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ABSTRACT 
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Dr. Neil Rooney 
 

Eutrophication is currently thought to be one of the leading causes of water quality 

impairment in North America. Fertilizer and manure high in nutrients such as 

phosphorus is recognized as one of the primary drivers of this issue. This thesis aimed 

to assess the influence of agricultural land use on phosphorus loss to streams and 

groundwater at 5 different sites throughout the course of one year in Ontario, Canada. 

Streams flowing through agricultural landscapes were found to have elevated 

phosphorus levels, with concentrations exceeding important ecological thresholds for 

eutrophication for almost the entirety of the sampling period. There were observed 

seasonal patterns in phosphorus levels at all sites, with high concentrations during the 

non-growing season, predominantly in the dissolved form. Vegetated buffer strips were 

found to have variable efficacy during this portion of the year, highlighting the need to 

better understand the performance of mitigation strategies in temperate regions.  
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1 Introduction 
Eutrophication, a term describing the over-enrichment of a body of water with 

nutrients, is currently thought to be one of the leading causes of water quality 

impairment in North America (Sharpley et al., 2015). Eutrophication occurs when 

surface waters become oversaturated with nutrients, resulting in runaway primary 

productivity characterized by excess growth of algae and aquatic plants (Smith & 

Schindler, 2009). This can lead to high respiration rates during the growing season, 

followed by large amounts of decomposing organic material at the end of the growing 

season (Codd, 2000). When decomposition processes deplete oxygen from the water 

column, it can stress or kill other aquatic organisms, resulting in an overall decrease in 

biodiversity and ecosystem health (Correll, 1998). Along with this, the reduction in water 

quality can result in unsafe drinking water, increased water treatment costs, and loss of 

recreational areas (Codd, 2000).  

Nitrogen and phosphorus have been identified as two of the key nutrients that 

drive the eutrophication of freshwater ecosystems (Dodds & Smith, 2016). A large 

source of these nutrients is fertilizer and manure that is applied to agricultural land to 

meet crop requirements. Excess nutrients that are not taken up by plants can be carried 

by overland runoff into nearby waterways, or leach through the soil profile into tile 

drainage systems or into groundwater (Dodds & Smith, 2016; Domagalski & Johnson, 

2011). In freshwater systems, phosphorus is often the limiting nutrient for primary 

productivity, meaning that even small additions that seem agriculturally insignificant can 

have far-reaching effects on receiving waters (Dodds & Smith, 2016; Riemersma et al., 
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2006). While there is no firm objective for total phosphorus concentrations in surface 

waters in Ontario, 30 μg/L is used as a general guideline to indicate instances where 

eutrophic conditions may be triggered in many natural freshwater systems (MOE, 1994).  

 Once in the water, total phosphorus (TP) can be broadly separated into dissolved 

phosphorus (DP) or particulate phosphorus (PP). DP is present in solution within the 

water column and almost entirely bioavailable, which can promote the rapid growth of 

aquatic plants and algae (NCWQR, 2011). PP is carried on sediments and attached to 

particulate matter, and not immediately available for plant uptake (NCWQR, 2011). 

However, under certain biogeochemical conditions (such as low dissolved oxygen, high 

pH, or high organic matter content), PP can be mobilized from sediments and enter the 

water column in the dissolved form (Boström et al., 1988). Therefore, in addressing the 

potential effects of human activities on the movement of phosphorus in the environment, 

both the dissolved and particulate fractions must be considered. 

Streams are critical components of the hydrological and biogeochemical cycles 

that underpin the ecology of our landscapes. As intermediaries between terrestrial and 

lentic ecosystems, they can act as sink ecosystems for the surrounding landscape and, 

when flowing through agricultural or urban landscapes, are often subject to runoff 

containing nutrients and contaminants sourced from the upstream catchment area 

(Munn et al., 2018). They serve as conduits for these materials, moving and focusing 

these nutrients and contaminants downstream. They are, however, also ecosystems 

unto themselves, harboring the biodiversity and ecosystem processes that are essential 

for ecosystem function. Thus, the activities on land that affect nutrient and contaminant 
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delivery to streams are concerning for both the health of the streams themselves and for 

the quality of downstream receiving waters (Zheng and Paul, 2009). 

 
Figure 1.1. In agricultural regions of Ontario, phosphorus can move from land to streams in a 
variety of manners. Surface runoff in the summer can carry particulate phosphorus attached to 
eroded soil particles, whereas snowmelt events deliver phosphorus in the dissolved form. 
Shallow subsurface and groundwater flow, historically thought insignificant, has recently been 
associated with dissolved phosphorus delivery to streams (adapted from Keller, 2000).  

The movement of water from land to streams can happen in several ways, and 

the relative importance of the different pathways varies over time and space (Figure 

1.1). In Southwestern Ontario, phosphorus inputs to streams flowing through agricultural 

land come primarily from overland runoff generated by rainfall or snowmelt events 

(Danz et al., 2013; Jamieson et al., 2003). Rainfall-induced erosion can mobilize soils 

and small particles and deposit them into neighbouring waterways. During the growing 

season (April to September), the majority of phosphorus that moves from the land to 

streams is often sourced from just a few storm events (Carpenter et al., 2015). Previous 

studies have found that 64-88% of TP loading during the growing season can occur 

from a small number of high-intensity precipitation events (Danz et al., 2013; Carpenter 

et al., 2015). In some instances, a single large storm event can be responsible for 
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delivering over 50% of phosphorus loads to adjacent waterways during the growing 

season (Danz et al., 2013).  

While the influence of storm events on phosphorus loading during the growing 

season has been well documented, there has been less focus on the non-growing 

season (October to April). It is becoming increasingly recognized that in temperate 

regions with cold and snowy winters, snowmelt runoff can transport large amounts of 

phosphorus during the spring and winter months (Liu et al., 2019a; Hoffman et al., 2019; 

Schneider et al., 2019; Rattan et al., 2017; Jensen et al., 2011). For example, a study 

by Rattan et al. (2017) found that, on average, runoff during the snowmelt period can 

account for 62% of annual TP loading in agricultural watersheds. 

The characteristics of runoff produced during this portion of the year can differ 

significantly from runoff that is produced during the growing season. When soils are 

frozen during cold winter months, erosion and infiltration through the soil profile is 

limited, leading to greater amounts of runoff water entering the stream (Wilson et al., 

2019; Liu et al., 2019a). With less erosion of the soil, phosphorus inputs are 

predominantly received in the dissolved form (Hoffman et al., 2019; Rattan et al., 2017; 

Cade-Menun et al., 2013; Uusi-Kamppa et al., 2012; Corriveau et al., 2011). This 

increase in runoff paired with a concurrent lack of biological uptake by aquatic 

organisms during the winter months can result in high in-stream concentrations of DP. 

These conditions can result in the delivery of large amounts of phosphorus downstream 

to lakes, culminating in favourable conditions for the development of large algae blooms 

as waters begin to warm.  
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How phosphorus movement from terrestrial to aquatic ecosystems varies among 

seasons needs to be considered when managers propose mitigation strategies to 

control nutrient loading into streams from agroecosystems. Vegetated buffer strips, for 

example, are commonly used in agricultural settings to mitigate the movement of 

sediment or contaminants from cropland into aquatic systems. Regarding 

eutrophication, buffer strips can be implemented as a means to enhance nutrient uptake 

by plants, trap sediment and erosion, and reduce the amount of nutrients that would 

otherwise directly enter neighbouring waterways (Williamson, Smith, & Cooper, 1996). 

