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Soil greenhouse gas fluxes in corn systems with
varying agricultural practices and pesticide levelsT
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and Yaoxing Wu®

Pesticides are biologically active compounds and their application may alter soil microbial communities and
thus could possibly impact greenhouse gas (GHG) emissions. However, this aspect of agricultural
production is rarely studied at the field scale. To address this knowledge gap, we conducted a 2 year
field study growing maize (corn) under three pesticide application levels (none, medium, and high) in two
agricultural practices: bare soil (conventional) and using cereal rye as a cover crop. In plots with no
pesticide inputs, weeds were managed through hand removal weekly. We quantified GHG emissions,
changes in soil labile carbon (C), nitrogen (N), and other typical growth parameters in the Iron Horse
Farm, Georgia. Corn grain yields were within 93% of the estimated site yield potential, with yield
significantly higher in 2021 than in 2022. Using a linear mixed model, including the data in both 2021 and
2022 for soil nutrients, soil temperature, soil moisture, agricultural practice, and pesticide levels as fixed
effects and date and plot as random effects, soil surface carbon dioxide (CO,) fluxes were statistically
significantly associated with soil temperature and soil moisture. Soil nitrous oxide (N,O) emissions were
only associated with soil moisture. Soils in general served as a sink for methane (CH,4) in all the
agricultural practices and soil CH4 fluxes were also only associated with soil moisture. Three plots with
a high soil C/N ratio with a visible presence of biochar resulted in several high CH, flux events during the
growing season. Soils from all plots were net sources of GHG and there were no significant differences
in the amount of soil C sequestered between the plots. Our study shows that none of the variables we
analyzed - yield, individual/net GHG emissions or the amount of C sequestered — in the two years of
our experiment were impacted by the magnitude of pesticide application. However, this may change in
a long-term experiment. Further research is also warranted to understand the underlying mechanism for
high CH,4 pulses, whether reactive oxygen species from the application of biochar might be the cause of
large negative consequences on climate, depending on conditions.

Agriculture is a major source of the three most important anthropogenic greenhouse gas (GHG) emissions, including carbon dioxide, nitrous oxide, and
methane. Agricultural soils serve as both sources and sinks of these GHGs and pesticide application may impact microbial communities, thus resulting in

altering GHG fluxes. In this two-year field study, we investigate how three pesticide levels in two agricultural practices affect each of the three GHG fluxes in
a corn farm in GA, USA. The information is useful as we consider potential agricultural solutions for meeting the Paris Agreement to hold the global average

temperature increase within 2 °C from the pre-industrial levels.

1 Introduction

The importance of soil greenhouse gas (GHG) emissions on
climate change has been long established'” but the impact of
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conventional agriculture, of applying synthetic pesticides
(herbicides, insecticides, and fungicides), on soil GHG fluxes or
carbon (C) sequestration is not well understood. Agriculture is
a source of three major GHGs, including carbon dioxide (CO,),
methane (CH,), and nitrous oxide (N,O), with emissions from
the food system as a whole estimated to represent 34% of global
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anthropogenic GHG emissions.? Agricultural soils serve as both
sources and sinks of GHGs and the land-based sector accounts
for 71% of these emissions in the food-system emissions.? In
the United States (US), 10% of its GHG emissions came from
agriculture in 2021.* It has been well documented that agri-
cultural practices, such as tillage and nitrogen (N) fertilizer
application, increase agricultural soil GHG fluxes,>® though
little research has been conducted on the potential impact of
synthetic pesticides on these fluxes in field studies.

The balance of both soil C stocks and GHG fluxes is driven by
microorganisms.”” The C cycle is governed through interac-
tions between various system components, such as the amount
of microbial biomass, microbial community structure, micro-
bial byproducts, and soil properties (e.g, texture).”® Conserva-
tion agricultural practices, such as no-tillage and cover
cropping, as well as reduced N fertilizer inputs, are known to
increase total microbial biomass and shift the community
structure toward a more fungal-dominated community.®***
Previous studies have shown that the fungal-dominated soil
communities lead to lower leaching losses of nitrate (NO3; ™) and
ammonium (NH,"), as well as lower volatilization of ammonia
(NH;) but increased N,O emissions and dissolved organic N.**

Modern agriculture has evolved partly due to the Green
Revolution, which included an emphasis on applying synthetic
fertilizers and pesticides.”® Environmental pollution and
increased weed resistance,'® as well as adverse health impacts
due to their application have been widely studied.”'® The
application of pesticides may also impact the diversity of soil
microorganisms and microbial communities, and soil
health.">

Previous laboratory studies have demonstrated that pesti-
cides can alter nitrification and denitrification rates.**
Considering that nitrification and denitrification are major
pathways for soil N,O production, different application rates of
pesticides have the potential to impact soil GHG fluxes. For
example, Jiang et al. (2015)* found that the application of ace-
tochlor and fenoxaprop-p-ethyl and tribenuron-methyl in wheat
fields and bensulfuron-methyl in rice fields significantly
reduced N,O emissions during the growing season, while other
studies showed that other herbicides, including chloropicrin
and methyl isothiocyanate, could increase N,O production.””*®

Synthetic fertilizers and pesticides can also impact soil
microorganisms that could have implications for organic
matter transformation and the C cycle. Some studies, however,
also found that herbicide and pesticide application does not
have significant impacts on the structure or functions of the soil
microbial communities.”*** Two of the most commonly used
herbicides are glyphosate and 2,4-dichlorophenoxyacetic acid
(2,4-D) but there is a lack of research on their effects on GHGs.*>
How pesticide application may impact soil GHG fluxes as
a whole is an important question, especially because herbicide
use is expected to increase due to growing population
demands® and climate change.*

Corn (Zea mays L.) is an important staple grain globally as
the third most consumed cereal®® and is one of the largest
consumers of synthetic N fertilizer.** The US is the largest
producer of corn, responsible for approximately 31.5% of global
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production in 2021.%” Although Georgia is the 24th largest corn
growing state in the US with 1.64 million metric tonnes
produced in 2021,*® there is a dearth of knowledge on soil
organic C sequestration potential and GHG emissions in the
Southeast US. Franzluebbers (2005)* conducted a review on this
topic and stated that the impacts on GHG emissions and miti-
gation potential in the Southeastern US had not been analyzed.

