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Leaching of nitrate (NO3
−)—a reactive nitrogen formwith impacts on ecosystem

health—increases during the non-growing season (NGS) of agricultural soils

under cold climates. Cover crops are effective at reducing NGS NO3
− leaching,

but this benefit may be altered with less snow cover inducingmore soil freezing

under warmer winters. Our objective was to quantify the effect of winter

warming on NO3
− leaching from cover crops for a loamy sand (LS) and a silt

loam (SIL) soil. This research was conducted over 2 years in Ontario, Canada,

using 18 high-precision weighing lysimeters designed to study ecosystem

services from agricultural soils. Infra-red heaters were used to simulate

warming in lysimeters under a wheat-corn-soybean rotation planted with a

cover crop mixture with (+H) and without heating (-H). Nitrate leaching

determination used NO3
− concentration at 90 cm (discrete sampling) and

high temporal resolution drainage volume measurements. Data were

analyzed for fall, overwinter, spring-thaw, post-planting, and total period

(i.e., November 1 to June 30 of 2017/2018 and 2018/2019). Warming

significantly affected soil temperature and soil water content—an effect that

was similar for both years. As expected, experimental units under + H presented

warmer soils at 5 and 10 cm, along with higher soil water content in liquid form

than –H lysimeters, which translated into higher drainage values for + H

than –H, especially during the overwinter period. NO3
− concentrations at

90 cm were only affected by winter heating for the LS soil. The drainage and

NO3
− concentrations exhibited high spatial variation, which likely reduced the

sensitivity to detect significant differences. Thus, although absolute differences

in NO3
− leaching between LS vs. SIL and +H (LS) vs. –H (LS) were large, only a

trend occurred for higher leaching in LS in 2018/2019. Our research

demonstrated that soil heating can influence overwinter drainage (for LS and

SIL soils) and NO3
− concentration at 90 cm in the LS soil—important NO3

−

leaching controlling factors. However, contrary to our initial hypothesis, the
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heating regime adopted in our study did not promote colder soils during the

winter. We suggest different heating regimes such as intermittent heating to

simulate extreme weather freeze/thaw events as a future research topic.

KEYWORDS

water pollution, global warming, catch crops, N losses, snow insulation, soil water,
NO3, ceramic heaters

Introduction

Agricultural soils can experience high nitrate (NO3
−) leaching

losses over winter as a result of NO3
− accumulation at a time when

plant uptake is low and water surplus is high, coupled with high

drainage during snowmelt (de Wit et al., 2008; Durán et al., 2013;

Endo et al., 2018; Chantigny et al., 2019). Nitrate leaching can

further intensify after soils are exposed to severe freezing, or after

an increase in the frequency of soil freeze-thaw cycles, due to

microbial cell or root lysis, or the disruption of soil aggregates and

plant litter (Groffman et al., 2001; Schimel et al., 2007; Machado et

al., 2020; Starkloff et al., 2017). Soil freezing can be mediated by

snow cover insulation from the cold air temperatures that occur

overnight or during cold spells (Qian et al., 2011; Yang et al., 2018;

Boswell et al., 2020). Paradoxically, in northern temperate regions,

the most intense soil freezing can thus occur in warm winters as a

result of reduced snow cover (Sharratt, 1993; Groffman et al., 2011;

Zhou et al., 2017). However, despite the potential for increased

NO3
− leaching in response to increased soil freezing, it remains

unclear to what extent climate warming might alter NO3
− leaching

over winter in agricultural soils. Specifically, freeze-thaw cycles of

mild to moderate intensity do not always affect soil NO3
−

concentrations, which indicates that increased NO3
− leaching in

response to increased soil freezing may only occur at threshold soil

temperatures (Joseph and Henry, 2008). Moreover, soil warming

over winter or a decrease in the length of winter can increase soil

nitrogen (N) mineralization, and thus increase the pool of NO3
−

potentially susceptible to leaching prior to uptake by the summer

crop (Dalias et al., 2002; Turner and Henry, 2009). Effects on the

pool of NO3
− coupled with changes in drainage due to warming

could lead to enhanced non-growing season NO3
− leaching.

An emerging strategy to reduce NO3
− leaching is to plant a

cover crop after harvesting the cash crop, to enable soil NO3
−

uptake during the non-growing season (NGS) (Drury et al., 2014;

De Notaris et al., 2018; Abdalla et al., 2019; Langelier et al., 2021).

These crops are not harvested and can be either winter killed or

terminated by herbicides prior to the next growing season

(Rosario-Lebron et al., 2019; Toom et al., 2019). Single species

cover crop studies are plentiful and demonstrate that non-

leguminous species decrease soil NO3
−, which could decrease

NO3
− leaching (Shepard et al., 1993; Hooker et al., 2008;

Kramberger et al., 2009; Carey et al., 2016). Leguminous cover

crop species can increase N availability through biological N

fixation (Kramberger et al., 2014, Machado et al., 2021a), but

were shown to reduce soil NO3
− compared to bare soil (Vogeler

et al., 2019). Increasing crop diversity—e.g., by using cover

crops—could potentially reduce the impacts of climate change

as well as reduce NO3
− leaching during the non-growing season

under varying weather conditions (Constantin et al., 2011;

Gaudin et al., 2015). For a four species cereal-crucifer-legume

mixture planted after spring wheat, we recently demonstrated a

dramatic decrease in NO3
− leaching of 67% averaged across two

soil types compared to no cover crop use, with most of the

reduction occurring over winter and spring thaw (Lapierre et al.,

2022). However, altered winter conditions through increased soil

freezing caused by decreased snow cover could change cover crop

decomposition dynamics and affect NO3
− leaching (Alonso-

Ayuso et al., 2014; Toom et al., 2019). These effects could

differ among soil types, both because of variation in cation

exchange capacity and drainage, and because the damage to

soil caused by soil freezing can depend on soil texture (Song et al.,

2017; Starkloff et al., 2017).

