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ABSTRACT 
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Nutrient losses from farms threaten environmental and human health globally. This thesis 

evaluates edge-of-field mitigation strategies, testing the hypothesis that downslope deep-rooted 

perennial buffers intercept nutrient leaching from crop fields. This thesis examined buffer 

interception of subsurface mobile nitrogen and phosphorus seasonally in sand versus clay soils, 

and contrasted findings with nutrient concentrations in nearby tile-drains, surface waters, and 

established drinking water standards. Overall, soil texture and climate influenced nutrient 

transport over interception by prairie buffer. Buffers intercepted nutrients during peak growth 

and at typical summer precipitation but were overwhelmed by high flood events. They were 

largely ineffective in spring prior to plant canopy development. Buffers can work as edge-of-

field strategies, but only as one part of a farm-level effort to retain nutrients.  
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1.0  Introduction  

Accelerating demands for food and energy have increased anthropogenic inputs of 

nitrogen (N) by over 100% in the last half century (Galloway et al. 2008). In order to feed a 

growing population, these nutrient inputs are expected to continue to increase to meet crop 

production demands (Godfray et al. 2010). It is estimated that global corn production will need 

to double by 2050 in order to support a population of 9 billion (Tilman et al. 2011). However, 

nutrient additions used for crop productions can fundamentally alter ecosystem processes 

(Galloway et al. 2008). Increases in nutrient applications can have downstream consequences 

since nutrients not taken up by crop systems can accumulate into the watershed (Galloway et al. 

2004, Springmann et al. 2019, McCann et al. in press). Over-enrichment of N and phosphorus 

(P) into aquatic systems can stimulate algal growth that ultimately creates hypoxic conditions 

through the bacterial decomposition of dead algae (Robertson & Vitousek 2009). Eutrophication 

is expected to cost billions annually (Dodds et al. 2009). 

Agricultural nutrient losses can contribute upwards of 70% of N and P to watersheds 

(Alexander et al. 2008). Nutrient connectivity between terrestrial agricultural systems and 

aquatic systems results from agricultural runoff and leaching to groundwater. Both agricultural 

runoff and leaching are governed by precipitation and soil water dynamics (Zhang et al. 2015). 

Agricultural runoff is often event based, with severe storms and spring snowmelt driving 

overland flow of water which typically dominates N and P loading into receiving surface water 

(Danz et al. 2013, Pionke, Gburek, Schnabel, Sharpley, & Elwinger 1999, Robinson 2015). In 

the future, changing climatic patterns will likely drive greater N and P losses through agricultural 

runoff than leaching (Nearing et al. 2005, Trenberth 2011). However, leaching is still an 
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important nutrient loss pathway in agricultural systems since infiltrated water that is not taken up 

by plants or microbes, or physically bound to soil through physicochemical processes, can be 

removed from the root zone through downward leaching. In the Great Lakes Basin (GLB), 

groundwater is a major source of water contributing up to 40% of the total water budget 

(Kornelsen & Coulibaly 2014, Neff et al. 2005). There is still uncertainty surrounding the drivers 

of leaching as a nutrient loss pathway under different geologies, especially during the non-

growing season months (Van Esbroeck et al. 2016). 

These nutrient loss pathways can significantly reduce surface water quality (Erisman et 

al. 2013, Robertson & Vitousek 2009). In both agricultural crop production systems and aquatic 

systems, N and P are the growth-limiting macronutrients; this creates a paradox as nutrients are 

needed to maximize crop yields in terrestrial systems, but can have detrimental consequences if 

they ‘leak’ into aquatic systems (Rockstrom et al. 2009). Both the Canadian Guideline for the 

Protection of Aquatic life (2.95 mg NO3-N L-1) and the Ontario Drinking Water Quality Standard 

(10 mg NO3-N L-1) have limits of N concentrations in surface water in order to protect both 

ecosystem function and human health (Canadian Council of Ministers of the Environment 2012, 

Carpenter et al. 1998, Keeler et al. 2012). Similarly, P concentrations exceeding the Provincial 

Water Quality Objective (PWQO) for total phosphorus (0.03 mg P L-1) in surface water can 

produce eutrophic conditions that triggers algal growth through nutrient enrichment (MOE 

1994).  

These nutrient transfers from crop production systems to aquatic systems are underpinned 

by both nutrient properties and physicochemical processes, climatic, edaphic, and plant elements. 

Regarding the former, NO3
- and NH4

+ are mobile in the soil matrix, although NH4
+ is readily 
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converted to NO3
- by nitrifying bacteria or adsorbed to soil particles in the unsaturated zone 

(Chapin III et al. 2011). NO3
- is also negatively charged, so it does not readily bind to soil 

particles irrespective of cation exchange capacity (CEC). These characteristics make NO3
- a 

concern for downward leaching through the unsaturated zone into the saturated zone. The 

unsaturated zone is characterized as having both presence of water and air in pore space between 

soil particles, whereas the saturated zone (groundwater) has pore space devoid of air (Weir & 

Brady 2017). P can also be mobile to a lesser extent in the forms of soluble reactive H2PO4
- and 

HPO4
2- (orthophosphate), which are controlled by pH mediated soil processes and mineral 

nutrient levels (Burwell et al. 1977). At pH levels above or below neutral, P will be fixed to soil 

particles that will subsequently reduce the soluble pool of available P to plants (Weir & Brady 

2017). Because of the affinity of P to bind to sediment, it is typically regarded as not very mobile 

in groundwater with soil erosion via runoff the dominant pathway by which P is exported to 

surface water (Parn et al. 2012, Robinson 2015). Although P is an anion, its physicochemical 

properties drive its affinity to be incorporated in mineral soil (Chapin III et al. 2011). Both N and 

P can build up in soil over time due to extended periods of nutrient additions in agricultural 

systems (Arai, Livi, & Sparks 2005).  

Regarding the latter, soil type is another important component of nutrient retention in 

agricultural systems. Sandy soils with high hydraulic conductivities tend to have more open 

nutrient cycling and lower nutrient retention (Chapin III et al. 2011). Annual rainfall patterns 

heavily influence the downward movement of water under these coarse soil conditions (Grant et 

al. 2019). Conversely, low hydraulic conductivities characteristic of clay- and silt-dominated 

soils tend to have more internal nutrient cycling with greater buffering capacity due to CEC 

(Soong et al. 2020). The greater residence time in low hydraulic conductivity soil, in conjunction 
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with higher soil organic matter (SOM), create favorable environments for microbial 

denitrification which converts mobile NO3
- into N containing gases (Butterbach-Bahl & 

Dannenmann 2011, Erisman et al. 2013). These anaerobic conditions can competitively favor 

denitrifying bacteria over aerobic microorganisms and plant uptake (Liang, Grantz, & Jenerette 

2016). Indeed, farming is responsible for 76 % of all N2O emissions in Canada, totalling 3.5% of 

this country’s total annual greenhouse gas output (Government of Canada 2020). 

Further complexity in clay dominated agricultural systems is created since in order to 

offset the low drainage capacity of clay soils, tile drains are installed to intercept percolating 

water and discharge it via tile in nearby surface water (King et al. 2015). These artificial drainage 

systems have been shown to increase nutrient loading directly to surface water especially during 

the spring when synchrony between nutrient additions and crop demand are not met (Grant et al. 

2019, Jabloun, Schelde, Tao, & Olesen 2015, Lam et al. 2016).  

Vegetative cover also influences N and P retention and the release of mobile nutrients 

from crop systems. Increases in plant biomass can improve soil health via development of soil 

organic matter (SOM) (McDaniel, Tiemann, & Grandy 2014), beneficial soil biota (Bowles et al. 

2018), and soil structuring (Grandy et al. 2007). These plant-soil feedbacks can create greater 

resilience to changes in climatic patterns and nutrient additions through increases in soil water 

holding capacity (WHC), infiltration, and internal nutrient cycling (Basche et al. 2016, Rawls, 

Pachepsky, Ritchie, Sobecki, & Bloodworth 2003). There also tends to be positive interactions 

among nutrients, biomass, and soil processes with the former driving increases in plant and 

microbial biomass, rates of aggregate formation, and, in turn, levels of storage of soil organic 

carbon (Riggs, Hobbie, Bach, Hofmockel, & Kazanski 2015) Further, soil aggregation can 
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increase the ability of roots and mycorrhizal hyphae to exploit greater volumes of soil for water 

and nutrients (Bowles et al. 2018). However, mineralization of N and P from nutrient additions 

or microorganisms in the spring may not be well matched with crop demands in time or space, 

resulting in nutrient losses in annual agricultural systems (Grandy et al. 2012).  

Managing nutrient loss pathways in intensive agricultural systems has become a major 

focus due to unintended environmental consequences (Stuart et al. 2015). Modest improvements 

in nutrient management have been made for nitrogen use efficiency (NUE) in the hopes to 

provide synchrony between input N supply and plant N demand (Iqbal et al. 2018). However, 

improved nutrient management has not translated to substantial reductions in nutrient losses 

(Bowles et al. 2018). Modelling of complete adoption of improved nutrient management in the 

Upper Mississippi River basin found that N loading into the Gulf of Mexico would only be 

reduced by 12.7% (Mclellan et al. 2015). In Southwestern Ontario, particular focus has been on 

the issue of eutrophication within the Lake Erie basin since roughly 75% of the Canadian basin is 

occupied by agricultural land (ECCC & MECC, 2018). Furthermore, nutrient transport in 

agricultural systems will be increasingly affected by changing climatic conditions, influencing 

crop nutrient uptake and loss. The retention of N and P at a field and watershed scale will 

become more important as nutrient losses become more ‘pulsed’ in response to changes in 

precipitation patterns (Castellano, Lewis, Andrews, & McDaniel 2012).   

Strategies to improve agroecosystem resilience include diversified crop rotations, cover 

cropping, conservation tillage, and resilient crops including deep-rooted perennials that can have 

rooting depths exceeding 4 m (ALUS 2015, Liebman & Schulte 2015). In terms of the latter, as 

changes to climate regimes are expected to influence nutrient runoff and leaching, edge-of-field 
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practices including prairie buffer strips may be an important component of nutrient retention on 

agricultural systems (Harmel et al. 2018). Buffer strips can include diverse tallgrass mixes of 

cool-season C3 grasses active in the spring and summer, and warm-season C4 grasses active in 

the summer and fall (Chapin III et al. 2011). Buffer strips have been shown to reduce annual 

total nitrogen (TN) and total phosphorus (TP) runoff export by 84% and 90%, respectively (Zhou 

et al. 2014). This can be credited to the dense and lignified aboveground biomass included in the 

buffers. The physical structures of the buffer provide an aboveground canopy in the spring and 

early summer, when developing annual crops lack a canopy to intercept rainfall (Nearing et al. 

2005). There may also be early-season subterranean root growth in buffers, presumably 

including nutrient foraging, although this is rarely tested. Indeed, relatively few studies have 

addressed the effectiveness of prairie buffers along subsurface flow paths, at any season. 