However, recent findings indicate that buffer strips in temperate regions experiencing 

cold winters may have limited efficiency during the non-growing season when overland 

vegetation is no longer present and therefore no longer supplying the services that 

buffer strips are designed for (Kieta et al., 2018). When buffer strip vegetation dies or 

goes through freeze-thaw cycles during this time of the year, phosphorus within plant 

tissues can leach out and even act as a source of phosphorus to streams (Kieta et al., 

2018). This highlights the need to differentiate the efficiency of management strategies 

during both the growing and non-growing seasons in temperate regions. Certain 

practices may be ineffective during certain portions of the year, and may even 

exacerbate the problem that they are intended to solve.   

While surface pathways of phosphorus loss through overland runoff have been 

well documented and mitigation strategies proposed, phosphorus migration into 

subsurface flow and groundwater has received less attention in the literature. 

Researchers have hypothesized that tight binding between phosphorus and soil 
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particles would result in the accumulation of the nutrient in the upper soil layers, 

minimizing downward migration through the soil profile (Behrendt & Boekhold, 1993; 

Domagalski & Johnson, 2011). However, recent studies have observed that with the 

long-term application of nutrients to agricultural land, binding sites on upper soil layers 

can become oversaturated. This allows newly applied phosphorus to leach further 

through the soil profile and down into groundwater systems (Behrendt & Boekhold, 

1993). Groundwater in areas with shallow water tables or soils with high infiltration rates 

and low phosphorus-sorption capacities is particularly susceptible to this mode of 

phosphorus enrichment (Hansen et al., 2002; Domagalski & Johnson, 2011).  As a 

result, groundwater flowing through agricultural landscapes can contain phosphorus 

concentrations that exceed natural background levels, even exceeding thresholds 

considered to trigger eutrophic conditions in surface waters (Holman et al., 2008; 

Meinikmann et al., 2015). Groundwater inputs can act as a particularly significant supply 

of water to streams during periods of low flow. Thus, there is the potential for 

phosphorus-rich groundwater to act as a continuous and long-term supply of nutrients to 

overlying surface waters, even if surface inputs are reduced or eliminated (Heredia and 

Cirelli, 2007).  

These recent findings highlight the need for research that examines surface 

water and groundwater phosphorus dynamics on the landscape. In examining how 

these elements of the phosphorus cycle operate in ecosystems that vary in their land 

use, researchers will be able to develop strategies for phosphorus management in 

agroecosystems. Studying forested catchments, for example, will provide insights into 
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how groundwater and surface water phosphorus forms and concentrations vary over 

time in the absence of fertilizer application associated with agroecosystems. Further, 

agricultural practices that employ different mitigation strategies (e.g. vegetated buffer 

strips) could be compared to conventional agricultural operations to better understand 

their effectiveness. Such research can help inform agricultural practitioners about 

appropriate mitigation strategies for phosphorus management.   

While the issue of phosphorus management in agroecosystems is of global 

concern, one geographic area that has received much attention regarding this issue is 

the Lake Erie basin, which has a trans-boundary basin between Canada and the United 

States of America. As the smallest, warmest, and shallowest of the five Great Lakes, 

Lake Erie has been particularly susceptible to eutrophication (Smith et al., 2015). These 

characteristics provide excellent conditions for large algal blooms to develop in the 

warm summer months. Approximately 75% of the Canadian side of the basin is used for 

agricultural purposes (ECCC & MECC, 2018). Streams and rivers flowing through these 

areas are fed by runoff from the surrounding landscape, ultimately draining into the lake. 

Although TP loads into Lake Erie have not significantly changed since the 1990s, the 

issue of eutrophication and its associated impacts are still prevalent and have been 

increasing in severity in recent years (Smith, King, & Williams, 2015; Dodds & Smith, 

2016). This is attributed to recent observations that even though the amount of TP 

entering the lake has not been increasing, the forms of it have been changing, with a 

greater proportion being in the dissolved form, which is almost entirely bioavailable to 

plants and algae (Baker et al., 2014). Most DP comes from diffuse sources throughout 
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the landscape, such as runoff from agricultural land, which makes it difficult to target 

specific sources for management and mitigation efforts (Holman, 2008). 

 The goal of this thesis is therefore to assess the effect of nutrient runoff from 

agricultural land on phosphorus loading to streams and groundwater in a temperate 

region throughout the course of one year. In order to develop effective management 

and mitigation strategies, we need a better understanding of the influence of land use 

on phosphorus loss, and how concentrations of different forms of phosphorus vary 

across different seasons. In order to achieve this goal, the thesis will answer the 

following research questions: 

1. How does adjacent land use affect phosphorus loss to streams and 

groundwater? 

2. How do concentrations and forms of phosphorus in streams and groundwater 

vary seasonally? 

3. What are the contributions of large runoff events (from rainfall or snowmelt) to 

phosphorus loading in streams? 
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2 Methods 

2.1 Site Descriptions 

Five stream sites located along the north shore of Lake Erie in southwestern Ontario 

were selected for this study (Figure 2.1). The land on the Canadian side of the Lake 

Erie basin is predominantly used for agricultural purposes, making up approximately 

75% of the land use in the area (ECCC & MECC, 2018) (Appendix A). The sites were 

selected based on their representation of common variations in land use and 

agricultural activity within the area. This included two sites on streams draining 

conventionally-managed cropland, two sites on streams draining cropland with 

managed bluestem prairie grass buffer strips, and one site on a stream in a 

conservation area.  

The sites are denoted as follows:  

 A1 Conventional cropland  

 A2 Conventional cropland 

 B1 Cropland with vegetated buffer strips 

 B2 Cropland with vegetated buffer strips 

 C Conservation area 
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Figure 2.1. The locations of the five streams used for the study. All sites were located along the north shore of Lake Erie in Southwestern Ontario, 
Canada. Orange lines represent major roadways. 
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Physical and land use characteristics varied among sites and crops planted 

varied between years for some of the sites, reflecting crop rotation practices (Table 2.1). 

The percent agricultural land in the catchments was similar among all agricultural sites 

(82-84%), with the lowest at the conservation area site (67%). While there is still a high 

amount of agriculture upstream of the conservation area, it is lower than the other four 

sites, and lower than the density of agricultural activity in the surrounding area (75%). 

The main difference between the A sites and B sites was the presence of bluestem 

prairie grass buffer strips that were implemented along the field edge (Table 2.1).  

2.2 Climate Summary 

As sampling events took place mid-month (see details below), monthly climate data 

(Figure 2.2) was centered around sampling events, rather than based on calendar 

months. For example, “July” is represented by climate data measured between the 

dates of June 15th and July 15th, rather than from July 1st to July 31st. Monthly climate 

data throughout the sampling period can be seen in Figure 2.2. 
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Table 2.1. Physical and land use characteristics of the five sites included in the study.  Land cover 
types that constituted less than 1% of the catchment area are not included. Land use data was 
obtained from the 2018 Agriculture and Agri-Food Canada Annual Crop Inventory (AAFC, 2018). 
Catchment area was determined using the Ontario Flow Assessment Tool (MNRF, 2018).  