Efforts to quantify NO3
− leaching in response to variation in

winter conditions have been complicated by methodological

limitations (Henry, 2007). First, while instantaneous

measurements of NO3
− concentrations in the plant rooting

zone (e.g., via soil extraction) or more integrative measures

(e.g. via resin bags/strips) can reveal the accumulation of soil

NO3
− resulting from freezing damage (or conversely increased

microbial N mineralization in warm soil), these studies do not

reveal howmuch of this NO3
− is ultimately lost below the rooting

zone via leaching (Bingham and Biondini, 2011; Kirschke et al.,

2019). Likewise, while 15N tracer studies provide a powerful tool

for quantifying the loss of a cohort of soil NO3
− over a given

sampling interval, the form and timing of NO3
− losses remain

unknown (Turner and Henry, 2009). Soil solution samplers can

be inserted below the rooting zone, but it is difficult to place the

resulting concentration data in the context of drainage (Pawlick

et al., 2019). Experiments under controlled conditions, using

intact soil mesocosms are an alternative to study soil N dynamics

in response to variations in winter temperatures (Libby et al.,

2020), but simulating natural conditions can be challenging, and

freezing and drainage artifacts can occur (Joseph and Henry,

2008). Likewise, snow removal or exclusion field experiments can

exaggerate soil freezing intensity by exposing the soil to cold air at

a time when snow cover would typically be present (i.e., snow

removal is most effective for simulating reduced precipitation,

not warming) (Groffman et al., 2001). Alternatively, warming of

field plots via overhead heaters is a good alternative to study

winter warming (Kimball et al., 2008). Coupling the use of
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overhead heaters to newer generation weighing lysimeters where

the lower boundary is closely controlled to mimic field

conditions, drainage is directly measured and NO3
−

concentrations can be determined below the root zone

through soil solution sampling (Pütz et al., 2016) has the

potential to provide NO3
− leaching estimates under cover crop

management in response to variation in winter conditions.

The objective of this research was to quantify the effect of

simulated winter warming on NO3
− leaching from cover crops

for both a loamy sand (LS) soil and a silt loam (SIL) soil. We

hypothesized that winter warming would increase NO3
− leaching

based on the assumption that decreased snow cover would alter

soil water and temperature conditions and increase the freezing

intensity resulting in substrate release from cover crops, while

also increasing over-winter drainage. In addition, we also

hypothesized that the warming effect on NO3
− leaching would

vary by soil type.

Materials and methods

Research site and infrastructure

This experiment complements the results from research

conducted at this same lysimeter facility, during the same

period, to study NO3
− leaching from two contrasting soils in

response to use of a cover crop mixture in comparison to no

cover crop use (Lapierre et al., 2022). Here, we investigated NO3
−

leaching losses for the cover crop treatment subjected to winter

warming compared to a non-warmed control. The lysimeter

facility was designed and installed by METER Group Inc.,

Munich, Germany in July 2016 at the Elora Research Station,

Ontario, Canada (43o38’21.2″N 80o22’56.2″W) and is similar to

sites described by Pütz et al. (2016). The facility is under a humid

continental climate (Dfb) according to the Köppen—Geiger

classification system (Peel et al., 2007), with a mean annual

temperature of 6.6°C and average annual precipitation of

879 mm (ECCC, 2020). Detailed information on lysimeter

installation and operation is presented in Lapierre et al.

(2022), Zeitoun et al. (2021), and Brown et al. (2021). A brief

description is provided here.

The experimental site has three blocks of 6 lysimeters

(i.e., 18 in total), each with a 1 m2 surface area. Each block

consists of 6 cylindrical concrete basins in which lysimeters were

placed that are connected via underground conduits to one of

three centralized service wells (Supplementary Figure S1). Each

lysimeter consists of a 1.5 m deep stainless-steel cylinder

containing an undisturbed soil monolith. Soil cores were

extracted following the methodology of Hertel and von Unold

(2014) and were transported to the lysimeter site. The lysimeter

cores rest on balances with a resolution of 10 g (0.01 mm

precipitation). Sensors (soil temperature, matric potential, and

volumetric water content) were installed at 5, 10, 30, 60, and

90 cm depth in each lysimeter. Each lysimeter was also equipped

with porous ceramic cups installed at the same depths that are

connected to a vacuum pump and water sampling system. Each

lysimeter is equipped with a boundary control system to ensure

that each lysimeter’s matric potential at the lower boundary is

similar to field conditions. The lower boundary of each lysimeter

is monitored by one tensiometer installed at 140 cm. Field

conditions are monitored using three tensiometers installed at

140 cm depth in the field adjacent to the lysimeter site. The

boundary control system of each lysimeter consists of a bi-

directional pump that is connected to ceramic cups installed

in each lysimeter at 140 cm depth. Tubing connects the ceramic

cups to the pump, which is then connected to a drainage tank

(one for each lysimeter) placed in the service well and resting on a

balance. The weight of each drainage tank is measured by a

balance with a resolution of 1 g (0.001 mm precipitation). The

pumps either draw water out of the lysimeter to the drainage tank

or pump drainage tank water back into the lysimeter. A program

in the datalogger determines the amount and direction of flow to

match the water potential at 140 cm in the lysimeter core with the

water potential measured in the surrounding field at the same

depth.

