left) and total phosphorus (right) in the Grassland (green) 
and Parkland (orange) natural regions. Concentrations are presented in natural logarithm units. Box 
boundaries indicate the lower (25th), middle (50th) and upper (75th) quartiles, stick ends denote 5th and 95th 
percentiles, circles indicate outliers, and the (+) is the mean value. 

(a) (b) 
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deployment (Biggs, 1998).  Upon collection, the microscope slides were placed into LockMailerTM 

(Simport Scientific Inc.) microscope slide tubes. One half of the slides were transported in 

insulated coolers for taxonomic identification (MB Laboratories, Sydney, BC) and the other half of 

the slides were transported on ice for pigment and biomass analysis (Vinebrooke lab, University 

of Alberta, Edmonton, AB). Taxonomic cell counts were performed following protocols presented 

in Strickland and Parsons (1972), using a Rafter cell counter. Pigment analysis was performed 

using high performance liquid chromatography (HPLC), and biomass of the entire slide biofilm 

(comprised largely of periphyton but also of other microorganisms) was measured as ash-free dry 

mass (APHA, 1999). 

 

 

Figure 2-4. Mean concentrations of total nitrogen (a and c) and total phosphorus (b and d) in the Grassland 

(green) and Parkland (orange) natural regions, in ascending order of concentration. Error bars represent ± 

standard error of the mean.  

 

 

(a) (b) 

(c) (d) 
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Despite the concentrations of nutrients being evidently higher in the Parkland natural region in 

comparison to the Grassland natural region, coarse metrics of algal concentration, biomass and 

communities were not substantially different between the natural regions (Figure 2-5). However, 

seasonality in growth yielded some noticeable trends on the aggregate. In the Parkland, 

phytoplankton Chlorophyll a (Chl a) concentrations were observed to be higher in spring than in 

summer, but were higher in summer over spring in the Grassland region. Higher concentrations 

of periphyton Chl a were observed in spring over summer in the Parkland and Grassland natural 

region, although the central tendencies (means and medians) were not markedly different 

between the seasons with natural regions. Generic richness, and diversity to a lesser extent, of 

algal taxa also tended to be higher in spring than summer for both natural regions.  

 

 

Figure 2-5. Metrics of algal community responses to in the Grassland (green) and Parkland (orange) natural 
regions, including Chlorophyll a in phytoplankton (a) and periphyton (b), periphyton richness (c), and 
Shannon Diversity Indices (d). Algal metrics are separated according to seasonal assessment periods.  

(a) (b) 

(c) (d) 
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2.6 Aquatic Ecosystem Functional Responses 
2.6.1 Whole Stream Metabolism 

Whole-stream metabolism includes metrics of gross primary productivity (GPP), ecosystem 

respiration (ER), and net ecosystem productivity (NEP). While these metabolic rates intended to 

inform the rates of production and decomposition of carbon compounds, respectively, their 

calculation is based upon the production and consumption of oxygen (Table A-8). Oxygen 

measurements are a suitable proxy for carbon in this context, as it can be readily and 

continuously monitored with electronic sensors and is theoretically linked with carbon production 

and decomposition (Young et al. 2008).  Measurements of dissolved oxygen and water 

temperature were made with multi-parameter water quality sondes (YSI EXO2, Xylem Inc., 

Yellow Springs, OH, USA) that were deployed over 3  5 day periods. Photosynthetically active 

radiation (PAR) was measured concurrently using OdysseyTM deployable waterproof loggers 

(Dataflow Systems Ltd., Christchurch, New Zealand) attached to the sonde housing. Flow 

measurements were collected at both the deployment and retrieval of the sondes, and water 

samples were collected at either the start or end of the deployment.  Metabolic rates of GPP, ER, 

and NEP were calculated for each deployment using the streamMetabolizer package (Appling et 

al. 2018) in R (v. 3.5.2, 2018) using maximum likelihood estimation (MLE) methods. Summaries 

of the stream metabolic rates for each stream is presented in Table A-9.  

With respect to nutrient enrichment, GPP and NEP are expected to be more responsive as they 

are directly linked to algal growth and production, whereas ER can be influenced by the 

heterotrophic processing of allochthonous (externally-derived) organic material from adjacent 

landscapes (Young et al., 2008). However, NEP is the balance between GPP and ER. From the 

data collected, seasonal trends in GPP are evident, where GPP is highest in the summer and 

lowest in the fall (Figure 2-6). The Grassland region appeared to have slightly higher mean and 

median concentrations of GPP in all seasons. Mean and median NEP was also positive in 

Grassland streams, indicating that GPP is greater than ER, and hence autotrophic producers are 

more prolific than heterotrophic consumers in this region.  
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Figure 2-6. Gross primary productivity (a) and net ecosystem production (b) in the Grassland (green) and 

Parkland (orange) natural regions. Seasonal categories include spring (April - May), summer (June - August) 

and Fall (September - October). Box boundaries indicate the lower (25th), middle (50th) and upper (75th) 

quartiles, stick ends denote 5th and 95th percentiles, circles indicate outliers, and the (+) is the mean value.  
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2.6.2 Litter Decomposition 

Litter decomposition is an important ecosystem function as it is responsible the integration of 

allochthonous (from terrestrial sources) organic matter into the aquatic food chain. In this study, 

both microbial and total litter decomposition rates were measured using, respectively, fine-mesh 

(0.2 mm) and coarse-mesh (2 mm) litterbags filled with dried reed grass (Phalaris arundinacea) 

harvested from a common source, and constructed with Nitex mesh. For each site, twelve fine-

mesh and twelve coarse-

to the stream bank, below the water level. At the time of installation, two of each fine- and coarse-

mesh bags were removed from the tethered line (i.e., were installed into the water), and 

processed as the Day 0 samples. The remaining samples were collected in pairs of fine- and 

coarse-mesh bags at each of five collection events at approximately 2  3 week intervals. At the 

time of retrieval, all bags (including the Day 0 bags) were rinsed in stream water by inserting, 

lifting and draining the bags ten times; this allowed for the removal of surface debris collected on 

the litterbag. The litterbags were stored in clear plastic bags and placed in an ice-filled cooler for 

transport to the laboratory, and then stored at fridge temperature until processing. Processing 

consisted of rinsing the litterbags in deionized water to remove silt, drying the biomass at 50°C 

until it reached a constant mass, and measuring total biomass of the sample. 

Litter decomposition rates are expected to increase under moderate nutrient enrichment, as the 

aquatic ecosystem becomes more productive and heterotrophic organisms proliferate, but are 

expected to decline with high nutrient enrichment  as higher-level organisms become stressed 

(Young et al., 2008). In this study, total and microbial decomposition rates were observed to be 

relatively similar between the natural regions, although the range of values tended to be higher in 

the Grassland region (Figure 2.7). Summaries of decomposition rates calculated for each stream 

are presented in Table A-10. 

 

Figure 2-7. Total (a) and microbial (b) decomposition rates of grass litter in the Grassland (green) and 

Parkland (orange) natural regions. 

(a) (b) 
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2.6.3 Nutrient Uptake Rates 

The attenuation of nutrients in small streams is an important ecosystem function that preserves 

the health of downstream receiving environments, such as lakes, reservoirs and rivers. Healthy 

aquatic ecosystems have some capacity to retain nutrients generated from land-use activity. 

However, nutrient retention capacity can be saturated under conditions of high nutrient 

enrichment, potentially leading to greater downstream impacts (Bernot and Dodds, 2005).  

Nutrient uptake rates were measured through solute tracing studies, according to protocols 

presented in the Stream Solute Workshop (1990). Briefly, in each study stream a concentrated 

stock solution of chloride, ammonia, and phosphate was prepared and injected at a constant rate 

into the stream to generate a continuous plume. Longitudinal changes in concentrations were 

measured at five locations downstream of the injection site. Downstream sampling stations were 

determined on-site during the day of the tracer injection in order to adapt the sampling protocol to 

the concurrent flow conditions. The length of the mixing zone was calculated using the method 

supplied in the Code of Practice for Hydrologic Tracing Analysis Studies (Alberta Environment, 

1998). The first sampling station was located approximately at 10% or 20 m beyond the 

calculated mixing zone length, whichever was greater. The fifth and terminal sampling location 

was estimated from the average velocity of the stream to accommodate a 4-hour continuous 

injection. The second through fourth sampling location were placed approximately equidistant 

between the first and final sampling locations. Pre-injection samples were collected at each site to 

characterize the ambient concentrations of the tracers. Once the injection was started, the first 

and fourth monitoring sites were monitored for changes to specific conductance using deployable 

multi-parameter water quality sondes (YSI EXO2, Xylem Inc.). Sampling commenced once a 

plateau was reached at the fourth station, and proceeded in order from the first to fifth stations. All 

samples were held on ice and submitted to ALS Environmental (Edmonton, AB) for analysis of 

total and dissolved nutrients (Table A-3). Nutrient uptake parameters calculated for each stream 

are presented in Table A-10. Nutrient uptake velocities were selected as the most appropriate 

uptake rate to represent differences between streams, as they are a measure of nutrient spiraling, 

or the distance travelled by inorganic solutes before being taken up, standardized for stream flow 

(Figure 2-8). Nutrient uptake velocities were observed to be higher in the Grassland natural 

region, particularly for ammonia-nitrogen (Figure 2.8).  
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Figure 2-8. Uptake velocities of ammonia (a) and phosphate (b) in the Grassland (green) and Parkland 

(orange) natural regions. Box boundaries indicate the lower (25th), middle (50th) and upper (75th) quartiles, 

stick ends denote 5th and 95th percentiles, circles indicate outliers, and the (+) is the mean value. 

2.7 Summary 
In total, 25 and 29 streams were monitored in the Grassland and Parkland natural regions of 

Alberta in an effort to gain necessary information for calculating numeric nutrient objectives using 

a stressor-response study design. Applying separate objectives for each natural region appears 

to be appropriate given the observed differences in ambient nutrient concentrations between the 

regions, and the mixed differences in ecosystem response variables. Evaluation of threshold 

responses of the varying response values to increasing concentrations of nutrients are explored 

in Section 3. 

 

(a) (b) 
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3. Deriving Nutrient Objectives from 
Stressor-Response Data 

3.1 Rationale and Overview of Approach 
The stressor-response approach chosen for the development of numeric nutrient objectives in 

this study is commonly used to define levels of water quality parameters that are protective of a 

designated use (e.g. aquatic ecosystem health). For mid-size streams in the agricultural region of 

Alberta, however, target levels of nutrient concentrations or other metrics representing aquatic 

ecosystem health have not been recommended. For this reason it was decided to investigate 

relationships between TN and TP and a variety of response metrics related to aquatic ecosystem 

health, and to empirically identify thresholds in these relationships that could be used to guide the 

suggestion of nutrient objectives.  

Ecological thresholds are often interpreted as transitions between ecological states in which a 

return to a less impacted state is difficult once a threshold is crossed (Groffman et al., 2006). This 

concept makes ecological thresholds attractive candidates for management objectives, as 

evidenced by the use of empirical thresholds to suggest nutrient management standards in a 

variety of jurisdictions (e.g. Black et al. 2011; Chambers et al. 2012; Evans-White et al. 2009; 

Qian et al. 2003; Richardson et al. 2007; Smith et al. 2013).  

In stressor-response relationships, estimates of threshold values in stressor variables  are 

typically different depending on the response metric being examined and the statistical methods 

used to detect the threshold (Black et al. 2011; Brenden et al. 2008; Dodds et al. 2010; Qian 

2014). Therefore, instead of relying on a single response metric and statistical method, 25 

response metrics (Section 3.2) and three threshold-detection methods (Section 3.3) were used to 

establish a range of potential ecological thresholds applicable to aquatic ecosystems in each 

natural region. Different statistical methods were applied for threshold analyses in 

acknowledgement that stressor-response relationships may not all be best-represented by the 

same model, yet uncertainty exists in which may be the best model in a given relationship (Qian, 

2014).  Assessments of the strength of each identified threshold were conducted to prevent the 

inclusion of spurious results, as detailed in Section 3.4. 