We have conducted fieldwork at the University of Georgia
experimental farms since 2016 to quantify the impacts of agri-
cultural practices on soil GHG emissions and C sequestration
potential.*>*' In these past studies, we focused on cover crops
and the amount of fertilizer applied to corn. In this study, we
aim to not only assess the difference in soil GHG emissions
from corn growing in bare soil against those in soil with cereal
rye (Secale cereale L.) as a cover crop, but also the amount of
pesticides applied in each of the plots. We have chosen cereal
rye as this is the most common cover crop used in Georgia and
does not impact fertilizer application rates, since it is not an N-
fixing plant.*>** We are interested in understanding how agri-
cultural practices and associated soil conditions (soil proper-
ties, temperature and moisture), soil C, and other soil nutrients
(NO;~ and NH,") along with pesticide application impact the
microorganisms in soil and whether they will lead to significant
differences in GHG emissions. This study also fills the gap in
our current knowledge, as many studies are conducted under
laboratory conditions and field studies are rare.***

2 Methods

2.1 Field experiment

We conducted a pilot-scale field experiment at the University of
Georgia J. Phil Campbell Research and Education Center (lati-
tude 33.72458°; longitude —83.30262°; elevation 158 m). The
soil type at the site is a Cecil gravelly sandy loam (fine, kaolin-
itic, thermic Typic Kanhapludults). The field experiment used
a randomized complete block design with four replicates with
a factorial arrangement of treatments: three agricultural prac-
tices as main plots (bare soil, cereal rye as a cover crop, and
intercrop with soybeans) and three pesticide application levels
(none, medium, and high) for each of these plots in 2021.
Chambers in one of the rows (row 6), however, were misplaced
after the second fertilizer application in 2021 and therefore the
measurements related to those plots for 2021 are not analyzed
in this paper. In 2022, we reduced the number of plots to
include only two agricultural practices, as the intercrop failed in
2021. We initially had four replicates of nine plots (three bare
soil plots, three cereal rye plots, and three intercrop plots, each
representing a different amount of pesticide level), with a total
number of 36 plots in 2021 and four replicates of six plots (three
bare soil plots and three cereal rye plots, each representing
a different amount of pesticide level), with a total number of 24
plots in 2022. In this paper, we analyze the results for conven-
tional and cereal rye plots for both years. Because the intercrop
failed in 2021, the intercrop plots that were on the directly
fertilized plots in 2021 (plots 108, 202, 208, 302, 304, and 408 -
explained in more detail below) are treated as conventional
plots for soil nutrient and greenhouse gas analyses. The plots
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Table 1 Experimental design
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Fig. 1 Plot design for this project in 2021 (top) and in 2022 (bottom).
Each plotis 9 ft in width and 25 ft in height, with a 15 ft alley in between
rows. In 2021, chambers in columns 2, 4, 6, and 8 were directly
fertilized. P indicates Picarro G2508, circles indicate the chamber
location and the green rectangle illustrates the chambers that were
measured together in one measurement cycle.

are summarized in Table 1 and the layout is shown in Fig. 1.
Levels of input corresponded with no pesticide input (no), the
minimum (med) or maximum (high) allowable applications of
pesticides, as indicated on the product label (Table 2). Our aim
for these levels of pesticide inputs was to maximize the rate
difference among the control (no pesticide), medium and high
plots.

Prior to planting, glyphosate was applied across the experi-
ment at 1.26 kg ae ha™" to terminate the cover crop and to kill
any winter weeds in preparation for corn planting. At the same
time, plots containing cover crop were rolled using a roller
crimper in the direction the corn would be planted. Corn seeds

(DK-6208SS) treated with prothioconazole, metalaxyl,

1762 | Environ. Sci.: Adv,, 2024, 3, 1760-1774

Provided according to the University of Georgia Extension
Checkbook Method for Corn*®

May 14, 2021 and April 13, 2022

67.25 & 197.83 (kg N ha™"); 60.53 & 197.83 (kg N ha ")
April 2, 2021 & June 15, 2021; April 26, 2022 & June 8, 2022

fluoxastrobin, clothianidin 1250, and Bacillus firmus I-1582 were
planted on 90 cm row spacing at a population of 12 140 seeds
per hectare using a John Deere MaxEmergell with insecticide
boxes.

Plots contained three rows, 7.6 m long with two data
collection rows and one row serving as a buffer row between
plots. At planting, tefluthrin was applied in-furrow at a desig-
nated rate depending on pesticide levels (no, med, high), using
the insecticide box setup on the planter. Directly after planting,
S-metolachlor was also applied at the rate for the level of
pesticide input (no, med, high) for each plot using a CO,
pressurized backpack sprayer with a 6 nozzle handboom. This
sprayer was used for all pesticide applications and was cali-
brated to deliver 187 L ha™" using TeeJet 11002VS nozzles. A
postemergence application of glyphosate and dicamba was
made at the V4-V5 growth stage. At the VT growth stage,
a fungicide premix of benzovindiflupyr, azoxystrobin, and pro-
piconazole tank-mixed with insecticide lambda-
cyhalothrin. This application was made in the medium and
high pesticide input plots and again two weeks later at the same
rates in the high pesticide input plots. In plots with no pesticide
inputs, weeds were managed through hand removal weekly.