Half of the experimental units contain grey-brown luvisol soil

extracted at the Elora Research Station (43o38’20.2″ N

80o24’36.9″ W). This soil has a particle distribution in the 0-

32 cm horizon of 38.0, 54.5, and 7.5%, sand, silt, and clay,

respectively—a silt loam A horizon (SIL). The remaining

9 cores were extracted at a farm situated in Cambridge,

Ontario, Canada (43o27’27.6″ N 80o20’47.5″ W), a coarser

brunisolic grey-brown luvisol with a particle distribution in

the 0-28 cm horizon of 79.2, 17.5, and 3.3%, sand, silt, and

clay, respectively—a loamy sand A horizon (LS) (Zeitoun

et al., 2021).

Experimental design and simulated winter
warming

The lysimeters of each soil type were under a diverse crop

rotation (i.e., soybean—spring wheat [+ cover crops]—corn [+

cover crops]). The following treatments were randomly assigned

per soil type, each with three replicates: (i) diverse rotation with

simulated winter warming (+H); (ii) diverse rotation without

simulated winter warming (-H). An initial year of measurements

before treatments were applied (i.e., with all lysimeters under the

same crop management and no winter heating) showed minimal

variability of water balance components between lysimeters

indicating little disturbances from the soil extraction process

(Brown et al., 2021). For this study, measurements were

performed from November 2017 to June 2018 (2017/2018)

and November 2018 to June 2019 (2018/2019). A longer

period of monitoring would be ideal to capture a greater

range of climatic conditions; however, this study was limited
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to 2 years due to cost and labour constraints. Most studies

examining nitrate leaching from diversified cropping systems

have been of 2-3 years duration (Tonitto et al., 2006; Abdalla

et al., 2019). Measurements were stopped after June as drainage

events did not occur after that time. The simulation of winter

warming was achieved with infra-red heaters, equipped with

1000W 120v ceramic heating elements (Mor Electric ALEX

Radiant Fixtures, Comstock, Michigan, United States). The

methodology used to warm the lysimeters followed the

methods of Kimball et al. (2008), but with only one heater per

plot to account for the smaller area being warmed. Following

installation, the heat distribution at the ground surface was

assessed using thermal imaging, and the reflectors were

adjusted to maximize even distribution (data not shown).

Heaters were turned on once air temperature was consistently

below 0°C and the soil surface started to freeze. In 2017/2018,

heaters were turned onDecember 4 and removedMay 1. In 2018/

2019, heaters were turned on November 20 and removed May 2.

Crop management in 2017 (the growing season preceding

this study) and 2018 were previously described in Lapierre et al.

(2022). Briefly, diverse lysimeters were on a spring-wheat and

corn phase in 2017 and 2018, respectively. In the wheat phase in

2017, 67, 33.5, and 33.5 kg ha−1 of nitrogen, phosphorus, and

potassium fertilizer, respectively, were applied at planting on

April 27. Wheat was harvested on August 1, 2017, and following

the harvest, a cover crop mixture—selected based on ability to fix

N, take up residual soil NO3
−, and grow in Ontario (Kramberger

et al., 2009; Carey et al., 2016; OMAFRA, 2017)—was planted on

August 19 and received 50 kg N ha−1 as urea on August 25. The

cover crop mixture used in 2017 contained daikon radish

(Raphanus sativus var. Longipinnatus), crimson clover

(Trifolium incarnatum), oats (Avena sativa), and cereal

ryegrass (Secale cereale). The cover crops were terminated by

herbicide on 18 May 2018, 1 week before corn was planted

in 2018.

The corn phase of 2018 was planted on May 23, received

16.7 kg N ha−1 and 87 kg phosphorus ha−1 on May 10, followed

by 74 kg N ha−1 applied as urea before planting on May 22,

77 kg N ha−1 applied as urea on June 27, and was harvested

on October 24. The mixture of cover crops used in

2018 consisted of crimson clover and annual ryegrass and was

under-seeded into the corn at the sixth leaf stage on June 26.

Nitrate leaching determination

Total leaching was calculated using net drainage

measurements from the lysimeter system and discrete NO3
−

concentration in the drained water at 90 cm depth (a depth

below the root zone and less influenced by the lower boundary

controls of the lysimeter). Transport of NO3
− is rapid through

soils as it is highly water soluble (van Kessel et al., 2009). Transit

times to the 90 cm depth based on the hydraulic conductivity

measured for each horizon in Brown et al. (2021) were 5.6 h for

LS and 51.3 h for SIL (Supplementary Table S1). Therefore, it is

assumed that the NO3
− leaching measured in each season was

contemporaneous to that season. Net drainage (mm) was set as

the daily sum of gains and losses of weight of the drainage tank.

For the 2017/2018 season, soil solution samples at 90 cm depth

were collected approximately weekly from November to June,

with a maximum in-between sampling period of 14 days, a

minimum of 2 days, and mean sampling occurring every

7.6 days. The soil became too dry by the end of June,

determining the end of our sampling period, as that was an

indication that NO3
− leaching was unlikely to occur after this

date. In 2018/2019, soil solution samples were collected

approximately weekly from November to June, with a

maximum sample period of 14 days, a minimum sample

period of 3 days, and a mean sample period of 7.2 days.

