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Cold regions are warming faster than the rest of the planet, with the greatest warming occurring during the winter and shoulder seasons. Warmer winters are further predicted to result in more frequent soil freezing and thawing events. Freeze-thaw cycles affect biogeochemical soil processes and alter carbon and nutrient export from soils, hence impacting receiving ground and surface waters. Cold region agricultural management should therefore consider the possible effects on water quality of changing soil freeze-thaw dynamics under future climate conditions. In this study, soil column experiments were conducted to assess the leaching of fertilizer nitrogen (N) from an agricultural soil during the non-growing season. Identical time series temperature and precipitation were imposed to four parallel soil columns, two of which had received fertilizer amendments, the two others not. A 15-30-15 N-P-K fertilizer (5.8% ammonium and 9.2% urea) was used for fertilizer amendments. Leachates from the soil columns were collected and analyzed for major cations and anions. The results show that thawing following freezing caused significant export of chloride (Cl−), sulfate (SO42−) and nitrate (NO3−) from the fertilizer-amended soils. Simple plug flow reactor model calculations indicated that the high NO3− concentrations produced during the fertilized soil thawing events were due to nitrification of fertilizer N in the upper oxidized portion of the soil. The very low concentrations of NO3− and ammonium in the non-fertilized soils leachates implied that the freeze-thaw cycles had little impact on the mineralization of soil organic N. The findings, while preliminary, indicate that unwanted N enrichment of aquifers and rivers in agricultural areas caused by fall application of N fertilizers may be exacerbated by changing freeze-thaw activity.
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1 INTRODUCTION
Soils are a key component of global carbon and nutrient cycles, constituting the largest terrestrial carbon reservoir and serving as an interface between the atmosphere, biosphere, hydrosphere, and lithosphere (Zhou et al., 2019). Soil hydro-biogeochemical properties and processes control water filtration, flow regulation, erosion resistance, contaminant immobilization, and crop cultivation, as well as soil greenhouse gas (GHG) emissions and primary production (Knapen et al., 2007; Keesstra et al., 2012; Smith et al., 2015). However, these soil functions are dependent on climate and land use. In agroecosystems, climate warming is expected to alter global soil biogeochemical cycling, affecting carbon and nutrient transformation and retention capacity, and intense agricultural land use has caused declines in soil organic carbon while associated fertilizer application has resulted in increased soil GHG emissions, nutrient runoff and loss (Post and Kwon, 2000; Halvorson et al., 2014). Agricultural systems are also critical source areas for nutrient pollutants (e.g., nitrogen (N) and phosphorus (P)) due to fertilizer use and have been the target of numerous management strategies (Sharpley et al., 2003). For instance, no-till conservation techniques have been increasingly employed to mitigate nutrient loss due to erosion, but nutrient export via surface runoff, subsurface leaching, and volatilization allow for continued high nutrient export (King et al., 2017; Beach et al., 2018).
In cold climate regions, as seasonal snow cover periods are shortened due to winter climate warming, soils are becoming more susceptible to freezing during the non-growing season (i.e., NGS: fall, winter, and spring) (Zhang, 2005; Hayashi et al., 2013; Zhang and Ma, 2018; Natali et al., 2019). During the shoulder NGS, diurnal temperature fluctuations will likely change the occurrence of freeze-thaw cycles (FTCs) in soils lacking an insulating snowpack (Campbell et al., 2014; Watanabe et al., 2019). FTCs impact soil physical (e.g. decrease in bulk density and soil aggregate disruption), hydrological and chemical properties (e.g., decrease soil organic matter and nitrogen availability) and microbial populations (e.g., biomass decline and compositional shifts) (Henry, 2007). These changes in soil characteristics have been observed in many laboratory and field studies and been linked to changes in carbon and nutrient dynamics in FTC-affected soils (Matzner and Borken, 2008; Campbell et al., 2010; Song et al., 2017). Winter soil carbon and nutrient dynamics in colder regions have a significant impact on annual carbon and nutrient budgets (Mikan et al., 2002; Monson et al., 2006; Matzner and Borken, 2008). A number of studies have found that microbial processes may persist at subzero temperatures, which has implications for biogeochemical activities and nutrient stocks and species available for export during thaw periods (Elberling and Brandt, 2003; Panikov et al., 2006; Groffman et al., 2009; Wipf et al., 2015). In particular, nitrogen fertilizers have been demonstrated to be susceptible to nitrification at soil temperatures below freezing (Clark et al., 2009; Chantigny et al., 2019). This is of concern as tile drainage systems are prone to nitrate (NO3−) loss during the NGS due to excessive fertilizer application, nitrification, and lack of crop NO3− uptake, while controlled drainage systems can mitigate NO3− losses but may increase N2O gas emissions via denitrification (Kliewer and Gilliam, 1995; Lalonde et al., 1996; Saadat et al., 2018). As a consequence, agricultural nitrogen pools pose a water and atmospheric contamination threat (Almasri and Kaluarachchi, 2004; Mahvi et al., 2005).