In all systems studied, we applied a similar amount of
synthetic fertilizer (UAN 32% in bulk from Nutrien) twice during
the growing season (Table 1). Prior to planting, soil was
collected and tested at the University of Georgia's Agricultural
and  Environmental  Services  Laboratories  (https:/
aesl.ces.uga.edu/) and fertilizers were applied with a yield goal
of 280 kg grain ha~'. Applications of granular phosphorus
and potassium fertilizers (UAN 32%) were made with the use
of a variable rate pull behind rotary spreader (Newton Crouch
model 49 medium clearance row crop spreader). N fertilizer
applications were made with a John Deere 4630. 32% urea
ammonium nitrate (UAN) was applied with SJ3-04-VP nozzles
attached to 60 cm hose drops, so that the fertilizer was applied
to every other interrow. The first application in April was 67.25
kg N ha™" in 2021 and 60.53 kg N ha™" in 2022. The second
application included 197.83 kg N ha™' in June. In both years,
every other row of corn was side-dressed but in 2021, only four
rows with measurement collars were applied with fertilizer,
while all rows with measurement collars received application in
2022. This difference in fertilizer application had impacts on
soil C, soil N, and GHG fluxes that we discuss in this paper.

was

2.2 Measurements

Weather data including air temperature, relative humidity,
precipitation, pressure, and wind speed/direction at 15 min

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Level of pesticidal inputs, including product name, and amount of pesticides for each product. Each level was represented in main-plot

factor (bareground or cereal rye cover crop)

Input level Type Product name Pesticide Amount applied Timing
No None None None Plots maintained weed-free through N/A
hand removal
Med Insecticide Force 6.5G Tefluthrin 1.41 kg ai ha™* Planting
Herbicide Roundup PowerMax II Glyphosate 2.13 kg ae ha™* V4-V5
Herbicide Dual II Magnum S-metolachlor 1.42 kg ai ha™" Planting
Herbicide Xtendimax Dicamba 0.28 kg ae ha™* V4-V5
Fungicide Trivapro Benzovidiflupyr + azoxystrobin + 0.031 + 0.11 + 0.125 kg ai ha™* vT
propiconazole
Insecticide Warrior II Lambda-cyhalothrin 0.035 kg ai ha™* vT
High Insecticide Force 6.5G Tefluthrin 2.38 kg ai ha™* Planting
Herbicide Roundup PowerMax II Glyphosate 2.52 kg ae ha™* V4-V5
Herbicide Dual II Magnum S-metolachlor 1.785 kg ai ha™* Planting
Herbicide Xtendimax Dicamba 0.56 kg ae ha™" V4-V5
Fungicide Trivapro Benzovidiflupyr + azoxystrobin + 0.06 + 0.22 + 0.25 kg ai ha™* vT
propiconazole
Insecticide Warrior II Lambda-cyhalothrin 0.07 kg ai ha™ vT

intervals were collected at the Iron Horse Farm, approximately
100 m away from the measurement site. We obtained the data
from the Georgia Weather Network.

Weekly assessments of corn growth and development were
made beginning at 3 weeks after planting in 2021 and 5 weeks
after planting in 2022. Leaf Area Index (LAI) using a ceptometer
(LP-80, Meter Group), average corn height, and Soil Plant
Analysis Development (SPAD) chlorophyll measurements (MC-
100, Apogee Instruments) were also taken weekly at the same
time. To evaluate the yield and its parameters, prior to harvest,
all ears in each plot were counted and 10 ears from each plot
were hand harvested to assess ear length and grain yield per ear.
Ear length was measured and grain was removed from each ear
using a mechanical corn sheller. Once removed, the shelled
grain was weighed. To determine yield per plot, two rows in
each plot were harvested using a Wintersteiger plot combine.
Yield was adjusted across treatments to 15% moisture content.

We quantified soil CO,, N,0, and CH, fluxes by accumu-
lating gases in static chambers and using a G2508 Picarro gas
analyzer (Picarro Inc., United States). We conducted weekly to
biweekly measurements in 2021 and 2022 during the growing
season (April to September). In total, we calculated fluxes on 15
occasions in 2021 and 12 occasions in 2022. Flux measurements
were conducted between 7 am and 5 pm and the block design
allowed us to cover the diurnal variation in the flux for each
practice with the three pesticide levels.

The chambers and measurement strategy were similar to
what is described in Wang et al. (2022).*® For each round of
measurement (as illustrated as green squares surrounding six
plots in Fig. 1), we had six chambers connected to the Picarro
analyzer, drawing air from the chamber for 1 minute at a time.
We started each measurement sequence by measuring the
background air surrounding the chamber for a minute after
which we capped the chamber. In between measuring the air
from chambers, we measured ambient air through a Balston
filter (Model 9933-11-102) for a minute. We continued this five

© 2024 The Author(s). Published by the Royal Society of Chemistry

times, making it an hour-long process for quantifying fluxes for
the six chambers. To measure 24 chambers, it took approxi-
mately six hours from start to finish. We calculated the fluxes of
CO,, N,O, and CH, by fitting a linear regression of gas
concentrations accumulated over the one-hour measurement
period. We used the three last data points to calculate the
linearity and the flux rates. If the coefficient of determination
was lower than 0.75, we excluded the data from our analysis.

On each measurement period, we also measured soil
temperature and soil volumetric water content at 15 cm soil
depths using a WET-2 sensor (Delta-T Devices, Cambridge,
United Kingdom). The sensor has an accuracy of +1.5 °C and
4+0.03 m* m ™, We also collected soil samples adjacent to the
chambers within 1 h of gas measurement on each measurement
day to measure water extractable organic carbon (WEOC), soil
nitrate (NO; -N), and soil ammonium (NH,'-N) in 0-10 cm
depth. The top 10 cm of soil was collected 15-30 cm away from
each chamber using a 2.54 cm sampling rod. Each time the
sample was collected, the spot was noted, and subsequent
samples were collected at least 5 cm from that point. Samples
were then stored at 4 °C within 1 h of sampling and then
extracted to determine WEOC, soil NO; -N, and soil NH,"-N.
Total organic C (TOC) and total organic N (TON) were also
measured at the beginning and end of each growing season per
plot per year.

2.3 Soil extraction

WEOC was extracted by placing 8 grams of lightly-sieved moist
soil in a 50 mL centrifuge tube with 25 mL of 18.2 MQ water.
Samples were then shaken at 180 rpm for 30 min. The samples
were then centrifuged at 10 000 rpm (17 136 RCF) for 15 minutes
in a Sorvall RC6-Plus centrifuge, using a Thermo Scientific
Fiberlite F13S-14x50cy rotor. 10 mL of the supernatant of each
sample was collected after filtering through a Whatman Grade
42 quantitative filter paper (125 mm diameter) with a 2.5 um

Environ. Sci.: Adv, 2024, 3, 1760-1774 | 1763
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pore size before further filtration through a 25 mm syringe filter
with a 0.22 pm pore size.

WEOC concentrations were measured using a TOC-505
analyzer (Shimadzu Corporation, Kyoto, Japan). 4.5-5.5 mL of
supernatant from each sample was analyzed, along with five
standards and a blank. Two replicates were analyzed per sample
for a total of 48 measurements.