Supplementary Figure S2 Identifies the sampling times. This is

an adequate sampling frequency as interpolations of NO3
−

concentration data from soil suction samplers between

intervals of 9 to 21 days have been found to have a negligible

effect on nitrate drainage calculations (Vogeler et al., 2020). The

beginning and end of the study period were matched to 2017/

2018. Soil solution collection consisted of setting up vacuum

pumps approximately 18 h before the desired collection time and

applying 300 hPa of suction to the soil solution samplers. There is

no consensus as to the optimal degree of suction to avoid

sampling water from mesopores (Weihermüller et al., 2007).

We used a lower degree of vacuum than typical measurements

from ceramic suction samplers (e.g., 600 to 700 hPa; Vogeler

et al., 2020; Zotarelli et al., 2007) to reduce the potential of over-

sampling soil pore water. This was followed by sub-sampling

30 ml of soil solution from the lysimeter water sampling system.

The samples were transported in coolers and placed in a freezer

within 24 h of turning on the vacuum pumps. Colorimetric

analyses using a discrete autoanalyzer (SmartChem 140,

Westco Scientific, Brookfield, Connecticut, United States) were

used to determine the concentration of NO3
− in the soil solution

samples, as described in Elliott and Henry (2009). Readers are

referred to Lapierre et al. (2022) and Brown et al. (2021) for a

detailed description of the soil solution sampling system of the

lysimeter, drainage measurements, and nitrate leaching

calculations.

Statistical analysis

Mean comparisons were performed with a two-way analysis of

variance (ANOVA) designed for a randomized block trial with two

soil warming levels (+H and -H) and two soil types (SIL and LS).

The three blocks (lysimeter nests) entered the statistical model as a

random factor. The statistical analysis targeted the following periods:

(i) from November 1 until December 14 (fall); (ii) from December

15 until March 22 (over-winter); (iii) from March 23 until May 18
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(spring-thaw); (iv) from May 19 until June 30 (post-planting); and

(v) total from November 1 to June 30. The same sampling periods

were considered in both the 2017/2018 and 2018/2019 seasons. The

assumptions of normality and homogeneity of variances were tested

with a Shapiro-Wilk and Levene’s test, respectively, prior to the

ANOVA test. For all statistical tests, significance was determined

when p ≤ 0.05. All statistical calculations were performed on SPSS

ver. 27 (IBM® SPSS® Statistics).

Results

Weather and cover crop growth

Climatic conditions for this research were described in detail in

the complementary study by Lapierre et al. (2022) and are further

presented in Supplementary Table S2. Briefly, 2017/2018 was

subjected to slightly colder (1.9 vs. 2.4°C air temperature averages)

and wetter (640 vs. 586 mm of total precipitation from November to

June) climate than the 1988–2018 long-term average for this site

(ECCC, 2020). The fall (day of year [DOY] 305–348), overwinter

(DOY349–81), spring-thaw (DOY82–138), and post-planting (DOY

139-181) periods of 2017/2018 presented air temperature averages of

−0.4, −6.2, 5.3, and 17.8°C and total precipitation of 114, 239, 216, and

71mm, respectively (Lapierre et al., 2022). The weather in 2018/

2019 was also colder (1.3 vs. 2.4°C) and wetter (798 vs. 586 mm) than

normal, and higher total precipitation occurred compared to 2017/

2018 (798 vs. 640 mm). For 2018/2019, air temperature averages of

−1.4,−6.1, 5.3, and 15.5°C, and total precipitation of 127, 311, 227, and

133mm occurred for the fall, overwinter, spring-thaw, and post-

planting periods, respectively. Cover crop performance was distinct

between 2017/2018 and 2018/2019. Whereas the mixture of cover

crops seeded after wheat performed well in 2017/2018, the same did

not occur for the mixture of cover crops under seeded into corn in

FIGURE 1
Soil temperature and volumetric water content daily averages at 5 and 10 cm depths of the silt loam and loamy sand soils. Solid lines, heated
lysimeter; dashed lines, non-heated lysimeter. The red shade illustrates differences in soil temperature between heated and non-heated lysimeters.
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2018/2019, which presented poor establishment and performance

(Lapierre et al., 2022).

Soil temperature and volumetric water
content

Soil temperature and water dynamics were significantly affected

by the artificial heating in 2017/2018 and 2018/2019 (Figure 1;

Supplementary Table S2). Soil temperature averages at 5 and

10 cm from +H were consistently higher than -H, influenced by

the continuous operation of the infrared heaters between late fall/

early winter and mid-spring (Figure 1). Soil temperature at 5 and

10 cm were also affected by soil type (Figure 1; Supplementary Table

S2). Overall, LS presented higher soil temperatures than SIL during

the PP and ST periods of both years. Soil heating affected water

dynamics in soil in a similar pattern for 2017/2018 and 2018/2019

(Figure 1; Supplementary Table S2). The sensors measuring

volumetric water content (VWC) detect only liquid water content

and as such periods of sub-freezing soil temperatures corresponded

to decreases in VWC. During the W and ST periods of 2017/2018,

+H was 1.4- and 1.1-times wetter (i.e., had higher VWC in liquid

form) than -H at 5 cm, respectively. At 10 cm, +H was 1.3-times

wetter than -H during the winter. During the winter of 2018/2019 the

lysimeters also experienced statistically significant differences due to

soil heating and +Hwas wetter than -H at 5 and 10 cm. The soil type

effect on VWC was clear, with SIL wetter than LS in all periods of

2017/2018 and 2018/2019, and for both the 5 and 10 cm soil depths

(Figure 1; Supplementary Table S2)