Furthermore, there is uncertainty regarding how differences in soil and hydrological conditions 

influence drivers of temporal nutrient transport in agricultural systems, and how effective edge-

of-field buffers are at improving nutrient retention. 

This research seeks to test differences in concentrations of soluble NO3-N and 

orthophosphate (PO4-P) in crop fields and adjacent downslope buffer areas and to explore 

uncertainties around the drivers of nutrient retention on conventional farms. Here, it is 

hypothesized that prairie buffers located at the edge of annual rowcrops can facilitate subsurface 

nutrient retention via plant uptake. To test this hypothesis, two components of water flow that 

may be affected by buffers were examined – pore water and shallow ground water (near the 

water table). It was also hypothesized that the sand-dominated site could facilitate both greater 

nutrient retention via buffer uptake, as well as greater nutrient losses via reduced soil buffering 

capacities compared to the clay-dominated site (Weir & Brady 2017, Zhou et al. 2010). Baseline 
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concentrations of N and P were also quantified in two other components of farm water: surface 

water from on-farm standing water (ponds, streams), and tile drains that transported water from 

fields to surface water.  

The primary approach was to track nitrogen and phosphorus transport spatially, from the 

crop fields, through the buffers, and to the surface water (Figure 1). This spatial sampling 

included testing whether the downslope prairie buffer zones placed between the crops and 

surface water captured effluent nitrogen and phosphorus, and whether capture was related to 

location in the prairie (i.e., sampling at the corn-prairie edge vs several m into the prairie). 

Relatedly, this thesis sought to test the relative differences in fixed soil nutrients between crop 

and prairie soils, and to compare surface water and tile nutrient concentrations to established safe 

drinking water thresholds (Chapin III et al. 2011).  

Temporal dynamics of nitrogen and phosphorus transport were also determined across 

spatial gradients. This included testing the relationship between nitrogen and phosphorus 

concentrations relative to when fertilizer was applied (subsurface transport lag times) and tested 

relationships between nutrients and climate events including months with higher precipitation. 

One mechanistic assumption was that plant-based (i.e., uptake by the prairie buffer) and soil-

based processes (more retention in clay than sand) would act to retain nutrients over time. Pool 

sizes of N and P in plant tissue (roots and shoots) and soils were examined over time, relative to 

when fertilizer was applied on the crop fields.  
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2.0  Methods  

2.1  Overview and study sites  

All work was conducted in Norfolk County (42.8373° N, 80.3040° W) of southwestern 

Ontario, Canada (Figure 2). Agriculture constitutes roughly 90% of the land cover in this region 

with monocultures typically including crop rotations of corn (Zea mays), soybean (Glycine max), 

and wheat (Triticum aestivum) (Statistics Canada 2017). The fieldwork occurred on two farm 

sites with differing geologies: one with sandy-dominated luvisols and the other clay-dominated 

gleysols (National Research Council Canada et al. 1998). The two farm sites were located 

approximately 32 km apart. The region’s climate is governed by its proximity to Lake Erie with 

a mean annual temperature of 8C and mean annual precipitation of 1035.8 mm based on 30-year 

averages (Government of Canada 2020). Historic and current climatic data were collected from 

the University of Guelph Simcoe Research Station (ID# 6137735), as well as weather stations 

located in Delhi, Ontario (ID# INORFOLK84 – 3.6 km from sand-textured farm site) and Port 

Dover, Ontario (ID# IONTARIO456 – 6.0 km from clay-textured farm site). Rainfall during the 

main years of study (2018 to 2020) varied widely. Both 2018 and 2019 had slightly greater 

annual precipitation compared with the 30-year average, at 1089.6 mm and 1046.2 m, 

respectively. However, summer precipitation differed widely between the two years. Rainfall 

between April-August 2018 was 482.1 mm, in line with the 30-year average of 444.5 mm. In 

contrast, 2019 had a much wetter growing season with 704.6 mm on rain including severe 

summer storms.  
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Both farms conducted conventional cropping practices and possessed riparian areas 

planted in permanent cover of native tallgrass prairie, as part of a national farmer-led 

sustainability program that included restoring marginal lands to capture nutrients (ALUS 

Canada, 2016) (Paterson, Cottenie, & MacDougall 2019). At the two research sites, prairie strips 

were well established (> 8 years) and planted adjacent and ‘down-slope’ from crop fields, 

meaning that pore water and shallow groundwater flowed through the prairie before reaching 

standing water. The restored prairies for the sand and clay dominated sites were 0.4 ha and 2.5 

ha, respectively (Figure 3). During the 2019 growing season, both sites were in a corn rotation, 

with the sand-dominated farm in continuous corn with conventional tillage practices for over a 

decade with tobacco cultivation prior to that. The clay-dominated site had been in a corn-soy-

wheat rotation with conventional tillage. Fertilizer N was applied to corn at roughly 195 kg ha-1 

and fertilizer P2O5 at 40 kg ha-1 at both farm sites. The restored prairie at the sandy textured farm 

site contained a monoculture of the warm season C4 grass, Indian Grass (Sorghastrum nutans), 

and the clayey textured site included Big Bluestem (Andropogon gerardii), Little Bluestem 

(Schizachyrium scoparium), Indian Grass (Sorghastrum nutans), and varying amounts of planted 

or naturally recruiting cool season C3 forbs, including New England Aster (Symphyotrichum 

novae-angliae) and Red Clover (Trifolium pratense).  

 The sand-dominated site is located within the Norfolk Sand Plain with coarse-grained 

deposits. It is characterized by high drainage and groundwater recharge (>300 mm year-1), which 

has created suitable conditions for tobacco cultivation within the region (Chapman & Putman 

1984). The Norfolk Sand Plain borders the Haldimand Clay plain where the clay-dominated site 

is located. The clay-rich soils within the Haldimand Clay Plain are characterized as 
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predominantly fine-grained, which restricts subsurface drainage and recharge (<100 mm year-1) 

(LPRCA 2020).  

2.2   Water sampling  

Sampling of pore, ground, surface, and tile water was conducted (Table 1) at various 

dates between July 28, 2018 and March 20, 2020, with most sampling occurring in the summer 

of 2019 and the early half of 2020.  

Monthly unsaturated pore water (soil moisture) sampling was conducted using 

Soilmoisture Equipment Corporation suction lysimeters in augured holes (diameter = 4.8 cm, 

length = 91.44 cm, approximately 0.4 m installation depth; 12 lysimeters per site; 6 corn field; 6 

prairie strip) from May 20 – October 20, 2019 (Figure 4). Lysimeters were installed into 4 

clusters of 3 at each site (2 per cover type). Before sampling pore water via lysimeters, 

lysimeters at the clay textured farm were set to 50 centibars of suction, and lysimeters at the sand 

textured farm were set to 30 centibars of suction (Hoskin Scientific Ltd. 2017).  

Monthly sampling of groundwater was conducted using Solinst drive point piezometers 

(diameter = 1.91 cm, screen length = 30.48 cm, approximately 4 m depth; 7 wells per site; 4 corn 

field; 3 prairie strip) from July 28, 2018 – October 28, 2018, and from May 20, 2019 – March 20, 

2020. Wells at the sand-dominated site were purged before sampling using a peristaltic pump. 

Wells at the clay-dominated site were limited by well volume, so groundwater was sampled after 

stabilization of field parameters. Field parameters including dissolved oxygen (DO), and 

oxidation-reduction potential (ORP), temperature, and pH were measured using a handheld YSI 

556 (Table 2, Table 3). Slug tests were completed at both sites using the drive point piezometers 
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to determine saturated hydraulic conductivity. Well capture zones were delineated using an 

approach developed by Harter et al. (2002) to identify source areas from recharge. Corn field 

wells (piezometers) were located at the edge of the agricultural field. Prairie wells and suction 

lysimeters were configured to measure buffer width efficiency, so the three prairie wells were 

located along a distance downgradient at 2m, 4m, and 8m from the corn field (Figure 4).  

Local surface water bodies (clay-dominated site pond, sand-dominated site river) at both 

farm sites were sampled every five days from May 20 – October 20, 2019, and then monthly 

from October 20, 2019 – March 20, 2020 in order to identify surface water responses from 

groundwater discharge from the agricultural fields. At the clay-dominated farm, the tile drain 

was sampled every five days from May 20 – October 20, 2019, and then monthly from October 

20, 2019 – March 20, 2020. During summer months (July – September), the tile drain had no 

flow. Both local surface water features and the tile drain were located down-gradient from the 

sampling areas in the corn fields and adjacent prairie strips.  

2.3   Nutrient analysis  

Water quality samples were filtered and collected in 15 mL plastic tubes and either 

analyzed immediately or acid preserved and stored in the dark at 4 °C until ready to be analyzed 

(2 mL sulfuric acid per 1000 mL). Exploratory 2018 groundwater quality analysis of nitrate was 

conducted at the University of Guelph using a Dionex ICS 2000 ion chromatography system. 

2019-2020 water quality analysis was conducted colorimetrically using an Epoch microplate 

reader (BioTek, VT, USA). Concentrations of nitrate were determined by the vanadium 

reduction method (Doane and Horwath 2003), and concentrations of orthophosphate were 

determined using a microplate adaptation (Ringuet, Sassano, & Johnson 2011) based on the 
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molybdenum blue method of Murphy and Riley (1986) (Table 4). Each sample was completed in 

quadruplicates to a detection limit of 0.05 mg L-1 for nitrate and 0.003 mg L-1 for 

orthophosphate.  

2.4   Soil analysis  

At both sites, crop fields and prairie strips were divided into a grid, and each cover type 

was sampled nine times along the grid on May 20, June 20, August 20, and October 20, 2019 

(Figure 5). In each grid location, a soil core was taken for soil nutrient analyses and root biomass 

(using an Eijkelkamp auger; 7 cm diameter, 0 – 15 cm depth). Each location was sampled for 

root biomass and soil fixed nutrients along a depth range of 0 – 30 cm, 31 – 60 cm, and 61 – 90 

cm. Samples were stored at 4 °C prior to analysis (Robertson, Coleman, Bledsoe, & Sollins 

1999). Soil sampling intensity was determined using a power-analysis that tests the minimum 

number of samples needed to represent microvariation between plots for soil nutrients. Prior to 

analysis, the nine subsamples from each cover type were pooled giving a final n = 216 (2 farms * 

9 locations * 3 depths * 4 months) for the power analysis test with a power level of 0.8 and a 

significance level of 0.05 (Johnson, Barry, Ferguson, & Müller 2015). 

Soil nutrient cores were analyzed for nitrate (NO3-N) , ammonium (NH4-N) and 

extractable phosphorus (PO4-P) colorimetrically using an Epoch microplate reader (Table 4) 

(BioTek, VT, USA). Soil nitrate was determined using the vanadium reduction and Griess 

method described by Miranda, Espey, & Wink (2001); soil ammonium was determined by a 

modified indophenol method based on the Berthelot reaction (Hood-Nowotny, Umana, 

Inselbacher, Oswald-Lachouani, & Wanek  2010); and soil phosphorus was determined using the 

Mehlich 3 procedure (Frank et al. 2012). A Guelph Permeameter was used in-situ for 
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measurement of soil vertical saturated hydraulic conductivity (Kfs) for the 0 – 15 cm depth at 

each cover type and site. Bulk density cores were collected from the top 0 – 10 cm depth and 

standardized to soil g cm-3 then massed prior and following drying in a 65 °C oven for 48 h. Soil 

pH was measured in a 1:1 soil:water slurry.  