In agroecosystems, NGS studies examining nutrient loss have typically focused on how FTCs affect natural nutrient pools, but few have centered on how they impact fertilizer loss from agricultural soils. Our growing understanding of the NGS physical and biological processes require that fertilizer application practices (fertilizer source, rate, time, and place) in cold climate regions be reexamined to minimize nutrient loss during this dynamic period. For example, fall fertilizer application (NGS) is a common agricultural practice performed out of convenience and under the assumption that the applied fertilizer will remain and be available to crops come the spring (Gentry et al., 2014; Romero et al., 2017). However, these nutrients are susceptible to overwinter losses, especially in cold climate regions (Ryan et al., 2000; Chantigny et al., 2019). Current nutrient management strategies like the 4R fertilization guidelines seek to provide a holistic approach to nutrient management, accounting for economic, environmental, and social outcomes of fertilizer use (Johnston and Bruulsema, 2014). The 4R nutrient stewardship guidelines (right source at the right rate, right time, and right place) acknowledge these overwinter losses, but climate change-driven changes to the severity and incidence rates of winter soil processes such as freeze-thaw cycling remain a prominent knowledge gap. Therefore, studies on winter processes targeting fertilizer retention in agricultural soil can inform nutrient management strategies, such as the 4R fertilizer guidelines, to account for changing conditions in cold region agroecosystems.
In this study, a soil column experiment was conducted using agricultural soil to explore the effects of freeze-thaw cycling on fertilizer loss under variable winter conditions. This was achieved by exposing soil columns to a winter and shoulder season air temperature and precipitation models, based on southern Ontario climate data, to assess the leaching of nutrients from fertilized agricultural soil during the NGS. A pair of unfertilized control columns were also packed with the same soil and exposed to the same temperature conditions to determine the background nutrient leaching for comparison. A microbial study using this column system was conducted concurrently as detailed in Jensen et al. (In review). The goal of our experiment was to better delineate the effect FTCs have on nutrient exports in agricultural soils by comparing nutrient leaching under the fertilized and unfertilized conditions. While our experiment did not include a non-FTC condition, several leachate samples were collected during the early portion of the experiment prior to the onset of freezing and thawing cycles that were representative of leaching under non-FTC conditions. Our hypothesis was that the simulated FTCs would greatly enhance and alter nutrient leaching from fertilized agricultural soils and slightly enhance and alter nutrient leaching from unfertilized agricultural soils.
2 MATERIALS AND METHODS
2.1 Soil Collection and Properties
The soil sample used for the experiment was collected from an agricultural field at the rare Charitable Reserve in Cambridge, Canada (43°22′39.80″N; 80°22′07.28″W) in mid-October. This field had been cultivated in previous years but had not been cultivated for 2 years prior to sample collection. The soil was collected from the surface horizons (0–18 cm). The particle size distributions of the soil sample were determined using the pipette method (Gee and Bauder, 1986) and the analysis showed 32%, 52% and 16% of sand, silt and clay contents, respectively, with textures ranging from silt loam to loam and a pH of 7.2 (Table 1). The soil sample was analyzed with a CHNS Carbo Erba analyzer (method detection limit, MDL: 0.1 mg g−1) to determine soil chemistry. Total porosity and bulk density of soil sample were determined gravimetrically from the saturated mass, the oven-dried (at 105°C for 24 h) mass and the original volume of the sample, following the method of Boelter (1972) and the bulk density and porosity were calculated to be 1.22 g cm−3 and 0.54, respectively.
TABLE 1 | Characteristics of rare site soil used for column experiment.
