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HIGHLIGHTS GRAPHICAL ABSTRACT

e« Whether NT mitigates climate change
through reducing greenhouse gas emis-
sions at the regional scale needs to be
explored.

We quantified the long-term effects of
NT on crop yield and GHG emissions in
Kentucky  through  agro-ecosystem
modeling.

No-tillage reduced CO, and N,O emis-
sions and showed minor effects on crop
yield in Kentucky corn and soybean
cropland.

Increased air temperature diminished
NT benefits in reducing GHG emissions,
while high clay soils boosted such
benefits.

Findings suggested NT can enhance
agricultural production stability and
mitigate climate change in the Kentucky
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ARTICLE INFO ABSTRACT
Editor: Guillaume Martin CONTEXT: No-tillage (NT) is a conservation practice that aims to minimize soil disturbance and improve crop
production. However, NT effects on crop production remain controversial due to the spatial heterogeneity of
Keywords: climate and soil conditions. Some studies argued that NT might offset its greenhouse gas (GHG) mitigation
Crop yield potential in agriculture by promoting soil N2O emissions.

Greenhouse gas emissions
No-tillage
Agroecosystem model

OBJECTIVE: This study used a process-based agroecosystem model (DLEM-Ag) along with spatially explicit
environmental datasets to quantify the long-term effects of NT on crop yield and GHG emissions in corn and
soybean cropping systems in the state of Kentucky (USA) from 1980 to 2018.

METHODS: The DLEM-Ag was used to quantify the long-term effects of NT on crop yield and GHG emissions in
corn and soybean cropping systems in the state of Kentucky. Three spatiotemporal tillage scenarios, i.e., his-
torical varying tillage, consistent conventional tillage (CT), and consistent NT, were adopted to simulate changes
in crop yield and GHG emissions.
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RESULTS AND CONCLUSIONS: Overall, our results showed that NT could reduce soil CO, (—1.6% for corn and
—4.53% for soybean) and N,0O emissions (—10.5% for corn and —19.6% for soybean) in Kentucky, as compared
to CT, although corn and soybean yields with NT were not significantly different from those with CT. Our further
analysis suggested that air temperature and soil clay content were the two main factors influencing NT advan-
tages in reducing GHG emissions. The increased temperature decreased the benefits of mitigating GHG emissions,
while high clay content soils had less N,O emission under NT.

SIGNIFICANCE: This study represents one of few attempts to quantify the effects of NT on crop yield and soil GHG
emissions at the regional scale using an agroecosystem modeling approach. The findings from this study provide
insights into how NT can enhance agroecosystem production stability and support climate change mitigation.
This information may be used by the scientific community and policymakers working on practical technologies to
mitigate climate change from agriculture.

1. Introduction

The challenge of modern farming, in a context of population growth
and climate change, is to simultaneously improve crop yield and reduce
greenhouse gas (GHG) emissions. Among the portfolio of management
options for climate change adaptation and mitigation, conservation soil
management practices, such as no-tillage (NT), have been promoted to
reduce environmental side effects (e.g., soil erosion and degradation)
while ensuring long-term agricultural productivity (Lal, 2013). How-
ever, NT effects on crop yield and GHG emissions vary widely among
current studies (Pittelkow et al., 2015; Huang et al., 2018). With the
growing worldwide adoption of NT, controversy still is whether NT can
effectively enhance food security and mitigate GHG emissions under
climate change (Powlson et al., 2014; VandenBygaart, 2016).

No-tillage soil management minimizes soil disturbance and leaves
crop residues on the soil surface. The NT system can benefit soil function
and quality of soil in many situations and, therefore, crop production
(Blanco-Canqui and Ruis, 2018; Skaalsveen et al., 2019). For example,
compared to conventional tillage (CT), NT reduces the risks of soil
degradation from erosion (Montgomery, 2007; Derpsch et al., 2010).
Therefore, NT soils can hold more soil organic carbon (SOC) and water
to maintain or improve soil quality (Huggins and Reganold, 2008).
These mechanisms are especially important in areas like the south-
eastern U.S., where tilled soil is more vulnerable to water erosion in a
climate characterized by heavy and intense rainfall (Triplett and Dick,
2008; USDA, 2015). This region has witnessed rising adoption of NT in
recent decades (Claassen et al., 2018). No-tillage accounts for more than
68% of Kentucky's total cropland acreage, according to the 2017 USDA
Agricultural Resource Management Survey (USDA, 2019).