2.5  Vegetation analysis  

Aboveground biomass of the corn field and prairie buffer were sampled monthly with 

each cover type being sampled nine times within the same soil sampling grid from May 20 – 

October 20, 2019. Belowground biomass was collected with soil on May 20, June 20, August 20, 

and October 20, 2019, at each of the three depths (0 – 30 cm, 31 – 60 cm, and 61 – 90 cm). 

Aboveground biomass was harvested from a 0.1 m2 area (0.2 m x 0.5 m), sorted to annual 

growth, and then oven dried at 65 °C for 48 h and massed. Root biomass was collected using the 

soil auger, sieved, then oven dried at 65 °C for 48 h and massed. Plant aboveground biomass 

samples were ground to 1 mm size using a Wiley Mill and then submitted to SGS – AgriFood 

Labs for plant tissue N and P (Table 4). Each sample was analyzed to a detection limit of 0.1%.  

2.6  Statistical analysis  

The core response variables were aqueous nitrogen and phosphorus measured at four 

locations: pore water (unsaturated zone), groundwater (saturated zone), and surface water and, 

for the clay-textured farm, tile drains. The explanatory factors centered on interactions of four 

major elements hypothesized to influence aqueous nitrogen and phosphorus: “soil type” (clay 

versus sand (n = 2), “climate” (total monthly precipitation (n = 11)), “cover” (corn versus prairie 

(n = 2)), and “time” (month by month changes in water quality). Hierarchical partitioning 
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(hier.part package in R) was enlisted to test for independent contribution of given variables, 

despite the presence of strong collinearity between variables (Mac Nally 2000). An exploratory 

principal component analysis (PCA) was used to determine these correlations.  

Next, mixed effect ANOVAs were used with repeated measures (‘lmer’ call in R) to 

assess the significance of potential drivers of water quality on farms including nutrient retention 

of prairie strips with soil type, location (crop, prairie), and distance (within prairie) as random 

factors to account for collinearity within sites. Where there were significant effects, tukey’s post 

hoc test were used to identify directionality of effects. Belowground biomass was summed 

together at each location as the three depth ranges sampled (0 – 30 cm, 31 – 60 cm, and 61 – 90 

cm) were positively correlated (variance inflation factor > 5). For each sampling period, daily 

precipitation was summed to total monthly accumulated precipitation from the previous months 

sampling to the current sampling date. Surface to aquifer advective times were calculated using 

groundwater recharge rate (𝑅), mobile moisture content (𝜃𝑚), and distance (𝑑𝑤𝑡) to pore water 

samplers (0.4 m) and groundwater (3 m) based on Province of Ontario (2006) and LPRCA 

(2020). Data transformations were not needed as the assumptions of the ANOVA models were 

not violated with plotted model residuals indicating good fit with homoscedastic residuals 

centred around zero. All values will be presented as means ± SE. Data analyses were performed 

using R version 4.0.3 (R Core Team, 2020).  
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3.0  Results  

3.1  Overall descriptive results  

Broad trends found in this study include observed differences in water quality and soil 

nutrients by farm, depth, and cover type (Figure 6, Figure 7). Cover type (crop, prairie) did not 

significantly influence nutrient retention overall, although prairies did under certain climatic 

conditions provide nutrient retention in subsurface flow paths. Long-term consistent sampling of 

surface water and the tile drain at the clay-dominated site yielded wide ranges of N and P 

concentrations with maximum concentrations (18.1 mg N L-1, 0.02 mg P L-1) coinciding with 

spring snowmelt (Figure 8). Rooting biomass in the prairie at the sand-dominated site was 

significantly higher than in the cropped field as well as the clay-dominated site, especially at 

deeper rooting depths (Figure 6, Figure 7, Figure 9). Physical properties between the two soil 

textures differed with both bulk density (1.64 ± 0.01 g cm-3) and soil hydraulic conductivity 

(1.63 x 10-5 m s-1) at the sand-dominated site was greater than the clay-dominated sites bulk 

density (1.52 ± 0.03 g cm-3) and soil hydraulic conductivity (7.55 x 10-7 m s-1) (Figure 6, Figure 

7).  

3.2  Spatial nutrient dynamics  

3.2.1        Spatial nitrogen dynamics 

Tracking NO3-N concentrations along unsaturated zone flow paths involved sampling 

pore water monthly in both cover types from May 2019 – October 2019 (Figure 8). Over that 

timeframe, pore water NO3-N at the sand-dominated site (average 3.37 mg N L-1) and clay-
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dominated site (average 2.41 mg N L-1) had a wide range of NO3-N concentrations following 

fertilizer additions on May 20, 2019, to the October 20, 2019 crop removal. Measured NO3-N 

pore water concentrations peaked at the sand-dominated crop field (8.54 mg N L-1) on May 20, 

2019, and the clay-dominated crop field (7.35 mg N L-1) on August 20, 2019. In the down 

gradient prairie buffers, measured pore water concentrations had maximum concentrations at 

both the sand-dominated prairie (11.38 mg N L-1) and the clay-dominated prairie (0.910 mg N L-

1) in May, with a decrease in concentration during the summer July – August months.  

Additionally, this analysis addressed the individual effects of climate, soil, and vegetation 

on their role in pore water NO3-N variation over the growing season including data collected in 

May, June, August, and October 2019 (Figure 10). Specifically, soil type played the greatest role 

in impacting pore water NO3-N variation in both the crop field (51.8%) and in the prairie 

(40.8%) with pore water NO3-N concentrations greater at the clay-dominated site. Additionally, 

both precipitation (16.9%) and increases in aboveground biomass (15.3%) in the crop field 

related to decreased pore water NO3-N concentrations. Within the prairie, increases in 

precipitation (27.9%), plant belowground shoots (10.3%) and aboveground biomass (10.1%) 

played the next largest roles in decreasing prairie pore water NO3-N concentrations.  

Along groundwater flow paths, although water table depths were similar between farms 

(~ 3 m), NO3-N concentrations in the crop field differed greatly between the two sites over the 

May 2019 – March 2020 monthly sampling, despite similar nutrient addition rates (Figure 8). 

NO3-N concentrations at the sand-dominated crop field had intra-annual variation in 

concentrations (average 4.7 mg N L-1) with its maximum measured concentrations (8.32 mg N L-

1 ) on June 20, 2019, and minimum concentrations (1.8 mg N L-1) on January 20, 2020. The clay-



 

 

17 

dominated crop field had lower NO3-N concentrations (average 0.5 mg N L-1) relative to the 

sandy site, with its maximum concentration (1.0 mg N L-1 ) on June 20, 2019, and minimum 

concentration (0.2 mg N L-1) on February 20, 2020. Additionally, down gradient prairie strips 

had similar NO3-N concentrations at the sand-dominated farm (average 5.0 mg N L-1) and clay-

dominated farm (average 0.4 mg N L-1) during the same sampling efforts.  

Addressing the interacting effects among climate, soil, and cover variables on 

groundwater NO3-N concentrations within these agricultural landscapes, it was found that soil 

type had the greatest role in driving NO3-N variation in both crop field (38.2%) and prairie 

(38.8%) with groundwater NO3-N concentrations higher at the sand-dominated site (Figure 11). 

Next, precipitation at both the crop (36.2%) and prairie (19.1%) were the greatest drivers with 

increases in tissue N (18.3%) and belowground biomass (13.5%) related to decreases in NO3-N 

concentrations in both cover types. 

Down gradient of the crop field and prairie buffer, NO3-N concentrations in surface water 

were sampled May 2019 – March 2020 with NO3-N concentrations remaining fairly low at the 

sand-dominated site (average 2.0 mg N L-1) with a measured maximum concentration (3.1 mg N 

L-1) on May 25, 2019, and at the clay-dominated site (average 0.5 mg N L-1) a measured 

maximum concentration (2.3 mg N L-1) on May 20, 2019 during the early growing season 

precipitation. Surface water NO3-N variation was primarily accounted for by soil type (55.7%). 

Surface water NO3-N decreased with increases in plant aboveground biomass (18.9%) and plant 

belowground biomass in both cover types (15.3%), then date (5.6%), precipitation (1.9%), plant 

tissue nitrogen (1.6%), and location (1.1%).  
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3.2.1  Spatial phosphorus dynamics 

PO4-P transport along the unsaturated zone was captured via pore water sampling from 

May 2019 – October 2019 (Figure 12). PO4-P pore water concentrations in the crop fields 

remained fairly stable between the sand-dominated farm (average 0.31 mg P L-1) and clay-

dominated farm (average 0.092 mg P L-1) over the growing season. However, even though only 

the dissolved fraction of phosphorus was measured, both farm sites exceeded the Provincial 

Water Quality objective for total P (0.03 mg P L-1) (MOE 1994). Maximum concentrations of 

PO4-P were not detected until later in the growing season on August 20, 2020 at the sand-

dominated farm (0.60 mg P L-1) and clay-dominated farm (0.22 mg P L-1). In the prairie zone, 

PO4-P pore water closely mirrored crop field concentrations at both the sand-dominated farm 

(0.29 mg P L-1) and clay-dominated farm (0.091 mg P L-1) with maximum concentrations on 

August 20, 2020 at the sand-dominated farm (0.43 mg P L-1) and clay-dominated farm (0.19 mg 

P L-1).  

The interacting effects of climate, soil, and cover vegetation on pore water PO4-P 

concentrations highlighted that soil type within the crop vegetation (55.4%), and increases in 

plant aboveground biomass in the prairie (30.7%) had the biggest impact on decreasing pore 

water PO4-P concentrations over the May, June, August, and October 2019 sampling (Figure 13). 

Next, increases in plant tissue P (22.1%) within the crop field, and date (14.5%) and increases in 

belowground biomass in the prairie (13.0%) played minor roles in pore water PO4-P variation.  

Soluble PO4-P concentrations were sampled monthly from May 2019 – March 2020 

within groundwater (Figure 14). Along saturated soil flow paths, groundwater PO4-P 

concentrations in the cropped field of the sand-dominated farm (average 0.04 mg P L-1) were 
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much lower than at the clay-dominated farm (0.2 mg P L-1). Contrary to NO3-N spikes in 

groundwater, PO4-P groundwater concentrations did not peak until mid-growing season on July 

20, 2020 at the sand-dominated crop field (0.2 mg P L-1) and clay-dominated crop field (0.6 mg 

P L-1). In the prairie buffer, PO4-P concentrations were very close to their up gradient crop fields 

in both the sand-dominated farm (average 0.03 mg P L-1) and clay-dominated farm (0.2 mg P L-

1).  