[image: Table 1]2.2 Experimental Freeze-Thaw Soil Column System
The entire experimental freeze-thaw soil column system consists of four columns (a schematic diagram of the column set-up is shown in Figure 1). The collected soil sample was sieved between 1 and 2 mm and homogenized for reproducibility. The soil was then packed into four hard acrylic columns (inner diameter: 7.5 cm, length: 60 cm; Soil Measurement Systems, LLC, United States) with a 50 cm soil depth. Homogenizing and packing the soil in this manner disrupted the existing soil structure, likely removing the preferential flow pathways that may have existed in the undisturbed sample. Each column was packed with a similar mass of soil (∼2.5 kg) and the columns were placed in an environmental chamber incubator (Percival I-41NL XC9) whose air temperature was controlled. The soil columns were initially saturated from the bottom with Milli-Q water and stored at 10°C for 5 days prior to experiment initiation. The soil column system was designed to simulate freeze-thaw cycles with realistic soil subsurface temperature gradients. A 150-W band-heater (120V, 2 W/inch2, custom-made by Gordo Sales Inc.) was placed surrounding the lower 40 cm of each column that maintained the temperature at 8°C in the lower portion of the soil, representative of southern Ontario’s subsurface soil and groundwater temperatures (Funk et al., 1980; Conant, 2004; Zhang et al., 2005), to simulate a realistic vertical soil subsurface temperature gradient. This allowed for the top 10 cm of soil above the band-heater to be exposed to fluctuating chamber air temperatures. As the air temperature drops below 0°C, freezing occurs downwards from the surface of the soil. As the air temperature returns above 0°C, the upper soil layer thaws. By pre-programming the air temperature cycle in the chamber, freeze-thaw cycles were induced in the soil columns (Section 2.5). The top and bottom of the columns were closed with the acrylic end-caps sealed tightly by the O-rings inside of the end-caps. A filter membrane (Soil Measurement Systems, LLC, United States, bubbling pressure: 600 mbar) closed off the bottom of each column with a nylon mesh (Soil Measurement Systems, LLC, United States, bubbling pressure: 32 mbar) the top of filter membrane. For each column, three steel rods connected the acrylic top and bottom end-caps and were secured with bolts. The headspace of the soil columns was flushed with water-saturated air to minimize evaporative losses through the upper part of the columns. Time-series temperature data was recorded every 15 min during the experiment by six temperature sensors (PT-100, DaqLink Fourier Systems Ltd., #DBSA720) installed in one of the soil columns at depths of +2.5, −3.5, −7, −15.5, and −33 cm relative to the soil surface, with one sensor in the chamber to monitor air temperature.
[image: Figure 1]FIGURE 1 | Schematic showing the two control columns (unfertilized) and two experimental columns (fertilized). Temperature sensors were installed at +2.5, −3.5, −7, −15.5, and −33 cm relative to the soil surface in one of the control columns. The column on the right is showing the concept used for the simple plug flow reactor model with three zones (Section 2.6).
2.3 Environmental Chamber Temperature and Precipitation Regimes
The soil columns were exposed to a 55-day NGS air temperature and precipitation weather sequence (Figure 2), representative of winter and shoulder seasonal climate in southern Ontario (CAPMoN, 2018). Daily air temperatures (incubator temperature) fluctuated by about 8–10°C with daily low temperatures occurring between 0:00 and 12:00 and daily high temperatures occurring between 12:00 and 24:00. The incubator took approximately 2 h to warm or cool following a temperature transition. During the coldest period of the NGS weather sequence, a 1-day and 3-day thaw (occurring around Day 30 and 32 of the experiment, respectively) were included to examine the effects of a simulated mid-winter thaw (see Figure 2). A precipitation model was simulated by adding 55–90 ml of artificial rainwater (2–3 times per week, see Figure 2) to the top of each soil column via a sprinkler. Rainwater additions were calculated in mm according to the dimensions of the soil column using cumulative monthly climate data and evenly distributed throughout a condensed NGS weather sequence.
[image: Figure 2]FIGURE 2 | The top graph shows total applied volume of artificial rainwater over the course of the experiment. The bottom graph shows air temperature and soil temperature at various depths over the course of the experiment. Soil temperatures were measured at different depths below the soil surface in one of the columns and treated as representative for all columns. The 1-day thaw occurs around Day 30 and the 3-day thaw occurs around Day 32.