Plant-available N was estimated by extracting NO;~ and
NH," in KCI. A similar procedure to the WEOC was carried out
with 8 grams of soil added to 50 mL centrifuge tubes with 40 mL
of 1.0 M KCIl. The samples were shaken at 180 rpm for 30
minutes. The samples were then centrifuged at 10 000 rpm.
Then, 10 mL of supernatant was collected by filtration through
a Whatman Grade 42 quantitative filter paper (125 mm diam-
eter). NO;~ and NH," concentrations were measured using an
Alpkem RFA-300. 2-3 mL of supernatant from each sample was
analyzed, and two replicates were collected per sample, totaling
48 measurements.

Soils from the beginning of each growing season were
analyzed for TOC and TON. Briefly, up to 200 mg of ground soil
was added to an aluminum capsule and combusted in a LECO
CN 828 elemental analyzer.

2.4 Data analysis

We evaluated the effect of different agricultural practices and
the application rate of pesticides on corn height, SPAD, and LAI
measurements during the growing season by using a Kruskal-
Wallis rank sum test, with the kruskal test package in R version
4.3.2.7** We also analyzed these effects on soil temperature and
moisture, and soil nutrient levels for all conventional and cereal
rye plots, as well as just for plots that were directly fertilized in
2021. When the differences were statistically significant at
a 0.05 level, we conducted the pairwise comparisons using the
Wilcoxon rank sum test with continuity correction in R.** We
also assessed the relationships of soil and environmental vari-
ables (soil temperature, soil moisture, WEOC, NO; -N, NH, '~
N), as well as agricultural practices and pesticide application
rates with each of the GHG emissions using a linear-mixed
model with the lmer package in R.*® Linear-mixed models
allow us to account for both fixed and random effects.” Because
we take measurements from the same plots, our observations
from the same plots will be undeniably correlated. The same
can be said for the observations taken on the same day. We used
a linear-mixed model expressed as

y=XB+Za+e, (1)

where y is a vector of flux observations (e.g., CO,), X is a matrix of
known covariates (e.g., soil temperature), 8 is a vector of
regression coefficients, « is a vector of random effects and ¢ is
a vector of errors. This way, we are able to better understand soil
fluxes not only in terms of the variables of interest (e.g., soil
moisture, pesticide levels, etc.), but also for these random
effects. For the linear-mixed models, soil GHG fluxes were log-
transformed to meet the assumptions that the explanatory
variables are related linearly to the fluxes and also the errors are
normally distributed.

1764 | Environ. Sci.. Adv, 2024, 3, 1760-1774
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3 Results and discussion
3.1 Weather

Meteorological data, including minimum and maximum air
temperature, as well as precipitation for both measurement
periods in 2021 and 2022 are shown in Fig. 2. During the
growing season between April 15 and September 30 in both
years, average temperature was 22.36 °C in 2021 and 23.17 °C in
2022. The minimum air temperature was higher on average in
2022 (17.48 °C in 2022 compared to 16.73 °C in 2021) and so was
the maximum air temperature (29.88 °C in 2022 compared to
28.90 °C in 2021). For the same period, the cumulative precip-
itation in 2021 and 2022 was 532.6 mm and 454.92 mm,
respectively. Overall, 2022 was a hotter and dryer growing
season, compared to 2021.

3.2 Corn growth parameters

Corn height was affected by the pesticide levels. Corn height
was reduced in the highest pesticide input level compared to no
inputs (p-value = 0.04397) in 2021. The height differences were
especially visible for conventional plots from mid-July through
the end of August in 2021, approximately 7-15 weeks after
planting (Fig. 3a). The difference in the height was however only
apparent between the agricultural practices (p-value = 0.04569)
in 2022, and not in pesticide levels. Interestingly, the average
corn height at the end of the growing season in 2021 ranged
between 2.33 m and 2.72 m but in 2022, it only reached between
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Fig. 2 Meteorological data including minimum temperature (red),
maximum temperature (blue), and precipitation for 2021 (top) and for
2022 (bottom).
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Fig. 3 Average (a) corn height [m]; (b) SPAD; and (c) LAl in 2021 (left)
and 2022 (right) for conventional plots (top); and for cereal rye cover
crop plots (bottom). Pesticide application level (none, medium, and
high) is shown in blue, red, and green, respectively with 95% confi-
dence intervals.

1.55 m and 1.97 m. The corn height varied much more within
the same agricultural practice and the pesticide input level in
2021; the difference in average corn height between the two
years is apparent (ESI Fig. S17). This substantial overall reduc-
tion of the corn height in 2022 is potentially due to the weather
impact mentioned above but it may also be due to the difference
in the growing season period between the two years.

SPAD was neither affected by pesticide levels nor by agri-
cultural practices in 2021 or 2022 (Fig. 3b). Unlike for corn
height, plots without any pesticide input in conventional plots
had the lowest SPAD values 7-15 weeks after planting,
compared to those with medium or high levels of pesticide
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input. However, there was no statistically significant difference
in SPAD among the plots. Variability in SPAD was much lower in
2022 compared to 2021 for both conventional and cereal rye
plots.

LAI was unaffected by any combination of treatment factors
in conventional or cereal rye plots in both years (Fig. 3c). The
growing season started late in 2021 and so the LAI was much
lower in early July compared to 2022 but otherwise, there were
no significant differences between the two years.

3.3 Yield

The average ear length across both years and treatments was
37.47 cm, grain yield per ear averaged 162.16 g per ear, and yield
averaged 9525 kg ha™'. There was no statistically significant
effect of the agricultural practice or the pesticide level on the
average ear length, grain yield per ear, or the total grain yield
(Fig. 4). The primary reason that no pesticide plots resulted in
similar yield is because we managed weeds by hand to be weed
free. In addition, we did not observe any significant levels of
pest or disease pressure at this site that would have affected the
non-treated plots either year. The variety used is the most
commonly grown variety (DK 62-08) in the state and is well
adapted to the growing conditions with a strong disease profile.