 Site 

 A1 A2 B1 B2 C 

Catchment Area 73.5 km2 2.5 km2 0.87 km2 23.3 km2 91.7 km2 

Stream Order 4 2 1 4 4 

Adjacent Crop 
Type (2018/2019) 

Corn/Corn Soy/Corn Squash/ 
Soy 

Corn/ 
Watermelon 

Not 
Applicable 

Soil Type at 
Sampling 
Location 

Sandy 
loam 

Clay loam Sand Loam Sandy 
loam 

Mean Annual 
Depth to Water 

Table 

69 cm 29 cm 82 cm 62 cm 76 cm 

Mean Managed 
Buffer Strip Width 

Not 
Applicable 

Not 
Applicable 

45m 30m Not 
Applicable 

% Agriculture 84% 82% 84% 82% 67% 

% Urban 5% 6% 3% 2% 3% 

% Forest 7% 9% 9% 6% 19% 

% Wetland 3% 1% 1% 8% 8% 

% Hedgerows 0% 0% 3% 1% 2% 
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Figure 2.2. Total monthly precipitation and average daily temperature in the study area from 
October 2018-October 2019 (data obtained from the Kettle Creek Conservation Authority 
monitoring station in St. Thomas, Ontario). 

2.2.1 Precipitation 

Southwestern Ontario experiences a temperate climate, with annual average 

precipitation of 993 mm. Precipitation is distributed relatively evenly throughout the four 

seasons, with an average of 119 mm falling as snow from November to April 

(Environment Canada, 2019). However, the majority of precipitation during the winter 

months still falls as rain (Environment Canada, 2019). Summer months often 

experience short but high-intensity rainfall events (Environment Canada, 2019). 

Precipitation data for the study period was collected from the Kettle Creek Conservation 

Authority climate monitoring station in St. Thomas, Ontario. During the sampling period 

from October 2018 to October 2019, spring, summer and fall precipitation patterns did 

not differ greatly from 30-year historical averages (1981-2010). The winter months 

during the study period were “wetter” than historical averages, experiencing 20% more 
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winter rainfall compared to 30-year historical averages. Snowmelt amounts throughout 

the study period were calculated as cm of snow cover loss over a 24hr period.  

2.2.2 Temperature 

Average annual temperature in the region is approximately 8ºC, with extreme 

temperatures reaching -32ºC in the winter months and up to 38ºC during the summer. 

Temperatures throughout the sampling period did not differ significantly from 30-year 

historical averages. Average temperature throughout the sampling period was 9ºC, with 

notable extreme values of -27ºC in February and 34ºC in July.  

2.3 Field Sampling Procedures 

2.3.1 Stream Water 

Monthly samples were collected as grab samples from within the stream using 500 mL 

acid-washed polyethylene bottles. Bottles were rinsed with stream water three times 

prior to taking a sample. Samples were stored in a cooler on ice while in the field and 

during transport, and at 4ºC in the lab prior to analysis. If analysis could not be 

completed within 48 hours of collection, samples were frozen at -18ºC until analysis 

could proceed.  

2.3.2 Groundwater 

Piezometers were installed in the riparian zone, approximately 2-3 m inland from the 

stream. Piezometers were constructed from 1¾“ PVC pipes. Holes were drilled into the 

bottom 15 cm of the pipe and covered with landscape fabric to allow water to flow in 

while excluding larger debris and sediment. An Edelman auger was used to auger to the 
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depth of the water table (ranging from 1-1.5 m in depth at each of the sites). The 

piezometer piping was then inserted into the hole and the top covered with a plastic 

cap. The piezometers were installed in September 2018 when water table levels were 

relatively low.  

Monthly groundwater samples were collected using high-density polyethylene tubing 

and an inertial pump. Samples were collected in 250 mL acid-washed polyethylene 

bottles. Samples were stored in a cooler on ice while in the field and during transport, 

and at 4ºC in the lab prior to analysis. If analysis could not be completed within 48 hours 

of collection, samples were frozen at -18ºC until analysis could proceed. A groundwater 

sample from site A1 could not be collected at the February 2019 sampling date due to 

the water in the piezometer being frozen.  

2.3.3 Soil 

Monthly soil samples were collected from the top 0-20cm of the riparian zone 

(approximately 2-3 m inland from the stream) using a hand trowel. Samples were 

placed into a Ziploc freezer bag and stored in a cooler on ice while in the field and 

during transport. Samples were then stored in a freezer at -18ºC in the lab prior to 

analysis. Soil samples were not collected for four months from December 2018 to 

March 2019 due to the ground being frozen.  

Soil profiles were also examined at each of the sites using an Edelman auger. Soils 

were hand textured in the field following the “Characterizing Sites, Soils & Substrates in 
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Ontario” field description manual (Heck et al., 2017) and later verified using soil 

physiography maps of the area (OMAFRA, 2019).  

2.3.4 Streambed Sediment 

Streambed sediment samples were collected from the middle of the stream, following 

the methods of Lutz et al. (2008). A 10 cm section of PVC pipe was worked into the 

sediment and then pulled up to remove a small core of the streambed. The extracted 

sample was placed into a Ziploc freezer bag and stored in a cooler on ice while 

transported back to the lab, where they were then stored in a freezer at -18ºC until they 

were analyzed. If bottom sediments were rocky or too hard to extract an in-tact sample 

using this method, a hand trowel was used to extract sediment from the upper 10 cm of 

the streambed. Streambed sediment samples were not collected for four months from 

December 2018 to March 2019 due to the inability to reach the streambed due to ice 

cover, high flows, or conditions that otherwise did not permit safe entry into the stream.  

2.3.5 Overland Runoff 

Runoff samples were collected following the methods of Schulz et al. (1998), as shown 

in Figure 2.3. A small hole was dug in the riparian zone of the stream, and a 500 mL 

polyethylene sample bottle was placed in the hole. The top of the bottle was covered 

with mesh to allow runoff water to enter while excluding larger debris. A thin layer of 

vegetable oil was added to each bottle to limit any of the water in the sample from 

evaporating prior to collection. Small tin “roofs” were installed over each container to 

ensure that direct rainfall did not enter the bottle and dilute the sample.  
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Figure 2.3. Schematic of the setup used for collecting overland runoff samples (Schulz et al., 
1998). 

Runoff samples were collected after rainfall or snowmelt events occurred between 

February 2019 to October 2019. Rainfall events were classified as greater than 5 mm of 

rain falling within 24 hours. Snowmelt events were classified as days when there was at 

least 1 cm of snow present on the ground, and temperatures were sustained above 0ºC.  

Direct contributions of phosphorus from rainfall and snow were assumed to be 

insignificant, and all phosphorus within the sample was assumed to have come from the 

landscape and not from precipitation itself. These assumptions are based on previous 

studies that have found that amounts of P in rain and snow fall below lab detection 

limits, and can be assumed to have little to no influence on the interpretation of results 

(Domagalski & Johnson, 2011).  

2.4 Lab Analysis Procedures 

All samples analyzed in the lab were run in quadruplicate, and an average of the four 

readings was reported as the final value.  
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2.4.1 Dissolved Phosphorus 

Stream water samples to be analyzed for dissolved phosphorus (DP) were filtered 

through 0.45 μm Whatman filter paper. Filtered samples were then analyzed using a 

microplate adaptation of the molybdenum blue method of Murphy and Riley (1962) 

(detection limit: 0.005 mg/L). In instances where the concentration was found to be 

below the detection limit, values were reported as < 0.005 mg/L.  

2.4.2 Total Phosphorus 

Stream water, groundwater, and overland runoff were analyzed for total phosphorus 

(TP). Samples were first run through an ammonium persulfate digestion, adapted from 

the USEPA Method 365.1 for the colorimetric determination of phosphorus (USEPA, 

1993). Digested samples then followed the molybdenum blue method of Murphy and 

Riley (1962) (detection limit: 0.005 mg/L). In instances where the concentration was 

found to be below the detection limit, values were reported as < 0.005 mg/L. 