The range of ecological thresholds obtained from the above analysis was used to define numeric 

boundaries of aquatic ecosystem health impairment (AEHI) risk categories (low, medium, high, 

and very high) that can be used flexibly to set nutrient objectives in any given scenario (Section 

3.5.3). In this study, the numeric bounds of the AEHI risk categories were established using the 

10th, 50th, and 80th percentiles of weighted empirical cumulative distribution functions of threshold 

values (Section 3.5.1).  
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3.2 Response Metrics and Datasets Used in 
Threshold Analyses  

A variety of univariate metrics, calculated from data collected as per Section 2, that are known or 

hypothesized to respond to nutrient enrichment in aquatic ecosystems were selected for 

threshold analysis (Table A-11). A total of 25 metrics were selected, and correlation analysis 

confirmed that redundancy of metrics was not a concern as strong correlations among the metrics 

was very rare (data not shown). Prior to threshold analysis, variables were transformed to reduce 

skewness and to help meet the assumptions of the parametric piecewise linear regression 

method (Section 3.3) (Qian 2014; Qian and Cuffney 2012). Total nitrogen and phosphorus, which 

were both right-skewed, were natural-log transformed. Transformations used for response 

metrics are listed in Table A-10. Before transformation and further analyses, below-detection-limit 

data (generally less than 5% of a given variable) were set at half the respective detection limit. 

Due to the low frequency of total nutrient concentrations being below detection, a proportional 

approach was used to impute values due to its simplicity, presumption that significant bias of the 

results would occur, and the lack of statistical threshold methods that are designed for use with 

censored data. 

Threshold analysis of response metrics derived from periphyton data were performed separately 

for each natural region and season. The periphyton community metrics at each site were related 

to the average of the two water samples collected at the time of deployment and retrieval of the 

periphytometers. For periphyton Chl a, data from 2016 were excluded as the analytical lab and 

method were switched and an analysis of the data indicated that there were likely methodological 

differences in the estimation of Chl a that could confound statistical relationships to nutrients. In 

the analysis of water column Chl a both Chl a and nutrient concentrations comprised average 

values from the (generally two) samples collected in a given season in a given year, as for 

nutrients in periphyton analyses. For periphyton response metrics, two years of data (2017 and 

2018) were available for spring threshold analyses, whereas three years (2016, 2017, 2018) were 

available for summer, with the exception of periphyton Chl a.  

For the analysis of functional metrics (litter decomposition, nutrient uptake, and whole-stream 

metabolism), data from both natural regions were combined to obtain a sufficient sample size for 

threshold analyses. This was because fewer streams were studied and many of these were only 

studied for one year with a specific focus on the Grassland or Parkland natural regions between 

the years (Section 2.3). Litter decomposition and nutrient uptake metrics were only applied to the 

derivation of summer AEHI risk categories, and whole stream metabolism was included in the 

derivation of both spring and summer seasons. As litter decomposition indicators represented 

decay coefficients derived from mass loss throughout the summer, they were related to the 

seasonal average of the nutrient concentrations measured at each site. Nutrient uptake metrics 

were related to the average of all nutrient concentrations measured at each site up until the time 

of the solute tracer study.  Stream metabolic rates were assessed against the average nutrient 

concentrations occurring within the season of the metabolic assessments. 
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3.3 Threshold Analysis  

Thresholds in the response of 

indicators of aquatic ecosystem health 

to concentrations of TN and to TP were 

detected using classification and 

regression trees (CART), piecewise 

linear regression (PLR), and quantile 

piecewise linear regression (QPLR) 

statistical methods. Of the methods 

selected, each assumes a different 

relationship between stressor and 

response metrics (Figure 3-1). CART 

analysis (Breiman et al. 1984), as 

implemented here, models a step-

change in the mean of the response 

metric, with the threshold value 

representing a point along the stressor 

gradient where the mean abruptly 

changes (Figure 3-1). CART has been 

used previously to locate thresholds in 

the response of aquatic ecosystem 

health to nutrients (Chambers et al. 

2012; Evans-White et al. 2009; Miltner 

2010; Qian et al. 2003; Smith et al. 2013). CART was implemented in R (R Development Core 

 

Atkinson 2018). PLR methods differ in that they model situations where the linear slope of the 

mean of the response metric changes along the stressor variable, with the threshold representing 

the point at which the slope changes (Figure 3-1).  It has been used previously to model 

thresholds in the response of algal metrics to nutrient concentrations (Black et al. 2011), among 

other stressor-response applications (Brenden et al. 2008; Toms and Lesperance 2003). PLR 

was performed in SAS version 9.4 (SAS Institute 2012) 

guidance of Ryan and Porth (2007). QPLR models a conditional quantile of a response metric 

distribution rather than the mean. QPLR can also portray a step relationship, as it has no 

requirement of continuity or linear connectivity at the threshold value. In our analysis, we used the 

75th quantile to emulate upper limit of 

response metrics, but at any given site response metrics may be depressed owing to other 

limiting factors (Figure 3-1) (Brenden et al. 2008; Cade and Noon 2003). The 75th quantile was 

chosen to approximate an upper limit given that we had small datasets prone to outliers, negating 

the use of higher quantiles that are more affected by outliers (Brenden et al. 2008). QPLR was 

 

Figure 3-1. Illustration of stressor-response models fit by 
CART, PLR, and QPLR for two stressor response 
relationships. 
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performed in the software GUIDE (v. 29.6, Loh 2018). In all analyses, models were constrained to 

a single threshold with a minimum of four data points on either side of the threshold. 

3.4 Threshold Model Evaluation 
Prior to being included in the development of nutrient objectives, the identified thresholds were 

assessed according to three conditions aimed at ensuring that retained values represented likely 

ecological thresholds and were not spurious results. The first condition was that simpler (non-

threshold) models were not a better fit to the data (Black et al. 2011; Qian and Cuffney 2012). 

This condition was evaluated  small sample sizes 

(AICc, Sugiura 1978) for the threshold model, an equivalent simple linear model, and an 

intercept-only model. Threshold models were retained where the AICc value of the threshold 

model was at least two units lower than both the linear regression and intercept model (Burnham 

and Anderson 2002). The second condition required was that the relationship between the 

aquatic ecosystem metric and increasing concentrations of nutrients followed expectations that 

were hypothesized according to strong evidence in the literature. This condition ensured that 

aquatic ecosystem impairment resulted from the crossing of a threshold value (i.e., moving from 

low- to high-concentrations), such that unexpected contrary relationships (i.e,. improvements) 

were not included in measure of AEHI risk (Black et al. 2011). The third condition was that the 

estimated threshold value was reliable, as evidenced by examining bootstrap distributions (1000 

replicates) of threshold values. Cases in which the most common threshold value estimated in the 

original dataset was not one of the most common values estimated in the bootstrap distribution, 

these estimates were interpreted as being spurious and were not included. Bootstrap threshold 

distributions for 

(Canty and Ripley 2017; Davison and Hinkley 1997) in R. 

to obtain QPLR threshold distributions by creating a shell function in R that ran QPLR analysis in 

GUIDE (Loh 2018). For PLR, threshold -in 

option for obtaining bootstrap estimates of parameters. Finally, the threshold values were 

assessed to determine whether threshold values estimated by each of the three methodologies 

(CART, PLR, and QPLR) were redundant (i.e., detected the same aspect of the stressor-

response relationship). The thresholds values were averaged where the methods were deemed 

redundant, but were kept separate where the methods detected different positions of the stressor-

response relationship. This evaluation was performed to reduce bias associated with multiple 

inclusions of thresholds that reflected the same response along a stressor gradient.  

3.4.1 Threshold Values Retained for Derivation of Nutrient Objectives 

In total, 438 threshold analyses were performed; however, only 116 (26%) of these analyses met 

the necessary conditions for inclusion in the derivation process for the AEHI risk boundaries 

(Tables A-12). Of the 25 response metrics assessed, 20 were retained in at least one nutrient-

region-season combination. The variables that most commonly met these requirements were 

those related to nutrient uptake, broad algae classifications (e.g., relative abundance of green 
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algae), phytoplankton abundance, and the generic diatom index. Response metrics less often 

retained, if ever, were those related to stream metabolism (including litter decomposition and 

excepting net ecosystem productivity), variables related to algal community diversity, and areal 

uptake rates of phosphorus. The abundance of periphyton and relative abundance of pollution 

sensitive diatoms were retained with intermediate frequency. Of the three threshold 

methodologies used, thresholds derived by CART analysis most often met the conditions for 

inclusion (65 analyses) followed by QPLR (29) and PLR (22). This is likely because stressor-

response relationships were generally weak with high residual variation, and the addition of 

parameters (penalized in AICc) for modelling slopes on either side of threshold values did not 

improve model fit sufficiently to warrant additional model complexity.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3-2. Threshold values retained for AEHI risk category derivation, by response metric. Boxplots 
represent the distribution of threshold values for total nitrogen (a) and total phosphorus (b) for given metrics 
observed across combinations of natural, season, and threshold detection methodology. See Table A-10 for 
explanation of metric codes. 
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Some observations can also be made regarding which parameters tended to have higher or lower 

threshold values (Figure 3-2). For TN, parameters related to periphyton community composition 

(except for the green algae pigment index and total cell count) tended to have higher threshold 

values than those related to ecosystem function, phytoplankton abundance, and generic 

evenness. The same pattern was not observed as strongly for TP. Thresholds related to 

ecosystem function and phytoplankton Chl a still tended to be on the lower end of the distribution 

of threshold values, but those related to algal communities were more variable.  

3.5 Numeric Nutrient Objectives Suggested for 
Agricultural Watersheds in Alberta 

3.5.1 Derivation of AEHI Risk Boundaries Based on Distribution and 

Weight of Threshold Responses 

The distribution of retained threshold values from each combination of nutrient, natural region and 

season (Section 3.4.1) was used to develop the numeric boundaries of aquatic ecosystem health 

impairment (AEHI) risk categories. These numeric boundaries, in turn, are intended to be used 

flexibly to set nutrient objectives for a given watershed management scenario (Section 3.5.3). 

Boundaries between AEHI risk states were established using the 10th, 50th, and 80th percentiles of 

weighted empirical distribution functions (WEDFs) of retained thresholds (Figure 3-3). Thresholds 

were weighted in order to give preferential influence to aquatic ecosystem metrics that are 

deemed more valuable. The weight of each metric was measured on a scale of 0 to 10 and was 

determined based on a survey of water resource management professionals in the province, with 

the scores for each metric being averaged across professionals into a proportional weight. 

Concentrations below the 10th percentile were designated as representing low risk of AEHI owing 

to nutrient enrichment, those between the 10th and 50th percentile were deemed moderate risk. 

Concentrations between the 50th and 80th percentile were labelled as having high risk of AEHI, 

with those over the 80th percentile were considered to have very high risk. Threshold values 

included in the derivation of AEHI risk categories, and their weights, for TN and TP are listed in 

Table A-13 and A-14, respectively.
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Figure 3-3. Exemplar of a weighted cumulative empirical distribution function of threshold values (for TP in 

the Grassland natural region, in summer). Intercepting lines represent the 10th (dash-dot), 50th (solid), and 

80th (dash) percentiles of the weighted cumulative distribution function.  

3.5.2 Summary of AEHI Risk Categories  

Categories representing the risk of AEHI based on nutrient enrichment, and the nutrient 

concentrations defining these categories, are displayed in Table 3-1. For TP, the boundary 

between low and medium AEHI risk (0.04  0.07 mg/L TP) was consistent across seasons and 

natural regions and tended to align with TP values suggestive of the transition between trophic 

states in lakes and/or major rivers. The boundary between medium and high AEHI risk (the 50th 

percentiles of threshold WEDFs) and between the high and very high AEHI risk (80th percentile) 

were slightly higher for the Parkland NR than the Grassland NR, with seasonal differences being 

relatively negligible. For TN, less consistency was observed in AEHI risk category boundaries, 

with less noticeable patterns between NRs and/or seasons. At this point it is difficult to say 

whether differences in risk category boundaries between seasons and/or NRs are meaningful, as 

different response metrics were ultimately included in the development of AEHI risk categories for 

different combinations of natural region and season. In future refinements of AEHI risk categories, 

it will be considered whether data from seasons and/or natural regions should be merged, or 

whether the requirements for threshold retention outlined in Section 3.4 should be relaxed in 

certain cases in order to include a standard set of response metrics in risk category development.  
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3.5.3 Suggested Use  

The AEHI risk categories defined here are intended to have two primary applications: (i) the 

interpretation of aquatic ecosystem health owing to measured concentrations of nitrogen and 

phosphorus in surface waters; and (ii) the setting of nutrient management objectives in voluntary 

watershed management programs. There is no current intention for numeric concentrations 

bounding AEHI risk categories to be recognized as nutrient objectives as understood in regulatory 

frameworks, in which exceedances of triggers, limits, etc., instigate specific management 

responses. For a one-time assessment in a given stream, the concentrations of TN and TP 

averaged from a minimum of two samples collected within a given season must be performed in 

order to be consistent with the way in which data were aggregated in the threshold analysis 

(Section 3.2). When interpreting nutrient concentrations and the AEHI risk they represent, it is 

emphasized that the stressor-response relationships and thresholds used to derive risk 

categories were inherently variable, so nutrient concentrations corresponding with a given risk of 

AEHI should not be used to definitively conclude that a system is impaired, but as a general 

indication of impairment probability.  