We, however, found higher average ear length in 2021
compared to 2022 (Fig. 4). The difference was statistically
significant (p-value = 3.4 x 10~ %) and the ear length was
8.11 cm longer, on average, in 2021. Conventional plots had
a larger difference in ear length between the two years with

2021 2022 2021 2022

Pesticide Level

2021 2022

Grain yield [kg/ha)

Q = B3 Comenional

MED  HIGH NO  MED  HGH
Pesticide Level Pesticide Level

Fig. 4 Average ear lengths [m] (top left), grain yield per ear [g per ear]
(top right), and total grain yield [kg ha™!] (bottom) for each type of
agricultural practice (conventional in red and cereal rye in green) and
pesticide input levels (no, med, and high) in 2021 and 2022.
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a9.21 cm longer ear in 2021 (p-value = 3.6 x 10 >), compared to
7.01 cm for cereal rye (p-value = 0.00047). The same was true for
the grain yield per ear (p-value = 4.531 x 10™°) and the total
grain yield (p-value = 2.273 x 10~ ”7), with 48.77 g per ear higher
grain average and 5039 kg ha™" higher grain yield for 2021. The
difference in the yield was expected from the corn height and
the average ear length in the two years and this might have been
due to the difference in weather or the growing season between
the two years.

3.4 Soil nutrients

Total C and N in all the plots in 2021 had a large variability, due
to the existence of biochar in some plots. Total C content was
over 15% in three plots in 2021 (plots 201, 202, and 203) and the
highest value was 54.5% in plot 203 (Fig. 5). Total N was high
with over 0.2% in 2021 in the two plots with the highest total C
content (plots 202 and 203), although the value was lower than
the average (0.167%) in the plot 201 (0.136%), where the total C
content was the third highest of all plots (Fig. 5).

Due to the large variation in the total C and N contents, the
C/N ratio also had a wide range (Fig. 6). The average C/N ratio in
2021 was 32.5 but it was 157.4 in plot 201, where we found the
third highest soil C content with low total N. In six other plots,
the C/N ratio was over 40 in 2021. When we reduced the number
of plots in 2022, we made sure that those high C/N ratio plots
were excluded. In 2022, the average soil C/N ratio was much
more homogeneous, with an average value of 20.3.

WEOC was statistically significantly different between no
and high pesticide plots in directly fertilized plots in 2021 (p-
value = 0.015). This difference in WEOC was especially visible in
the cereal rye plots that were directly fertilized (p-value = 0.013).

Total Carbon (%]
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Fig.5 Total carbon content (left) and total nitrogen content (right) [%]
among the plots in 2021 and 2022.
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Fig. 6 Same as Fig. 5 but for the carbon-to-nitrogen ratio.

WEOC was also statistically significantly different between the
practices in the non-directly fertilized plots in 2021 (p-value =
0.001842) (ESI Fig. S21). In 2022, WEOC was only slightly
statistically significantly different between the practices (Fig. 7,
p-value = 0.083). The mean WEOC of the high-pesticide cereal
rye plots (47.3 mg kg™') was the lowest in 2021. On the other
hand, the mean WEOC of the medium-pesticide cereal rye plots
(65.6 mg kg ') was the highest in 2022.

The average WEOC in all plots in 2022 was higher by 8.26 mg
kg™ ' compared to that among the directly fertilized plots in
2021. This increase was 12.9% and was much higher than the 4
per mille (0.4%) goal set for storing C in the ground to meet the
Paris Agreement. There was however no difference in the
change in WEOC between years among different practices or
pesticide levels (Fig. 7). The average WEOC increase in
conventional (cereal rye) plots for no, medium, and high

2021 2022 2021 2022

WEOC [mg kg™
NO3[mg k™)

Posicide Lovel Pesicide Lovel Pesicide Lovel Pstcide Lovel

2021 2022

107 10+
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ES Comentions
E3 conalnye

NH, [mg kg ™)

Ld

10°- 10°-

IGH
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MED MED  Hi
Pesticide Level Pesticide Level

Fig. 7 Same as Fig. 4 but for water-extractable organic carbon (top
left), soil nitrate (top right), and soil ammonium (bottom) [mg kg].
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pesticide input levels was 4.46 (0.702), 13.0 (5.91), and 16.5
(14.0) mg kg™ ', respectively.

The time series of soil WEOC values for directly fertilized
plots shows that WEOC in the conventional no-pesticide plots
increases right after fertilization in 2021. There is a spike on
June 17, 2021 after the fertilization on June 15. WEOC values in
the cereal rye no-pesticide plots on the other hand peak a little
later on July 7, 2021. In 2022, WEOC values peak right after the
second fertilization on June 15, 2022 for the cereal rye plots but
the WEOC values in no-pesticide conventional plots peak much
later in mid-July (Fig. 8a).
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Fig. 8 Same as Fig. 3 but for: (a) water-extractable organic carbon; (b)
soil nitrate; and (c) soil ammonia.
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Soil NO; ™~ among various pesticide input levels in all directly-
fertilized plots in 2021 was statistically significantly different
(Fig. 7, p-value = 0.003433), because of the difference in
conventional plots (p-value = 0.01182). It was however only
different between the practices in 2022 (p-value = 0.0176) and
not among pesticide levels. Soil NH,'-N was furthermore not
statistically significantly different based on agricultural prac-
tices, the pesticide levels, or the interaction of these two
different variables.

The average soil NO; -N in all directly-fertilized plots in
2021 was 46.8 mg kg ', while it was 49.1 mg kg™ ' in 2022. The
average soil NH,*-N in 2021 and 2022 was 18.3 mg kg™ * and
18.4 mg kg™, respectively. We found a slight increase in both
soil NO; -N and NH,'-N in 2022, mainly because of the
increase after the second fertilization in 2022 (Fig. 8b and c).

We found high soil NO; -N and NH,"-N levels on plots that
were directly fertilized compared to those that were not in 2021
(Fig. 9). In the directly fertilized plots, we found a larger NO; -N
and NH,'-N in plots where no pesticide was applied, especially
compared to plots with high pesticide application. For the plots
that were not directly fertilized, there was no difference among
the plots with varying pesticide application rates.