2.4.3 Particulate Phosphorus 

Particulate phosphorus (PP) was determined by subtracting the DP values from the TP 

values for each set of samples (PP = TP – DP).  

In instances where both total and dissolved phosphorus were found to be at or below 

the detection limit, particulate phosphorus was also reported as < 0.005 mg/L. 
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2.4.4 Soil and Streambed Sediments 

Soil samples were sieved through a No. 10 (2mm) mesh sieve and air dried in foil tins. 

Soils were weighed once a day and considered to be fully dried once the weight no 

longer continued to decrease (typically 2-4 days). Dry soils were then analyzed for 

available phosphorus using the Mehlich 3 procedure described by Brown et al. (1998).  

The moisture content of the soil samples was calculated as the dry weight divided by 

the initial (wet) weight, and reported as a percentage:  

!"#$%&'(	*"+%(+%	(%) = 	0'1	2(#3ℎ%	(3)2(%	2(#3ℎ%	(3) 	5	100 

Due to limited access to laboratory facilities during the COVID-19 pandemic, the 

determination of final phosphorus concentrations for soils and streambed sediments 

was not completed prior to the submission of this thesis. Analysis was completed up to 

obtaining the absorbance values from the spectrophotometer. Since these absorbance 

values were linearly correlated with phosphorus concentration (ppm), the absorbance 

values were used to assess relationships and relative variability in phosphorus 

concentrations between samples.  

Soil samples were to be analyzed for organic matter content following the loss on 

ignition method (Ball, 1964). However, this analysis could not be completed prior to the 

submission of this thesis due to limited access to laboratory facilities. 
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2.5 Statistical Analysis 

The general guideline of 0.03 mg/L was used to interpret where phosphorus 

concentrations were reaching levels that commonly trigger eutrophic conditions in 

freshwaters (MOE, 1994). For comparing seasons, the year was delineated into the 

growing season (April to September) and the non-growing season (October to March). 

Linear relationships among variables were examined using the Pearson correlation 

function in Excel. This included relationships between stream, groundwater, and 

overland runoff P concentrations, and factors such as rainfall, snowmelt, temperature, 

or stream discharge. Correlation coefficients were interpreted as a moderate 

relationship if |r| > 0.40, and a strong relationship if |r| > 0.70 (Yadav, 2018). Variables 

with moderate to strong relationships were plotted to visually assess the linearity of this 

relationship.  

The results of a Levene’s Test of Equality indicated unequal variance in data among 

sites (p < 0.05), so Welch’s ANOVAs were used to determine significant differences in 

stream P, groundwater P, overland runoff P, and soil and streambed P between 

different sites, at a 0.05 significance level. A Games-Howell post-hoc test was used to 

determine where there were significant differences in the data.  
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3 Results 

3.1 Stream Water 

3.1.1 Total Phosphorus  

The results of the ANOVA indicated that stream water total phosphorus (TP) 

concentrations varied among seasons and different sites (p<0.05) (Figure 3.1). TP 

concentrations were highest at the two conventional agriculture sites, ranging from 

0.005-0.370 mg/L at site A1, and 0.05-0.278 mg/L at site A2. Both sites exhibited similar 

seasonal trends, with maximum concentrations occurring during the non-growing 

season, followed by a decline at the beginning of the growing season in May (Figures 

3.1a and 3.1b). TP concentrations were greater than the recommended 0.03 mg/L 

threshold in 88% of samples collected at these two sites. At some sampling dates 

during the non-growing season, TP levels were over 10 times greater this general 

guideline. TP concentrations were moderately correlated with snowmelt (A1: r = 0.45, 

A2: r = 0.59), and to a lesser degree with rainfall amounts (A1: r = 0.31, A2: r = 0.43). 

TP concentrations were also found to be negatively correlated with temperature (A1: r = 

-0.68, A2: r = -0.59). Sample variance was greatest across both the non-growing and 

the growing season at these sites (Table 3.1).
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Figure 3.1. Total phosphorus concentrations in stream water and groundwater at each of the five study sites (a = conventional cropland 
site A1, b = conventional cropland site A2, c = buffer strip site B1, d = buffer strip site B2, e = conservation area site C). Measurements 
were taken from October 2018 to October 2019. The growing season (April-September) is represented by the white areas of the chart, 
and the non-growing season (October-March) is represented by the grey areas of the chart. The 0.03 mg/L guideline for total 
phosphorus concentrations in surface waters is represented by a black line. 
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Stream total TP differed between the two vegetated buffer strip sites (p<0.05) 

(Figures 3.1c and 3.1d). TP concentrations at B1 were more similar to the conventional 

agriculture sites A1 (p=0.07) and A2 (p=0.09), with measured TP values ranging from 

0.005-0.230 mg/L. Similar to A1 and A2, B1 displayed a strong seasonal pattern, with 

the highest concentrations observed during the non-growing season. As well, the 

majority of samples (77%) collected throughout the study period exceeded the 0.03 

mg/L guideline. TP concentrations were correlated with snowmelt at both of the buffer 

strip sites (B1: r = 0.64, B2: r = 0.57), but there was no observed relationship with 

rainfall amounts. TP concentrations were negatively correlated with temperature at site 

B1 (r = -0.56), but there was no observed relationship at site B2 (r = -0.06). TP 

Concentrations at B1 were up to 5 times higher than those at B2, which more closely 

resembled the conservation area site (p=0.4). At both site B2 and site C, there was no 

significant seasonal pattern, and there was minimal variance in TP measurements 

(Table 3.1). Samples were generally at or around the detection limit of the analysis 

procedure (0.005 mg/L). The conservation area site did not exhibit notable relationships 

between in-stream TP and any of the measured climate variables.  
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Table 3.1. Mean total phosphorus concentrations (variance in parentheses) in stream water, 
groundwater, and overland runoff samples at each of the five study sites. Means were calculated 
for the full year (October 2018 – October 2019), the growing season (April 2019 – September 2019), 
and the non-growing season (October 2018 – March 2019). 

  Stream Water 
(mg/L) 

Groundwater 
(mg/L) 

Overland 
Runoff (mg/L) 

A1 

Full Year 0.1481 (0.0138) 0.1164 (0.0016) 6.4111 (12.6965) 

Growing Season 0.1234 (0.0084) 0.1282 (0.0022) - 

Non-Growing Season 0.1835 (0.0218) 0.0967 (0.0001) - 

A2 

Full Year 0.1305 (0.0059) 0.0716 (0.0000) 2.3845 (4.5445) 

Growing Season 0.1240 (0.0024) 0.0708 (0.0000) - 

Non-Growing Season 0.1397 (0.0120) 0.0726 (0.0000) - 

B1 

Full Year 0.0872 (0.0045) 0.0732 (0.0017) 3.1100 (5.8148) 

Growing Season 0.0744 (0.0010) 0.0540 (0.0015) - 

Non-Growing Season 0.1055 (0.0098) 0.1006 (0.0008) - 

B2 

Full Year 0.0191 (0.0002) 0.0123 (0.0001) 2.0878 (0.9649) 

Growing Season 0.0210 (0.0002) 0.0087 (0.0000) - 

Non-Growing Season 0.0162 (0.0003) 0.0174 (0.0001) - 

C 

Full Year 0.0240 (0.0004) 0.0193 (0.0000) 0.7809 (1.2701) 

Growing Season 0.0310 (0.0005) 0.0182 (0.0000) - 

Non-Growing Season 0.0147 (0.0001) 0.0210 (0.0000) - 
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3.1.2 Dissolved/Particulate Phosphorus Fractions 

 
Table 3.2. Proportion of dissolved phosphorus (DP) vs. particulate phosphorus (PP) present in 
stream water samples collected at each of the five study sites for the growing season (April – 
September), non-growing season (October – March), and full year. 