Comparing the independent effects over the two farm sites and cover types, it was found 

that for the May, June, August, and October 2019 sampling efforts, tissue P (35.8 %) was the 

most important factor for PO4-P variation, with increases in tissue P within the crop field 

coinciding with decreases in groundwater PO4-P concentrations (Figure 14). The remaining 

contributions to groundwater PO4-P variation were date (19.3%), aboveground biomass (18.4%) 

and belowground biomass (18.1%). Within the prairie, date (35.4%) had the greatest impact on 

groundwater PO4-P variation, followed by tissue P (27.9%) and belowground biomass (15.7%), 

with soil type, aboveground biomass, and precipitation making minor contributions. Increases in 

biomass in both crop field and prairie related to decreasing groundwater PO4-P concentrations.  

Down gradient of the crop field and prairie buffer, PO4-P concentrations in surface water 

were sampled May 2019 – March 2020 with PO4-P concentrations repeatedly approaching the 

PWQO during the growing season at the sand-dominated site with a maximum measured 

concentration (0.03 mg N L-1) on September 20, 2020, and at the clay-dominated site (0.109 mg 

P L-1) on March 20, 2020 during the spring precipitation and snowmelt (PWQO < 0.03 mg P L-

1). Similarly to groundwater, surface water PO4-P variation was primarily impacted by date 
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(57.6%), followed by precipitation (14.5%), plant tissue phosphorus (11.9%), plant aboveground 

biomass (11.7 %), soil (5.6%), location (1.0%), and plant belowground biomass (0.8%).  

3.2.2  Nutrient retention 

Cover type (corn field versus prairie buffer) did not significantly influence pore water 

NO3-N concentrations at either site during the May, June, August, and October 2019 sampled 

growing season, although there was a rapid decrease in pore water NO3-N concentrations within 

the prairie at the sand-dominated site over the biologically active growing season. Given the 

broad application swath created by mechanised applicators of manufactured fertilizers, some 

fertilizer may have been broadcast into the prairie at the sand-dominated site when it is applied in 

May of each year. Prairie buffers at the sand-dominated farm had a significant negative 

relationship with pore water PO4-P concentrations (cover X pore water PO4-P; p < 0.001; tukey’s 

test). Additionally, retention of pore water PO4-P within the prairie buffer had no relationship 

between distance to crop edge and width of prairie buffer zone (i.e. 2 m, 4 m, 8 m) at the sand-

dominated farm (F3,20 = 0.66 ; p = 0.584) or the clay-dominated farm (F3,20 = 0.173 ; p = 0.914). 

Pore water PO4-P had a significant interaction with soil type (F1,44 = 36.97; p < 0.001) with both 

pore water PO4-P concentrations significantly higher in both the cropped field and sand-

dominated farm than the clay-dominated farm. The lower pore water PO4-P concentrations in the 

sand-dominated prairie relative to the cropped field corresponded to increased plant aboveground 

biomass (F1,20 = 8.00; p = 0.010; tukey’s test). 

 Unexpectedly, large changes in adsorbed soil nutrients relative to land cover were not 

present, contrary to differences observed in pore water concentrations between vegetation. Cover 

type did not influence soil N or P concentrations over the May, June, August, and October 2019 
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growing season, contrary to the prediction that soil nutrients would be greater in the cropped 

soils of both sites. Similarly, width of prairie buffer, relative to crop edge, also did not influence 

soil N and P concentrations. However, soil P was influenced by soil type (F1,28 = 27.5; p < 

0.001), with higher concentrations in both the cropped and prairie buffer at the sand-dominated 

farm. Additionally, both soil N and P were highest in the 0 - 30 cm depth and decreased by depth 

with the lowest in the 61 - 90 cm depth. Soil P at the 0 – 30 cm depth repeatedly exceeded 100 

mg P L-1. 

 Similarly to soil nutrients, groundwater NO3-N was also unaffected by cover type over 

the May, June, August, and October 2019 sampling. However, it was influenced by soil type 

(F1,29 = 188.78; p < 0.001; tukey’s test), with NO3-N much higher in the sandy-dominated 

groundwater. Relatedly, increases in plant aboveground biomass (F1,28 = 188.13; p < 0.001), 

plant belowground biomass (F1,28 = 186.27; p < 0.001), and plant tissue N plant (F1,28 = 188.76; p 

< 0.001) coincided with decreases in groundwater NO3-N concentrations. There were no 

significant differences between crop field and prairie buffer in groundwater P (F1,28 = 1.62; p = 

0.27). Soil type did have a significant relationship (F1,28 = 3.62; p = 0.041; tukey’s test) with the 

clay-dominated farm having higher groundwater P relative to the sand-dominated farm.  

Exploratory baselines of shallow groundwater NO3-N concentrations were conducted at 

the sand-dominated farm from July – October 2018. In the summer and fall of 2018, shallow 

groundwater nitrogen transport from the crop field exceeded recommended guidelines for safe 

drinking water (related to NO3-N; ~12 mg N L-1 leached vs recommended concentrations < 10 

mg N L-1). Cover type influenced groundwater NO3-N concentrations during the 2018 growing 

season since the prairie buffer had a significant negative relationship with groundwater NO3-N 
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concentrations (F1,26 = 16.3; p < 0.001; tukey’s test). Additionally, the width of prairie buffers 

relative to cropped field edge had a significant negative relationship as the distance in the prairie 

buffer width increased. During peak biological uptake in 2018 (July – August), incorporating 

tallgrass prairie strips of buffer lengths 2 m, 4 m, and 8 m, downgradient of the crop field, 

reduced nitrate concentrations by 56%, 58%, and 75%, respectively, relative to the values in the 

groundwater at the cropped edge. However, this did not extend to groundwater PO4-P 

concentrations as there was no relationship found between cover type and P retention.  

3.3  Temporal nutrient dynamics 

Temporal dynamics of NO3-N and PO4-P transport from cropped field, through prairie 

buffer, and to surface water were measured from May 23, 2019 to March 20, 2020. Within the 

well capture zones (sand ~ 104 m, clay ~ 3.6 m), the majority of land cover involved managed 

annual rowcrops, with a small area dedicated to conservation land. For unsaturated zone 

transport, the sand-dominated farm had a relatively fast unsaturated zone advective time, with a 

time lag of 50 days from ground surface to observed spikes in pore water samplers (0.4 m) 

(Table 5) (Neff et al. 2006, Sousa et al. 2013). This lag time at the sand-dominated site was 

observed since a spike in pore water NO3-N concentrations occurred during sampling of the 

cropped field on July 20, 2019 (60 days after nutrient additions applied to field). Pore water PO4-

P of the cropped field did not have a spike in concentrations until August 20, 2019. Travel times 

from the surface, through the unsaturated zone, and into shallow groundwater (~ 3m), for both 

sand- and clay-dominated sites exceeded over one year (Table 5). Hydraulic conductivity of the 

subsurface was determined by the Hvorslev Slug-Test Method using the average of three wells 

per cover type per site (Hvorslev 1951). High horizontal saturated hydraulic conductivity was 
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characteristic of a fine sand of both cropped field (ksat = 3.83 x 10-5 m s-1 ) and prairie buffer (ksat 

= 1.43 x 10-5 m s-1) with high soil vertical hydraulic conductivities (crop Kfs = 1.9 x 10-5 m s-1; 

prairie Kfs = 1.36 x 10-5 m s-1 ).  

Surface water NO3-N concentrations at the sand-dominated site were stable over the 

growing season with a gradual increase over the winter and spring of 2020. PO4-P repeatedly 

surpassed the PWQO for surface water during the growing season. Additionally, plant 

aboveground biomass in the prairie peaked on August 20, 2019 and plant tissue N and P was 

greatest on June 20, 2019. Root biomass was greatest in the top 30 cm of soil in both the cropped 

field and prairie where soil N and P was highest. 

The unsaturated zone advective time from ground surface to pore water samplers at the 

clay-dominated site was drastically slower (1.26 years) (Table 5). The addition of N and P 

fertilizer inputs had no effect on soil NO3-N or PO4-P at any of the three depths over the 2019 

growing season. Additionally, tile drain (1 m depth) NO3-N concentrations spiked on June 20, 

2019, and subsequent transport to nearby surface water peaked on July 5, 2019. These pulses 

likely point to land management applications from previous years, although the formation of 

macropores (not examined in this study) may provide preferential flow paths that alter the flow 

system (Glæsner et al. 2011). Horizontal saturated hydraulic conductivity in groundwater in both 

the cropped field (ksat = 1.91 x 10-8 m s-1) and prairie buffer (ksat = 1.73 x 10-8 m s-1) were much 

slower with low soil vertical hydraulic conductivity (crop Kfs = 3.11 x 10-7 m s-1 ; prairie Kfs = 

1.22 x 10-6 m s-1). For plant biomass responses, prairie aboveground biomass had a minor peak 

on June, 20, 2019, and a major peak on October 20, 2019, both of which exceeded the maximum 

prairie biomass at the sand-dominated site. Furthermore, prairie tissue quality of N and P was 
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greatest on October 20, 2019, and was found at concentrations much higher than in the sand-

dominated prairie. However, root biomass at all depth ranges, were much lower in both the 

cropped field and prairie relative to the root biomass of the sand-dominated farm (Figure 9).  

4.0       Discussion  

This research tested differences of soluble N and P in cropped fields and downslope 

prairie buffers, with the intention of evaluating the retention abilities of prairie buffers on 

nutrient transport. It was found that, contrary to the hypothesis that prairie buffers would 

significantly reduce effluent leaving the crop field via groundwater, only shallow prairie roots 

were effective in intercepting vertical leachate, and that cover type had little impact on 

influencing groundwater nutrient losses, possibly due to soil driven processes, plant-soil 

conditions over the growing season, or preferential plant uptake of nutrients by shallow roots 

(Chapin III et al. 2011, Knops &Tilman 2000).  

 Rather, the main drivers of N and P were soil texture and climate, suggesting that the site-

specific soil hydraulic and chemical properties, along with its interaction with seasonality, 

mostly drive changes in nutrient transport at the two research sites. For N transport, 

biogeochemical processes were the clear driver of groundwater N variation found between the 

sites. The semi-impermeable nature of the clay-dominated soil likely created favorable 

conditions for microbial denitrification of NO3
-, which subsequently reduced shallow 

groundwater NO3-N concentrations (Pastor et al. 1987, Chapin III et al. 2011). This is consistent 

with low DO (< 1 mg L-1) and ORP measurements (- 50 to +50 mV) of groundwater at the clay-

dominated site (Table 2) (Gerardi 2008). However, these biogeochemical controls were not 
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present in the coarse textured site, which led to higher groundwater NO3-N concentrations due to 

lack of soil buffering capacity (Weil & Brady 2017).  