Drainage responses to soil type and
heating

Drainage was affected by treatments in similar ways in 2017/

2018 and 2018/2019 (Table 1; Supplementary Figure S2). The

significantly higher temperature and soil VWC induced by the

infrared heaters (Figure 1), translated into 2.1- and 3.2-times higher

drainage in +H than -H in the overwinter period of 2017/2018 and

2018/2019, respectively (Table 1). The higher overwinter drainage in

TABLE 1 p-values of the two-way ANOVA used to test main effects (SH, soil heating; ST, soil type) and the interaction SH × ST on the total drainage
during periods of the 2017/2018 and 2018/2019 seasons, and respective totals (standard deviation is shown in parenthesis). Bolded values
indicate p ≤ 0.05.

p-values

--------- Periods --------- ---------- 2017/2018 ---------- ---------- 2018/2019 ----------

SH ST SH X ST SH ST SH X ST

Fall (November 1–December 14) 0.63 0.01 0.33 0.25 < 0.01 0.67

Over-winter (December 15–March 22) 0.02 0.83 0.26 0.01 0.95 0.73

Spring-thaw (March 23–May 18) 0.24 0.25 0.15 0.48 0.81 0.43

Post-planting (May 19–Jun 30) 0.44 < 0.01 0.40 0.40 0.02 0.15

Total (December 15–Jun 30) 0.04 0.11 0.13 0.03 0.42 0.31

Total soil water drainage in 2017/2018, mm†

--------- Periods --------- SIL (+H) SIL (-H) LS (+H) LS (-H)p

Fall (November 1–December 14) −27.2 (27.0) −9.7 (−3.9) −54.2 (21.5) −60.4 (2.9)

Over-winter (December 15–March 22) 101.0 (5.8) 63.8 (40.7) 120.5 (22.0) 39.6 (17.4)

Spring-thaw (March 23–May 18) 51.4 (15.2) 58.9 (26.9) 111.7 (38.5) 53.4 (26.2)

Post-planting (May 19–Jun 30) 11.2 (2.3) 12.3 (11.9) 76.1 (25.4) 54.1 (32.7)

Total (December 15–Jun 30) 163.6 (23.2) 135.0 (72.6) 308.3 (29.5) 147.1 (76.3)

Total soil water drainage in 2018/2019, mm†

--------- Periods --------- SIL (+H) SIL (-H) LS (+H) LS (-H)p

Fall (November 1–December 14) 1.5 (21.9) 7.4 (32.2) −43.4 (16.6) −21.4 (7.9)

Over-winter (December 15–March 22) 148.8 (53.4) 56.6 (31.8) 157.5 (42.7) 38.4 (23.0)

Spring-thaw (March 23–May 18) 85.8 (3.6) 87.9 (40.7) 113.0 (53.0) 68.0 (18.1)

Post-planting (May 19–Jun 30) 29.5 (12.1) 37.6 (15.7) 81.4 (13.9) 54.2 (26.4)

Total (December 15–Jun 30) 264.1 (52.3) 182.1 (73.1) 352.0 (72.9) 160.6 (14.7)

†SIL, silt loam; LS, loamy sand; +H, heated; −H, non-heated.
pOne experimental unit was removed from the drainage statistical analysis due to malfunction of the boundary layer controls of the lysimeter.
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+H influenced the total drainage, which was also the highest for + H

in both years for SIL and LS. Soil type affected drainage during the

fall and post-planting period of both years (Table 1). In the fall of

2017/2018, both soils were drier than the control -H (data not

shown), but LS gained 1.6-times more water from the lower

boundary control than SIL. For the fall of 2018/2019, while SIL

drained 4.5 mm (averaged across heating regimes), LSwas drier than

the reference soil and as such gained water from the lower boundary

control. The soil effect on drainage during the post planting period

was similar in both years, with higher values for LS than SIL (65 vs.

12 and 68 vs. 34 mm for 2017/2018 and 2018/2019, respectively;

averaged across soil heating regimes) (Table 1).

Nitrate concentration in drainage water

Treatment effects on nitrate concentration at 90 cm were not as

clear as treatment effects on drainage, soil temperature and VWC.

Soil heating did not have an effect for any period studied over the

2 years (Table 2). Soil type had an effect for fall in both years and for

the fall, overwinter, and post planting periods in 2018/2019. For

2017/2018, there was an interaction between heating and soil type for

the fall period, and a trend in SH x ST occurred overwinter

(p >0.1 and <0.2), but not for the overall period (Table 2). The

interaction effectmeant +HLShad higherNO3
− concentrations than

+ H SIL for the fall period in 2017/2018 and a similar trend was seen

for the overwinter period (marginally significant). However, both

soils presented similar concentrations for -H and there were no

differences between +H and -H within a soil type (Table 2). In

general, the 2018/2019 season presented higher NO3
− concentrations

than 2017/2018, and LS showed higher (or a trend for higher) NO3
−

concentration than SIL during the fall, overwinter, and post planting

periods, translating in 2.6-times higher values for LS over the whole

period, averaged across treatments (Table 2).