 A1 A2 B1 B2 C 

 %DP %PP %DP %PP %DP %PP %DP %PP %DP %PP 

Growing 

Season 
40.4 59.6 36.7 63.3 53.7 46.3 62.1 37.9 41.2 58.8 

Non-

Growing 

Season 

53.9 46.1 62.0 38.0 65.4 34.6 69.2 30.8 62.6 37.4 

Full 

Year 
47.3 52.7 47.9 52.1 59.5 40.5 64.8 35.2 47.0 53.0 

 Forms of phosphorus (DP vs. PP) displayed a similar trend during the non-

growing season at all sites, with a greater proportion being delivered in the dissolved 

form during this portion of the year. In-stream DP concentrations were found to be 

moderately to strongly correlated with snowmelt at all sites except for the conservation 

area (A1: r = 0.53, A2 r = 0.76, B1: r = 0.46, B2: r = 0.64) (Figure 3.2d-f).  

The results were less consistent during the growing season. At the buffer strip 

sites, there was very little difference in forms of phosphorus delivered during the 

growing vs. non-growing season. As seen in Table 3.2, phosphorus was received 
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predominately in the dissolved form for both portions of the year. The conventional 

agriculture sites, however, saw a noticeable difference between the growing vs non-

growing season, where inputs shifted towards greater amounts of PP. Particularly at site 

A2, the relative proportion of PP increased by 25.3%, from only 38.0% in the non-

growing season to 63.3% in the growing season. There is also a clear relationship 

between rainfall amounts and PP concentrations during the growing season at the two 

conventional agriculture sites (A1: r = 0.56, A2: r = 0.82) (Figure 3.2a). This relationship 

was not observed at the other three sites (B1: r = 0.27, B2: r = 0.06; C = 0.13) (Figures 

3.2b and 3.2c). 

 While the conservation area did appear to exhibit a similar pattern to the 

conventional agriculture sites, most measurements were at or around the 0.005 mg/L 

detection limit, and percent changes between the different seasons represent very 

minimal variation in actual concentration values (Table 3.2).



 

 

 

27 

 

Figure 3.2. In-stream concentrations of particulate phosphorus vs. rainfall (a-c) and dissolved phosphorus vs. snowmelt (d-f) 
at each of the 5 study sites (A1 and A1 = conventional cropland sites, B1 and B2 = buffer strip sites, C = conservation area). 
Lines represent particulate (a-c) and dissolved (d-f) phosphorus concentrations at the different sites, and bars represent 
rainfall (a-c) and snowmelt amounts (d-f). The growing season (April-September) is represented by the white areas of the 
chart, and the non-growing season (October-March) is represented by the grey areas of the chart. The 0.03 mg/L guideline 
for total phosphorus concentrations in surface waters is represented by a black line. 
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3.2 Groundwater 

The variation in annual phosphorus concentrations measured in groundwater 

was considerably lower than the variation in stream water and surface runoff 

concentrations (Table 3.2). Site B1 had the greatest variability in groundwater TP 

concentrations (Figure 3.1c); however, there did not appear to be any strong seasonal 

pattern as was observed with the in-stream phosphorus concentrations. Groundwater 

phosphorus levels were highest at sites A1, A2, and B1. Measurements did not 

significantly differ between the three sites (p>0.05), with averages throughout the 

sampling period of 0.095, 0.072, and 0.086 mg/L, respectively. TP concentrations at 

sites B2 and C were not significantly different from one another, but were significantly 

lower than the other 3 sites, averaging 0.012 and 0.019 mg/L, respectively. There were 

no notable relationships between groundwater phosphorus and the other measured 

variables at the sites.  

3.3 Overland Runoff 

TP concentrations in overland runoff samples at all sites were found to have high 

variability, ranging between the detection limit (0.005 mg/L) and 13.45 mg/L (Table 3.1, 

Figure 3.3). Runoff concentrations were consistently highest at the two conventional 

agriculture sites and they were found to be correlated with in-stream TP concentrations 

at sites A2 (r = 0.58), B1 (r = 0.50), and more weakly at A1 (r = 0.35). No relationship 

was observed at B2 or C between runoff phosphorus and any of the other measured 

variables. However, concentrations of phosphorus in runoff were still high at these sites, 



 

 

 

29 

averaging 2.09 mg/L at B2 and 0.782 mg/L at C, which were over 10 times greater than 

measured in-stream concentrations.  

3.4 Soil and Streambed Sediment 

TP in both soils and streambed sediments was not significantly different between 

any of the five sites, or between different sampling dates (p > 0.05). There was no 

significant variation in TP concentrations throughout the sampling period. No strong 

relationships between soils, streambed sediments, and the other measured variables 

(stream P, groundwater P, runoff P, climate variables) were observed.  
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Figure 3.3. Concentrations of total phosphorus in stream samples vs. total phosphorus in overland runoff 
samples at each of the 5 study sites (a = conventional cropland site A1, b = conventional cropland site A2, 
c = buffer strip site B1, d = buffer strip site B2, e = conservation area site C). 
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4 Discussion 

 The results of this thesis are noteworthy for 3 reasons. First, they support the 

hypothesis that modified buffer strips can have a positive effect on phosphorus retention 

on agricultural landscapes, although these effects were found to be variable. Second, 

and more importantly, the results show that these effects vary throughout the course of 

the year and that they vary with respect to particulate and dissolved fractions of 

phosphorus. Phosphorus levels were found to be highest during the non-growing 

season, with the majority present in streams in the dissolved form during this period 

(Table 3.2). Finally, large runoff events from rainfall and snowmelt were found to 

influence in-stream PP and DP concentrations differentially, highlighting hydrological 

influences on the mobilization of phosphorus from the landscape. 

4.1 Land Use and Phosphorus Concentrations 

 TP concentrations in stream water were found to be highest at the two 

conventional agriculture sites (Figure 3.1), which is consistent with previous findings 

that agricultural streams are subject to large nutrient inputs from adjacent land. Not only 

were concentrations high, but the variance and range in measurements was also 

greatest at these sites, perhaps due to greater nutrient inputs combined with less edge-

of-field vegetation to mitigate these inputs (Table 3.1). This increased variability has 

important implications for surface water quality monitoring, as it highlights the 

importance of higher-frequency sampling programs (Viviano, 2014). Sample variance 

was particularly high at the agricultural sites during the non-growing season, which is a 
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portion of the year that is already relatively understudied. Monitoring and management 

programs need to take into account the temporal variability of nutrient loading to 

streams in order to accurately evaluate phosphorus loss dynamics develop effective 

strategies to mitigate these losses (Viviano, 2014).  

Of the samples collected for this study, 64% exceeded the 0.03 mg/L 

recommendation throughout the course of the study period, and 31% exceeded  

0.1 mg/L (a general guideline used to indicate “hyper-eutrophic” conditions) (CCME, 

2004). These are consistent with previous studies of streams in Southwestern Ontario, 

which found that 60-80% of streams sampled exceeded 0.03 mg/L (MOE, 2012; Ontario 

Biodiversity Council, 2015). Similarly, a field analysis of 133 agricultural streams 

throughout the United States found that 85% of sampled streams had average annual 

TP concentrations exceeding 0.1 mg/L, and 13% had concentrations exceeding  

0.5 mg/L (Mueller and Spar, 2005).  