Higher groundwater PO4-P concentrations at the clay-dominated farm relative to the 

sand-dominated farm was unexpected, given that higher permeability was assumed to be the 

primary driver of nutrient transport rather than P sorption capabilities (Liu, Aronsson, 

Bergström, & Sharpley 2012). Instead, the opposite appeared to be happening. The most likely 

cause were the macropores that were observed at the clay-dominated site, likely formed by soil 

aggregation and freeze-thaw cycles (FTC) (Hendrickx & Flury 2001). These cracks in the soil 

surface, along with climatic drivers and surface fertilizer placement, presented preferential flow 

paths that likely transported PO4-P into the deeper subsoil including the shallow groundwater 

(Grant et al. 2019). These findings are consistent with Glæsner et al. (2011) which found that 

macropore preferential flow increased with increasing clay content. PO4-P transport under coarse 

subsurface soil conditions appeared to have been driven by differing soil-plant mechanisms. Soil 

pore water PO4-P at the sand-dominated farm was likely governed by a combination of plant 

uptake and nutrient legacies from past land management practices, especially the cultivation of 

tobacco which demanded high P fertilizer input (McQuarrie 2014, Ontario Ministry of 

Agriculture Food and Rural Affairs 2018). The pore water PO4-P concentrations at the clay-

dominated site were much lower, which is likely associated with the lack of previous decades of 

tobacco cultivation along with soil hydrological and chemical properties (Penn & Thomas 2002).  

Additionally, pore water PO4-P concentrations did appear to be significantly lower in the 

prairie relative to the cropped field in the sand-dominated site over the growing season, so it is 

likely cover type did play a role in P retention as evident through the increases in prairie 
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aboveground biomass and belowground biomass as the buffer becomes more photosynthetically 

active in the summer months, as seen in the PCA (Figure 15) (Chapin III et al. 2011). This is also 

seen in prairie pore water NO3-N retention (~75%) over the biologically active summer months 

(July - August). Although the 2019 growing season only saw statistically significant retention of 

pore water PO4-P at the sand-dominated site, past research has highlighted the effective retention 

abilities of prairie buffer strips (Zhou et al. 2010).  

 The nutrient retention abilities of prairie buffers on intercepting shallow leachate is 

consistent with previous work showing the effectiveness of prairie filter strips on N retention 

(Zhou et al. 2010). Contrary to these findings that prairies were not effective in groundwater 

nutrient retention, Schulte et al. (2017) found that prairie strips were able to reduce NO3-N 

concentrations in shallow groundwater by over 70% in a corn-soy rotation. Additionally, prairie 

buffers have been found to reduce runoff loading from hillslopes (Hernandez-Santana et al. 

2013) and provide sediment removal (Helmers et al 2012). Additionally, 2018 sampling that was 

conducted in July-October for this study found that even a small buffer width (2 m) can 

effectively reduce groundwater NO3-N passing through the prairie from the cropped field. These 

results did not extend into the growing season of 2019, and recent studies have addressed 

uncertainties surrounding prairie buffer strips efficiency in temperate climates. A review by 

Hoffmann et al. (2009) found that prairie strips could act as both sinks and sources of runoff 

phosphorus (-71% to +95%), due to prairie tissue mineralization. Climate, topography, geology, 

and vegetation have been the main factors contributing to the effectiveness of prairie nutrient 

retention (Liu 2019, Kieta et al. 2018, Gitau et al. 2005). Additionally, nutrient retention via 

plant uptake was not a major driver of N and P at both the sand and clay-dominated farm sites. 
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 There are a few possible reasons for the lack of nutrient retention in the prairie buffers 

during the 2019 growing season. Beginning with the sand-dominated farm, one possible 

explanation relates to the species present in the prairie buffer, which were dominated by warm-

season C4 grasses which are mostly biologically active from July-October. The 2019 growing 

season included severe storms and increased precipitation (704.6 mm) relative to the 30-year 

average (444.5 mm) (Government of Canada 2018). Due to the wet soil conditions that occurred 

over this growing season, these C4 grasses likely had lower photosynthetic efficiencies, and were 

unable to uptake significant concentrations of NO3-N and PO4-P in the shallow groundwater 

relative to the crop field (Chapin III et al. 2011). Additionally, the exceptionally high 

precipitation over the growing season created favorable conditions for shallow rooting uptake 

well into the summer months, which normally signifies drying in the upper soil columns and 

reliance on moist deeper soil columns (Weil & Brady 2017). This likely caused preferential 

uptake in shallow soils in the summer, which was observed in pore water NO3-N in the PCA 

(Figure 15) (Foth 1990, Knops & Tilman 2000).  

Finally, these saturated soil conditions present over the summer growing season likely 

stimulated mineralization rates, which could have offset any significant prairie uptake of NO3-N 

near shallow groundwater (Borken & Matzner 2009, Bowles et al. 2018, Kieta et al. 2018). 

Conversely, groundwater NO3-N retention at the sand-dominated site in 2018 occurred over a 

growing season that was hot and dry, well in line with the 30-year average rainfall. Expectedly, 

the groundwater taping rooting network of the prairie likely utilized these deeper networks as 

near surface soil dried out, thereby reducing the groundwater NO3-N effluent leaving the cropped 

system. These findings show that there was a strong influence of precipitation on the capacity of 
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prairie strips to retain nutrients flowing from the crop fields. This is an important distinction 

based on divergencies in groundwater results between 2018 and 2019.  

At the clay-dominated site, the story is much clearer, with the interactions between low 

belowground biomass, biogeochemical processes, and tile drains, driving the lack of nutrient 

retention (Foth 1990, Lal & Stewart 2018). Rooting biomass of the prairie on the clay-dominated 

farm had much lower rooting biomass relative to the sand, which is likely associated with the 

fine soil texture that created semi-impermeable conditions. Additionally, this likely had an 

additive effect with the tendency of clay soils to have higher secondary minerals and soil organic 

matter present causing prairie roots to only exploit shallow soils due to greater nutrient buffering 

capacities (Hendricks et al. 2014, Foth 1990). This was exhibited since rooting biomass below 30 

cm decreased substantially (Figure 9). Additionally, the high residence times of nutrients in the 

clay soil, in combination with a hot and wet growing season, likely created favorable 

environments for biogeochemical retention, although denitrification was not directly measured 

(Thompson et al. 2018). Finally, tile drains present (1 m depth; water depth 3.0 m) at the clay-

dominated farm intercepted any water slowly percolating through the unsaturated zone and 

releasing it in the nearby surface water. These factors likely caused the lack of nutrient retention 

found at the clay-dominated site evident in the high N and P concentrations measured in the 

spring tile drain (17.2 mg N L-1, 0.02 mg P L-1) when plant vegetation was inactive. This was 

evident in the synchrony of higher tile drainage and surface water concentrations measured 

during the winter and spring, and the asynchrony in concentrations during the growing season 

(Figure 8). Nutrient retention could be enhanced at the clay-dominated site by constructing two-

stage ditch systems for riparian plant nutrient retention whereby tile water is discharged directly 

in the riparian buffer (Tomer et al. 2020). 
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Irrespective of nutrient retention, groundwater NO3-N at both fine textured and coarse 

textured farms were below the Ontario Drinking Water Quality Standard (10 mg N L-1) 

throughout sampling (May 2019 – March 2020). Relatedly, surface water NO3-N was below the 

Canadian Guideline for the Protection of Aquatic Life (2.95 mg N L-1) during the growing 

season (Canadian Council of Ministers of the Environment 2012). However, the winter of 2020 

at the sand-dominated site had concentrations significantly above the threshold guidelines 

(average 4.5 mg N L-1), which is consistent with previous work highlighting NO3-N loading 

during the spring thawing (Martin et al. 2004). 

In addition to NO3-N dynamics, groundwater PO4-P repeatedly surpassed the Provincial 

Water Quality Objective (PWQO) for total phosphorus (0.03 mg P L-1) during the summer and 

fall at the clay-dominated site (MOE 1994). In particular, during the low flow periods of 

summer, these higher groundwater PO4-P concentrations can act as a potential source which can 

elevate PO4-P concentrations discharging into nearby surface water (Holman et al. 2008). These 

findings support previous research that found the majority of sampled streams in southwestern 

Ontario exceeded the PWQO (0.03 mg P L-1) (Kornelsen & Coulibaly 2014, MOE 2012, Ontario 

Biodiversity Council 2015). During the spring thawing, surface water P concentrations at the 

clay-dominated site were again above the water quality objective, even though only the dissolved 

fraction of phosphorus was measured in this study, which likely means the total phosphorus 

concentrations in surface water were significantly higher than what was measured. Seasonal 

nutrient dynamics are well documented, with key climatic conditions in the spring along with 

soil freeze-thaw cycles helping drive P loading into the watershed (Jordan et al. 2012, Van 

Esbroeck et al. 2016).  
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Finally, this research looked to examine temporal dynamics of nutrients and its 

interaction with soil texture. It was expected that the sand-dominated farm would have a lower 

soil matrix lag time relative to the clay-dominated farm due to hydrological and biogeochemical 

processes (Hamilton 2012). Low water permeability in the clay-dominated site restricted the 

ability to observe pulses in nutrient transport between pore water, groundwater, plant tissue, and 

surface water due to the long travel times to pore water samplers (460 days) and to groundwater 

monitoring wells (~9 years) (Table 5). These time scales are consistent with previous research on 

surface to groundwater travel times that found lag times can persist for years to centuries (Meals 

et al. 2000, Van Meter et al. 2015). Even at the sand-dominated site with high water 

permeability, residence times were still too long to see pulses in groundwater (1.03 years) during 

sampling (Table 5). However, pore water samplers were able to observe nutrient addition pulses 

roughly a month after fertilizer application, well in line with calculated unsaturated zone travel 

times (50 days) (Sousa et al. 2013).  

    The nutrient legacy effects seen in soil P could also be an indication of lag times at the 

sand-dominated site. Contrary to what was expected, soil N and P showed no difference in 

concentration between cover types. It is well documented that long-term soil fertilizer inputs 

increase P in subsurface soils, which suggests, given the high P concentrations found in the 

prairie, that residual P pools may take long timescales to deplete (Arai, Livi, & Sparks 2005). 

Additionally, P can be readily retained through mineral sorption in the soil matrix, and is less 

easily flushed out of the soil matrix into groundwater, as seen by the PCA (Figure 15) (Gerard 

2016, Hamilton 2012). Although N is highly soluble and mobile, N legacies can persist due to 

contaminant load (capture zone ~ 105 m) and residence times of groundwater reservoirs 

(Sharpley et al. 2013, Knops & Tilman 2000). These time lags can have management 
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implications for ecological restoration and land management changes since long time-scales may 

delay effects on soil and water quality benefits (Meals et al. 2010).  