Many studies have reported positive yield responses to NT for rainfed
crops in dry climates (Pittelkow et al., 2015; Huang et al., 2018) or
under humid conditions with moderately well-drained to well-drained
soils (DeFelice et al., 2006; Triplett and Dick, 2008). However, in
more mesic climates or with poorly drained soils, the yield responses are
more variable. No-tillage management can benefit soil water conserva-
tion and retention under water-limited conditions (Farooq et al., 2011).
Still, the potential for soil waterlogging and delayed soil warming in
spring can be detrimental to crop growth (Licht and Al-Kaisi, 2005).
While studies in Kentucky have generally reported improved produc-
tivity with NT at several sites (Blevins et al., 1971; Diaz Zorita et al.,
2004; Grove et al, 2009), NT yield outcomes have not been well
quantified at the state level.

No-tillage can reduce soil CO; emissions primarily due to: 1) less soil
disturbance, which keeps SOC unexposed (Rastogi et al., 2002); 2)
improved soil aggregate stability that protects SOC from microbial
attack (Abdalla et al., 2013); and 3) a lower soil temperature (Lu et al.,
2016). However, greater soil moisture availability with NT could also
enhance microbial activity, thus increasing CO, emissions (Plaza-Bonilla
et al., 2014). A recent global meta-analysis suggested that reduced CO5
emissions under NT could diminish with the increasing duration of NT
management as the system reaches a new equilibrium at higher SOC
stocks (Huang et al., 2018).

Because NT soil water status and bulk density are usually higher
compared to tilled soils, there have been suggestions that higher N,O
emissions occur with NT (Smith et al., 2001). In contrast, NT soils may
have a slower N mineralization rate than tilled soils, leading to lower
NH4" and NO5;~ concentrations and, therefore, lower N5O emissions
(Dick et al., 2008; Almaraz et al., 2009). In the long-term, NT adoption
substantially modifies soil physical properties with improved soil ag-
gregation and aeration status, consequently reducing N;O emissions (Six
et al., 2004; van Kessel et al., 2013).

Generally, climate conditions, soil texture classes, and NT manage-
ment duration are the major factors that affect agricultural systems re-
sponses to NT management (Pittelkow et al., 2015; Blanco-Canqui and
Ruis, 2018; Cusser et al., 2020). However, a knowledge gap exists
regarding NT effects on crop yield and GHG emissions at large spatial
scales. Field experiments are invaluable, and have great credibility, in
revealing management practice impacts on agronomic and environ-
mental variables (Plaza-Bonilla et al., 2018). However, there are limi-
tations when interpreting and applying site-specific findings to a larger
area because of the unique environment (e.g., climate and soil) and
management conditions (e.g., cropping system) of each study site.
Although statistical tools such as meta-analysis are helpful in testing the
linear relationship between site-specific conditions and crop yield or
GHG emissions, meta-analysis cannot assess variate spatiotemporal
magnitudes and patterns as affected by management practices. Process-
based models provide an opportunity to overcome these limitations
(Lutz et al., 2019) and can help guide management decisions (Ludwig
et al.,, 2011). The objective of this study was to: 1) assess NT effects on
crop yield and GHG emissions from Kentucky cropland for the
1980-2018 time period using an agroecosystem model (DLEM-Ag); and
2) examine the environmental factors (i.e., climate and soil) that regu-
late the NT effects.

2. Materials and methods
2.1. Description of the study area

Kentucky lies in the east-central United States. The Ohio River forms
a northern border and the Mississippi River a western border. Kentucky
experiences a humid subtropical climate with an oceanic climate in the
highlands of the southeast. Hot summers and cold winters typically
occur, with a gradual increase in warmth in the southern regions. Ken-
tucky receives good rainfall, with an average of 1143 mm of annual
rainfall, increasing from the north to the south. Soybean and corn are the
two major row crops grown in Kentucky, accounting for about 55% of
cropland area.

2.2. Input driving data

2.2.1. Climate, CO, and nitrogen deposition data

The daily climate data were derived from the Daymet Version 3
model output data at a resolution of 1-km x 1-km, covering Kentucky
from 1980 to 2018 (Thornton et al., 2016), including maximum and
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Fig. 1. Location of Kentucky and fractional distribution of corn and soybean in Kentucky.

minimum temperature, precipitation, shortwave radiation, and vapor
pressure. The historical CO, concentration dataset was retrieved from
NOAA/GML (www.esrl.noaa.gov/gmd/ccgg/trends/). Gridded N
deposition maps were adapted from the North American Climate Inte-
gration and Diagnostics — Nitrogen Deposition Version 1 (NACID-
NDEP1) dataset (Hember, 2018). All data sets were compiled to drive
the model at a resolution of 1-km x 1-km according to the climate data
set.