Nitrate leaching

Interannual variation in NO3
− leaching occurred and

whereas 2017/2018—the year cover crops performed

TABLE 2 p-values of the two-way ANOVA used to test main effects (SH, soil heating; ST, soil type) and the interaction SH × ST on the nitrate
concentration at 90 cm, for periods of the 2017/2018 and 2018/2019 seasons, and respective averages (standard deviation is shown in
parenthesis). Bolded values indicate p ≤ 0.05.

p-values

--------- Periods --------- ---------- 2017/2018 ---------- ---------- 2018/2019 ----------

SH ST SH X ST SH ST SH X ST

Fall (November 1–December 14) 0.05 < 0.01 0.04 0.24 <0.01 0.26

Over-winter (December 15–March 22) 0.92 0.59 0.11 0.37 0.09 ms 0.20

Spring-thaw (March 23–May 18) 0.70 0.96 0.92 0.36 0.31 0.44

Post-planting (May 19–Jun 30) 0.76 0.33 0.51 0.13 0.08 ms 0.77

Total (November 1–Jun 30) 0.93 0.48 0.21 0.57 0.04 0.30

Mean soil solution nitrate at 90 cm in 2017/2018, mg N L-1†

--------- Periods --------- SIL (+H) SIL (-H) LS (+H) LS (-H)

Fall (November 1–December 14)‡ 0.6 (0.3) b A 0.9 (0.4) a A 8.9 (2.1) a A 2.8 (3.0) a A

Over-winter (December 15–March 22) 0.8 (0.6) 2.6 (3.5) 3.2 (1.9) 1.3 (0.1)

Spring-thaw (March 23–May 18) 1.7 (0.6) 2.1 (1.3) 1.8 (1.2) 2.1 (0.3)

Post-planting (May 19–Jun 30) 2.9 (2.0) 4.0 (1.8) 2.8 (3.2) 3.1 (0.1)

Total (November 1–Jun 30) 1.5 (0.9) 2.6 (1.6) 3.5 (1.4) 2.1 (0.5)

Mean soil solution nitrate at 90 cm in 2018/2019, mg N L-1†

--------- Periods --------- SIL (+H) SIL (-H) LS (+H) LS (-H)

Fall (November 1–December 14) 1.8 (0.7) 1.5 (1.2) 25.9 (19.9) 12.1 (7.0)

Over-winter (December 5–March 22) 3.9 (3.0) 5.1 (1.3) 12.8 (7.9) 6.7 (0.4)

Spring-thaw (March 23–May 18) 3.1 (2.1) 4.6 (1.9) 4.7 (1.7) 4.8 (1.6)

Post-planting (May 19–Jun 30) 2.5 (2.4) 5.1 (2.1) 5.8 (4.4) 9.4 (0.6)

Total (November 1–Jun 30) 3.0 (2.3) 4.3 (1.3) 11.7 (7.1) 7.7 (1.0)

ms, marginal significance (p-values > 0.05 and ≤ 0.1).

†SIL, silt loam; LS, loamy sand; +H, heated; −H, non-heated.

‡The interaction was studied with a simple effect test (i.e., difference in heating at each soil type and vice-versa). Lowercase letters are difference in soil type at each heating level. Uppercase

letters are differences in heating at each soil type.
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well– presented lower losses (4.1 kg N ha−1 averaged across all

treatments)- high losses occurred in 2018/2019 (14.5 kg N ha−1)

(Figure 2; Table 3). Soil type only had a marginally significant

effect in 2017/2018 for the post-planting period when LS had

~2.9-times higher NO3
− leaching than SIL, but that did not

translate into differences over the whole study period

(Table 3). In 2018/2019, ST affected nitrate leaching during

fall, overwinter, and post-planting periods, with LS presenting

higher losses than SIL during the overwinter and post-planting

periods (Table 3). Soil heating affected NO3
− leaching only

overwinter in 2018/2019, a year with higher precipitation than

2017/2018 and poor cover crop performance, with +H presenting

2.6-times higher losses than -H. However, there was large spatial

variation, with only a trend (p > 0.10 and ≤ 0.20) for SH, ST, and

SH x ST for the NO3
− leaching average of the total 2018/

2019 period (Table 3).

Discussion

Winter warming affected drainage, soil
temperature, and soil water content

The infrared ceramic heaters were effective at simulating soil

warming under field conditions, aligning with previous research

that used such infrastructure (Kimball et al., 2008; Meromy et al.,

2015). In our study, the heaters remained active continuously

from late fall until late-spring and, as such, simulated a constant

regime of increased air temperatures. The heating effect on soil

conditions was consistent across years. Not surprisingly, soils

under an active ceramic heater presented significantly higher soil

temperature than soils under natural conditions. This translated

into higher VWC and drainage for +H than for –H, particularly

during the over-winter period. The difference in soil VWC

between +H and –H was in part affected by differences in

dieletric permittivity between liquid and solid water, which

affects time domain reflectometry VWC measurements (Jones

et al., 2002; He et al., 2021), and indicated higher liquid water

content for +H. Contrary to our initial hypothesis, the heating

regime adopted in our study did not promote colder soils during

the winter, a phenomenon previously described in the literature

and associated with the insulation properties of the snow pack

(Brown and DeGaetano, 2011; Zhou et al., 2017; Halim and

Thomas, 2018). Future research on this topic should evaluate the

effect of other heating regimes on soil properties during the

winter, such as intermittent heating, which could promote snow

melting, followed by subsequent freezing which would penetrate

deeper into the soil due to lack of snow cover. This could result in

colder soils during the winter (Brown and DeGaetano, 2011;

Zhou et al., 2017) and more frequent freeze-thaw cycles. Colder

soils with more frequent freeze-thaw cycles could promote higher

mineralization of organic N (Christensen and Christensen, 1991;

Herrmann and Witter, 2002), microbial cytoplasmatic release

(Schimel et al., 2007), and disruption of soil aggregates previously

protected by soil organic matter (Oztas and Fayetorbay, 2003)—

all factors with potential to affect soil nitrate leaching.