3.5 Soil temperature and moisture

Average soil temperature was lower in 2021 than in 2022 by
more than 6 °C (Fig. 10), and as expected from the weather data,
soil moisture was higher in 2021 (Fig. 10). There were statisti-
cally significant differences in soil moisture among the different
combinations of pesticide input levels in 2021: between none
and medium (p-value = 0.0571), between none and high (p-
value = 8 x 10~°), and between medium and high (p-value =
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Fig. 9 Soil nitrate [mg kg™ (top) and soil ammonium [mg kg™
(bottom) in directly fertilized plots (left) and in not directly fertilized
plots (right) in 2021 for each pesticide level (none, medium, and high).
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Fig. 10 Same as Fig. 4 but for soil temperature (top) and soil moisture
(bottom).

0.017). These differences were visible in conventional plots but
not in cereal rye plots. There were no differences in 2022
between practices or among pesticide levels.

The time series figures show that the differences among the
agricultural practices and the pesticide levels were almost
nonexistent for soil temperature in both years (Fig. 11). For soil
moisture, there were quite large variations depending on the
plotin 2021 but the trends were similar in both years, regardless
of the agricultural practice or the pesticide levels (Fig. 11).
Although irrigation was applied, we find soil moisture levels as
low as 10% during the growing season, especially in 2022, when
it was much drier.

3.6 Carbon dioxide

Soil CO, fluxes in directly fertilized plots followed a similar
pattern in both 2021 and 2022 for both conventional and cereal
rye plots, although the variation was larger for the cereal rye
plots in 2021 than in 2022 (Fig. 12a). The average soil CO, fluxes
of the directly fertilized plots in 2021 and 2022 were 4.78 and
4.94 ymol m™~? s, respectively. Soil CO, fluxes in the directly
fertilized plots differed in the two practices, but only in 2021 (p-
value = 3.1 x 1077) (Fig. 13). The directly-fertilized cereal rye
plots had a higher average soil CO, flux of 5.80 umol m 2 s,
compared to conventional plots (4.02 pmol m ™2 s~ ") in 2021. In
2022, the difference between conventional and cereal rye plots
was smaller and the fluxes were 4.82 pmol m™ > s~ for the
former and 5.06 pmol m 2 s~ for the latter.

Although the mean CO, fluxes were similar in the two years
of our study, these were slightly higher than what we had
measured in the past in the nearby experimental farm, also
growing corn (conventional with 1.98 umol m > s~ " and 2.64
umol m~> s, and cereal rye with 2.78 pmol m™> s~ " and 3.55
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Fig. 11 Same as Fig. 3 but for soil temperature (left) and soil moisture
(right).

pumol m~2 s~ 1).%* However, as in these previous studies, we
also found that conventional plots emit fewer soil CO, fluxes
than cereal rye plots in this study as well.

One thing to note is the higher soil CO, fluxes from not
directly-fertilized plots in 2021 (5.89 pmol m > s~ '), compared
to directly-fertilized plots (4.60 umol m~? s~ ). The differences
were equally visible in conventional (5.59 and 4.02 pmol m >
s~") and rye plots (6.66 and 5.80 umol m > s~ ') for non-directly-
fertilized plots versus fertilized plots, respectively.

When analyzing both practices together, we did not find
statistically significant differences in soil CO, fluxes depending
on pesticide input levels. However, for directly-fertilized
conventional plots, there were significant differences between
no and medium pesticide input levels (p-value = 5.3 x 107°)
and medium and high input levels (p-value = 0.00018) in 2021.
The same was true in 2022: between no and medium (p-value =
0.079) and no and high (p-value = 0.079) input levels (Fig. 13).
Interestingly, in conventional plots, we also found significantly
different soil CO, fluxes between no and medium (p-value =
0.059) and no and high (p-value = 0.059) pesticide levels that
were not directly fertilized as well (ESI Fig. S37).

In the linear mixed model using directly-fertilized plot data
in both 2021 and 2022 data and including WEOC, NO; ™, soil

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Same as Fig. 3 but for soil surface fluxes of: (a) carbon dioxide

(COy); (b) nitrous oxide (N>O); and (c) methane (CH,).

temperature, soil moisture, agricultural practice, and pesticide
levels as fixed effects and date and plot as random effects, soil
temperature and soil moisture were the only variables that were
statistically significant. Although they both increased soil CO,
fluxes, soil temperature had a larger impact per unit increase,
holding everything else constant.

3.7 Nitrous oxide

We observed many soil N,O flux events in 2021, especially in the
cereal rye plots, compared to 2022 (Fig. 12b). In 2021, the
highest peak observed from cereal rye plots reached 263.9 pmol
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Fig. 13 Same as Fig. 4 but for soil surface carbon dioxide (CO,) fluxes
(top left), soil nitrous oxide (N,O) fluxes (top right), and soil methane
(CHy,) fluxes (bottom).

m 2 h™" on June 24, 9 days after fertilization. The highest peak
flux observed in conventional plots in 2021 was 149.7 umol m 2
h™", also on the same day. In contrast, in 2022, the highest
peaks observed in conventional and cereal rye plots were 18.1
and 70.1 pmol m > h™?, respectively. The former was observed
on July 25, more than a month after the second fertilization
event, whereas the latter was observed on April 28, soon after
the first fertilization event.

The average soil N,O fluxes in directly-fertilized plots in 2021
and 2022 were 23.88 and 5.037 pmol m~" h™, respectively. The
flux levels were much lower in 2022 and so when we expanded
the figures at low flux levels in 2022, we found a different trend
in 2022, compared to 2021 (Fig. 14). In 2021, higher fluxes were
observed in the earlier growing season with some occasional
peaks in June and July, after the second fertilization event, with
some peaks in April and May. For conventional plots in 2022,
the largest fluxes took place in April after the first fertilization.
For cereal rye plots, with no pesticide input, we observed larger
N,O fluxes later in the growing season. The reason why we
found low soil N,O fluxes after the second fertilization when we
expect the highest is most likely due to low soil moisture levels
in mid and late June, 2022 (Fig. 11).