2.2.2. Crop distribution map

The crop distribution map used in this study was generated by using
the USDA-NASS Cropland Data Layer (CDL) datasets. Using the available
CDL datasets for Kentucky (2008-2018), we firstly estimated the
maximum distribution of corn and soybean between 2008 and 2018
using the 30-m layers. Then, we calculated the fractions of corn and
soybean, respectively, for each 1-km pixel based on the 30-m layers
(Fig. 1). The crop distribution maps were generated on the ArcGIS
platform. First, we created a binary mask map based on the CDL data set,
in which a value of 1 represented corn or soybean pixels, and a value of
0 represented other land use/cover types. Second, we calculated the sum
of values ata 33 by 33 (i.e., 990-m x 990-m;; approximately 1-km) block
using the BlockSum function in the ArcGIS. Third, we resampled the
map to a 990-m x 990-m resolution and estimated the percentage of
corn/soybean in each 990-m pixel by dividing 1089. Lastly, we used the
Project Raster function to transfer the map generated from Step 3 into a
new map with the same projection and cell size as the Daymet climate
data. We eliminated grids with less than 5% of corn or soybean area
during the model simulation and assumed that corn and soybean had the
maximum cultivated area during the simulation period.

2.2.3. Tillage and other agricultural management practices

We obtained county-level tillage information from the Conservation
Technology Information Center's (CTIC; https://www.ctic.org/) Na-
tional Crop Residue Management Survey (CRM). The tabular data pro-
vides the acreages and percentages of five tillage types implemented for
all crops, including corn and soybean. For simplification, we grouped
the five major tillage types into three categories, i.e., no-tillage (NT),
reduced tillage (RT, including ridge tillage, mulch tillage, and reduced
tillage), and conventional tillage (CT). We used county acreages in
combination with the CDL-derived cropland layer to estimate the spatial

distribution of conventional and conservation tillage fractions for corn
and soybean, assuming each pixel within a county has the same portion
of each tillage-specific area. We reconstructed annual tillage maps from
1989 to 2011 based on the CRM dataset and made the assumptions that
the tillage maps for other years are similar to the nearest year. In
addition, we also generated two ideal tillage maps (all NT vs. all CT),
with all the corn/soybean under a tillage regime, for a scenario analysis.
Crop-specific N fertilizer use data at the state level were derived from
USDA ERS statistics on fertilizer use (https://www.ers.usda.gov/data-pr
oducts/fertilizer-use-and-price.aspx), covering the 1960-2018 period.
The irrigation map was reconstructed at a 1-km resolution based on the
MODIS irrigated agriculture dataset for the United States (MIrAD-US)
(Pervez and Brown, 2010).

2.3. Model description

The agricultural module of the Dynamic Land Ecosystem Model
(DLEM-Ag) is a highly integrated process-based agroecosystem model.
The model is capable of simulating the daily crop growth and exchanges
of trace gases (COj, CHy4, and N5O) between agroecosystems and the
atmosphere; and quantifying fluxes and storage of carbon, water, and
nitrogen within agroecosystem components as affected by multiple
factors such as climate, atmospheric CO,, nitrogen deposition, tropo-
spheric ozone, land use and land cover change, and agriculture man-
agement practices (e.g., harvest, rotation, irrigation, and fertilizer use).
This model has been extensively used to study crop production, SOC,
exchanges of trace gases between the agroecosystems and the atmo-
sphere. The detailed structure and processes have been well documented
in previous work (e.g., Tian et al., 2010; Ren et al., 2011, 2012, 2016;
Zhang et al., 2018).

A tillage sub-module was recently incorporated in the DLEM-Ag
model (Huang et al., 2020, 2021). The implementation of tillage
mainly focuses on two processes directly affected by tillage: 1) the
redistribution of surface residues with tillage practice and subsequent
effects on soil water properties and water-related processes; 2) the
increased residue decomposition rates. The tillage effects are imple-
mented in combination with residue management, as these managenent
practices are often interrelated (Strudley et al., 2008). Tillage in-
corporates surface residues into the soil, altering the residue coverage at
the soil surface. Crop residues left on the soil surface intercept rainfall,
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Table 1
Experimental designs used in this study.