Despite having the largest catchment area of all the sites, as well as agricultural 

activity upstream (Table 2.1), the conservation area site still had very low in-stream 

phosphorus levels throughout the sampling period. This provides important evidence 

that natural areas, like conservation areas, may act as an important sinks for in-stream 

phosphorus. As well, both site B2 and C had wetlands present in the upstream 

catchment area (Table 2.1). Wetlands can significantly reduce TP levels in surface 

waters, which may have also contributed to the low levels seen in the streams at these 

sites (Land et al., 2016). 
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The results of this study suggest that while buffer strips do protect streams from 

phosphorus loading, their efficacy may vary substantially. Despite both sites 

implementing buffer strips of similar width and vegetation type, TP concentrations 

measured at site B1 were, on average, over 4 times greater than at those measured at 

B2 (Figure 3.1). The differences in crop type (and subsequently crop nutrient 

requirements), along with differences in catchment area and soil type (Table 2.1) likely 

played a large role in the observed differences between sites.  

While the results from these two sites were very different, this is consistent with 

previous findings that buffer strips can yield significantly different results on a site-by-

site basis. A review by Hoffmann et al. (2009) found that removal of phosphorus in 

runoff by buffer strips ranged from -71% to +95%, indicating that in some cases they 

can even act as a significant source of phosphorus to streams (for example, if nutrients 

leach out from plant tissues). Similar findings in other studies indicate that a wide variety 

of factors (including climate, vegetation type, buffer width, soil properties, or slope) may 

all influence whether buffer strips may potentially act as a source or sink for phosphorus 

(Liu, 2019b; Kieta et al., 2018; Roberts et al., 2012; Gitau et al., 2005). While buffer 

strips have many other proven benefits (such as nitrogen removal, limiting erosion, and 

providing habitat for wildlife), they do not exhibit consistent results for phosphorus 

removal, and other practices specific to limiting phosphorus losses may be required. 

Although difficult to directly compare sites B1 and B2 due to the many differences 

in site factors (Table 2.1), it is hypothesized that the differences in crop nutrient 

requirements, combined with differences in soil properties and microtopography at the 
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sites, resulted in the observation that at site B1 the buffer strips were less effective 

compared to those at B2. As well, site B1 was a 1st order stream (Table 2.1), and its 

smaller size likely meant that any inputs had a greater observed effect on in-stream 

concentrations, compared to the larger size of site B2 (4th order stream).  

Land use affected phosphorus concentrations in groundwater, with highest 

annual averages found at the two conventional agriculture sites (Figure 3.1). Levels 

exceeded the 0.03 mg/L guideline for almost the entirety of the sampling period at sites 

A1, A2, and B1. As many stream systems are fed by groundwater, particularly during 

periods of low flow, these findings raise the concern that groundwater could act as a 

supply of phosphorus to surface waters. The findings of higher groundwater TP levels 

under agricultural land support the hypothesis that with the long-term application of 

nutrients via manure and fertilizer, soils can become saturated in the upper layers, 

promoting the downward movement of phosphorus through the soil profile (Holman et 

al., 2008; Meinikmann et al., 2015).  

High rates of nutrient application combined with factors such as shallow water 

tables or sandy soils will increase the risk of phosphorus leaching into groundwater 

systems. The groundwater samples with the greatest variance throughout the sampling 

period were observed at site B1 (Table 3.1), which can be attributed to high nutrient 

application (site B1 landowner, personal communication, April 2020), combined with 

sandy soils that have high hydraulic conductivity. Soils with high sand content also 

typically have a lower sorption capacity for phosphorus, compared to soils high in clay 

or organic matter (Hendricks et al., 2014).  
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The results of this study therefore support the hypothesis that groundwater 

systems have the potential to become enriched with phosphorus at concentrations 

exceeding important ecological thresholds, as was seen at sites A1, A2, and B1 where 

concentrations were greater than the 0.03 mg/L guideline for the majority of the study 

period. In streams that are fed by groundwater during periods of low flow, enriched 

phosphorus levels may have the potential to act as a source of phosphorus, potentially 

maintaining elevated nutrient concentrations in sensitive areas (Holman et al., 2008). 

Not only is this of concern to streams, but many larger rivers and lakes are also fed 

directly by groundwater inputs (Meinikmann et al., 2015). 

 

4.2 Seasonal Patterns 

 In a temperate region such as Southwestern Ontario, there is a clear seasonal 

pattern in TP concentrations in streams (Figure 3.1). This pattern has been attributed to 

differences in climate variables, biological uptake, nutrient inputs, soil freeze-thaw 

cycles, and land use activity among the different seasons (Jordan et al., 2012). 

Seasonal trends could be seen at all five of the sites, but most clearly at the 

conventional agriculture sites A1 and A2, and buffer strip site B1 (Figure 3.1). High 

concentrations at this time of the year were likely a result of high hydrological activity 

from winter rain and snowmelt transporting nutrients from the landscape, combined with 

little to no biological uptake of nutrients from terrestrial plants, aquatic plants, or algae. 

This is consistent with previous research that has found the majority (64-88%) of total 
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annual phosphorus delivery typically occurs during the winter and early spring (Danz et 

al., 2013). Sample variance was also found to be highest during this portion of the year 

(Table 3.1), indicating that losses during the non-growing season may be harder to 

predict. 

 The majority of phosphorus in streams during the non-growing season was found 

in the dissolved form, due to frozen soils that limited erosion of particulate forms of 

phosphorus from the landscape (Liu et al., 2019b). The growing season was less 

consistent and saw different trends at the different sites. At the conventional agriculture 

sites, there was a clear difference in phosphorus delivery between the growing and non-

growing season, with the growing season receiving a greater proportion in the 

particulate form. Opposite to the non-growing season, when soils are not frozen, they 

are vulnerable to erosion from rainfall events and overland runoff, which has the 

potential to carry large amounts of phosphorus attached to sediment and particles into 

the streams. While previous studies have found that the relative proportion of DP inputs 

increases during the non-growing season (Hoffman et al., 2019; Schneider et al., 2019; 

Rattan et al., 2017), they have primarily focused on only this portion of the year.  

Although the two sites with vegetated buffer strips differed in TP concentrations 

and seasonal patterns, they exhibited similarities with forms of phosphorus entering 

between different seasons. While there was a large amount of PP entering the 

conventional agriculture sites during the growing season, this was not observed at the 

buffer strip sites (Figure 3.2b). At the buffer strip sites, there was little difference in the 

proportions of DP and PP between the growing and non-growing season. This provides 
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evidence that, during the growing season, the buffers can help to mitigate sediments 

and small particles entering the streams. However, this influence is less clear during the 

non-growing season, where there is little difference in the relative proportion of 

dissolved vs. particulate forms between the buffer strip sites and the conventional sites 

(Table 3.1). This is hypothesized to be because buffers are not effective during the non-

growing season when above-ground vegetation is not present and functioning as a trap 

for sediments and nutrients, and senescing vegetation may potentially act as a source 

of DP (Hickey and Doran, 2004).      

  There was no clear seasonal pattern in groundwater phosphorus concentrations 

at any of the sites, highlighted by the low variability in concentrations throughout the 

course of the study period (see Table 3.1). Groundwater TP was not found to be 

strongly correlated with any of the climate variables, except for a moderate negative 

relationship with temperature at site A2 (r = -0.45). Site B1 experienced some variability 

in measurements, however there did not appear to be any discernable seasonal pattern. 