Table 3-1. Aquatic ecosystem impairment risk categories for nutrient-natural region-season 

combinations. The maximum and minimum concentrations measured are reported for reference. 

AEI Risk:                Low Medium High Very High 

 Lowest 

measured 

concentration 

(mg/L) 

10th  

Percentile 

Thresh 

WEDF 

(mg/L) 

50th 

Percentile 

Thresh  

WEDF 

(mg/L) 

80th  

Percentile 

Thresh 

WEDF 

(mg/L) 

Highest 

measured 

concentration 

(mg/L) 

TN  | | |  

Grassland  | | |  

Spring     

Summer    

Parkland  | | |  

Spring     

Summer    

  | | |  

TP  | | |  

Grassland  | | |  

Spring     

Summer    

Parkland  | | |  

Spring     

Summer    
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For setting management objectives, the intent here is that AEHI risk categories could be used 

flexibly by those undertaking watershed management activities. For example, if a stream were to 

have levels of nutrients that indicated a very high AEHI risk, watershed managers may choose a 

phased approach to progressively bring water quality into a high, then moderate risk category, 

and so on. If a stream were to be assessed to have a low AEHI risk, 

approach may be taken to simply prevent nutrient concentrations from increasing in a manner 

that would amplify AEHI risk. If watershed managers were to develop a program that included 

management targets and triggers for a given stream, it is recommended that targets could be set 

in the middle of a desired risk category and that the upper boundary of that category could 

represent a trigger for management action. That being said, these are only a few examples of 

how watershed managers may choose to use the AEHI risk categories developed here (and in 

future refinements). A comprehensive guide outlining the recommended usage of the AEHI risk 

categories is outside of the scope of the current document, but will be developed more fully 

during the expansion of the current project to include the Boreal natural region, and before public 

release of the research. 

3.5.4 Comparison to Nutrient Objectives Recommended for Similar 

Jurisdictions 

For agricultural streams in Alberta, as part of the  National Agri-Environmental Standards Initiative 

(NAESI), Chambers et al. (2012) used the average value of three percentile approaches (derived 

from historical nutrient concentration data in Alberta streams) to recommend provisional nutrient 

standards for Alberta of 0.98 mg/L TN and 0.11 mg/L TP. These concentrations are similar in 

magnitude to concentrations occurring in the medium AEHI risk categories developed here. 

Chambers et al. (2012) also recommended nutrient standards for the Manitoba Prairies and 

transition to Boreal Plains, which were inclusive of biological assessment data, of 0.102 mg/L TP 

and 0.39 mg/L TN. These values correspond to medium AEHI risk for TP, but low AEHI risk for 

TN. Numeric nutrient criteria have also been developed for some US States, although the only 

region comparable to Alberta with established criteria is the Northwestern Glaciated Plains of 

Montana. Here, criteria based on percentile and biological stressor-response approaches are 1.3 

mg/L TN and 0.11 mg/L TP. Again, these values generally correspond to medium risk of AEHI as 

in the Montana Northwestern Glaciated Plains 

 occurring in the foothills and upland areas  has lower criteria of 0.08 mg/L TP and 0.56 mg/L 

TN, which are more similar to the low AEHI risk categories developed here. Overall, the 

interpretation of ecological impairment as it relates to nutrient concentrations is in good 

agreement between these three cases, giving confidence that the use of the AEHI risk categories 

for assessment and/or watershed management purposes is consistent with the understanding of 

nutrient-related aquatic ecosystem impairment gained through other efforts in similar regions. 
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4. Assessing the Representativeness 
and Achievability of Nutrient 
Objectives  

4.1 Modelling Purpose and Approaches 
The nutrient objectives derived in this study, and reflected as numeric boundaries to AEHI risk 

categories, are intended to be generalized objectives that can be applied to all 3rd to 5th Strahler 

order streams draining agricultural watersheds in the Grassland and Parkland natural regions of 

Alberta. As described previously, the AEHI risk categories were derived from a representative set 

of streams along a gradient in agricultural land uses and runoff potential. The applicability of the 

AEHI risk categories to the management of specific streams should be assessed in order to 

determine whether the ranges of nutrient objective ranges are representative and/or achievable in 

the context of site-specific watershed management programs. 

The representativeness of the AEHI risk categories to site-specific contexts was assessed by 

relating the generalized risk zones to site-specific thresholds of aquatic ecosystem impairment 

defined through the application of an in-stream water quality and ecological model to specific 

streams. Specifically, site-specific thresholds were derived for two watercourses, one in the 

Grassland region and one in the Parkland, using the QUAL2K in-stream water quality model. 

QUAL2K is a one-dimensional advection-dispersion-reaction (ADR) model that simulates 

eutrophication state variables, such as dissolved oxygen (DO), pH, benthic algae, phytoplankton, 

etc., in addition to water quality state variables on a longitudinal basis with daily kinetics (Chapra 

et al. 2010). Because QUAL2K is a one-dimensional steady-state model, the data requirements 

for calibration and derivation of site-specific thresholds are lower by comparison to dynamic 

models, and allow for the simulation of chronic conditions that are not affected by point source 

plumes, episodic inputs or significant temporal variation in flow or loadings (Flynn et al. 2015). 

QUAL2K has been used previously for setting site-specific nutrient objectives for rivers (Nielsen 

et al. 2012; Suplee et al. 2015). In order to facilitate calibration, the QUAL2Kw model was used in 

this study as it has an automated calibration function based upon genetic algorithms (Pelletier et 

al., 2006). The outcome of the analysis was intended to compare the congruence between 

numeric nutrient objectives generalized across natural regions with site-specific ecological 

responses to nutrient enrichment.  

While generalized and/or site-specific nutrient objectives add value to water quality 

interpretations, their utility as management targets ideally would be verified through watershed-

scale simulation of land management practices.  The Comprehensive Economic and 

Environmental Optimization Tool (CEEOT) framework was selected to test the effectiveness of 

the modification of practices for reducing nutrient loading to streams from agricultural operations, 

and subsequently for reducing in-stream concentrations of nutrients. The CEEOT simulations 
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provide estimates of monthly flow-weighted mean concentrations (FWMC) as a quotient between 

monthly loads and flow volumes. The CEEOT framework is an integrated modelling system that 

enables interfacing among three separate computer models; SWAT, APEX, and FEM (Farm 

Economic Model; Osei et al., 2000a). The SWAT and APEX models are integrated into the 

SWAT-APEX Interface Program (SWAPP) module that enables the evaluation of environmental 

effects of agricultural beneficial management practices (BMP).  Based on prior experience in 

other watersheds, the SWAPP system is expected to yield improvements over the SWAT model 

alone, as spatially-explicit simulation of agricultural BMPs in the APEX model improves model 

prediction performance (Jedrych et al. 2014a, Saleh and Gallego 2007; Saleh et al. 2007; Osei et 

al. 2008a). The main advantages of CEEOT is that it can predict long-term environmental and 

economic effects under a variety of BMP scenarios at the field, farm, sub-watershed and 

watershed scales. The framework takes advantage of detailed simulation of field processes 

through APEX, and of the large watershed routing capabilities available in SWAT (Saleh and 

Gallego, 2007). Previous applications of CEEOT in Alberta (Jedrych et al. 2014a; Jedrych et al. 

2014b) showed good performance in Alberta conditions. SWAT has also been used in the NAESI 

program to assess the feasibility of meeting ideal performance standards and/or to establish 

achievable performance standards (i.e., phased management targets) in degraded watersheds 

(Yang et al. 2011, 2012). In this study, the CEEOT model was used to assess the achievability of 

the generalized and site-specific nutrient objectives through modelling of watershed-scale 

implementation of agricultural BMPs in watersheds with high in-stream nutrient concentrations. 

4.2 Watershed Descriptions 
The QUAL2Kw and CEEOT models were applied to two watersheds with predominantly 

agricultural land uses that have been found to have elevated concentrations of nutrients as 

identified in historic studies: Indianfarm Creek, west of Lethbridge, and Threehills Creek, near 

Red Deer (Figure 4-1). 

The Indianfarm Creek watershed has mean-annual precipitation of approximately 630 mm, with 

snowfall accounting for about 27% of the total (Environment Canada 2013). The average monthly 

minimum and maximum temperatures range from -10oC in January to 23oC in July. The estimated 

annual runoff depth (50% probability of exceedance) is 100 mm (Cole 2013). Soils belong to the 

Black Chernozemic soil-zone and have clay (5%), silty clay (33%), clay loam (37%), and loam 

(25%) textures. The soils are vulnerable to wind and water erosion, which has influenced land-

use practices in the area, such as the use of zero tillage. The major land crop cover includes 

barley (40%), pasture (40%), hay (16%), and natural and residential areas (4%) (AARD 2014).  

The Threehills Creek watershed is located near Red Deer, Alberta. Mean-annual precipitation is 

approximately 450 mm, and snowfall accounts for about 14% of the precipitation (Environment 

Canada 2013). The average monthly minimum and maximum temperatures range from -16oC in 

January to 23oC in July. The estimated annual runoff depth (50% probability of exceedance) is 10 

mm (Cole 2013). Soils belong to the Black Chernozemic soil-zone and have loam (96%) and clay 

loam (4%) textures. The major land crop-cover includes barley (20%), canola (22%), spring wheat 
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(12%), pasture (26%), hay (6%), and natural and residential areas (14%) (Seitz Vermeer, N. et al. 

2019).  

 

Figure 4-1. Location of Indianfarm Creek (IFC) and Threehills Creek (THC) watersheds in Alberta. 

4.3 QUAL2Kw Model Application 
At a minimum, setting site-specific nutrient objectives for a stream system using the QUAL2Kw 

platform requires the identification of a study reach, the delineation of a headwater and 

downstream reach to the study reach, and an identification of major inputs or abstractions to or 

from the study reach (Nielsen et al. 2012). However, in many cases, particularly along major 

rivers, multiple reaches are delineated for inclusion in the QUAL2Kw model, and separate 

objectives are identified for each reach or a number of individual reaches (Flynn et al., 2015). In 

this study, site-specific objectives were established for a specific reach segment corresponding to 

monitoring sites set-up as part of historic studies at these watersheds, and which correspond to 

the monitoring site used for collecting stressor-response data as part of this investigation. 

Additional reaches were delineated as the following: one reach downstream of the sites-specific 

objective (SSO) reach, one reach upstream of the SSO reach, a headwater reach further 

upstream, and at least one tributary that intersects the delineated reaches (Figure 4-2). 

Defining a critical flow condition is also necessary for setting site-specific objectives. For 

evaluating nutrient thresholds, a design flow of 14-day low-flows every five years (14Q5) was 

chosen, as per recommendations by Suplee et al. (2015). Historic flow data collected from the 

SSO reach was used to calculate the 14Q5 flows for Indianfarm and Threehills Creeks.  
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Figure 4-2. Reaches included in QUAL2K models of Indianfarm Creek (left) and Threehills Creek (right). 
Site-specific objectives (SSO) were established for the SSO reach (green). The SSO reach was chosen as 
the location of historic water quality and flow monitoring at these watersheds. 