    Although these results show that soil type and climate are the main drivers of nutrient 

transport in these farm systems, farm re-design can still include edge-of-field mitigation 

strategies since buffers can reduce nutrient connectivity to aquatic systems when used under 

certain conditions (Pretty 2018). Prairie buffers can be beneficial in sand-dominated systems 

where deeper roots were able to tap the water table over the 2018 summer, and the dense roots in 

the upper soil column during the 2019 summer. The retention capabilities of buffers can be 

enhanced based on these findings by doing two things. First, it seems critical to include 

biologically diverse prairie mixes to improve biological resilience to prolonged periods of 

flooding and drought, especially diversity in phenological peaks of growth and uptake (i.e., early 

vs late grasses), rooting depth, aboveground plant density (i.e., aiding the physical interception of 

nutrient-laden surface flow), and even species-specific nutrient demands (e.g., legumes vs 

grasses vs trees). Connection between biological diversity and ecosystem function are well-

established, although the exact mechanisms by which diversity regulates function are not always 

fully tested and described. Here, this thesis clearly suggests the mechanistic pathways by which 

more species rich plant assemblages can better influence nutrient retention – given the temporal 

and spatial dynamics of nutrient transport that is described here, it appears that functionally 

diverse mixtures of plants with a range of functional strategies are likely far more effective that 

monocultures. As a corollary, it is also clear that functional effectiveness of planted buffers will 

be tightly intwined with the amount and timing of nutrient application – retention is best 

maximized if application rates and subsequent transport of N and P are matched temporally with 

the performance peaks of the buffers. Second, it seems critical that buffer systems be 
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strategically placed based on microtopography and geology, where buffer strips can be utilized 

for both surface and subsurface retention. This point may seem obvious from a hydrological 

perspective, but the planting locations of prairie buffer strips can often be decided 

opportunistically or for reasons other than nutrient capture (e.g., pollination wildlife habitat, soil 

carbon, biofuels). Future research should address the importance of including complexity within 

buffers, and include which species of buffer are most useful for nutrient loss management 

through their species specific performance peaks and N and P demands, and density of 

aboveground and belowground plant biomass. Research should also address the interacting 

effects of topography, geology, vegetation type, and changing climatic patterns on buffers 

becoming a nutrient sink versus source of nutrient loss in terrestrial systems in Ontario. In 

addition to buffers, establishing cover crops in summer should also be further examined as 

another source of vegetation canopy to intercept nutrient losses in time for fall and winter 

precipitation events.  

5.0  Conclusions  

These findings suggest that soil-governed processes and climatic elements are the main 

drivers of unmanaged subsurface nutrient losses in annual crop production systems. Nutrient 

retention via plant uptake along groundwater flow paths was not significant likely due to 

interacting effects between precipitation and soil-plant responses. Interactions between the low 

diversity C4 species present in the buffer and above average rainfall accumulation likely reduced 

the capacity for biological interception of leaching nutrients. Lack of nutrient retention along 

subsurface pathways in the clay-dominated farm likely stemmed from preferential flow pathways 
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via macropores that appear to have given plants little chance to capture nutrients especially P 

(Grant et al. 2019).  

Changing climatic patterns pose a risk of decoupling soil N availability and crop N 

demand with best management fertilizer practices (4Rs) only helping to alleviate nutrient losses 

to a limited extent (Iqbal et al. 2018, Zhang et al. 2015). Resilience in agroecosystems can be 

further enhanced using edge-of-field practices including prairie buffers. Perennial buffer strips 

with diverse mixes of native species along foot-slope positions in fields can improve nutrient 

retention in rowcrop production systems. Including species with diverse phenologies is 

especially important, as evident in the findings of this paper, since buffers strips need to be 

biologically active over both the spring and summer in order to intercept snowmelt and rainfall 

driven nutrient losses. This will create greater biological resilience in agroecosystems as both 

overland runoff and leaching can be intercepted by these prairie buffers. 
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7.0  Tables  

Table 1: Monthly water quality, soil, and plant biomass sampling table identifying sampling dates of each 

respective location within the two farm sites.   

 

Date  

 

Groundwater Pore water 

 

Surface water Plant biomass 

 

Soil  

 

2018 

July 28, 2018 

August 26, 2018 

 

X 

X 

    

September 26, 2018 X     

October 25, 2018 

 

X     

2019      

May 21, 2019 X X X X X 

June 20, 2019 X X X X X 

July 20, 2019 X X X X  

August 19, 2019 X X X X X 

September 21, 2019 X X X X  

October 18, 2019 X X X X X 

November 24, 2019 X  X   

December 18, 2019 X  X 

 

  

2020      

January 20, 2020 X  X   

February 17, 2020 X  X   

March 24, 2020 X  X   
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Table 2: Monthly dissolved oxygen measurements (May 2019 – March 2020) for groundwater and surface water 

taken at each cover type from the two research sites.  

 

Date  Dissolved Oxygen (mg L-1) 

  Sand 

 

Clay 

Crop Prairie Surface 

water 

Crop Prairie Surface 

water 

May 21, 2019 7.60 ± 0.21 7.34 ± 0.15 9.65 1.17 ± 0.15 0.81 ± 0.43 11.6 

June 20, 2019 6.97 ± 0.15 6.73 ± 0.59 9.95 0.917 ± 

0.45 

1.65 ± 1.45 7.90 

July 20, 2019 7.10 ± 0.36 6.75 ± 0.20 6.07 1.61 ± 0.30 1.49 ± 0.86 7.10 

August 19, 

2019 

8.05 ± 0.09 7.38 ± 0.46 9.73 2.18 ± 0.25 1.51 ± 0.36 5.01 

September 

21, 2019 

10.96 ± 0.18 9.63 ± 0.62 9.38 2.56 ± 0.27 2.94 ± 0.50 5.93 

October 18, 

2019 

9.01 ± 0.49 8.99 ± 0.37 8.52 3.09 ± 0.42 3.51 ± 0.92 6.81 

November 

24, 2019 

8.51 ± 0.52 8.05 ± 0.19 11.14 2.44 ± 0.93 1.93 ± 0.26 11.10 

December 

18, 2019 

8.21 ± 0.76 7.15 ± 0.27 9.82 4.30 ± 0.49 3.17 ± 0.41 9.92 

2020       

January 20, 

2020 

7.71 ± 0.16 7.59 ± 0.46 10.82 3.30 ± 0.46 2.28 ± 0.39 10.03 

February 17, 

2020 

8.23 ± 0.23 8.09 ± 0.24 10.17 2.75 ± 0.73 2.61 ± 0.52 9.52 

March 24, 

2020 

7.59 ± 0.37 6.93 ± 0.38 9.86 2.93 ± 0.86 2.07 ± 0.47 9.11 



 

 

45 

 

Table 3: Monthly oxidation-reduction potential measurements (May 2019 – March 2020) for groundwater and 

surface water taken at each cover type from the two research sites. 

 

Date  Oxidation-Reduction Potential (mV) 

  Sand 

 

Clay 

Crop Prairie Surface 

water 

Crop Prairie Surface 

water 

May 21, 2019 126.0 ± 7.45 128.1 ± 

7.95 

151.5 73.5 ± 7.49 12.4 ± 4.51 162.6 

June 20, 2019 131.6 ± 4.94 148.1 ± 

4.89 

138.1 50.1 ± 3.51 89.5 ± 9.32 139.0 

July 20, 2019 112.7 ± 10.1 141.2 ± 

6.39 

125.4 40.6 ± 6.83 32.4 ± 2.47 98.2 

August 19, 

2019 

91.5 ± 5.39 83.6 ± 6.50 190.1 -10.7 ± 3.74 8.3 ± 4.93 25.8 

September 

21, 2019 

203.2 ± 4.92 156.4 ± 

11.3 

204.9 11.6 ± 2.04 7.1 ± 7.10 -18.0 

October 18, 

2019 

181.9 ± 7.04 177.3 ± 

13.5 

188.0 147.7 ± 

8.49 

170.5 ± 

11.4 

115.9 

November 

24, 2019 

201.5 ± 15.2 175.6 ± 

7.50 

200.2 107.4 ± 

6.71 

144.2 ± 

9.93 

135.2 

December 

18, 2019 

- - - - - - 

2020       

January 20, 

2020 

138.2 ± 13.7 140.7 ± 

7.06 

160.7 - - - 

February 17, 

2020 

- - - - - - 

March 24, 

2020 

- - - - - - 
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Table 4: Summary of lab methods performed at the University of Guelph and SGS-Agrifoods Labs to quantify soil, 

plant, and water nutrient concentrations. 

 

Parameter Collection Procedure Analysis 

 

Soil 

Nitrate + Ammonium 

(mg L-1) 

 

Collected into plastic 

bags and stored in the 

dark at 4 °C until ready 

to be analyzed. 

Concentration of soil nitrate was 

determined colorimetrically using an 

Epoch microplate reader (BioTek, 

VT, USA) with the vanadium 

reduction and Griess method 

described by Miranda et al. (2001). 

Concentration of ammonium was 

determined colorimetrically by a 

modified indophenol method based 

on the Berthelot reaction (Hood-

Nowotny et al. 2010). Soil N samples 

were run in quadruplicate to a 

detection limit of 0.003 mg L-1. 

Analysis completed at the University 

of Guelph. 

 

Phosphorus  

(mg L-1) 

 

Collected into plastic 

bags and stored in the 

dark at 4 °C until ready 

to be analyzed. 

Concentration of inorganic P was 

determined colorimetrically using an 

Epoch microplate reader (BioTek, 

VT, USA) using the Mehlich 3 

procedure (Frank et al. 2012). Soil P 

samples were run in quadruplicate to 

a detection limit of 0.003 mg L-1. 

Analysis completed at the University 

of Guelph. 

 

Plant Tissue   

Nitrogen 

 

Tissue samples are dried 

in a 65 °C oven for 48 

hours. 

Tissue is combusted then oxides are 

measured through a nitrogen 

analyzer using the Dumas protocol 

(Kalra & Soil and Plant Analysis 

Council 1998). Plant tissue nitrogen 

samples were run in triplicates to a 

detection limit of 0.1%. Analysis 

completed at the SGS – AgriFood 

Labs. 
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Parameter Collection Procedure Analysis 

 

Phosphorus Tissue samples are dried 

in a 65 °C oven for 48 

hours. 

Tissue is dry ashed and then acid 

digested with HCl (Lambert, 1980). 

Plant tissue phosphorus samples 

were run in triplicates to a detection 

limit of 0.1%. SGS – AgriFood Labs.  

 

 

 

Water 

  

Nitrate 

(mg L-1) 

 

Water quality samples 

were filtered and 

collected in 15 mL 

plastic tubes and either 

analyzed immediately or 

acid preserved and stored 

in the dark at 4 °C until 

ready to be analyzed (2 

mL sulfuric acid per 

1000 mL) 

 

Concentration of nitrate was 

determined colorimetrically using an 

Epoch microplate reader (BioTek, 

VT, USA) with the vanadium 

reduction method (Doane and 

Horwath 2003). Samples were run in 

quadruplicate to a detection limit of 

0.05 mg L-1. Analysis completed at 

the University of Guelph. 

2018 nitrate samples 

(mg L-1) 

 

Water quality samples 

were filtered and 

collected in 15 mL 

plastic tubes and either 

analyzed immediately or 

acid preserved and stored 

in the dark at 4 °C until 

ready to be analyzed (2 

mL sulfuric acid per 

1000 mL) 

 

Analysis conducted at the University 

of Guelph using a Dionex ICS 2000 

ion chromatography system. 