Drivers used

Experiment Abbr Tillage Others®
Historical varying tillage S1 1980-2018 Varying
Conventional tillage 52 1980° Varying
No tillage S3 1980° Varying

2 Others include climate data (e.g., air temperature, precipitation, and radi-
ation from 1980 to 2018), agricultural N fertilizer (i.e., N fertilizer from 1980 to
2018), and atmospheric conditions (i.e., CO2 and N deposition from 1980 to
2018).

® Tillage intensity across Kentucky for the entire period was consistently
conventional tillage (CT).

¢ Tillage intensity across Kentucky for the entire period was consistently no-
tillage (NT).

facilitating water infiltration. Surface residues also serve as a barrier
that reduces water losses to the atmos (evaporation). Therefore, residues
help maintain or improve soil moisture. Soil moisture affects plant pri-
mary production by regulating the amount of available water for plants,
and in turn, plant water uptake also changes soil moisture. The tillage
sub-module does not consider the direct effect of tillage on soil thermal
properties due to the scarcity of studies on soil thermal properties under
different tillage regimes (Blanco-Canqui and Ruis, 2018; O'Brien and
Daigh, 2019). However, as soil thermal properties are intimately asso-
ciated with soil hydraulic properties in the DLEM-Ag, the tillage sub-
module indirectly affects soil temperature by changing soil water
content.

2.4. Model experiment design

In this study, we designed three simulation experiments to assess the
magnitudes in, and spatiotemporal patterns for, crop yield and GHG
emissions under different tillage systems from 1980 to 2018 (Table 1).
The model simulation began with an equilibrium run using 30-year
(1980-2009) mean climate datasets to develop the simulation
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baseline, in which the yearly variations in carbon, nitrogen, and water
for each grid were less than 0.1 g C/m?%/yr, 0.1 mm HyO/yr, and 0.1 g N
m2/yr, respectively. Before the transient run, the model was run for
another 100 years for the spin-up to remove system fluctuations caused
by the shift from equilibrium to transient mode, using climate data
randomly selected from the 1980-2008 time period. The first simulation
(S1) was designed to produce the near-real crop yield/GHG emissions
and their changes in Kentucky, driven by historical varying tillage types
and other input drivers (e.g., climate, CO,, N deposition, fertilizer use,
irrigation). In the second and third simulations (S2 — S3), we assumed
that a specific tillage practice was applied to all the croplands over the
study period. Comparing the three scenarios provides potential yield
and GHG emission changes to NT implementation in the corn and soy-
bean production.

3. Results and discussion
3.1. Historical climate changes in Kentucky

The climate in Kentucky was generally becoming warmer and wetter
between 1980 and 2018. Overall, the air temperature increased at
0.02 °C/year (R? = 0.11, p = 0.04) in Kentucky (Fig. 2¢). The most
significant temperature increases occurred in the west and east regions
of Kentucky (Fig. 2a). Similarly, annual precipitation exhibited a sig-
nificant increasing trend (7.05 mm/year, R? = 0.15, p = 0.02) across the
state (Fig. 2d), with relatively greater increases in Kentucky's north-
central regions (Fig. 2b). The decadal mean annual precipitation
increased from about 1226 mm in the 1980s to 1448 mm in the 2010s.
Compared to other areas, most corn and soybean cropland located in
western and central regions have experienced a moderately warmer and
wetter climate. There were four relative droughts (e.g., significant in-
creases in temperature and decreases in precipitation) that occurred in
1987, 1999, 2005, and 2012 and six abnormally wet periods (significant
increases in precipitation with fewer temperature changes) in 1989,
1996, 2003, 2009, 2011, and 2018.
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Fig. 2. Spatial and temporal change in annual air temperature (a, c), and precipitation (b, d) in Kentucky between 1980 and 2018.
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3.2. Evaluation of DLEM-Ag simulated results

We first compared the model simulated crop yields against the USDA
reported state-level crop yields for corn and soybean from 1980 to 2018
(Figs. 3 and 4a). A carbon content factor was used to convert the dry
biomass to carbon (450 g C/kg). The simulated results well captured the
increasing trends in corn and soybean yields during the study period,
with slightly lower rates of increase than those determined from the
USDA data (4.03 g C m—2 year’1 vs.5.27gC m 2 year’1 forcorn, 1.17 g
Cm 2 year ! vs. 1.65 g C m ™2 year * for soybean, Fig. 3). As presented
in Fig. 4a, the simulated yields by DLEM-Ag agreed well with the USDA
crop yield (R? = 0.88). We also compared the simulated results with the
estimated crop yields from USDA inventory at the county level during
1980-2018 (Fig. 4b). The county-level comparisons also showed high
correlation coefficients (R = 0.85). The calibration procedure used is
responsible for this good agreement.