4.3.1 Model Calibration and Validation  

Field monitoring data was collected from each of the study reaches in July 2017 and 2018 for 

model calibration and validation, respectively. July sampling events were targeted as they 

represent the period in which 14Q5 flow conditions are most likely to occur. Separate QUAL2Kw 

models were parameterized for each stream using field-collected and desktop data. Automated 

calibration was performed to minimize the root mean squared error (RMSE) between the 

predicted values of water column Chlorophyll a, which is a proxy for phytoplanktonic algae and an 

important state variable representing eutrophication processes, and the measured values. Chl a 

was chosen as it is driven by biological processes, and drives responses in pH and dissolved 

oxygen (DO), which were the state variables used to assess threshold responses to increasing 

nutrients. Validation data collected in 2018 were used to assess the performance of the calibrated 

model. The RMSE values from the validation dataset were used later to prescribe uncertainty 

around the threshold values of DO and pH  two key indicators of ecosystem impairment 

described in Section 4.3.2. In addition to RMSE, model calibration and validation were assessed 

using the Nash-Sutcliffe Efficiency (NSE) and percentage bias (PBIAS), which estimate the fit of 

the model outcomes relative to measured values and the average percentage of under- or over-

estimation (- or + PBIAS, respectively) of the model outputs. Model fit statistics in the calibration 

and validation data are presented in Table A-15. 
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4.3.2 Site-Specific Objective Derivation Process using QUAL2Kw 

Setting site-specific objectives using QUAL2K specifically, or more generally in-stream water 

quality models capable of simulating biological processes, is typically performed by simulating the 

response of state variables through gradual nutrient enrichment, and in which values indicative of 

ecosystem impairment are known. In following guidance by Suplee et al. (2015), site-specific 

objectives for each stream were established as the threshold concentration of TN or TP at which 

DO and pH exceed pre-established values that are protective of aquatic life: minimum daily 

dissolved oxygen of 5.0 mg/L and maximum daily pH of 9.0. In this study, following guidance from 

Nielsen et al. (2012) and Suplee et al. (2015), site-specific nutrient objectives were established 

independently for total nitrogen and phosphorus by setting one nutrient as non-limiting (i.e., at 

relatively high concentrations) and gradually increasing the concentration of the target nutrient in 

successive iterations until benchmark values of DO and/or pH were met. In this study, TN was 

held at 3000 µg/L for all simulations with increasing concentrations of TP, and TP was held at 300 

µg/L for all simulations with increasing concentrations of TN.  

4.3.3 Site-Specific Objectives for Indianfarm and Threehills Creeks 

Simulations of increasing concentrations of TN and TP yielded expected increases in daily 

maximum pH (Figures 4-3 and 4-5) and decreases in daily minimum DO (Figures 4-4 and 4-6). 

Threshold responses to TN and TP for the daily maximum pH of 9.0 and daily minimum DO of 5.0 

mg/L were observed in both streams. However, the relative concentrations of the threshold 

responses differed between the two streams, likely in response to differential stimulation of 

autotrophic (plants and algae) versus heterotrophic (decomposers) processes between the sites. 

Threshold response values, along with the model error (defined here as ± RMSE values) are 

presented in the respective figures.   

The TN thresholds identified in the pH and DO simulations were relatively comparable at 

Indianfarm Creek. At Threehills Creek, threshold levels of daily minimum DO concentration 

occurred at lower concentrations of TN occurred at lower concentrations than threshold levels of 

daily maximum pH (Figures 4-3 and 4-4). At Indianfarm creek, threshold concentrations of TP 

were established for daily maximum pH at lower concentrations than for thresholds determined at 

daily maximum pH. The reverse was observed for Threehills Creek, where threshold responses 

for DO were at lower concentrations of TP than for threshold response of pH (Figures 4-5 and 4-

6). These simulated results suggest that increasing concentrations of TN and TP at Indianfarm 

Creek likely augmented autotrophic production, or the growth of algae and plants, as increasing 

photosynthesis in the water column leads to elevated pH. Conversely, increases in TN and TP 

appear to stimulate heterotrophic (or organic matter respiration) over autotrophic activity at 

Threehills Creek, as evidenced by the relative sensitivity of DO response over increases in pH. 

These results provide evidence that aquatic ecosystem responses to nutrient increases are 

inherently site-specific. The simulation results also highlight that aquatic ecosystem impairment 

due to nutrient enrichment can manifest differently according to which ecosystem metric is being 
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evaluated, underscoring why, ideally, multiple metrics would be evaluated and/or incorporated 

into any assessment of aquatic ecosystem impairment resulting from nutrient enrichment. 

 

Figure 4-3. Threshold response (vertical line) and model error (coloured box) of simulated daily maximum 
pH as responding to increasing concentrations of total nitrogen at Indianfarm Creek (IND) and Threehills 
Creek (THR). Maximum permissible daily pH is 9.0, presented as a black line. Zones of aquatic ecosystem 
health impairment (AEHI) risk for total nitrogen are presented at the bottom. 

 

Figure 4-4. Threshold response (vertical line) and model error (coloured box) of simulated daily minimum 
dissolved oxygen (DO) as responding to increasing concentrations of total nitrogen at Indianfarm Creek 
(IND) and Threehills Creek (THR). Minimum permissible daily DO is 5.0, presented as a black line. Zones of 
aquatic ecosystem health impairment (AEHI) risk for total nitrogen are presented at the bottom. 
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Figure 4-5. Threshold response (vertical line) and model error (coloured box) of simulated daily maximum 
pH as responding to increasing concentrations of total phosphorus at Indianfarm Creek (IND) and Threehills 
Creek (THR). Maximum permissible daily pH is 9.0, presented as a black line. Zones of aquatic ecosystem 
health impairment (AEHI) risk for total phosphorus are presented at the bottom.  

 

Figure 4-6. Threshold response (vertical line) and model error (coloured box) of simulated daily minimum 
dissolved oxygen (DO) as responding to increasing concentrations of total phosphorus at Indianfarm Creek 
(IND) and Threehills Creek (THR). Minimum permissible daily DO is 5.0, presented as a black line. Zones of 
aquatic ecosystem health impairment (AEHI) risk for total phosphorus are presented at the bottom. 
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4.3.4 Comparison of Site-Specific Objectives to Generalized Regional 

Objectives 

The use of models for establishing site-specific nutrient objectives often leads to the reporting of a 

single-value threshold as a management target for nutrients. However, if multiple nutrient 

thresholds values are calculated from different ecosystem metrics, the model results can be used 

to define numeric boundaries of AEHI risk, akin to the generalized values reported in Section 3. In 

this study, by using the threshold values of TN and TP determined previously, three AEHI risk 

zones (low, moderate, and high) can be defined and bounded at positions along the 

concentration gradient of TN and TP. However, watershed managers may wish to use single 

values as the nutrient objective, in which the threshold response of the most sensitive parameter 

would be selected. The site-specific objectives determined for Indianfarm and Threehills creeks, 

along with their respective AEHI risk and SSO risk ratings, are presented in Table 4-1.  

 

4.4 CEEOT Model Application 

4.4.1 Input Data 

In CEEOT, watershed configuration is determined by using topographic, land use, and soils data 

to delineate watersheds, sub-watersheds, and hydrologic response units (HRUs), the latter which 

represents areas within a watershed that have unique land use, soil, and slope characteristics 

and are the base element for watershed-scale simulations through SWAT. For Indianfarm Creek, 

topography was obtained using a 4 m digital elevation model (DEM), resulting in a delineated 

watershed with an overall area of 14,145 ha (Figure 4-7). In combining topographical data and 

soils and land use data (obtained as above) 154 different HRUs were defined (Jedrych, et al. 
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2014a). The topography of Threehills Creek watershed was derived from available 5 m DEM 

data, which delineated a 19,808 ha watershed (Figure 4-7); 474 different HRUs were defined.  

Climate input files included daily precipitation, maximum and minimum temperatures, solar 

radiation, wind speed, and relative humidity. These data were derived from twenty-six years of 

daily climate data (1986 to 2011 for Indianfarm Creek and 1992 to 2017 for Threehills Creek), 

obtained for all townships in each watershed using an extrapolation procedure developed by 

ACIS (2014). The Agricultural Region of Alberta Soil Inventory Database (AGRASID) was used to 

define soil information in each watershed (Alberta Soil Information Centre 2001). The Indianfarm 

and Threehills Creek watersheds were characterized by 97 and 43 soil polygons and 12 and 5 

soil series, respectively. In this analysis, each soil polygon was represented by its dominant soil 

series. Land management data comprised information on crop practices and rotations, fertilizer 

and manure management, and livestock numbers and locations. At Indianfarm Creek, watershed 

data were obtained from a previous study and were based on producer interviews and field 

observations conducted in 2008 (Olson and Kalischuk 2011). Land management practices for 

Threehills Creek were developed through consultation with local crop specialists, a 2013 field 

survey completed for a concurrent study (Seitz Vermeer et al. 2019), and Natural Resources 

Conservation Board livestock license data. 

Water quantity and quality data from previous studies (Olson and Kalischuk, 2011; Seitz Vermeer 

et al. 2019) were used to calculate loads of TN, TP, and total suspended solids (TSS) for model 

calibration and validation (Section 4.4.2). Five (2007 to 2011) and four (2014 to 2017) years of 

flow data and TSS, TN, and TP concentration data were available for the Indianfarm and 

Threehills Creek watershed outlets, respectively. Flow data comprised a continuous record from 

flow monitoring stations, while water quality data represented intermittent samples taken using a 

flow-biased sampling regime, where water sample collection frequency was high during spring 

melt (twice per week) and tapered to a lower frequency (bi-weekly) during low-flow conditions. In 

total, 119 samples from Indianfarm Creek and 72 from Threehills Creek were used to inform the 

CEEOT model. To calculate loads of TSS, TN, and TP, measured concentrations from each 

sample were assigned to corresponding flow periods and loads were calculated for each period 

by multiplying the concentrations with the corresponding flow volumes. Monthly loads were then 

calculated by adding the discrete loads estimated within each month.  

4.4.2 Calibration and validation procedure. 

SWAPP calibration and validation procedures were conducted by running the model on a daily 

basis from 2002 to 2011 and from 2009 to 2017 for the Indianfarm Creek and Threehills Creek 

watersheds, respectively. Five year warm-up, or equilibration, periods were used to: (i) enable 

recalculation of default input values characterizing initial soil and land use conditions, (ii) reduce 

the effect of these initial parameter-values on model outputs, and (iii) achieve relatively stable 

prediction of the management practices being simulated. Accordingly, the first 5 years of model 

output were not included in model evaluations. In the Indianfarm Creek simulations, four years 
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(2007 to 2010) of model output were selected for model calibration and 1 year (2011) for model 

validation. In the Threehills Creek watershed, 3 years (2014 to 2016) were used for model 

calibration and 1 year (2017) was used for model validation. The calibration periods include a 

wide range of monthly flow rates that were comparable with the flow rates that were included in 

the validation period.  

Figure 4-7. Distribution of sub-watershed borders, streams, and elevation ranges within 

Indianfarm Creek and Threehills Creek watersheds. 

The selection of SWAPP initial parameters for calibration were based on the previous calibration 

and sensitivity analyses conducted by Jedrych et al. (2014a,b). During the calibration process, 

the initial values of selected parameters from SWAT and APEX were adjusted to produce 

simulated flow, TSS, TN, and TP values that were in predefined range of the measured data. The 

values of selected calibration parameters were allowed to vary while the other SWAT and APEX 

parameters not being calibrated were held constant. After a number of model iterations, the final 

parameter values were estimated for each watershed (Table A-17 and A-18); these calibrated 

values were used for model validation and BMP scenario evaluation.  

During calibration, the mean monthly SWAPP simulated flow, TSS, TN and TP loads were 

compared to mean monthly measured values. The coefficient of determination (R2), Nash and 

Sutcliffe efficiency (NSE), and percent bias (PBIAS) (Moriasi et al., 2007) were used to evaluate 

the predictive performance of the SWAPP module. In general, model simulations are considered 

R2 > 0.6 and NSE > 0.50, and if PBIAS is ± 25% for streamflow, 55% for 

sediment, and 70% for nutrients (Moriasi, et al. 2007). R2, NSE, and PBIAS values show 
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satisfactory model prediction for all environmental indicators (Table A-19). Similarly, during the 

validation period, the majority of R2, NSE, and PBIAS values indicated satisfactory model 

performance. The only exception was under prediction of flow in Indianfarm Creek where the 

calculated PBIAS of 36% exceeded the recommend ± 25% value range.  

4.5 Watershed-Scale Simulations of Agricultural 
Beneficial Management Practices  

4.5.1 Selection of BMPs and Scenarios 

Seven agricultural BMP options were considered for use in the modelled watersheds using 

guidance from Jedrych et al. (2014a,b), and included commonly applied manure, livestock, and 

soil conservation practices (Table A-20). The BMPs were applied to selected fields (sub-areas) 

based primarily on the concentration of TP in runoff from those fields under baseline scenarios. 

The concentration criteria for application of a BMP varied by land-use type and watershed. For 

example, the modelled concentration of TP in runoff from pasture fields was higher in Indianfarm 

Creek than in Threehills Creek owing to a larger number of grazing cattle in this watershed. 