Analysis precision was <1 RSD % 

for duplicated samples. There is an 

approximate <0.5mg/L minimum 

detection limit on all anions  

 

 

Orthophosphate 

(mg L-1) 

 

Water quality samples 

were filtered and 

collected in 15 mL 

plastic tubes and either 

analyzed immediately or 

acid preserved and stored 

in the dark at 4 °C until 

ready to be analyzed (2 

mL sulfuric acid per 

1000 mL) 

Concentration of orthophosphate was 

determined colorimetrically using an 

Epoch microplate reader (BioTek, 

VT, USA) using a microplate 

adaptation (Ringuet et al. 2011) 

based on the molybdenum blue 

method of Murphy and 

Riley (1986). Samples were run in 

quadruplicate to a detection limit of 

0.003 mg L-1. Analysis completed at 

the University of Guelph. 
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Table 5: Values for source area and advective travel time calculations. 

 

Parameter Sand-dominated site Clay-dominated site 

 

 Cropped field Prairie Cropped field Prairie 

Horizontal hydraulic 

conductivity (ksat) (m s-1) 

(Hvorslev 1951) 

3.83 x 10-5 1.43 x 10-5 1.91 x 10-8 1.73 x 10-8 

R – Recharge (mm day-1) 

(LPRCA 2020) 

 

290 290 127 

 

127 

d – length of screened 

interval (m) 

0.305 0.305 0.305 0.305 

Groundwater discharge 

rate (𝑞𝑧) (m s-1) 

2.64 x 10-4 2.64 x 10-4 4.02 x 10-7 4.02 x 10-7 

Soil vertical hydraulic 

conductivity (Kfs) 

(m s-1) 

 

1.9 x 10-5 1.36 x 10-5 3.11 x 10-7 

 

1.22 x 10-6 

Mobile moisture content 

(𝜃𝑚) (Province of Ontario 

2006) 

0.1 0.1 0.4 

 

 

0.4 

Distance (𝑑𝑤𝑡) from 

surface to pore water 

samplers (m) 

0.4 0.4 0.4 0.4 

Distance (𝑑𝑤𝑡) from 

surface to groundwater 

piezometers (m) 

2.9 2.9 3.0 3.0 

Elevation (masl) 

 

235 235 203 202 

(UZAT) unsaturated zone                                    𝑈𝑍𝐴𝑇 =  
𝑑𝑤𝑡𝜃𝑚

𝑞𝑧
 

advective time of travel                                 

UZAT to pore water 

samplers (0.4 m) (years) 

0.138 0.138 1.25 1.25 

UZAT to water table (3 m) 

(years) 

1.03 1.03 9.44 9.44 
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8.0  Figures  

 

 
 

Figure 1: Conceptual diagram of field site instrumentation and subsurface flow dynamics. 
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Figure 2: Field site locations near Simcoe, Ontario. From left to right: sand-dominated farm, clay-dominated farm.

Lake Erie 
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Figure 3: Plan view visual of the sand-dominated site (a) and clay-dominated site (b) with locations of groundwater 

well clusters in the cropped field and prairie and regional groundwater flow path. 
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Figure 4: Conceptual plan view map of field site instrumentation among cover types and surface water feature.  
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Figure 5: Conceptual diagram of soil and plant biomass sampling. A 3 x 3 grid from the edge of the field to the 

middle of the field was sampled in the cropped and prairie area for soil and plant biomass. Triplicate samples from 

each row of the grid were homogenized and a subset analyzed. 
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Figure 6: Conceptual diagram of water and soil quality measures at the sand-dominated site. Average values in mg L-1 for fixed (adsorbed) N and P, soluble 

nitrate and orthophosphate, root biomass and physical soil properties. Bulk density (g m-3) and horizontal saturated hydraulic conductivity ( m s-1) included in 

both cover types. 
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 Figure 7: Conceptual diagram of water and soil quality measures at the clay-dominated site. Average values in mg L-1 for fixed (adsorbed) N and P, 

soluble nitrate and orthophosphate, root biomass and physical soil properties. Bulk density (g m-3) and horizontal saturated hydraulic conductivity ( m s-1) 

included in both cover types.
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Figure 8: Nitrate-N (NO3-N) concentrations in groundwater, pore water, surface water, and tile over the 2019 – 

2020 monthly sampling period ± 1 SE. Pore water sampled May - October 2019; groundwater sampled May 2019 - 

March 2020; surface water and tile sampled May 2019 - March 2020. Y-intercept denotes Ontario Drinking Water 

Quality Standard for Nitrate-N (10 mg N L-1). X-intercept denotes fertilizer application date (May 23, 2019). 
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Figure 9: Root biomass between two sites: (a) sand and (b) clay including corn and prairie cover types. Sampling 

depths included three ranges (0-30 cm, 31-60 cm, 61-90 cm) standardized to g m-3 ± 1 SE.  
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Figure 10: Relative importance of the individual contribution each variable has on explaining (% explained 

variance) NO3-N pore water concentrations in the sand and clay textured sites (n = 2) and crop and prairie cover 

types. The independent contribution of each predictor variable is summed to 100%, and calculated by independent-

effects analysis. 
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Figure 11: Relative importance of the individual contribution each variable has on explaining (% explained 

variance) NO3-N groundwater concentrations in the sand and clay textured sites and crop and prairie cover types. 

The independent contribution of each predictor variable is summed to 100%, and calculated by independent-effects 

analysis. 
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Figure 12: Orthophosphate (PO4-P) concentrations in groundwater, pore water, surface water, and tile over the 2019 

– 2020 monthly sampling period ± 1 SE. Pore water sampled May - October 2019; groundwater sampled May 2019 

- March 2020; surface water and tile sampled May 2019 - March 2020. Y-intercept denotes Ontario Drinking Water 

Quality Objective for total phosphorus (0.03 mg P L-1). X-intercept denotes fertilizer application date (May 23, 

2019). 
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Figure 13: Relative importance of the individual contribution each variable has on explaining (% explained 

variance) pore water P concentrations in the sand and clay textured sites and crop and prairie cover types. The 

independent contribution of each predictor variable is summed to 100%, and calculated by independent-effects 

analysis. 
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Figure 14: Relative importance of the individual contribution each variable has on explaining (% explained 

variance) groundwater P concentrations in the sand and clay textured sites and crop and prairie cover types. The 

independent contribution of each predictor variable is summed to 100%, and calculated by independent-effects 

analysis. 
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Figure 15: Principal component analysis (PCA) of water quality, soil nutrients, plant biomass and tissue quality, and 

precipitation. Two farms (n=2) underlay by sandy and clayey soil textures with conventional cropped systems and 

adjacent prairie buffers. 
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APPENDIX – 1 – METHODOLOGY 

 

 

Table A1: 2019 climate data retrieved from weather stations in proximity to research sites. 

Location Weather Station 

ID 

2019 total 

precipitation 

(mm) 

 

2019 average 

temperature 

(°C) 

Latitude (N) Longitude 

(W) 

Delhi INORFOLK84 1046.2 8.59 42°84’00 80°50’00 

Port Dover IONTARIO456 1054.8 9.61 42°80’00 80°20’00 

 

 

Time lags 

 

Time lags were calculated using a previous study by Sousa et al. (2013) looking at different 

model estimations for unsaturated zone travel times. They found that under cases including thin 

unsaturated zones, SAAT was an effective estimate for advective travel times (Sousa et al 2013). 

This technique assumed vertical downward flow, no preferential flow paths (i.e. macropores, 

biopores), and vertical flow in the capillary fringe (Province of Ontario, 2006). In this study, the 

unsaturated zone advective time of travel (UZAT) used soil type, recharge, which implicitly 

includes hydraulic conductivity, and average mobile moisture content to calculate travel times 

(Province of Ontario, 2006). Recharge was derived from the Long Point Region Watershed 

Characterization Report, mobile moisture content from Province of Ontario (2006), and depth to 

water table using in-field water level measurements. 

𝑈𝑍𝐴𝑇 =  
𝑑𝑤𝑡𝜃𝑚

𝑅
 (1) 

UZAT = advective time of travel through the unsaturated zone 

𝑑𝑤𝑡 = depth to water table 

𝜃𝑚 = mobile moisture content 

𝑅 = recharge rate  
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Capture zones 

Capture zone of monitoring wells were estimated using a method from Harter et al. 

(2002), whereby estimations were assumed to have linear horizontal flow and isotropic and 

homogenized conditions (Harter et al. 2002). Well penetration was assumed to be from the water 

table to the bottom of the well screen. Approximate source areas were calculated using the 

equation (1) from Harter et al. (2002), where L (m) is the up-gradient linear extent of the well 

source area (Table 5). This capture zone is based on the net recharge in the area, R (m s-1) , 

groundwater discharge rate, q (m s-1), and the well penetration, d (m). Due to the small source 

area of the clay dominated site (3.6 m), water quality from this site may not be useful empirical 

data applied to water quality assessments in the watershed. 

 

L = 
𝑑𝑞

𝑅
                              (2)
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 APPENDIX – 2 – SUPPLEMENTARY TABLES AND FIGURES 

 

Table A2: Monthly water quality (mg L-1) sampling results ± 1 SE from the sand-dominated site. 

Date  Soil Location Groundwater  Pore water Surface water 

     

    NO3-N PO4-P NO3-N PO4-P NO3-N PO4-P 

2018         

July 28, 2018 Sand Crop 10.43 ± 0.63  - - - - 

July 28, 2018 Sand Prairie 3.72 ± 0.59  - - - - 

August 25, 2018 Sand Crop 10.40 ± 0.39  - - - - 

August 25, 2018 Sand Prairie 3.95 ± 0.92  - - - - 

September 27, 2018 Sand Crop 10.83 ± 0.85  - - - - 

September 27, 2018 Sand Prairie 9.51 ± 0.59  - - - - 

October 24, 2018 Sand Crop 11.01 ± 1.14  - - - - 

October 24, 2018 Sand Prairie 11.44 ± 1.38  - - - - 

         

2019         

May 21, 2019 Sand Crop 6.76 ± 0.31 0.079 ± 0.025 8.54 ± 1.86 0.368 ± 0.044 3.47 0.020 

May 21, 2019 Sand Prairie 6.26 ± 0.77 0.0053± 0.00082 11.38 ± 0.68 0.210 ± 0.011 3.47 0.020 

June 20, 2019 Sand Crop  6.99 ± 0.60 0.038 ± 0.011 2.54 ± 0.30 0.318 ± 0.030 2.08 0.020 

June 20, 2019 Sand Prairie 7.65 ± 0.47  0.031 ± 0.011 5.57 ± 1.66 0.236 ± 0.017 2.08 0.020 

July 20, 2019 Sand Crop 6.55 ± 1.00 0.166 ± 0.085 3.79 ± 0.32 0.392 ± 0.055 1.63 0.010 

July 20, 2019 Sand Prairie 7.87 ± 0.31 0.184 ± 0.021 0.208 ± 0.047 0.239 ± 0.010 1.63 0.010 

August 19, 2019 Sand Crop 4.89 ± 0.85 0.017 ± 0.0029 1.59 ± 0.47 0.585 ± 0.072 1.93 0.007 