FIGURE 2
Daily nitrate leaching values averaged per heating regime (with/without heating) and soil type (silt loam and loamy sand) for the 2017/2018 and
2018/2019 seasons. Lysimeters without heating are represented by a solid black line and blue shade, and artificially heated lysimeters by a solid line
and light red shade. Black horizontal lines delineate the analysis periods: F, fall; W, winter; ST, spring-thaw and PP, post-planting periods. Cover crops
established and performed poorly in 2018/2019.
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Treatment effects on nitrate
concentrations were inconsistent across
years

The soil type and warming effect on soil nitrate concentration

was not as consistent as the drainage, soil temperature, and soil

VWC results. For 2017/2018, the year cover crops established

and performed well, there was a significant interaction between

soil type and the heating regime for the fall, and a trend effect for

the overwinter period (Table 2). Within warmed lysimeters, LS

soils presented higher NO3
− concentrations at 90 cm than SIL.

For our study, the significant effect in the fall and the overwinter

trend did not translate to different averages over the whole

period. However, differences over winter can impact year-

round NO3
− leaching totals, as this period has been identified

as a potential ‘hot moment’ for NO3
− leaching losses (Bowles

et al., 2018)). No difference in NO3
− concentrations at 90 cm

occurred between +H and –H within SIL lysimeters in any of the

periods of 2017/2018, evidence that the artificial heating mostly

affected the coarser soil. A soil warming effect on soil

NO3
−concentrations has been reported in the literature

(Groffman et al., 2001; Joseph and Henry, 2008; Patil et al.,

2010; Sahoo, 2022). This, combined with the greater likelihood of

N adsorption by finer-textured soils due to the chemical

properties of clays and their greater surface area for ion

exchange (Lazaratou et al., 2020; Nouri et al., 2022), likely

lead to the higher NO3
− concentrations for LS. In 2018/2019,

the year with poor cover crop performance, only soil type affected

NO3
− concentrations at 90 cm and LS presented averages over

the whole period that were 2.6- times higher than SIL across

heating regimes (Table 2). Interestingly, NO3
− concentrations at

90 cm in 2018/2019 were 3.5- and 1.9- times higher than the

averages reported for 2017/2018 for LS and SIL averaged across

heating regimes, respectively. Previous research has highlighted

the potential of catch crops to promote lower post-harvest soil

nitrate concentrations (Tonitto et al., 2006; De Notaris et al.,

2018; Vogeler et al., 2019; Zhao et al., 2020). Thus, the difference

in cover crops performance between 2017/2018 and 2018/

TABLE 3 p-values of the two-way ANOVA used to test main effects (SH, soil heating; ST, soil type) and the interaction SH × ST on the nitrate leaching,
for periods of the 2017/2018 and 2018/2019 seasons, and respective averages (standard deviation is shown in parenthesis). Bolded values indicate
p ≤ 0.05.

p-values

--------- Periods --------- ---------- 2017/2018 ---------- ---------- 2018/2019 ----------

SH ST SH X ST SH ST SH X ST

Fall (November 1–December 14) IN IN IN 0.65 0.05 0.68

Over-winter (December 15–March 22 0.61 0.72 0.12 0.03 0.10 ms 0.11

Spring-thaw (March 23–May 18) 0.89 0.67 0.48 0.95 0.68 0.28

Post-planting (May 19–Jun 30) 0.58 0.08 ms 0.92 0.56 0.04 0.79

Total (November 1–Jun 30) 0.85 0.39 0.16 0.20 0.13 0.19

Mean Nitrate Leaching 2017/2018, kg N ha-1†

--------- Periods --------- SIL (+H) SIL (-H) LS (+H) LS (−H)

Fall (November 1–December 14) < 0.01 < 0.01 < 0.01 < 0.01

Over-winter (December 15–March 22) 0.8 (0.6) 2.3 (3.4) 3.4 (2.2) 0.6 (0.1)

Spring-thaw (March 23–May 18) 1.0 (0.6) 1.7 (1.6) 1.9 (1.3) 1.5 (0.8)

Post-planting (May 19–Jun 30) 0.3 (0.2) 0.5 (0.4) 1.0 (0.9) 1.3 (1.0)

Total (November 1–Jun 30) 2.1 (1.3) 4.5 (3.9) 6.4 (3.5) 3.4 (1.0)

Mean Nitrate Leaching 2018/2019, kg N ha-1†

--------- Periods --------- SIL (+H) SIL (−H) LS (+H) LS (-H)

Fall (November 1–December 14) 0.2 (0.3) 0.3 (0.4) 0 <0.01 (<0.01)
Over-winter (December 15–March 22) 5.5 (3.3) 2.5 (1.7) 18.0 (10.5) 2.8 (1.2)

Spring-thaw (March 23–May 18) 2.7 (1.9) 4.5 (3.7) 5.3 (2.6) 3.3 (0.8)

Post-planting (May 19–Jun 30) 0.9 (1.2) 2.0 (1.1) 4.7 (3.8) 5.1 (1.7)

Total (November 1–Jun 30) 9.4 (5.9) 9.4 (6.2) 28.1 (16.7) 11.2 (0.9)

IN, insignificant leaching amounts in all treatments.

ms, marginal significance (p-values > 0.05 and ≤ 0.1).