2.4 Fertilizer Amendments and Artificial Rainwater
The 15-30-15 NPK Miracle-Gro was used as fertilizer amendments for the experiment. This fertilizer was selected for its solubility to leach through the experimental columns. Approximately 1 g of the fertilizer was ground up for each column and evenly distributed on top of the duplicate fertilized experimental soil columns (4,835 lbs hectare−1; about 25-fold the field applied rate) while the duplicate control columns were left unfertilized (Figure 1). The unfertilized and fertilized treatments were only run in duplicate due to limited access to environmental chamber space and soil column setups. According to the NPK fertilizer label, an estimated 150 mg of elemental nitrogen was then applied to each fertilized column. Artificial rainwater was prepared with a chemical compositions containing Cl− (0.25 mg L−1), SO42− (2.2 mg L−1), NO3− (2.6 mg L−1), Na+ (0.10 mg L−1), Ca2+ (0.48 mg L−1), Mg2+ (0.08 mg L−1), and K+ (0.05 mg L−1), representative of southern Ontario’s rainwater compositions (“Major Ions” 2018). A solution consisting of the mass of fertilizer applied to each column and a volume of Milli-Q water equivalent to the volume of total applied rainwater to each column (1.435 L) was prepared and the concentrations of selected anions were analyzed using ion chromatography (Section 2.6) and with concentrations of 10.7, 0.2, and 35 mg L−1 for Cl−, SO42−, and PO43−, respectively, while concentrations of NO2− and NO3− were below the detection limits. Note that nitrogen in this fertilizer is primarily derived from ammonium chloride (NH4Cl) and urea (CH₄N₂O).
2.5 Leachate Sampling and Analytical Methods
Leachate pore water samples were collected from the bottoms of the four columns when there was sufficient volume for chemical analysis, usually 1 day following rainwater applications. Leachate samples were collected into 100 ml plastic vials and 1 ml of the samples were immediately used for pH and electrical conductivity (EC) analysis using handheld meters (LAQUAtwin meters, model Horiba B-213). One ml of leachate samples was filtered through a 0.2 μm membrane filter (Thermo Scientific Polysulfone filter) and was analyzed for major anions including Cl−, NO3−, PO43−, and SO42− using ion chromatography (IC, Dionex ICS-5000 with a capillary IonPac® AS18 column; ± 3.0% error and ±1.6% precision).
2.6 Model Description
For the modeling of the nitrogen transformation in the fertilized soil columns, a simple plug flow reactor model was used with chemical reactions in a continuous, connected, and flowing system of cylindrical geometries (shown as 3 separate zones in Figure 1) (Ehrl et al., 2018; Gharasoo et al., 2019). In this model simulation, urea is considered to be placed on the top few centimeters of the column (Zone 0) where it is hydrolysed to an unstable carbamic acid that quickly breaks down to carbon dioxide (CO2) and ammonia gas (NH3) and the latter reacts with water to form NH4+. This chain of reactions occurs only at Zone 0 and is described by the following reaction:
[image: image]
where [image: image] is the rate constant for urea hydrolysis and dissolution of NH3 in water. At Zone 1, where the oxygen can penetrate to this zone, the ammonium is oxidized to nitrite (NO2−):
[image: image]
where [image: image] is the rate constant for oxidation of ammonium to nitrite. In presence of oxygen (O2), NO2− further oxidized to NO3− as follows:
[image: image]
where [image: image] is the rate constant for nitrification. Zone 2 is assumed to be in a partially anoxic condition and denitrification in this zone is considered as the main catabolic reaction:
[image: image]
where [image: image] is the rate constant for denitrification. Denitrification is generalized to N2 production. Gaseous losses of NO and N2O from the soil column are not included in this model but would likely occur in the experiment soil column system. For a simple mass balance for the zones in the manner that the outlet from previous zone is the inlet of the next, combining with the above mentioned reactions, the following system of ordinary differential equations are considered (similar to Ehrl et al. (2018); Gharasoo et al. (2019); Marozava et al. (2019)):
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where [image: image] is the dilution rate to the zones 0, 1, and 2, respectively and calculated as the ratio of input rainwater solution to the volume of each zone. The superscripts of the chemical concentrations and dilution rates refer to the entity value at each specific zone. Temperature sensitivities are simulated by allowing the first-order rate constants [image: image] to vary according to the Arrhenius function [image: image] = [image: image] exp [image: image], where [image: image] is the pre-exponential factor for reactions i = 1 to 4, R is the universal gas constant, [image: image] is the reaction activation energy, and T is temperature in Kelvin.