Subsequently, the concentration values used for selection of stream fencing BMP locations was 

higher in the Indianfarm Creek watershed (TP > 1.6 mg/L) than in Threehills Creek (TP > 0.8 

mg/L) watershed (Table A-20). Ultimately, the percentage of watershed area selected for BMP 

applications was different in each watershed due to differences in farming practice between the 

areas. In Indianfarm Creek, filter strips, stream fencing, rotational grazing, and STP limit BMPs 

accounted for the largest area, whereas in Threehills Creek, only filter strips and STP limit BMPs 

had substantial application (Table A-20). 

In total, six BMP simulation scenarios were created from the seven chosen BMPs (Table A-21). 

The baseline scenario represented status quo land management practices, wherein land 

management practices reflect the current land-uses occurring on the farm fields. Subsequent 

BMP simulation scenarios were progressively nested, where one additional BMP was added per 

successive scenario. However, for Scenario 3 both grassed waterways and wetland restoration 

were added as these BMPs accounted for a small area in both watersheds (Table A-21). 

All scenario simulations were conducted for a 26-yr period using climate data from 1986 to 2011 

for Indianfarm Creek and from 1992 to 2017 for Threehills Creek. The first year of simulation was 

considered to be a warm-up period and therefore only 25-yrs of model output were used for BMP 

scenario evaluation.  

4.5.2 Discussion of scenario simulation results 

The 25-yr SWAPP-predicted monthly runoff depth and TSS, TN, and TP load values were used to 

evaluate environmental effects of proposed scenarios by calculating the monthly mean, 50th, 25th, 

and 75th percentile values for all scenarios and comparing them to those derived from the 

baseline scenario (Tables A-21 to A-24). Scenario 6 simulation results are not included in this 
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report because SWAPP prediction of soil test phosphorus (STP) limit effects were not consistent 

among sub-watersheds and need additional verification. That said, the STP results will be added 

to future project communications.  

Simulation of the BMP scenarios demonstrated a progressive reduction in TN loads in both 

watersheds, with mean and median load reductions reaching 25% in both watersheds (Figure 4-

8). However, substantial variation in the simulated efficacy of agricultural BMPs is noted, as over 

25% of the simulated results lead to load increases in watersheds and a substantial portion of the 

simulated months exceeded 50% load reductions. The greatest reductions in TN loads were 

observed in Scenario 1 (+ filter strips) and Scenario 4 (+stream fencing) in Indianfarm Creek, and 

Scenario 2 (+dugouts) in Threehills Creek (Figure 4-8). The percentage change of monthly 

FWMC of TN was also reduced through simulation of the BMP scenarios (Figure 4-9). However, 

the mean and median monthly FWMC for TN in Indianfarm Creek were reduced by approximately 

0  5% in for all scenarios, although the range of reductions in over the simulation period tended 

to get higher as additional BMPs were added. In Threehills Creek, monthly FWMC of TN were 

reduced by approximately 25% on average in Scenarios 2 through 5 (Figure 4-9).  

With respect to TP loads, the simulated BMP scenarios were associated with approximately 10% 

load reduction on average in Indianfarm Creek and negligible reductions on average in Threehills 

Creek (Figure 4-10). In Indianfarm Creek, TP load reductions were most associated with Scenario 

1 (+filter strips), and to a lesser extent Scenario 4 (+stream fencing). Despite reductions in TP 

load in Indianfarm Creek, the monthly FWMC of TP tended not to deviate from the baseline 

scenario (i.e., 0% change) on average, and percentage change tended to deviate in large part 

between 15  25% reductions or gains over the simulation period (Figure 4-11). The negligible 

reductions of TP loading in Threehills Creek predictably led to negligible changes to the monthly 

FMWC for TP over the simulation period (Figure 4-11). Thus, it appears that despite positive 

removal performance of TN occurring from the simulated BMP scenarios, little benefit to TP load 

or concentration reductions can be attributed to the BMP scenarios as currently defined.  
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Figure 4-8. Percentage change in monthly total nitrogen (TN) load relative to the baseline scenario over a 
25-year simulation period in five alternate land-management scenarios at Indianfarm (IND) and Threehills 
(THR) Creeks. Negative values indicate load reductions and positive values indicate load increases. Central 
diamonds reflect mean values. 

 

Figure 4-9. Percentage change in monthly flow-weighted mean concentrations of total nitrogen (TN) relative 
to the baseline scenario over a 25-year simulation period in five alternate land-management scenarios at 
Indianfarm (IND) and Threehills (THR) Creeks. Negative values indicate concentration reductions and 
positive values indicate concentration increases. Central diamonds reflect mean values. 
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Figure 4-10. Percentage change in monthly total phosphorus (TP) load relative to the baseline scenario over 
a 25-year simulation period in five alternate land-management scenarios at Indianfarm (IND) and Threehills 
(THR) Creeks. Negative values indicate load reductions and positive values indicate load increases. Central 
diamonds reflect mean values. 

 

Figure 4-11. Percentage change in monthly flow-weighted mean concentrations of total phosphorus (TP) 
relative to the baseline scenario over a 25-year simulation period in five alternate land-management 
scenarios at Indianfarm (IND) and Threehills (THR) Creeks. Negative values indicate concentration 
reductions and positive values indicate concentration increases. Central diamonds reflect mean values. 
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4.6 Nutrient Objective Representativeness and  
Achievability 

The monthly FWMC values for TN and TP estimated over the 25-year simulation period were 

used to evaluate the potential achievability of the proposed nutrients objectives through 

agricultural BMP implementation in both watersheds. Through the SWAPP modelling framework, 

FWMC values were estimated manually by dividing the predicted TN and TP monthly loads (kg) 

by corresponding monthly runoff volumes (m3). The monthly FWMC of TN and TP were then 

compared to the AEHI risk categories and the SSO risk categories calculated individually for each 

watershed. The FWMC results for Indianfarm Creek were compared to the AEHI risk categories 

for the Grassland natural region, and the FWMC results for Threehills Creek were compared to 

the AEHI risk categories for the Parkland natural region. The proportion of simulated monthly 

FWMC values for TN and TP falling within the respective AEHI and SSO risk categories are 

presented in Figures 4-12 to 4-15. In addition to the simulated FWMC for each BMP scenario, the 

results from the water samples collected at Indianfarm and Threehills Creeks as part of this study 

were compared to the respective AEHI and SSO risk categories to compare the relative 

distribution of risks between the simulated monthly FWMC and measured concentrations. 

 

Figure 4-12. Proportion of monthly flow-weighted mean concentrations of total nitrogen (TN) falling within the 
site-specific objective (SSO) risk categories derived for Indianfarm (IND) and Threehills (THR) creeks. 
Scenarios refer to the CEEOT simulation scenarios and the Study refers to the number of samples collected 
during the 2016  2018 field sampling matched against the SSO risk categories. 
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Figure 4-13. Proportion of monthly flow-weighted mean concentrations of total nitrogen (TN) falling within the 
aquatic ecosystem health impairment (AEHI) risk categories derived for Indianfarm (IND) and Threehills 
(THR) creeks. Scenarios refer to the CEEOT simulation scenarios and the Study refers to the number of 
samples collected during the 2016  2018 field sampling matched against the AEHI risk categories. 

 

Figure 4-14. Proportion of monthly flow-weighted mean concentrations of total phosphorus (TP) falling within 
the site-specific objective (SSO) risk categories derived for Indianfarm (IND) and Threehills (THR) creeks. 
Scenarios refer to the CEEOT simulation scenarios and the Study refers to the number of samples collected 
during the 2016  2018 field sampling matched against the SSO risk categories. 
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Figure 4-15. Proportion of monthly flow-weighted mean concentrations of total phosphorus (TP) falling within 
the aquatic ecosystem health impairment (AEHI) risk categories derived for Indianfarm (IND) and Threehills 
(THR) creeks. Scenarios refer to the CEEOT simulation scenarios and the Study refers to the number of 
samples collected during the 2016  2018 field sampling matched against the AEHI risk categories. 

Evident from the results is that the monthly FWMC for TN appeared to reflect predominantly low 

risks of aquatic ecosystem impairment, where approximately 65% and 80% of simulated monthly 

FWMC values were in the low-risk zones for Indianfarm Creek and Threehills Creek, respectively 

(Figures 4-12 and 4-13). However, less than 25% of the measured concentrations of TN in this 

study samples were attributable to low-risk of aquatic ecosystem impairment when compared to 

either the AEHI or SSO objectives. Also evident is that the simulated BMP scenarios led to 

marginal decreases in the risk of aquatic ecosystem impairment, as illustrated by marginal 

increases to the proportion of FWMC in the low- or moderate-risk categories and lowering of the 

proportion of FWMC in the high-risk categories. Overall, the proportions of monthly FWMC of TN 

in low, moderate, and high (or very high) AEHI and SSO risk categories tended to be similar. 

However, the AEHI risk categories appeared to be slightly more conservative as illustrated by the 

slightly higher proportion of values in the very-high risk zone and lower proportion of values in the 

low risk zone in comparison to the high and low risk zones of the SSO risk categories, 

respectively.  

The comparison of simulated monthly FWMC for TP to the AEHI and SSO risk categories 

suggest that the study watersheds have an elevated risk of aquatic ecosystem impairment owing 

to TP concentrations, where approximately 45% - 50% and 55% - 75% of the simulated monthly 

FWMC of TP for Indianfarm and Threehills Creeks, respectively, are characterized as low-risk 

(Figures 4-14 and 4-15). These modelling results also show that the simulated BMP scenarios 

are associated with marginal improvements to water quality as it relates to increasing the 
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proportion of concentrations within low- or moderate-risk zones and reducing the proportion of 

concentrations within high-risk zones. Similar to the TN results, the measured values of TP from 

both watersheds tended to be rated to a greater extent in moderate, high, or very-high risk 

categories than the simulated monthly FWMC values. In addition, the AEHI risk categories also 

appeared to be more conservative than the SSO risk zones, for the simulated monthly FWMC 

values, but were less conservative than the SSO risk zones for the measured values of TP.  
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5. Conclusions and Future Work 

5.1 Conclusions 
The goal of the project was to define numeric nutrient concentration objectives for small streams 

in agricultural areas that are regionally-  

achievable through judicious land management practices. The stressor-response approach 

applied in this study resulted in numeric nutrient objectives that reflect varying degrees of aquatic 

ecosystem impairment owing to nutrient concentrations. The decision to produce separate 

nutrient objectives for disparate natural regions remains valid, owing to the degree of differences 

observed in the distribution of nutrient concentrations and aquatic ecosystem variables between 

the two natural regions studied here. Future work should include agricultural areas in the Boreal 

 

The approach to integrate a number of ecosystem threshold estimates within the AEHI risk 

categories was a novel approach applied in this study. However, the approach is scientifically 

sound and has been validated by the stakeholder panel associated with this project. Adopting a 

range of concentrations that border categories of risk allows for flexible approaches to water and 

watershed management to be applied. For example, in areas where current conditions suggest 

very high risk of aquatic ecosystem impairment, progressive management can work toward 

meeting progressively lower numeric concentrations of nutrients to demonstrate gradual 

improvement in aquatic ecosystem health. Conversely, historic and cross-jurisdictional nutrient 

guidelines tend to be single values that reflect transitions from low impact-to-impacted states that 

may be difficult to achieve in highly impacted systems. 

Based on the results of the simulations conducted in Section 4, it appears that the AEHI risk 

categories that are generalized to the Grassland and Parkland regions tend to be reasonable 

proxies for assessing aquatic ecosystem impairment in the absence of detailed site-specific 

investigations. The risk zones were reasonably comparable to site-specific objectives defined by 

simulating threshold responses of aquatic ecosystem parameters (DO and pH) to increasing 

nutrient concentrations, and the simulated and measured concentrations of nutrients tended to 

yield similar proportions of samples within low-to-high zones when comparing the AEHI and site-

specific risk categories.  

The utility of either the generalized AEHI risk boundaries or those derived on a site-specific basis 

as agricultural watershed management targets remains uncertain. The results of the watershed-

scale modelling performed in this study yielded only marginal reductions to the risk of aquatic 

ecosystem impairment from agricultural BMPs. However, the modelling platform used in this 

study is thought to be better able to simulate load reductions from the landscape to water 

systems over in-stream concentrations of nutrients. In addition, the BMP scenarios defined here 

only covered less than 40% of the agricultural land-base. This coverage area was thought to be a 

realistic coverage and comparable to BMP uptake in watershed management programs, but may 
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not be enough to sufficiently affect in-stream water quality such that nutrient objectives that are 

protective of aquatic ecosystem health can be realized. Additional modelling efforts that integrate 

a better in-stream water quality model, such as QUAL2K, and progressively simulate larger land 

areas are needed to better assess the theoretical achievability and appropriateness of the AEHI 

risk boundaries as nutrient management targets.  