Variability in measurements may have been higher at site B1 due to the observation 

made during sampling visits that the sandy soils never fully froze during the winter 

months, allowing for water to more easily infiltrate the soil profile throughout the course 

of the year, leading to more variable inputs compared to the less-permeable soils at the 

other sites that were fully frozen during the winter months.   
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4.3 Overland Runoff 

  As there was no strong correlation between groundwater concentrations and 

stream water concentrations of phosphorus at any of the sites throughout the study 

period, it is predicted that overland runoff had the greatest influence on conditions in the 

streams. This study did not address phosphorus in shallow subsurface flow, but it has 

been recognized that this can also be an important pathway for phosphorus movement 

(King et al., 2015). Although not considered in the analysis, it is recognized that 

subsurface flow may have also been acting as an unaccounted for source of 

phosphorus to streams within this study. 

Due to high spatial variability of overland runoff flow paths (as well as the limited 

capacity for sampling at increased spatial scales for this thesis), the measured 

concentrations are used as a general indication of what is entering the stream, and not 

as a means to directly quantify inputs. Overland runoff samples were found to be high in 

TP at all sites, reaching levels far above those considered important in triggering 

eutrophic conditions. In some instances, runoff concentrations were over 250% higher 

than those found in the stream. Correlations between in-stream TP and runoff TP 

provided support for the hypothesis that there are strong hydrological controls over 

phosphorus transport into streams via overland flow (Figure 3.3). This is further 

supported by the previous findings that a few large storm events can contribute the 

majority of annual phosphorus loading to streams (Danz et al., 2013; Carpenter et al., 

2015). 
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Although the study did not directly assess snowmelt runoff phosphorus 

concentrations, it was seen that after periods with high snowmelt, in-stream TP levels 

tended to increase. This relationship was observed between snowmelt amounts and in-

stream DP concentrations at all sites except for the conservation area, suggesting that 

the lower density of agriculture in the catchment, combined with the forested riparian 

area at site C resulted in reduced P loading in runoff. The observed moderate to high 

correlations between in-stream phosphorus concentrations and snowmelt amounts at 

the A and B sites indicate that this was likely the most important mechanism leading to 

increased phosphorus concentrations in streams at these sites. This is supported by 

previous research indicating that snowmelt runoff can be a large driver of phosphorus 

loading to streams, potentially being the most influential part of the year (Liu et al., 

2019a; Hoffman et al., 2019; Schneider et al., 2019; Rattan et al., 2017; Jensen et al., 

2011). High concentrations of DP in the winter are of concern, as they can provide 

favourable conditions for the development of large algae blooms as waters begin to 

warm in the spring.  

 

4.4 Future Considerations  

 As cultural eutrophication continues to be a persistent issue for freshwater in 

North America, there is a clear need to better understand the sources and transport 

mechanisms of nutrients into receiving bodies of water. It is important to consider not 

only how the intensification of agricultural activity will affect stream ecosystems, but also 

their response to hydrological events such as precipitation and snowmelt. The projected 
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effects of climate change need to be considered for predicting and managing 

phosphorus losses from agricultural land. Current projections estimate an increase in 

precipitation amounts, as well as an increase in the frequency and severity of storm 

events (Zhang et al., 2019). Given the strong influence that hydrological processes have 

on phosphorus loading to streams, this suggests that there may be increased 

opportunity for phosphorus transport from the landscape as the effects of climate 

change progress. The results of this thesis suggest that increased storm events will be 

associated with increased delivery of PP to stream ecosystems in agricultural settings 

that lack mitigation strategies such as buffer strips. The efficacy of such strips to 

mitigate DP loading, however, might be compromised during the winter months, or in 

sandy soils receiving high nutrient inputs from fertilizer and manure. 

The predicted increases in temperature may also have implications for the 

transport of nutrients from land to water and the development of eutrophic conditions in 

receiving waters. Increased temperatures result in a lengthening of the growing season 

in Canada and other temperate regions, which can extend the window for crop 

production. Longer growing seasons may also lengthen the growing period for harmful 

algae blooms to occur (Jones and Brett, 2014). Milder winters provide the opportunity 

for increased winter rainfall and snowmelt events, which has been highlighted as an 

important transport mechanism particularly for dissolved phosphorus. Given the strong 

seasonal and hydrological controls over phosphorus losses from agricultural land, these 

changing climatic conditions will need to be considered in future mitigation decisions. 

Water quality monitoring programs need to take into account the variability not only 
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within years (as highlighted by this study), but also between years, which may become 

more variable with the predicted impacts of climate change.  

Buffer strips provide an example of mitigation strategies that yield variable results 

during different seasons. There is high variation in the type, density, and thickness of 

vegetation used in buffer strips across different geographical areas, which may play a 

large role in how effective they are (Kieta et al., 2018). A lack of consistency or guiding 

framework on planting buffers makes it difficult to quantify their efficiency, as it will often 

vary on a site-by-site basis (Fisher and Fischenich, 2000). Given the inconsistencies in 

buffer strip efficiency throughout the year, a better understanding their function during 

the non-growing season is needed. Vanrobaeys et al. (2019) suggest that vegetation be 

removed during the winter months so that senescing vegetation does not inadvertently 

act as a source of P to streams. Additionally, avoiding late-season application of 

fertilizers and manure may help to limit nutrient losses when low biological uptake is 

combined with high hydrological activity (Liu et al., 2019b). Further research on the 

function of vegetated buffer strips during the non-growing season would provide a better 

understanding of why they are ineffective during this portion of the year, and what could 

be done to improve their efficacy. As well, the development of clearer guidelines on 

what factors result in a buffer being effective at phosphorus removal (eg. vegetation 

type, width, or placement) would assist landowners with implementing strips that are 

more effective at mitigating these losses.  
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5 Conclusions 

 This year-long study has provided an improved understanding of phosphorus 

dynamics in an agricultural watershed. Streams and groundwater flowing adjacent to 

conventionally managed cropland was found to have high levels of phosphorus 

throughout the study period. The non-growing season was shown to be important period 

for annual total phosphorus loading to streams, particularly in the dissolved form. Given 

the clear differences in phosphorus forms and concentrations throughout the course of 

the year, as well as the evidence that mitigation strategies such as buffer strips have 

variable efficacy during the winter months, future research should focus on both the 

growing and non-growing seasons in temperate regions such as Southwestern Ontario 

to better understand how proposed mitigation strategies will function throughout the 

course of the full year. 
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APPENDIX A: SITE MAPS 
 

 
Figure 1.  Land use on the Canadian side of the Lake Erie basin (ECCC & MECC, 2018) 
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Figure 2. Location of the five study sites in relation to the Lake Erie basin. 
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APPENDIX B: FIELD AND LAB DATA 
 
Table 1. Results of phosphorus analysis on samples from site A1 (conventional cropland site). 

 
Stream 

TP 
(mg/L) 

Stream 
DP 

(mg/L) 

Stream 
PP 

(mg/L) 

Groundwater 
TP (mg/L) 

Overland 
Runoff TP 

(mg/L) 

2018-10-18 0.0050 0.0050 0.0050 0.0941 - 

2018-11-14 0.0050 0.0050 0.0050 0.0961 - 

2018-12-11 0.2831 0.1902 0.0929 0.1091 - 

2019-01-24 0.3212 0.1503 0.1710 0.0838 - 

2019-02-22 0.2346 0.1714 0.0633 	- - 

2019-03-20 0.3467 0.1212 0.2255 0.0862 	- 

2019-04-18 0.3698 0.0886 0.2812 0.1401 8.46 

2019-05-15 0.1450 0.0509 0.0941 0.0912 6.71 

2019-06-18 0.0600 0.0456 0.0144 0.1899 4.06 

2019-06-27 0.0600 0.0256 0.0344 0.0799 3.33 

2019-07-08 0.1248 0.0527 0.0721 0.1492 13.45 

2019-07-17 0.0652 0.0225 0.0427 0.1894 8.23 

2019-07-24 0.0811 0.0557 0.0254 0.1009 1.04 

2019-08-20	 0.1268	 0.0497	 0.0770	 0.0702	 5.72	

2019-09-13	 0.0901	 0.0297	 0.0604	 0.1790	 6.70	

2019-09-18	 0.1109	 0.0769	 0.0340	 0.0924	 	-	

2019-10-09	 0.0889	 0.0551	 0.0339	 0.1110	 -	
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Table 2. Results of phosphorus analysis on samples from site A2 (conventional cropland site). 