Parameter values were determined from the soil column measurements or obtained from the literature as listed in Table 2. The model run lasted 60 days and the fitting procedure was performed by ReKinSim (Gharasoo et al., 2017).
TABLE 2 | List of parameters values used for model simulation and estimated parameters from the optimization of Eq. 5 to the measured data. Reaction energies for the reactions 2, 3, and 4 were obtained from McKenney et al., 1984; Ambus, 1993; Saad and Conrad, 1993; and Maag et al., 1997.
[image: Table 2]For the modeling of Cl− and SO42 dissolution, the dissolution rates were assumed to follow a zero-order term where the actual rates at each time step are estimated by the model. Since Cl− and SO42- are treated as non-reactive in this model, the zones from the N modeling were removed and a column dilution rate of [image: image] was used. The model equations for Cl− and SO42− are then in the following form:
[image: image]
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where kCl and kSO4 are the dissolution rates of Cl− and SO42−, and fRCl and fRSO4 are the retardation factors estimated by the model.
3 RESULTS
3.1 Temperature and Moisture Regimes in the Soil Columns
The environmental chamber air temperature regularly fluctuated above and below zero during the beginning and end of the experiment (Figure 2). Air temperatures remained largely below 0 °C during the middle of the experiment, except during the simulated midwinter thaws. The near surface temperature sensor (−3.6 cm below soil surface) recorded temperatures regularly fluctuating above and below 0°C between Days 16–29, but otherwise all recorded temperatures were above 0°C. Freeze-thaw cycles induced in the near surface soil were the result of realistic diurnal fluctuations in the subsurface temperature (∼3°C) (Decker et al., 2003). The near surface soil temperatures during the simulated midwinter thaws, following the coldest portion of the experiment, were comparable to temperatures recorded at the beginning and end of the experiment. Soil temperatures at depth below −7 cm remained relatively stable throughout the experiment as deeper sections of the soil columns were buffered by the band-heater warming. Column moisture contents did not vary much by depth over the course of the experiment. The average water filled pore space was 50.1% with a SD of ±7.2.
3.2 Soil Column Leachates
The pH values varied from 6.5 to 8.5 in unfertilized column leachates and from 7 to 8.5 in fertilized column leachates. The EC varied from 0.1 to 170 and 200 μS/cm in unfertilized and fertilized columns, respectively. PO43− was not detected in either the unfertilized or fertilized column leachates. Cl− concentrations in the unfertilized column leachates remained low (<5 mg L−1) throughout the duration of the experiment (Figure 3). For the fertilized columns, leachate Cl− concentrations were initially low and started to increase from around Day 15. Residence time was calculated to be ∼13.9 days (ɸ = 0.30; average WFPS [image: image] 50%), which agrees with the time when the fertilized column leachate Cl− concentrations increased relative to artificial rainwater Cl− concentrations. This increase continued until the simulated midwinter thaw at Day 30, where the leachate Cl− concentration peaked at 266 and 194 mg L−1 in duplicate fertilized soil columns (Figure 3). Following the first mid-winter thaw (Day ∼30), leachate Cl− concentrations declined until the end of the experiment, reaching concentrations comparable to the concentrations in unfertilized columns. Leachate SO42− concentrations for the unfertilized and fertilized columns were low at the beginning of the experiment (∼2 mg L−1) and were comparable to the SO42− concentration in the artificial rainwater (2.2 mg L−1) (Figure 4). Following the 1-day thaw (Day ∼30), leachate SO42− concentrations for the fertilized columns drastically increased, peaking around 10–12 mg L−1 but declined after Day 40 until the end of the experiment. NO3− concentrations in the unfertilized soil column leachates remained low throughout the duration of the experiment (<40 mg L−1) (Figure 5). However, NO3− concentrations in the fertilized column leachates gradually increased from the onset of the experiment until Day ∼25, at which point these concentrations decreased to 22.7 and 9.5 mg L−1 in duplicate columns. Following this decrease, NO3− concentrations in the fertilized column leachates increased for the remainder of the experiment, reaching peaks of 150–160 mg L−1 for the last collected leachate samples. An estimated 1,445.7 and 1,108.1 µmol of nitrate nitrogen (NO3−-N) leached from columns 1 and 2, respectively (Table 3). As leachate volumes were not measured, NO3−-N loss is estimated assuming all input artificial rainwater volumes leached through the columns and no significant soil water evaporation or retention occurred.