The mean N,O fluxes differed in the two years of our study,
and the values we measured in 2022 were closer to what we
measured in our past studies. For example, in 2016 and 2017,
the N,O flux averages from the conventional and cereal rye plots
were 0.60 and 0.56 pmol m~> h™".* In 2018, they were 1.24 and
2.07 pumol m~? h™, respectively.* What we measured especially
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Fig. 14 Soil surface N,O fluxes from conventional (left) and cereal rye
(right) corn plots in 2022 with different y-axes.

in 2021 were much higher than what we had measured in the
past. It is well known that N,O fluxes are characterized by
transient hot moments.”* Our growing season in 2021 was
pushed later because of a crop failure at the beginning and that
pushed the second fertilizer date to 1 week later than in 2022.
The soil moisture was also much wetter in late June, 2021, when
the high peaks were observed (Fig. 11).

Average soil N,O fluxes from not directly-fertilized plots in
2021 (9.74 pmol m™> h™') were nearly 60% lower compared to
directly-fertilized plots (23.88 pmol m~> h™") but they were still
higher than the average in 2022. The differences were equally
visible in conventional (9.96 and 17.19 umol m 2 h™*) and rye
plots (9.20 and 25.79 umol m > h™"). Cereal rye plots did not
always emit higher N,O fluxes compared to conventional ones.

There were statistically significant differences in soil N,O
fluxes in directly-fertilized plots between the practices in 2021
(p-value = 0.00762) and 2022 (p-value = 1.9 x 10 °) (Fig. 13).
There were also significant differences among pesticide inputs
for soil N,O fluxes in these plots. In directly-fertilized conven-
tional plots, we found differences between no and medium (p-
value = 0.08) and between medium and high (p-value = 0.092)
pesticide input levels in 2021. In 2022, there were differences
among all pesticide input levels (p-values = 0.005, 0.093, and
0.089 for between no and medium, no and high, and medium
and high pesticide levels, respectively) because of the
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significant differences in rye plots between no and medium (p-
value = 0.0064) and between medium and high (p-value =
0.0121).

In the linear mixed model using the data from directly-
fertilized plots in both 2021 and 2022 data and including
WEOC, NO;~, NH,', soil temperature, soil moisture, agricul-
tural practice, and pesticide inputs as fixed effects and date and
plot as random effects, the only variable that was statistically
significant was soil moisture. Soil moisture had a positive effect
on N,O fluxes. Indeed, on those dates when we found the
highest soil N,O fluxes right after fertilization in 2021, soil
moisture was over 40%, whereas the soil moisture was below
20% after fertilization in 2022.

3.8 Methane

In most of the directly-fertilized conventional plots and in cereal
rye plots for both years, CH, fluxes were minimal and in most
cases, soils served as a sink, other than in a medium pesticide
level conventional plot (Fig. 12¢). In plot 202, which was initially
an intercrop medium-level pesticide plot (which is considered
as a conventional plot, as the intercrop failed) there was a large
CH, flux of 16.65 pmol m > h™' on September 3, 2021. There
were also other high soil CH, flux events in non-directly fertil-
ized plots and this will be discussed later together.

The average CH, fluxes in directly-fertilized plots in 2021
(excluding plot 202) and 2022 were —0.0166 (—0.236) and
—0.585 umol m > h™" for conventional and cereal rye, respec-
tively. We found statistically significantly different fluxes
between the practices in 2022 (p-value = 0.033). There were also
significant differences among pesticide levels in all directly-
fertilized conventional plots in 2021 between no and medium
pesticide levels (p-value = 0.0061). The difference was most
visible between no and medium pesticide levels in directly-
fertilized conventional plots (p-value = 1.4 x 10~°) but there
were also differences between medium and high pesticide levels
as well (p-value = 0.00027) (Fig. 13). When we exclude plot 202,
the differences among no and medium pesticide levels in
directly-fertilized plots were still visible (p-value = 0.035), and so
were the differences between no and medium pesticide levels (p-
value = 0.00017) and between medium and high pesticide levels
(p-value = 0.00209) in directly-fertilized conventional plots (ESI
Fig. S47).

The mean CH, fluxes differed in the two years of our study,
and the values we measured in 2022 were closer to what we had
in our past studies. For example, in 2018, the CH, flux averages
from the conventional and cereal rye plots were —0.65 and
—0.83 pmol m~> h™'.** What we measured especially in 2021
was a much smaller sink than what we had measured in the
past. The soil moisture being much higher in 2021 might have
played some role in the CH, fluxes as well.

Average soil CH, flux from not directly-fertilized plots in
2021 excluding plot 201 (—0.40 pumol m > h™ ") was a larger sink
compared to the mean from the directly-fertilized plots
excluding plot 202 (—0.236 pmol m~> h™') but they were still
lower than that in 2022 (—0.585 umol m 2 h™ ). The differences
were equally visible in conventional (—0.236 and —0.364 pmol
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m 2> h™ ") and rye plots (—0.0209 and —0.539 pumol m > h™*) for
directly-fertilized and non-directly fertilized, respectively and
excluding plots 201 and 202. The soil CH, flux in the no-
pesticide cereal rye plot had some high peaks over 5 pmol
m ™2 h " in plot 104 on June 24 and July 15, which increased the
average.

In the linear mixed model using both 2021 and 2022 data
and including WEOC, soil temperature, soil moisture, agricul-
tural practice, and pesticide inputs as fixed effects and date and
plot as random effects, the only variable that was statistically
significant was soil moisture. Soil moisture had a positive effect
on CH, fluxes, just like it did for N,O fluxes. As expected, plot
202 had a large positive offset of 0.378, when all the others
ranged between —0.185 and 0.178.

In plot 201, a non-directly fertilized cereal rye plot with
a medium pesticide level, we found some very high CH, peaks
on a few occasions in 2021 (Fig. 15). The soil CH, fluxes reached
higher than 4 umol m~> h™" on six days and the maximum flux
we measured was 117.6 umol m~>h ™" on September 3, the same
day when the neighboring plot 202 had a large spike with 16.65
umol m ™2 h™. Another high-level peak of 88.2 pmol m > h™ " in
plot 201 was measured on June 24, 9 days after the second
fertilization, when the fertilized cereal rye plot 104 also had
a peak of 5.06 pmol m~> h™". It is clear that the soil moisture
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Fig.15 Soil surface methane (CHy) fluxes (top) and soil moisture levels
(bottom) from plot 201 in 2021.
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was generally higher than 40% in this plot, although that itself
does not explain the high peaks (Fig. 15). It is possible that
acetate concentration was high in this plot, which may have
resulted in these high CH, releases® but we are unable to
confirm this due to the lack of measurement.