Going forward, the use of numeric objectives for small streams as defined in this study, could be 

readily applied to voluntary watershed management plans. The results defined here will provide 

information with which water quality monitoring data can be compared so as to gain a better 

appreciation of the status of aquatic ecosystem health within various watersheds. Further 

consultation with Government of Alberta departments and affected stakeholders would be 

required prior to the study results being included in statutory regional plans, given the legal and 

regulatory implications in this circumstance. Initial conversations with Alberta Environment and 

Parks concluded that such consultations should take place when final study results are available 

for all natural regions in the province, as per the first recommendation for future work presented in 

Section 5.2. Continued refinements to watershed-scale simulations models will take place in the 

meantime so as to gain a better appreciation of the achievability of the derived objectives and to 

address concerns by agricultural stakeholder groups prior to these values gaining statutory 

status. 

5.2 Future Work 
1) Conduct an equivalent stressor-response study in the agricultural area of the 

Boreal natural region.  

Substantial proportions of the Athabasca, Peace and North Saskatchewan river basins 

contain land being used for agricultural production that are contained within the Boreal 

natural region. The results of this study cannot be extrapolated to these regions. 

Performing the same scope of work within the Boreal agricultural area will allow for the 

complete assignment of nutrient objectives for small streams in agricultural regions 

across the province. 

 

2) Improve the achievability assessment of the nutrient objectives derived for 

 

Limitations in the modelling framework used precluded a confident assessment of the 

achievability of the derived nutrient objectives. Application of modelling platforms that are 

better suited for modelling in-stream nutrient concentrations, as well as an expanded 

definition of agricultural management scenarios are needed to better assess the 

theoretical achievability of the nutrient objectives derived here. Specific recommendations 

are to: 

a) Make use of a better in-stream water quality model for estimating nutrient 

concentrations that are inherently linked to biogeochemical processing, such as 

by replacing the QUAL2E module with a calibrated QUAL2K model in SWAT. 
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b) Expand upon the types of zone of coverage of agricultural BMPs included in the 

CEEOT framework. 

c) Make use of more sophisticated modelling platforms that are capable of 

simulating the effect of anthropogenic impacts other than agriculture, such as 

residential inputs, linear features (e.g., roads). 

 

3) Engage with stakeholder groups to define an approach for uptake and use of the 

project results.  

Assumptions were made by the project team on how the values presented here as 

appropriate nutrient objectives for small streams would be applied and interpreted in 

water quality monitoring and watershed management programs. Engagement sessions 

with pertinent stakeholders, such as agricultural sustainability and watershed 

management groups, are needed to better understand how the results should be 

communicated to audiences such that the values derived will be used in management 

programs in Alberta.  

 

4) Use study results to create a provincial map of priority watersheds affected by 

surface water nutrient enrichment. 

No provincial-scale map of surface water quality risks for non-point source pollution 

currently exist, which challenges the ability of watershed and agricultural program 

managers to prioritize scarce funding resources to high-risk areas. A comparison of 

historic water quality monitoring data from small streams across the province, and 

potentially estimates of average nutrient concentrations for small watersheds across the 

province using geospatial modelling techniques (e.g., SPARROW model), can be 

compared to the generalized AEHI risk categories to map the risk of aquatic ecosystem 

impairment across the province. In this way, funding resources and management 

programs aimed at improving water quality can be prioritized to high risk areas. 
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6. Project Communications and 
Extension Plan 

6.1 Communication Activities Completed 

6.1.1 Stakeholder Committee Meetings 

Completed 

 Project initiation meeting was held in April 2016 

 2016/17 stakeholder update was held on April 13, 2017 

 Technical meeting with AEP/UA was held on February 23, 2018 

 2017/18 stakeholder committee meeting was held on April 27, 2018 

 Technical meeting with AEP/UA was held on February 21, 2019 

Planned 

 Stakeholder meeting to discuss project outcomes, project extension and next steps 

planned for Fall 2019 

6.1.2 Publications 

Planned 

 

2019, and two in September 2020. 

 At a minimum, five publications in academic journals are expected from the M.Sc. theses, 

one paper on the statistical derivation method, and one paper on the overall project 

outcomes 

6.1.3 Extension 

Completed 

 An article was prepared for the Intensive Livestock Working Group (ILWG) newsletter 

 A project webpage was activated  

 Project-related presentations were delivered to the following organizations: 

 Bow River Phosphorus Management Plan Committee  March 2, 2017 

 Alberta Agriculture and Forestry, Land-Use Unit  July 12, 2017 

 Southeast Area Watershed Alliance (SEAWA)  November 2, 2017 

 Alberta Environment Limnology Congress  November 29, 2017 

 Intensive Livestock Working Group  December 12, 2019 

 Crop Sector Working Group  November 22, 2019 
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Planned 

 Final detailed technical report will be uploaded onto Government of Alberta website 

 Factsheets will be prepared for the project outcomes, detailing the objectives and their 

intended use 

6.1.4 Presentations: Conferences and Workshops 

Completed 

 Canadian Aquatic Biomonitoring Information Network (CABIN) Science Forum 2017 

 March 1, 2017  Edmonton, AB, Canada 

 North Saskatchewan River Watershed Alliance Water Quality Forum 

 April 6, 2017  Edmonton, AB, Canada 

 Society for Canadian Limnologists, Canadian Conference for Fisheries Research  

 January 4, 2018  Edmonton, AB, Canada 

 Society for Freshwater Scientists, SFS Annual Meeting 

 May 19  - 23, 2019  Salt Lake City, Utah, USA 

 Manure Management Update 

 January 22, 2019  Lethbridge, AB 

 North Saskatchewan River Modelling Workshop 

 February 13, 2019  Edmonton, AB 

Planned 

 Conference presentations are expected to occur more frequently as the M.Sc. candidates 

progress in their work, and communications around the key messages are approved by 

the GoA 

 Presentations to WPACs and commodity groups will be performed to present project 

outcomes 
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7. Key Performance Metrics 
 

Metric Target Actual Planned 

HQP Training Undergraduate 6 5  

  2 3  

Presentations Conferences 9 6 3 

 Stakeholder groups 12 6 6 

Publications Theses 2 0 3 

 Peer-reviewed 5 0 5 

 
Newsletters/Industry 

Communications 
3 2 3 

Policies Informed 
Guidelines/Surface water quality 

management frameworks 
1 0 1 

 Agricultural funding programs 1 0 1 

 Watershed management plans 5 0 5 
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Parameter Abbreviation Unit Description 

Gross primary productivity GPP 
Amount of primary production, or the synthesis of organic compounds, within a stream system 

per unit area per day, as expressed through the generation of dissolved oxygen. 

Ecosystem respiration ER 
Amount of organic compounds degraded through heterotrophic processes in a stream per unit 

area per day, as expressed through the consumption of dissolved oxygen. 

Net ecosystem production NEP 
Difference between GPP and ER, representing the total amount of organic carbon generated 

per unit area per day in an ecosystem available for storage, export or utilization.  

Aeration constant K600 h-1 Rate of atmospheric oxygen being dissolved in water at the air-water interface. 

Spiraling length of Nitrogen Sw-N m 
Average distance traveled before inorganic nutrients are removed from solution through 

biological assimilation or physico-chemical sorption processes. 
Spiraling length of Phosphorus Sw-P m 

Uptake velocity of Nitrogen VfN mm min-1 Rate at which nutrients moves from the water to the streambed relative to concentration. 
Calculated by multiplying the inverse of uptake length by the depth and velocity of the stream 

reach. Uptake velocity of Phosphorus VfP mm min-1 

Areal uptake rate of Nitrogen UN mm m-2 min-1 
Measure of nutrient flux per area of streambed. Calculated as the product of uptake velocity 

and ambient concentration of nutrients in the stream water 
Areal uptake rate of Phosphorus UP mm m-2 min-1 

Total decomposition rate Kc d-1 
Rate of decay of litter using coarse mesh bags (2 mm size in this study) that permit entry of 

macroinverbrate decomposers combined with microbial decomposers. 

Microbial decomposition rate Kf d-1 
Rate of decay of litter occurring by microorganisms, as determined by using fine mesh bags 

(0.2 mm size) that exclude macroinvertebrates. 

Ratio of microbial-to-total decomposition 
rates

Kf_Kc - 
Proportion of microbial decomposition to total decomposition rates. Indicator of the relative 

degree of decomposition attributable to microbial to macroinvertebrate processes. 
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Parameter name in 
SWAT* 

Description of selected parameters 

Calibrated Values  

Indianfarm Threehills 

SFTMP.bsn Snowfall temperature (ºC). 0.6 -1 

SMTMP.bsn Snowmelt base temperature (ºC). 2.72 5 

SMFMX.bsn 
Melt factor for snow on June 21 (mm 
water/ºC-day). 

4.95 6.5 

SMFMN.bsn 
Melt factor for snow on December 21 
(mm water/ºC-day). 

2.48 0.35 

TIMP.bsn Snow pack temperature lag factor. 0.07 0.54 

SNOCOVMX.bsn 
Minimum snow water content that 
corresponds to 100% snow cover, 
SNO100, (mm water). 

37 30 

SNO50COV.bsn 
Fraction of snow volume represented 
by SNOCOVMX that corresponds to 
50% snow cover. 

0.16 0.6 

IPET Potential evapotranspiration method 2 2 

ESCO.bsn Soil evaporation compensation factor. 0.67 0.85 

EPCO.bsn Plant uptake compensation factor. 0.89 1 

SURLAG.bsn Surface runoff lag coefficient. 1 6 

* Abbreviations for SWAT input files extensions: .bsn = basin.     

 



 

Parameter description 
Calibrated values

  Indianfarm  Threehills 

APEX APEXCONT.dat file    

Variable(n)    

IET Potential evapotranspiration equation code 4 4 

ITYP Peak rate estimate code -1 -1 

NVCN Non-varying CN-CN2 used 4 4 

GWSO Maximum groundwater storage 50 180 

RFTO Groundwater residence time in days 10 90 

RFPO Return flow/(Return flow + Deep percolation) 0.2 0.85 

DRV Equation for water erosion 3 3 

APEX PARM0604.dat file    

PARM (n)    

4 Water storage N leaching 0.5 1 

7 N fixation 0.5 0.6 

8 
Soluble phosphorus runoff coefficient. (0.1 m3 
Mg-1) 

20 18 

14 Nitrate leaching ratio 0.1 0.25 

15 Runoff CN weighting factor  0 0.01 

17 Soil evaporation - plant cover factor  0.5 0.35 

18 Sediment routing exponent  1 1.1 

19 Sediment routing coefficient (Mg m-3) 0.01 0.03 

20 Runoff curve number initial abstraction  0.2 0.15 

22 Runoff CN retention parameter for frozen soil  0.2 0.05 

23 Hargreaves PET equation coefficient  0.0026 0.0028 

29 Biological mixing efficiencies 0.5 0.45 

30 Soluble phosphorus runoff exponent  1 1.4 

32 Organic N and P sediment transport exponent 1 1.2 

34 Hargreaves PET equation exponent 0.52 0.525 

37 Crop residue runoff 1 0.4 

38 Water stress weighting coefficient 1 0.7 

40 Groundwater storage threshold  0.2 0.2 

42 SCS curve number index coefficient  1 1.4 

45 Sediment routing travel time coefficient 10 0.5 

46 RUSLE C - factor coefficient  1.5 0.5 

47 RUSLE C - factor coefficient  0.5 1.5 

49 
Maximum rainfall interception by plant canopy 
(mm)  

4 3.5 

59 P upward movement by evaporation 5 3 

62 Manure erosion equation coefficient 0.1 0.18 

68 Manure erosion exponent 0.7 0.1 

69 Manure erosion coefficient 1 1.4 

74 Nitrate leaching ratio for lateral return flow 0.02 0.01 

78 Soil water value to delay tillage  0.7 1 

80 Soil radiation threshold for snowmelt 12 20 

82 N upward movement by evaporation coefficient 0.1 1 



 

 
 
 



 

 

 
 



 

 

 

 
 





Table A-22 .SWAPP 25-yrs simulated monthly total nitrogen (TN) load and flow weighted mean concentrations (FWMC) values of mean, 50th, 25th, and 75th percentile, and the estimated 
cumulative impacts (Change %) of simulated scenarios relative to baseline scenario at the outlet of Indianfarm Creek watershed. 