[image: Figure 3]FIGURE 3 | Temperature and leachate Cl− concentrations versus time for fertilized and unfertilized columns.
[image: Figure 4]FIGURE 4 | Temperature and leachate SO42- concentrations versus time for fertilized and unfertilized columns.
[image: Figure 5]FIGURE 5 | Temperature and leachate NO3− concentrations versus time for fertilized and unfertilized columns.
TABLE 3 | Mass balance of total nitrogen in two fertilized columns. Extrapolated nitrogen loss is estimated assuming experiment timeline only captured half of NO3− losses.
[image: Table 3]3.3 Modeling Results
3.3.1 Modeling Chloride and Sulfate Transport
Cl− and SO42− containing compounds in the fertilizer were assumed to quickly dissolve and the resulting concentration profiles are maintained following dissolution. The fate of Cl− seems to be controlled by transport and not affected much by dissolution mechanics or biological processing. As SO42− is treated as non-reactive in our model, it behaves in a similar manner to Cl−. As such, Cl− and SO42− transport through the column is a lot quicker than the nitrogen compounds (i.e., having a shorter resident time). Therefore, the Cl− and SO42− dilution rates were calibrated with a retardation and acceleration factor that is estimated by the model along with the dissolution rates. Experimental results suggest that the dissolution rates are very high at the beginning and then fall dramatically.
The model fit of the Cl− and SO42− closely match the averaged experimental leachate concentrations in the fertilized column (Figure 6). These model results support that the measured Cl− and SO42− leachate concentrations represent the breakthrough of a concentrated front. The results from the fit of model to the experimental breakthrough curves of Cl− and SO42− indicate that dissolution rates are exceptionally high at the beginning of the experiment and the applied fertilizer is quickly consumed. To verify the quick dissolution of Cl− and SO42− from the applied fertilizer, a dissolution batch test was conducted. Results from this test suggested that the fertilizer components containing Cl− and SO42− quickly dissolve, confirming the model results that indicate fast dissolution rates for fertilizer components containing Cl− and SO42−. The retardation factors fRCl and fRSO4 are estimated to be −0.9167 by the model. The negative value indicates that the transport of Cl− and SO42− is much faster than nitrogen species at a reference retardation factor of zero.
[image: Figure 6]FIGURE 6 | Model fit of Cl− and SO42- to the measured leachate concentrations in the fertilized soil columns. The experimental Cl− and SO42- data are averaged from the fertilized columns.
3.3.2 Modeling Nitrogen Transformations
The calculated rate constants of k1, k2, k3, and k4 for the reactions 1 to 4 were as [image: image] = 0.15; 1.22 < [image: image] < 6.77; 2.33 < [image: image] < 14.2; and 0.002 < [image: image] < 0.012 day−1 (Table 2). These rate constants were calculated according to the Arrhenius equation and using the approximate range of temperatures in the column experiment (−5–15°C). Calculation of the Damköhler ratio, to compare the rate of reactions against the dilution rates ([image: image]) in their respective zone, showed that the reaction rates are up to three orders of magnitude greater than the dilution rates, meaning that the flow resident times are slow enough to allow more than 90% conversion of the substrates. Only denitrification rates in Zone 2 are slightly lower than dilution rates, which seems to play a minor role in the final observations of leachate NO3−.
The model results for NO3− concentrations in Zone 2 show a strong fit to the average measured NO3− in the fertilized soil column leachates (R2 = 0.88) (Figure 7). The modeled NH4+ concentrations in Zone 0 showed an increase up to 1,000 mg L−1 around Day 10 and then declined, as the urea is hydrolyzed in the first 20 days after applying the fertilizer. NH4+ and NO2− concentrations in Zone 1 mirrored the NH4+ concentration curve in Zone 0 but attained much lower peak concentrations (∼10 mg L−1). NO3− concentrations were highest in Zone 1 reaching a maximum of ∼250 mg L−1, as the model assumes nitrification is dominant in this zone but declined around Day 35 as NH4+ input into Zone 1 begins to diminish. In Zone 2, NO3− concentrations were tempered by reducing conditions that favor denitrification, peaking at ∼130 mg L−1 by the end of the model simulation. The N2 concentrations in Zone 2 increased for the entirety of the model and leveled off to a maximum concentration of 10 mg L−1 at the end of model simulation (see Figure 7).