†SIL, silt loam; LS, loamy sand; +H, heated; −H, non-heated.
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2019 likely explains the much higher NO3
− concentration

averages that occurred in 2018/2019. Comparatively, the LS

soil without cover crops presented an average concentration

of 13.6 mg N L−1 for 2017/2018 (Lapierre et al., 2022), which

was much higher than the 3.5 and 2.1 mg L−1 averages reported

here for heated and non-heated LS lysimeters with cover

cropping, respectively. We speculate that a heated LS soil

without cover crops could have experienced even higher soil

nitrate concentrations, information that needs to be confirmed in

future research on this topic.

There is the potential that the inconsistent results were an

artifact of uncertainties associated with the soil water sampling

using porous ceramic cups. Uncertainty exists for all methods of

soil solution sampling (Weihermüller et al., 2007; Fares et al.,

2009; Wey et al., 2021). Ceramic soil solution samplers have the

potential to over- or underestimate soil nitrate concentrations by

either missing macropore flow or by drawing excess soil water

from the mesopores (Allaire et al., 2009; Singh et al., 2018). The

solution samplers were installed in the Ck layer, which had fairly

homogeneous porosity for both soil types (Brown et al., 2021),

and thus likely had proper hydraulic contact with the soil for a

representative sampling. Suction soil solution samplers make

point samples, which is often a source of uncertainty in field

studies due to spatial heterogeneity (Lilburne et al., 2012). This

uncertainty is likely reduced in lysimeters, due to the constrained

and relatively smaller volume of soil sampled compared to

studies in areas > 1 m2. It is also unlikely that the lack of a

clear relationship between soil heating and NO3
− concentrations

were due to any lag in transport from the surface to the 90 cm

sampling depth since transit times through the soil columns were

short (Supplementary Table S1).

Cover crops can reduce adverse nitrate
leaching effects from winter warming

The design adopted in this research, with continuous

warming promoted by the infrared heaters, enabled

identification of two potential adverse consequences from

winter warming to soil NO3
− leaching: (i) increased over-

winter drainage, leading to an overall increased drainage over

the whole season; and (ii) increased over-winter NO3
−

concentration at 90 cm in the LS soil. These two factors are

key controllers of soil NO3
− leaching. The drainage and NO3

−

concentration at 90 cm in our study exhibited high spatial

variation—common in studies evaluating soil nitrogen

dynamics (Kurunc et al., 2011; Chadwick et al., 2014;

Machado et al., 2021b). Variability among subjects is a key

factor influencing statistical power (Vandenbygaart and Allen,

2011; Kravchenko and Robertson, 2015), andmight have reduced

the sensitivity of the statistical test to detect significant differences

(i.e., increased risks of type II statistical error). Thus, although the

absolute difference between LS and SIL was large

(i.e., 10.3 kg N ha−1 averaged across heating regimes), only a

trend (p >0.10 and <0.20) occurred for the soil type effect on

NO3
− leaching in 2018/2019. Similarly, a large difference

(i.e., 16.9 kg N ha−1; Table 3) occurred between +H and –H in

LS lysimeters in 2018/2019, which translated into a trend effect

for the interaction between soil heating and soil type on NO3
−

leaching. However, other observed large differences in drainage

for SIL and 2017/2018 did not translate into differences in NO3
−

leaching because NO3
− concentrations trends added variability or

trended in opposite direction (i.e., +H<-H).

Previous research at this site showed that cover crops can

significantly reduce post-harvest soil NO3
− leaching (Lapierre

et al., 2022). The current study complements these findings by

showing a trend effect (p >0.1 and <0.2) of the heating by soil

type interaction on NO3
− leaching, with +H trending higher

than –H for LS soil. For example, consider the rates from 2017/

2018, 6.4 and 3.4 kg N ha−1 leached from heated and non-heated

LS lysimeters with cover crops, respectively, versus

12.3 kg N ha−1 from non-heated LS lysimeter without cover

crops (Lapierre et al., 2022). A heated LS lysimeter without

cover crops could have experienced even higher nitrate

leaching than the 12.3 kg N ha−1 reported by Lapierre et al.

(2022) for non-heated LS soil—information that needs to be

evaluated in additional research on this topic. Besides, further

research should simulate other potential consequence of global

warming to soil NO3
− leaching (e.g., extreme weather events).

This could be achieved with ceramic infrared heaters under

different operation regimes (e.g., intermittent heating).

Conclusion

In this study, ceramic heaters and weighing lysimeters were

used to further our knowledge on NO3
− leaching of agricultural

rotations that include cover crops in response to winter warming

and soil types. Results on the impact of simulated winter

warming on NO3
− leaching varied depending on soil type,

cover crop establishment, and season. Top-down heating

demonstrated potential to influence NO3
− leaching by

increasing overwinter drainage of SIL and LS soils. However,

NO3
− concentrations at 90 cm were only affected by winter

heating for the LS soil. Overall, heating showed only a trend

effect on NO3
− leaching for the coarser soil type, despite

consistently higher drainage associated with heating. This

indicates effects on NO3
− concentration either cancelled out

the increased drainage effect or added variability to results

making the detection of significant differences more difficult.

Contrary to our initial hypothesis, the heating regime adopted in

our study did not promote colder soils during the winter. This

result provides new insight for winter warming experiments as

well as perspectives and directions for future research on this

topic. We suggest different heating regimes to simulate extreme

weather freeze/thaw events need to be simulated under similar
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settings, to provide a comprehensive understanding of the

potential consequences of winter warming on NO3
− leaching

from agriculture.
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