Scenario Month 
 TN Load (kg ha-1) TN Load Change (%) TN FWMC (mg l-1) TN FWMC Change (%) 

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

Baseline March 0.416 0.232 0.085 0.503   
  

  5.64 3.61 2.01 6.71   
   

April 0.648 0.362 0.083 0.773   
  

  3 2.43 0.87 3.65   
   

May 0.767 0.116 0.067 0.793   
  

  4.33 2.43 0.71 3.57   
   

June 1.374 0.326 0.033 1.936   
  

  3.61 3.56 0.85 5.47   
   

July 0.743 0.134 0.007 0.34   
  

  5.32 3.68 0.64 8.03   
   

August 0.258 0.002 0 0.146   
  

  3.78 0.57 0 6.52   
   

September 0.135 0 0 0.004   
  

  1.51 0 0 1.27   
   

Scenario 1 March 0.36 0.242 0.085 0.481 -14 -9 -24 -3 5.28 3.52 1.81 6.1 3 -2 -11 24 

April 0.552 0.218 0.1 0.679 -15 -13 -34 0 2.9 1.76 1.15 4.13 7 2 -13 18 

May 0.665 0.1 0.044 0.553 -18 -17 -30 -2 3.87 1.77 0.84 5.14 -1 0 -17 11 

June 1.081 0.661 0.028 1.504 41 -22 -37 1 3.61 3.55 1.05 4.88 75 -15 -23 14 

July 0.512 0.068 0.004 0.227 -31 -31 -38 -15 3.6 2.17 0.62 6.05 -16 -17 -33 8 

August 0.187 0.001 0 0.071 -27 -21 -32 0 2.83 0.25 0 3.24 -20 -2 -29 0 

September 0.126 0 0 0.004 -4 0 -3 0 2.02 0 0 1.24 1 0 0 0 

Scenario 2 March 0.359 0.242 0.085 0.478 -14 -9 -24 -4 5.28 3.52 1.79 6.06 3 -1 -11 24 

April 0.548 0.207 0.098 0.675 -16 -14 -34 -1 2.89 1.75 1.12 4.12 6 0 -13 17 

May 0.661 0.097 0.041 0.55 -19 -17 -35 -3 3.85 1.76 0.84 5.12 -2 -2 -22 11 

June 1.069 0.654 0.024 1.495 39 -22 -38 0 3.58 3.46 0.98 4.83 73 -15 -26 13 

July 0.506 0.067 0.004 0.22 -33 -31 -39 -16 3.56 2.15 0.58 5.96 -17 -17 -33 2 

August 0.185 0.001 0 0.068 -28 -21 -33 0 2.81 0.21 0 3.19 -21 -5 -29 0 

September 0.124 0 0 0.004 -8 0 -4 0 2 0 0 1.19 -3 0 0 0 

Scenario 3 March 0.351 0.211 0.079 0.457 -17 -9 -22 -7 5.33 3.78 1.9 6.13 4 -1 -9 28 

April 0.531 0.181 0.093 0.645 -22 -23 -37 -3 3.01 1.78 1.13 4.37 6 6 -9 19 

May 0.663 0.099 0.042 0.499 -20 -24 -36 -6 4.06 1.76 0.87 4.96 5 5 -13 10 

June 1.054 0.659 0.025 1.474 41 -27 -39 -1 3.69 3.49 1.12 4.91 86 -11 -24 10 

July 0.499 0.066 0.004 0.209 -38 -35 -59 -23 3.64 2.16 0.61 6 -20 -21 -51 2 

August 0.181 0.001 0 0.07 -27 -15 -36 0 2.86 0.19 0 3.23 -18 -1 -29 1 

September 0.119 0 0 0.004 -11 0 -6 0 2.08 0 0 1.26 -3 0 0 0 



Table A-22 .SWAPP 25-yrs simulated monthly total nitrogen (TN) load and flow weighted mean concentrations (FWMC) values of mean, 50th, 25th, and 75th percentile, and the estimated 
cumulative impacts (Change %) of simulated scenarios relative to baseline scenario at the outlet of Indianfarm Creek watershed. 

Scenario Month 
 TN Load (kg ha-1) TN Load Change (%) TN FWMC (mg l-1) TN FWMC Change (%) 

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

                 

Scenario 4 March 0.334 0.144 0.048 0.468 -31 -31 -50 -9 4.94 3.03 1.91 7.19 -5 -5 -28 7 

April 0.49 0.187 0.062 0.575 -30 -26 -49 -14 2.98 1.84 1.01 4.39 7 5 -13 21 

May 0.564 0.101 0.03 0.559 -32 -32 -53 -16 3.94 1.58 0.89 4.29 -2 -7 -22 16 

June 0.942 0.615 0.021 1.44 35 -37 -42 -25 3.71 3.46 0.87 4.96 92 -19 -30 3 

July 0.428 0.056 0.004 0.199 -47 -45 -64 -37 3.24 1.93 0.49 4.93 -31 -31 -54 -14 

August 0.15 0.001 0 0.065 -38 -41 -54 -10 2.6 0.21 0 3.74 -29 -29 -48 0 

September 0.102 0 0 0.002 -12 0 -13 0 1.66 0 0 0.72 -5 0 0 0 

Scenario 5 March 0.365 0.194 0.047 0.428 -25 -30 -47 -8 5.44 3.78 1.81 5.99 0 0 -18 18 

April 0.504 0.196 0.079 0.635 -10 -23 -43 -10 3.39 2.9 1.26 4.29 45 11 -13 47 

May 0.59 0.118 0.037 0.596 -19 -18 -46 4 4.18 2.45 0.81 5.02 19 9 -4 29 

June 1.029 0.639 0.019 1.069 59 -35 -53 -5 3.8 3.57 0.92 5.22 130 -10 -23 5 

July 0.326 0.049 0.003 0.199 -36 -49 -62 -41 3.29 2.27 0.53 4.78 -14 -31 -54 -8 

August 0.092 0.001 0 0.061 95 -58 -83 0 3.04 0.2 0 2.58 168 -36 -69 0 

September 0.131 0 0 0.001 -13 0 -6 0 2.47 0 0 0.39 -2 0 0 0 

 



 

Table A-23.SWAPP 25-yrs simulated monthly total phosphorous (TP) load and flow weighted mean concentrations (FWMC) values of mean, 50th, 25th, and 75th percentile, and the estimated cumulative 
impacts (Change %) of simulated scenarios relative to baseline scenario at the outlet of Indianfarm Creek watershed. 

Scenario Month 
 TP Load (kg ha-1) TP Load change (%) TP FWMC (mg l-1) TP FWMC Change (%) 

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

Baseline March 0.08 0.05 0.02 0.12   
  

  1.07 0.8 0.43 1.04   
   

April 0.12 0.06 0.02 0.12   
  

  0.55 0.35 0.18 0.72   
   

May 0.12 0.02 0.01 0.1   
  

  0.52 0.34 0.14 0.72   
   

June 0.3 0.13 0.01 0.29   
  

  0.79 0.65 0.23 1.2   
   

July 0.13 0.01 0 0.07   
  

  0.8 0.5 0.12 1.18   
   

August 0.05 0 0 0.02   
  

  0.65 0.11 0 0.94   
   

September 0.07 0 0 0   
  

  0.41 0 0 0.47   
   

Scenario 1 March 0.07 0.05 0.02 0.14 -9 -7 -19 0 1.12 0.8 0.43 1.28 6 1 -5 18 

April 0.11 0.06 0.02 0.13 -8 -15 -31 6 0.59 0.39 0.18 0.81 14 1 -7 27 

May 0.12 0.01 0.01 0.12 -11 -16 -31 1 0.57 0.37 0.12 1.03 6 0 -12 13 

June 0.27 0.05 0.01 0.35 -7 -16 -28 5 0.76 0.61 0.26 1.2 11 -5 -12 14 

July 0.1 0.01 0 0.05 -26 -29 -38 -17 0.68 0.43 0.11 0.94 -10 -11 -27 4 

August 0.04 0 0 0.02 -27 -18 -52 0 0.5 0.05 0 0.75 -20 -10 -31 0 

September 0.07 0 0 0 -4 0 0 0 0.41 0 0 0.51 1 0 0 0 

Scenario 2 March 0.07 0.05 0.02 0.14 -9 -7 -19 0 1.12 0.8 0.43 1.28 6 1 -5 18 

April 0.11 0.06 0.02 0.13 -8 -13 -31 4 0.59 0.39 0.18 0.81 14 2 -7 28 

May 0.12 0.01 0.01 0.12 -11 -14 -30 0 0.57 0.36 0.13 1.03 7 0 -10 13 

June 0.26 0.05 0.01 0.35 -7 -16 -29 5 0.76 0.61 0.26 1.2 11 -6 -13 14 

July 0.1 0.01 0 0.05 -26 -30 -38 -17 0.68 0.43 0.1 0.94 -9 -11 -28 4 

August 0.04 0 0 0.02 -27 -19 -53 0 0.49 0.05 0 0.75 -20 -10 -32 0 

September 0.07 0 0 0 -9 0 -2 0 0.4 0 0 0.51 -5 0 0 0 

Scenario 3 March 0.07 0.05 0.02 0.14 -12 -9 -22 0 1.13 0.82 0.45 1.3 8 4 -3 20 

April 0.11 0.05 0.02 0.12 -14 -17 -32 7 0.62 0.41 0.19 0.83 17 7 -3 36 

May 0.12 0.01 0.01 0.11 -11 -12 -32 0 0.61 0.39 0.14 1.08 17 12 -6 28 

June 0.26 0.05 0.01 0.35 -7 -18 -29 1 0.78 0.65 0.27 1.23 17 0 -8 18 

July 0.1 0.01 0 0.05 -31 -30 -43 -20 0.69 0.44 0.13 0.97 -11 -16 -29 -1 

August 0.04 0 0 0.02 -27 -17 -45 0 0.51 0.06 0 0.74 -17 -8 -33 0 

September 0.07 0 0 0 -12 0 -5 0 0.39 0 0 0.34 -5 0 0 0 

Table A-23.SWAPP 25-yrs simulated monthly total phosphorous (TP) load and flow weighted mean concentrations (FWMC) values of mean, 50th, 25th, and 75th percentile, and the estimated cumulative 
impacts (Change %) of simulated scenarios relative to baseline scenario at the outlet of Indianfarm Creek watershed. 



Scenario Month 
TP Load (kg ha-1) TP Load change (%) TP FWMC (mg l-1) TP FWMC Change (%)

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

                 

Scenario 4 March 0.07 0.04 0.02 0.13 -23 -17 -40 -12 1.05 0.83 0.35 1.28 3 2 -13 13 

April 0.1 0.06 0.01 0.11 -18 -20 -34 -6 0.64 0.49 0.22 0.91 26 17 1 34 

May 0.11 0.01 0 0.11 -21 -21 -52 0 0.59 0.36 0.13 1.04 11 0 -17 34 

June 0.25 0.05 0 0.3 -18 -27 -43 -12 0.75 0.61 0.18 1.14 8 -8 -25 4 

July 0.09 0.01 0 0.05 -37 -37 -49 -25 0.66 0.41 0.14 0.91 -19 -19 -35 -8 

August 0.03 0 0 0.02 -36 -31 -62 -3 0.48 0.04 0 0.77 -26 -19 -50 0 

September 0.06 0 0 0 -13 0 -7 0 0.37 0 0 0.17 -7 0 0 0 

Scenario 5 March 0.07 0.05 0.01 0.14 -18 -14 -38 1 1.14 0.97 0.41 1.33 8 11 -6 24 

April 0.11 0.05 0.01 0.12 -7 -8 -32 3 0.71 0.51 0.32 0.91 47 29 2 81 

May 0.12 0.02 0.01 0.13 -8 -2 -31 19 0.67 0.52 0.15 1.16 32 29 -5 61 

June 0.27 0.07 0 0.3 -9 -25 -49 1 0.85 0.68 0.18 1.27 24 3 -22 24 

July 0.07 0.01 0 0.05 -30 -39 -49 -16 0.72 0.48 0.14 1.13 -3 -12 -29 7 

August 0.02 0 0 0.01 3 -53 -72 0 0.53 0.04 0 0.79 43 -11 -59 0 

September 0.07 0 0 0 -13 0 0 0 0.45 0 0 0.07 -6 0 0 0 

 



 

Table A-24 .SWAPP simulated monthly total nitrogen (TN) load and flow weighted mean concentrations (FWMC) of mean, 50th, 25th, and 75th percentile values, and the estimated cumulative impacts 
(change %) of simulated scenarios relative to baseline scenario at the outlet of Threehills Creek watershed. 