August 19, 2019 Sand Prairie 6.18 ± 0.36 0.0060 ± 0.0016  0.404 ± 0.057 0.390 ± 0.037 1.93 0.007 

September 21, 2019 Sand Crop 3.97 ± 0.87 0.006 ± 0.0015  0.201 ± 0.061 0.303 ± 

0.0015 

2.03 0.038 

September 21, 2019 Sand Prairie 5.86 ± 0.92 0.0044 ± 0.0018 0.218 ± 

00057 

0.315 ± 0.027  2.03 0.038 

October 18, 2019 Sand Crop 5.47 ± 0.86 0.021 ± 0.0093 0.483 ± 0.16 0.291 ± 0.049 3.34 0.032 

October 18, 2019 Sand Prairie 5.69 ± 0.25  0.011 ± 0.0055 0.147 ± 0.037 0.388 ± 0.041  3.34 0.032 



 

 

67 

Date  Soil Location Groundwater  Pore water Surface water 

     

    NO3-N PO4-P NO3-N PO4-P NO3-N PO4-P 

November 24, 2019 Sand Crop 3.52 ± 0.21 0.015 ± 0.0075 - - 4.28 0.010 

November 24, 2019 Sand Prairie 3.68 ± 0.74 0.014 ± 0.0055 - - 4.28 0.010 

December 18, 2019 

December 18, 2019 

Sand 

Sand 

Crop 

Prairie 

2.81 ± 0.19 

2.36 ± 0.19 

0.023 ± 0.016 

0.018 ± 0.0075 

- 

- 

- 

- 

4.37 

4.37 

0.010 

0.010 

         

2020         

January 20, 2020 Sand Crop 1.78 ± 0.16 0.0084 ± 0.0013  - - 4.09 0.002 

January 20, 2020 Sand Prairie 1.61 ± 0.13 0.034 ± 0.022  - - 4.09 0.002 

February 17, 2020 Sand Crop 3.62 ± 0.49  0.011 ± 0.0049  - - 3.84 0.005 

February 17, 2020 Sand Prairie 3.86 ± 0.34 0.0027 ± 0.00064  - - 3.84 0.005 

March 24, 2020 Sand Crop 3.54 ± 0.52 0.022 ± 0.0075  - - 1.45 0.034 

March 24, 2020 Sand Prairie 4.08 ± 1.13 0.020 ± 0.015  - - 1.45 0.034 
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 Table A3: Monthly water quality (mg L-1) sampling ± 1 SE from the clay-dominated site. 

Date  Soil Location Groundwater  Pore water Surface water 

     

    NO3
- -N PO4-P NO3

- -N PO4-P NO3
- -N PO4-P 

         

May 21, 2019     Clay Crop 0.472 ± 0.19 0.063 ± 0.027 0.358 ± 0.089 0.020 ± 0.006 0.306 0.109 

May 21, 2019     Clay Prairie 0.651 ± 0.30 0.577 ± 0.30 0.910 ± 0.11 0.051 ± 0.007 0.19 0.009 

June 20, 2019     Clay Crop  0.188 ± 0.048 0.433 ± 0.20 0.324 ± 0.030 0.046 ± 0.019 0.219 0.005 

June 20, 2019     Clay Prairie 0.462 ± 0.42 0.152 ± 0.12 0.466 ± 0.42 0.123 ± 0.041 0.219 0.005 

July 20, 2019     Clay Crop 1.09 ± 0.38 0.554 ± 0.22  1.96 ± 0.79 0.0606 ± 0.021 0.673 0.021 

July 20, 2019     Clay Prairie 0.764 ± 0.28 0.353 ± 0.20 0.243 ± 0.059 0.063 ± 0.016 0.673 0.021 

August 19, 2019     Clay Crop 0.706 ± 0.12 0.340 ± 0.057 4.92 ± 0.82 0.221 ± 0.030 0.301 0.037 

August 19, 2019     Clay Prairie 0.580 ± 0.24 0.174 ± 0.085 0.340 ± 0.062 0.133 ± 0.029 0.301 0.037 

September 21, 2019 Clay Crop 0.683 ± 0.11 0.070 ± 0.019 3.40 ± 0.63 0.133 ± 0.021 0.236 0.002 

September 21, 2019 Clay Prairie 0.361 ± 0.12 0.135 ± 0.057  0.346 ± 0.095 0.089 ± 0.014 0.236 0.002 

October 18, 2019 Clay Crop 0.592 ± 0.11 0.064 ± 0.007 3.40 ± 0.63 0.105 ± 0.026 0.102 0.056 

October 18, 2019 Clay Prairie 0.451 ± 0.089 0.091 ± 0.027 0.252 ± 0.057 0.068 ± 0.025 0.102 0.056 

November 24, 2019 Clay Crop 0.891 ± 0.27 0.196 ± 0.033 - - 0.243 0.005 

November 24, 2019 Clay Prairie 0.358 ± 0.13 0.298 ± 0.049 - - 0.243 0.005 

December 18, 2019 

December 18, 2019 

Clay  

Clay 

Crop 

Prairie 

0.408 ± 0.16 

0.571 ± 0.28 

0.016 ± 0.009 

0.038 ± 0.015 

- 

- 

- 

- 

4.37 

4.37 

0.009 

0.009 

         

2020         

January 20, 2020 Clay Crop 0.343 ± 0.062 0.008 ± 0.001  - - 1.02 0.017 

January 20, 2020 Clay Prairie 0.129 ± 0.032 0.035 ± 0.016  - - 1.02 0.017 

February 17, 2020 Clay Crop 0.250 ± 0.019 0.039 ± 0.015  - - 0.201 0.084 

February 17, 2020 Clay Prairie 0.281 ± 0.044 0.009 ± 0.004  - - 0.201 0.084 

March 24, 2020 Clay Crop 0.439 ± 0.069  0.073 ± 0.018  - - 0.306 0.109 

March 24, 2020 Clay Prairie 0.394 ± 0.086 0.017 ± 0.004  - - 0.306 0.109 
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Figure A2: Summer (July 2018 – September 2018) averaged monthly groundwater NO3-N concentrations ± 1 SE 

(mg N L-1) at the sand-dominated site at the edge of the corn field (green) and 2 m, 4 m, 8 m, into prairie buffer 

(orange). Buffers with widths of 2 m, 4 m, and 8 m reduced NO3-N concentrations along groundwater flow paths by 

56%, 58%, and 75%, respectively
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Figure A3: Plant aboveground biomass (g 100cm-2) at the sand-dominated farm and clay-dominated farm. Green 

represents biomass sampled in the corn field and orange represents biomass sampled in the prairie. Clay-dominated 

prairie buffer primarily dominated by C3 grasses biologically active in spring and fall. Sand-dominated prairie buffer 

dominated by C4 monoculture biologically active in middle of summer
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Figure A4: Surface water NO3-N and PO4-P concentrations sampled every ~5 days (May - October 2019), and then 

monthly (October - March 2020) at the sand-dominated site with total daily precipitation. X-intercept (green) 

denotes May 23, 2019 fertilizer application. Y-intercept (grey) denotes Ontario Drinking Water Quality Standard for 

nitrate-N (ODWQS < 10 mg N L-1). Provincial Water Quality Standard for total phosphorus in surface water 

(PWQO < 0.03 mg P L-1). 
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Figure A5: Surface water NO3-N and PO4-P concentrations sampled every ~5 days (May - October 2019), and then 

monthly (October - March 2020) at the clay-dominated site with total daily precipitation. X-intercept (green) 

denotes May 23, 2019 fertilizer application. Y-intercept (grey) denotes Provincial Water Quality Standard for total 

phosphorus in surface water (PWQO < 0.03 mg P L-1). 
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Figure A6: (a) Total daily precipitation (mm) and (b) continuous water level from sand-dominated site piezometer 

(masl). Groundwater sampling monthly beginning May 20, 2019 to March 20, 2020. 
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Figure A7: (a) Total daily precipitation (mm) and (b) continuous water level from clay-dominated site piezometer. 

Groundwater sampling monthly beginning May 20, 2019 to December 2020. Long water level recovery time due to 

low hydraulic conductivity. 
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APPENDIX – 3 – RESULTS OF STATISTICAL ANALYSES 

 

Table A4: Summary of repeated measures ANOVA results to predict variability in pore water N concentrations 

across study sites. 

Model 1: Pore water N ~ Location + Precipitation + Plant Aboveground Biomass + Plant belowground 

Biomass + Date +Plant Tissue N 

 

Response Variable Predictor Variable F-value p-value 

 Model   

Pore water N 

 

Location 0.22 0.67 

 Distance 0.66 0.58 

 Soil 3.33 0.11 

 Precipitation 4.77 0.069 

 Plant aboveground 

biomass 

4.91 0.06 

 Plant belowground 

biomass 

5.49 0.054 

 Date 6.72 0.013 

 Plant tissue N 3.32 0.11 

 

 

 

Table A5: Summary of repeated measures ANOVA results to predict variability in pore water P concentrations 

across study sites. 

Model 2: Pore water P ~ Location + Precipitation + Plant Aboveground Biomass + Plant belowground 

Biomass + Date +Plant Tissue P 

 

Response Variable Predictor Variable F-value p-value 

 Model   

Pore water P 

 

Location 53.35 <0.001 

 Distance 0.56 0.65 

 Soil 36.97 <0.001 

 Precipitation 36.98 <0.001 

 Plant aboveground 

biomass 

36.91 <0.001 

 Plant belowground 

biomass 

36.49 <0.001 

 Date 0.15 0.69 

 Plant tissue P 47.35 <0.001 
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Table A6: Summary of repeated measures ANOVA results to predict variability in groundwater N concentrations 

across study sites. 

Model 3: Groundwater N ~ Location + Precipitation + Plant Aboveground Biomass + Plant belowground 

Biomass + Date +Plant Tissue N 

 

Response Variable Predictor Variable F-value p-value 

 Model   

Groundwater N 

 

Location 0.002 0.96 

 Distance 0.012 0.99 

 Soil 188.78 <0.001 

 Precipitation 188.51 <0.001 

 Plant aboveground 

biomass 

188.13 <0.001 

 Plant belowground 

biomass 

186.27 <0.001 

 Date 1.18 0.28 

 Plant tissue N 188.76 <0.001 

 

 

Table A7: Summary of repeated measures ANOVA results to predict variability in groundwater P concentrations 

across study sites. 

Model 4: Groundwater P ~ Location + Precipitation + Plant Aboveground Biomass + Plant belowground 

Biomass + Date +Plant Tissue P 

 

Response Variable Predictor Variable F-value p-value 

 Model   

Groundwater P 

 

Location 1.62 0.27 

 Distance 0.43 0.74 

 Soil 3.62 0.041 

 Precipitation 2.14 0.18 

 Plant aboveground 

biomass 

2.27 0.17 

 Plant belowground 

biomass 

2.80 0.13 

 Date 13.25 <0.001 

 Plant tissue P 1.46 0.28 
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