Traditionally, biogenic CH, emissions have been associated
with methanogenesis under anaerobic conditions, but some
studies have found that plants,>** fungi,*® algae®” and cyano-
bacteria®® also produce CH, under aerobic conditions.* Keppler
et al. (2008)*° demonstrated the effect of temperature and UV
radiation on CH, emissions from pectin and polygalacturonic
acid in vitro and Vigano et al. (2008)** also found the similar
effect from leaves. McLeod et al. (2008)* found evidence that
reactive oxygen species (ROS) from environmental stresses play
an important role in CH, formation by plants. Ernst et al.
(2022)*> further found evidence for a CH, formation by
a cascade of radical reactions by Bacillus subtillis and Escherichia
coli, triggered by ROS and ferrous iron (Fe>*). Methylated sulfur
and N compounds are oxidatively demethylated by hydroxyl
radicals and oxo-iron(iv) complexes ([Fe™'=0]**) to yield methyl
radicals.®

We hypothesize that high CH, emissions in our study were
potentially due to this radical reaction process because of the
existence of biochar-derived ROS in the soil, under high
temperature. Although testing this hypothesis is out of the
scope of this paper, the finding of Zhou et al. (2023),** where
they found that 4% biochar additions increased CH, emissions
by 19.3%, is noteworthy. More studies are needed to investigate
the impact of biochar on not just C in the soil but also on CH,
emissions and if these are from soil or from plants.

3.9 Soil GHG fluxes

It has been known that conservation practices that sequester
soil C can enhance CH, consumption® but we found large
heterogeneities in soil properties in the first year and observed
very high soil CH, flux events in three plots that had biochar, as
described above. The mean soil CO,, N,0, and CH, flux from
plot 201 was 8.27 pmol m™? s~ %, 4.43 pmol m > h™', and 24.97
pumol m~> h™*. The mean of all the non-directly fertilized plots
in 2021, excluding plot 201 for soil CO,, N,O, and CH, fluxes,
was 5.73 umol m~2 s, 10.1 pmol m 2 h™*, and —0.404 pmol
m~> h™". Although soil N,0O emissions were more than 50%
lower than the average, as is often discussed as a benefit of
applying biochar,**” understanding why this plot emitted sixty
times higher CH, fluxes than other plots (not to also forget that
the average was negative) will be important. More studies are
needed to investigate the impact of biochar on not just C in the
soil and N,O emissions but on GHG emissions as a whole from
this process. This is especially important because the applica-
tion of biochar may result in an unexpected consequence of
substantially increased CH, emissions, especially in high-
temperature areas, such as tropical regions.

Considering that the agricultural fields are usually fertilized
by side-dressing as done in this study and because there are
such heterogeneities, it also seems important to measure the
rows that are both directly-fertilized and non-directly fertilized
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in the future. The soil average C-equivalent emissions using all
directly-fertilized plot data were 317.9 and 71.0 mg m > h™ " in
2021 and 2022, respectively. If we averaged the directly-fertilized
and non-directly fertilized plots values in 2021, those become
226.1 mg m~> h™", nearly 30% lower than the estimated
amount. Considering that we had high N,0 and CH, emission
events multiple times in 2021, it is clear that we also need to
take measurements more frequently, as has been suggested by
others in the past.®®* Preferably automated measurements in
both directly-fertilized and non-directly fertilized plots would be
informative in better understanding the processes behind the
hot moment events in the corn field.

The average C equivalent soil GHG flux from directly-
fertilized plots was 0.158 ¢ m > h™". We found significant
differences between the practices (p-value = 6.811 x 10~°), with
higher mean from cereal rye plots with 0.167 ¢ m™> h™,
compared to conventional plots with 0.151 g m > h™ " (Fig. 16).
We also found significant differences between no and medium
pesticide plots (p-value = 0.0023) and between medium and
high pesticide plots (p-value = 0.0399). However, in the linear
mixed model to predict total GHG fluxes using all data from
directly-fertilized plots and including WEOC, NO; -N, NH,'-N,
soil temperature, soil moisture, agricultural practice, and
pesticide inputs as fixed effects and date and plot as random
effects, none of the variables was statistically significantly
different. This is not surprising as many factors have led to
different flux events at different points in this experiment.

In sum, from our limited experiment, we do not find strong
evidence that pesticide application has a short-term impact on
soil GHG fluxes. It is, however, important to note that some
studies find that soil C changes rapidly in the short term but
stabilizes in the long term (over 20 years) after the cessation of
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Fig. 16 Soil total carbon-equivalent GHG fluxes for each practice and
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disturbance.* Similar findings are available which suggest that
soil GHG fluxes are only significantly changed a decade or more
after the agricultural practice change is introduced.””* More
frequent measurements and from more areas in the plots at
a field scale would be necessary to better understand how
pesticide application impacts GHG fluxes and the C sequestra-
tion potential in the long term.

4 Conclusions

We conducted a pilot-scale field study to quantify soil GHG
fluxes in corn systems with two different agricultural practices
and three different pesticide levels (none, medium, and high) in
2021 and 2022 in Georgia, USA. Yield and GHG fluxes were both
higher in 2021 compared to 2022 and we also found differences
in GHG fluxes on plots that were directly fertilized versus those
that were not.

In the linear mixed model using directly-fertilized plots in
both 2021 and 2022 and including WEOC, NO; -N, NH,'-N,
soil temperature, soil moisture, agricultural practice, and
pesticide inputs as fixed effects and date and plot as random
effects, soil moisture was the only variable that was statistically
significant for soil CO, fluxes, N,O fluxes, and CH, fluxes. Soil
temperature was statistically significant only for soil CO, fluxes.
None of the variables was statistically significant to predict total
GHG fluxes.

Intercrop with cowpeas did not work and there were many
heterogeneities, such as the existence of biochar in some plots,
which made the field campaign more challenging than we had
anticipated. While these are clear limitations of our study, we
also found high N,0 and CH, fluxes during our measurements
from plots that had a high C/N ratio with the existence of bio-
char. Although more work needs to be conducted to provide
more insights, our results show that biochar addition may have
unintended consequences of increasing GHG fluxes substan-
tially and needs careful validation.
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