 
Stream 

TP 
(mg/L) 

Stream 
DP 

(mg/L) 

Stream 
PP 

(mg/L) 

Groundwater 
TP (mg/L) 

Overland 
Runoff TP 

(mg/L) 

2018-10-18 0.0100 0.0100 0.0050 0.0681 - 

- 

- 

2018-11-14 0.0050 0.0050 0.0050 0.0706 - 

2018-12-11 0.2300 0.1472 0.0828 0.0859 - 

2019-01-24 0.2784 0.1918 0.0866 0.0732 - 

2019-02-22 0.2145 0.1505 0.0640 0.0756 	- 

2019-03-20 0.1602 0.0547 0.1055 0.0680 0.38 

2019-04-18 0.2140 0.0499 0.1641 0.0753 6.34 

2019-05-15 0.1900 0.0671 0.1229 0.0761 5.02 

2019-06-18 0.1302 0.0762 0.0540 0.0754 1.90 

2019-06-27 0.0911 0.0513 0.0398 0.0754 1.40 

2019-07-08 0.0487 0.0184 0.0303 0.0613 1.33 

2019-07-17 0.1257 0.0243 0.1014 0.0651 1.43 

2019-07-24 0.0816 0.0454 0.0362 0.0630 0.25 

2019-08-20	 0.1403	 0.0401	 0.1002	 0.0754	 1.57	

2019-09-13	 0.1155	 0.0152	 0.1003	 0.0765	 1.22	

2019-09-18	 0.1033	 0.0668	 0.0365	 0.0642	 5.39	

2019-10-09	 0.0796	 0.0532	 0.0264	 0.0675	 -	
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Table 3. Results of phosphorus analysis on samples from site B1 (vegetated buffer strip site). 

 
Stream 

TP 
(mg/L) 

Stream 
DP 

(mg/L) 

Stream 
PP 

(mg/L) 

Groundwater 
TP (mg/L) 

Overland 
Runoff TP 

(mg/L) 

2018-10-18 0.0147 0.0100 0.0050 0.1394 - 

2018-11-14 0.0050 0.0050 0.0050 0.0859 - 

2018-12-11 0.2304 0.1510 0.0794 0.0849 - 

2019-01-24 0.1746 0.1018 0.0728 0.0764 	- 

2019-02-22 0.2147 0.1505 0.0642 0.1415 1.16 

2019-03-20 0.0200 0.0147 0.0053 0.0916 	- 

2019-04-18 0.1314 0.0699 0.0615 0.1092 3.76 

2019-05-15 0.1000 0.0671 0.0330 0.0770 3.30 

2019-06-18 0.0802 0.0426 0.0376 0.0692 1.20 

2019-06-27 0.0684 0.0273 0.0411 0.0050 2.45 

2019-07-08 0.0711 0.0269 0.0442 0.0050 4.78 

2019-07-17 0.0590 0.0243 0.0347 0.0459 2.46 

2019-07-24 0.0216 0.0161 0.0055 0.0458 1.45 

2019-08-20	 0.0521	 0.0301	 0.0220	 0.0777	 3.28	

2019-09-13	 0.0571	 0.0188	 0.0383	 0.0050	 0.99	

2019-09-18	 0.1033	 0.0768	 0.0265	 0.1005	 9.38	

2019-10-09	 0.0790	 0.0532	 0.0258	 0.0844	 -	
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Table 4. Results of phosphorus analysis on samples from site B2 (vegetated buffer strip site). 

 
Stream 

TP 
(mg/L) 

Stream 
DP 

(mg/L) 

Stream 
PP 

(mg/L) 

Groundwater 
TP (mg/L) 

Overland 
Runoff TP 

(mg/L) 

2018-10-18 0.0050 0.0050 0.0050 0.0213 - 

2018-11-14 0.0050 0.0050 0.0050 0.0378 - 

2018-12-11 0.0050 0.0050 0.0050 0.0180 - 

2019-01-24 0.0537 0.0427 0.0110 0.0157 - 

2019-02-22 0.0255 0.0205 0.0050 0.0138 - 

2019-03-20 0.0050 0.0050 0.0050 0.0104 	- 

2019-04-18 0.0172 0.0083 0.0089 0.0220 0.63 

2019-05-15 0.0050 0.0050 0.0050 0.0058 2.79 

2019-06-18 0.0155 0.0105 0.0050 0.0051 1.35 

2019-06-27 0.0364 0.0162 0.0203 0.0050 3.63 

2019-07-08 0.0321 0.0158 0.0163 0.0121 2.97 

2019-07-17 0.0435 0.0358 0.0077 0.0050 1.87 

2019-07-24 0.0332 0.0282 0.0050 0.0063 0.98 

2019-08-20	 0.0050	 0.0050	 0.0050	 0.0160	 2.44	

2019-09-13	 0.0094	 0.0039	 0.0055	 0.0050	 2.13	

2019-09-18	 0.0131	 0.0081	 0.0050	 0.0051	 	-	

2019-10-09	 0.0143	 0.0093	 0.0050	 0.0050	 -	

 



 

 

 

55 

Table 5. Results of phosphorus analysis on samples from site C (conservation area site). 

 
Stream 

TP 
(mg/L) 

Stream 
DP 

(mg/L) 

Stream 
PP 

(mg/L) 

Groundwater 
TP (mg/L) 

Overland 
Runoff TP 

(mg/L) 

2018-10-18 0.0050 0.0050 0.0050 0.0283 - 

2018-11-14 0.0303 0.0196 0.0107 0.0236 - 

2018-12-11 0.0329 0.0246 0.0083 0.0180 - 

2019-01-24 0.0050 0.0050 0.0050 0.0208 - 

2019-02-22 0.0050 0.0050 0.0050 0.0289 	- 

2019-03-20 0.0144 0.0094 0.0050 0.0183 0.01 

2019-04-18 0.0143 0.0050 0.0093 0.0146 3.53 

2019-05-15 0.0350 0.0206 0.0144 0.0188 0.41 

2019-06-18 0.0293 0.0192 0.0101 0.0171 1.88 

2019-06-27 0.0431 0.0138 0.0293 0.0278 1.24 

2019-07-08 0.0611 0.0116 0.0495 0.0127 1.30 

2019-07-17 0.0210 0.0092 0.0118 0.0156 0.04 

2019-07-24 0.0178 0.0150 0.0028 0.0180 0.12 

2019-08-20	 0.0133	 0.0046	 0.0087	 0.0312	 0.01	

2019-09-13	 0.0705	 0.0260	 0.0445	 0.0119	 0.04	

2019-09-18	 0.0050	 0.0050	 0.0050	 0.0139	 0.03	

2019-10-09	 0.0050	 0.0050	 0.0050	 0.0090	 -	

 