[image: Figure 7]FIGURE 7 | Model fit of reactions to the averaged NO3− concentrations measured in the fertilized soil columns (R2 = 0.88) and simulation of other nitrogen transformation processes in three zones 0, 1, and 2 used for the simple plug flow reactor model. A list of parameters and their estimated values are presented in Table 2.
4 DISCUSSION
4.1 Impact of Winter Processes on Chloride and Sulfate Leachates
Of the analytes examined in the leachate samples, the patterns of Cl−, SO42−, and NO3−concentrations differed greatly between the fertilized and unfertilized columns. As Cl− is a relatively non-reactive ion that does not easily adsorb or react to the soil matrix, it serves as a tracer for the fertilizer front progressing through the fertilized soil columns (White and Broadley, 2001). If all applied fertilizer were incorporated into the applied rainwater solution, the effective average Cl− concentration would be ∼90 mg L−1. However, most of the applied fertilizer was likely dissolved in the first several rainwater applications, forming a concentrated Cl− front, and the observed peak at Day ∼30 represents the breakthrough of this front and is an indicator of the dissolved fertilizer passing through the fertilized soil columns.
Similarly, if all applied fertilizer were incorporated into the applied rainwater solution, the effective average SO42− concentration would be ∼4.3 mg L−1. Thus, the observed SO42− peaks in the fertilized column leachates (Figure 4) likely represents the breakthrough of a solution front concentrated in SO42− relative to the background SO42− concentration in the artificial rainwater that can be attributed to the applied fertilizer. The decrease in SO42− concentrations during the coldest portion of the weather sequence (Days 24–28) may be due to the formation of an ice barrier at the soil surface, creating anaerobic conditions in the soil subsurface and facilitating SO42- reduction. However, Sawicka et al. (2010) noted that the freezing process is detrimental to sulfate-reducing bacteria and their activity remains limited until they are reactivated during the thaw. This would imply that the lower SO42- concentrations observed during the freezing period of the experiment are likely a result of transport dynamics and not microbial processes.
4.2 Impact of Winter Processes on Nitrate Leachates
Low measured NO3− concentration in the artificial rainwater and applied fertilizer suggest that the increase of NO3− in the fertilized column leachates over the entirety of the experiment (Figure 5) is due to nitrification processes. Matzner and Borken (2008) reported that soil freezing can induce NO3− leaching in their field nutrient leaching freeze-thaw experiments. However, Henry. (2007) stated that while soil mesocosm experiments have generally shown increased potential for nutrient leaching following freeze-thaw events, the temperature fluctuation ranges utilized in these experiments are typically much larger (6–10°C) than those experienced in in situ soils (1–2°C). The soil columns in this study were subjected to ∼10°C air temperature fluctuations, which only induced moderate freeze-thaw soil temperature fluctuations (∼3°C). As unfertilized NO3− leachate concentrations did not increase following the onset of moderate FTCs during the mid-period of the experiment, our results appear to agree with previous studies that found FTCs had a negligible effect on N mineralization, assuming inorganic nitrogen generated through mineralization would subsequently be nitrified to NO3− (Larsen et al., 2002; Hentschel et al., 2008). However, low NO3− leachate concentrations in the unfertilized columns could be a result of the relatively low total N content in the soil from the sampling site (1.6 g kg−1) and the moderate intensity of the freezing temperatures applied in this experiment, as several previous studies have found that an increase in N mineralization can occur at colder freezing temperatures (Zhou et al., 2011; Jiang et al., 2018).
In a multi-site field freeze-thaw N loss study, Chantigny et al. (2019) found that artificial N fertilizers are susceptible to overwinter NO3− losses via nitrification, especially compared to organic N fertilizers, as organic fertilizers naturally included a carbon source to facilitate N immobilization. Similarly, in a soil jar batch experiment, Clark et al. (2009) determined that low temperature (−2 to 2 °C) nitrification can lead to NO3− accumulation or loss that is not mitigated by N immobilization. While substantial NO3− leaching was observed from the fertilized columns following a 1-day thaw (Day ∼30), leachate NO3− concentrations continued to increase for the remainder of the experiment despite warmer temperatures, suggesting that NO3− immobilization mechanisms did not resume or were not potent enough to stymie NO3− leaching. Extrapolating these NO3−-N losses assuming the experiment only captured approximately half of fertilizer-induced NO3− losses, approximately 2,891.4 and 2,216.2 µmol of N would have leached from Columns 1 and 2, respectively, had the experiment been allowed to continue. Considering the N input from the fertilizer amendments, approximately 27% and 20.7% of fertilizer N would have been converted to NO3−.