Scenario Month 
 TN Load (kg ha-1) TN Load change (%) TN FWMC (mg l-1) TN FWMC change (%) 

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

Baseline March 0.176 0 0 0.321       1.25 0.04 0 2.79      
April 0.546 0.23 0 0.887       2.05 2.43 0.26 3.06      
May 0.041 0.004 0.002 0.006       3.04 1.05 0.19 2.4      
June 0.024 0.003 0.001 0.011  

    0.64 0.17 0.12 0.66  
   

July 0.022 0.001 0 0.002       0.21 0.07 0.02 0.29      
August 0.001 0.001 0 0.001       0.08 0.04 0.02 0.09      
September 0 0 0 0.001   

    0.07 0.03 0.02 0.13   
   

Scenario 1 March 0.173 0 0 0.32 3 0 -4 0 1.24 0.04 0.01 2.68 3 0 -3 0 

 April 0.54 0.236 0 0.882 -2 1 -7 4 1.99 2.4 0.2 3.13 -3 -1 -8 2 

 May 0.047 0.004 0.002 0.006 6 0 -3 5 2.92 1.13 0.23 2.7 7 -2 -5 2 

 June 0.025 0.002 0.001 0.019 25 -1 -9 5 0.64 0.25 0.11 0.68 69 -2 -7 6 

 July 0.023 0.001 0 0.003 36 1 -1 4 0.24 0.07 0.03 0.26 26 2 -1 5 

 August 0.001 0.001 0 0.001 1 1 -1 1 0.08 0.04 0.03 0.09 0 0 -2 2 

 
September 0 0 0 0.001 1 0 -1 1 0.07 0.03 0.02 0.14 0 0 -3 1 

Scenario 2 March 0.174 0 0 0.325 -2 0 -7 0 1.26 0.01 0 2.72 -2 0 -7 1 

 April 0.538 0.238 0 0.861 1 1 -6 6 1.97 2.4 0.16 3.09 -7 -1 -7 1 

 May 0.047 0.003 0.001 0.006 -3 -12 -16 -4 2.66 0.97 0.21 2.45 -3 -11 -18 -3 

 June 0.025 0.002 0.001 0.019 15 -17 -28 -9 0.61 0.25 0.1 0.68 66 -16 -22 -7 

 July 0.022 0.001 0 0.002 6 -13 -17 -5 0.19 0.06 0.03 0.25 4 -12 -16 -5 

 August 0.001 0 0 0.001 -17 -18 -22 -14 0.07 0.03 0.03 0.07 -17 -18 -21 -15 

 
September 0 0 0 0 -17 -19 -23 -16 0.06 0.02 0.02 0.1 -18 -19 -23 -15 

Scenario 3 March 0.174 0 0 0.324 -3 -2 -6 0 1.31 0.01 0 2.84 1 0 -2 4 

 April 0.537 0.235 0.002 0.859 309 2 -3 9 2.02 2.32 0.21 3.17 19 0 -2 11 

 
May 0.047 0.003 0.002 0.006 1 -16 -18 -4 2.64 0.98 0.19 2.44 -3 -15 -18 -5 

 June 0.024 0.002 0.001 0.019 12 -20 -30 -11 0.62 0.26 0.1 0.69 67 -17 -25 -7 

 July 0.022 0.001 0 0.002 1 -19 -23 -10 0.19 0.06 0.03 0.26 2 -14 -18 -8 

 August 0.001 0 0 0.001 -23 -23 -27 -19 0.07 0.03 0.02 0.07 -20 -21 -24 -17 

 
September 0 0 0 0 -20 -22 -27 -17 0.06 0.02 0.02 0.1 -19 -21 -24 -15 

                  



Table A-24 .SWAPP simulated monthly total nitrogen (TN) load and flow weighted mean concentrations (FWMC) of mean, 50th, 25th, and 75th percentile values, and the estimated cumulative impacts 
(change %) of simulated scenarios relative to baseline scenario at the outlet of Threehills Creek watershed. 

Scenario Month 
 TN Load (kg ha-1) TN Load change (%) TN FWMC (mg l-1) TN FWMC change (%) 

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

Scenario 4 March 0.176 0 0 0.318 -5 -2 -17 0 1.31 0.01 0 2.78 -2 0 -6 3 

 April 0.532 0.214 0.001 0.869 129 2 -3 9 2.07 2.49 0.18 3.19 -4 0 -12 6 

 May 0.04 0.003 0.001 0.005 -14 -17 -21 -13 2.55 0.85 0.14 2.06 -19 -17 -27 -13 

 June 0.025 0.002 0.001 0.036 33 -23 -36 6 0.68 0.34 0.09 0.83 89 -20 -28 4 

 July 0.022 0.001 0 0.002 -21 -24 -31 -9 0.19 0.05 0.02 0.18 -18 -20 -28 -9 

 August 0.001 0 0 0.001 -27 -26 -34 -23 0.07 0.03 0.02 0.07 -25 -25 -29 -21 

 
September 0 0 0 0 -22 -25 -27 -20 0.06 0.02 0.02 0.1 -22 -23 -26 -19 

Scenario 5 March 0.175 0 0 0.327 -6 -3 -17 0 1.32 0.01 0 2.73 -2 0 -6 3 

 April 0.53 0.23 0.001 0.788 129 -1 -6 7 2.01 2.44 0.19 2.99 -2 0 -11 4 

 May 0.046 0.003 0.001 0.005 18 -16 -21 -11 2.72 0.97 0.16 2.52 22 -16 -25 -10 

 June 0.023 0.002 0.001 0.011 -16 -25 -35 -11 0.58 0.13 0.09 0.43 -14 -23 -28 -4 

 July 0.023 0.001 0 0.001 -16 -25 -30 -13 0.2 0.05 0.02 0.35 -16 -20 -24 -15 

 August 0.001 0 0 0.001 -28 -28 -34 -24 0.07 0.03 0.02 0.07 -21 -21 -25 -16 

September 0 0 0 0 -24 -26 -29 -21 0.06 0.03 0.02 0.1 -17 -20 -24 -15 

 



 

Table A-25. SWAPP 25-yrs simulated monthly total phosphorous (TP) load and flow weighted mean concentrations (FWMC) values of mean, 50th, 25th, and 75th percentile, and the estimated cumulative 
impacts (change %) of simulated scenarios relative to baseline scenario at the outlet of Threehills Creek watershed. 

Scenario Month 
 TP Load (kg ha-1) TP Load change (%) TP FWMC (mg l-1) TP FWMC change (%) 

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

Baseline March 0.046 0.002 0 0.077   
  

  0.4 0.22 0.1 0.56   
   

April 0.116 0.055 0 0.223   
  

  0.47 0.46 0.07 0.75   
   

May 0.005 0 0 0.001   
  

  0.16 0.09 0.02 0.21   
   

June 0.013 0.002 0 0.006   
  

  0.14 0.12 0.04 0.19   
   

July 0.02 0.001 0 0.003   
  

  0.15 0.05 0.01 0.17   
   

August 0.001 0 0 0.001   
  

  0.08 0.02 0.01 0.07   
   

September 0 0 0 0   
  

  0.01 0 0 0.02   
   

Scenario 1 March 0.045 0.002 0 0.075 -1 0 0 0 0.4 0.22 0.1 0.58 0 0 0 0 

 April 0.115 0.055 0 0.228 -2 0 -4 3 0.46 0.46 0.07 0.68 -3 -1 -4 0 

 May 0.006 0 0 0.001 -2 0 -3 2 0.15 0.09 0.02 0.21 -4 -1 -6 3 

 June 0.013 0.001 0 0.006 8 0 -5 1 0.14 0.12 0.04 0.18 204 -1 -4 2 

 July 0.02 0.001 0 0.003 22 0 -1 4 0.16 0.05 0.02 0.17 11 0 -1 5 

 August 0.001 0 0 0.001 2 0 0 1 0.08 0.02 0.01 0.07 2 0 -1 1 

September 0 0 0 0 4 0 0 1 0.01 0 0 0.02 3 0 -1 1 

Scenario 2 March 0.046 0.002 0 0.077 0 0 0 0 0.4 0.22 0.1 0.57 0 0 0 0 

 April 0.114 0.056 0 0.228 4 1 -4 4 0.46 0.45 0.05 0.7 -5 -1 -4 1 

 May 0.006 0 0 0.001 -2 0 -1 5 0.15 0.09 0.02 0.21 -4 -1 -6 4 

 June 0.013 0.001 0 0.006 5 -1 -6 1 0.14 0.12 0.04 0.18 248 0 -4 3 

 July 0.02 0.001 0 0.003 13 0 -2 3 0.16 0.05 0.02 0.17 8 1 -1 5 

 August 0.001 0 0 0.001 1 0 -1 1 0.08 0.02 0.01 0.07 2 0 -2 1 

September 0 0 0 0 2 0 -1 0 0.01 0 0 0.02 2 0 -1 1 

Scenario 3 March 0.045 0.002 0 0.075 -1 0 -1 0 0.42 0.22 0.1 0.61 4 0 0 5 

 April 0.114 0.054 0 0.225 143 0 -2 12 0.46 0.46 0.04 0.71 -3 0 -5 2 

 May 0.006 0 0 0.001 5 -2 -4 1 0.16 0.09 0.02 0.22 -3 0 -5 4 

 June 0.013 0.001 0 0.006 3 -1 -7 2 0.14 0.12 0.04 0.19 249 0 -4 6 

 July 0.02 0.001 0 0.003 9 -2 -3 1 0.16 0.05 0.02 0.18 8 2 -1 4 

 August 0.001 0 0 0.001 -2 -2 -5 1 0.08 0.02 0.01 0.07 2 2 -1 6 

 September 0 0 0 0 0 -1 -2 0 0.01 0 0 0.02 2 1 -2 2 

Table A-25. SWAPP 25-yrs simulated monthly total phosphorous (TP) load and flow weighted mean concentrations (FWMC) values of mean, 50th, 25th, and 75th percentile, and the estimated cumulative 
impacts (change %) of simulated scenarios relative to baseline scenario at the outlet of Threehills Creek watershed. 



Scenario Month 
TP Load (kg ha-1) TP Load change (%) TP FWMC (mg l-1) TP FWMC change (%)

Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th Mean 50th  25th  75th 

Scenario 4 March 0.045 0.002 0 0.071 -1 0 -2 0 0.41 0.22 0.1 0.59 4 0 0 3 

 April 0.114 0.052 0 0.226 80 0 -4 20 0.47 0.45 0.03 0.76 -10 -1 -5 2 

 May 0.005 0 0 0.001 -1 -2 -11 0 0.14 0.09 0.02 0.22 -8 0 -12 2 

 June 0.013 0.001 0 0.006 10 -2 -7 2 0.15 0.12 0.04 0.2 254 1 -6 5 

 July 0.02 0.001 0 0.003 1 -2 -5 4 0.16 0.06 0.01 0.18 7 2 -2 6 

 August 0.001 0 0 0.001 -3 -2 -6 1 0.08 0.02 0.01 0.07 0 0 -1 5 

 September 0 0 0 0 -1 -1 -3 -1 0.01 0 0 0.02 -1 1 -3 2 

Scenario 5 March 0.046 0.002 0 0.077 0 0 0 0 0.42 0.22 0.1 0.62 5 0 0 6 

 April 0.113 0.056 0 0.235 82 -2 -5 26 0.47 0.45 0.03 0.72 -8 -3 -6 3 

 May 0.005 0 0 0.001 2 -2 -11 3 0.15 0.09 0.02 0.22 -5 0 -15 4 

 June 0.013 0.001 0 0.006 4 -3 -7 2 0.15 0.12 0.04 0.19 3 1 -5 7 

 July 0.021 0.001 0 0.003 10 -2 -5 0 0.16 0.05 0.02 0.18 7 2 -2 7 

 August 0.001 0 0 0.001 -6 -4 -8 -1 0.08 0.02 0.01 0.08 4 5 1 9 

September 0 0 0 0 -5 -4 -7 -2 0.01 0 0 0.02 4 4 -1 10 