4.3 Modeling Nitrogen Transformations and Losses
The increase of modeled NH4+ in Zone 0 (Figure 7) is the result of rapid urea hydrolysis from the applied fertilizer. The transient NH4+ and NO2− concentrations in Zone 1 were generated and subsequently consumed by the active nitrification occurring in this zone. The oscillating nature of the NH4+ and NO2− concentrations shows the sensitivity of these nitrification substrates to the temperature changes during the freezing and thawing cycles. The NO3− concentrations in Zone 1 were high in the simulation because of high nitrification in this oxidized portion of the soil column. The increase and decrease of nitrification products are largely dictated by the supply of NH4+ entering this zone. The increasing N2 concentration in Zone 2 can be attributed to N2 serving as the denitrification end-product in this anoxic portion of the soil column.
Both average measured and modeled leachate NO3− concentrations trend upwards following an initial delay required for the rainwater to pass through the columns. While the model does not capture the stark freeze to thaw transitions of the 1-day and 3-day thaws occurring around Day ∼30 of the experiment, this appears to only affect the shapes of the trends. The modeled leachate NO3− concentration increase is more gradual than the measured leachate concentration. As Zone 2 was assumed to be entirely anoxic and dominated by denitrification, this sustained increase of leachate NO3− is likely bolstered by the continued contribution of recently produced NO3− in Zone 1. Although the measured leachate NO3− continued to increase until the end of the 55 days, the modeled NO3− concentration increase begins to level off by the end of the 60-day fit, suggesting that measured leachate NO3− concentrations would have begun to decline due to denitrification if the experiment had been allowed to continue.
The observed trends in measured and modeled NO3− leachate concentrations have implications for future FTC nutrient leaching studies. Fast dissolving NPK fertilizers like the fertilizer used in this study appear susceptible to NO3− loss via nitrification following FTCs. Nitrification-inhibited or controlled-release fertilizers are commonly put forward as means of reducing overwinter NO3− losses from fall-applied fertilizers (Di and Cameron, 2004; Randall and Vetsch, 2005; Thapa et al., 2016), however the impacts that evolving cold climate conditions have on these commonly used preventative measures remain understudied (Grant et al., 2020). Nitrification inhibitor efficiency has been demonstrated to be temperature and soil type dependent (Di and Cameron, 2004; McGeough et al., 2016; Guardia et al., 2018). Thus, examining how the changes in soil temperature and structure by FTC affect the nitrification inhibitor efficacy will be important for managing agricultural pollutants in colder climates.
5 SUMMARY AND CONCLUSION
This study examined the effect of FTCs on nutrients leaching from unfertilized and fertilized soil columns packed with agricultural soil. There was a significant difference in Cl−, SO42−, and NO3− leachate concentrations between the fertilized and unfertilized soil columns. In the fertilized column leachates, the elevated Cl− and SO42− concentrations can be attributed to the quick dissolution of Cl−-and SO42−-containing fertilizer components and transport while the increase in NO3− concentrations are a result of the active nitrification occurring in the oxidized upper portion of the soil columns. The model simulation results from a simple plug flow reactor model were consistent with the measured NO3− concentrations and indicated that intense nitrification of the urea occurred in the shallow, oxidized portion of the fertilized columns. Denitrification rates in the deeper anoxic portion of the column and immobilization mechanisms were not able to dampen leachate NO3− concentrations, but the end of the 60-day fit results suggested that the nitrification reactants are near exhausted by this time and leachate NO3− concentrations would decrease if the experiment had been allowed to continue. These findings indicate that fall-applied NPK fertilizers are prone to loss under soil FTCs during the NGS and future studies should investigate the effects of freeze-thaw cycling on methods commonly used to mitigate NO3− losses, such as nitrification inhibitors, as well as to compare losses under non-FTC conditions at similar stages of fertilizer transport through the soil. Future soil column studies should also seek to use intact soil cores to improve representativeness and actively measure gaseous nitrogen species via headspace measurements to better capture and model soil denitrification.
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