Simulated state-level crop yields also well captured the temporal
patterns in the survey data, with a correlation coefficient of 0.81 and
0.75 for corn and soybean, respectively (Fig. 3). Although changes in
production technology (improved crop genetics and management
practices) were mainly responsible for the upward trend in crop yields
(Egli, 2008; Fischer et al., 2014), environmental factors, such as seasonal
weather, were likely responsible for the annual variations (Hatfield
etal., 2011). Some have suggested that the trends in increased crop yield
were also associated with changes in rainfall and temperature (Anderson
et al., 2001; Lobell and Asner, 2003). The simulated yield results
exhibited similar interannual variation but showed less variance than

the survey yield data. The reason could be due to uncertainties in
climate data. Limited by the data availability, tillage distribution maps
were constructed based on the county-level surveys, therefore associ-
ated tillage practices were proportionally allocated to corn/soybean
pixels; and data during 1980-1998 and 2012-2018 were assumed to be
the same as the year of 1989 and 2011, respectively. These assumptions
could also result in uncertainties in estimating yield interannual varia-
tions. In addition, the model simulation assumed that corn and soybean
were planted in late-April in western Kentucky and early May in central
and eastern areas throughout the study period, which represented the
optimal planting period for Kentucky (Lee et al., 2007). Compared to the
large variations in planting dates, the relatively stable and optimal
planting dates used in the model could lead to lower simulated inter-
annual variations in crop yields.

3.3. Tillage effects on crop yield and GHG emissions

In general, our simulations showed that adopting NT slightly
increased corn yield (0.2%) and decreased soybean yield (—2.4%) on
average (Fig. 5a, b, respectively). These differences suggested that the
yield differences between NT and CT are negligible in Kentucky, pri-
marily due to the humid climate and moderately well to well-drained
cropland soils. In terms of tillage effects on GHG emission, our simu-
lated results showed that CO5 emissions were generally reduced by
—1.6% for corn and by —4.5% for soybean with NT than with CT
(Fig. 5¢, d). Switching from CT to NT management decreased N,O
emissions by an average of —10.5% for corn and by —19.6% for soybean
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(Fig. 5e, f). The spatial patterns for tillage effects on GHG emissions were
similar, with the relatively more substantial reductions in CO5 and N3O
emissions in the central and northern areas and relatively smaller re-
ductions in the western regions.

The decrease in CO, emissions with NT, as compared to CT, is
consistent with previous findings (ranging from —11.9% to —4.9%;
Abdalla et al., 2013; Lutz et al., 2019; Huang et al., 2020), as NT de-
creases organic matter decomposition rates with less soil disturbance
and lower soil temperature (Rastogi et al., 2002; Lu et al., 2016).
However, NT effects on reducing CO, emissions diminished with the
duration of NT (Fig. 6), suggesting that the soil and litter C stocks were
increasing, causing rising COs emissions under NT which gradually
decrease differences between tillage systems. Huang et al. (2018)
reviewed the effects of NT duration and found that NT reduced CO5
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duction systems from 1980 to 2018. reduction in N3O emissions, probably due to the improvement in soil
structure and hydraulic properties in the long term (Blanco-Canqui and
Ruis, 2018). Our results of reduced N,O emissions due to NT agree with
some previous studies (Omonode et al., 2011; Yoo et al., 2016; Plaza-
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corn (a, b, e, f) and soybean (c, d, g, h) production systems.

Bonilla et al., 2018) but contradicts several literature studies (Huang
et al., 2018; Mei et al., 2018; Lutz et al., 2019). The reduction in N5O
emissions may be due to Kentucky's generally well-aerated cropland
soils (Rochette, 2008). The sequential nitrification and denitrification
responsible for NoO emissions occur in the optimal soil temperature and
moisture conditions under NT (Doran, 1980; Williams et al., 1992).
Higher levels of inorganic N could lead to higher N,O emissions. How-
ever, N mineralization rates are often lower under NT than under CT due
to the leaving of crop residues on the soil surface (Rice et al., 1986;
Franzluebbers et al., 1995; Dick et al., 2008).

3.4. Climate and tillage effects on GHG emissions

We examined tillage effects on GHG emissions as affected by spatial
climate characteristics (i.e., annual precipitation and temperature)
across Kentucky for corn and soybean croplands. Generally, annual
precipitation did not significantly influence tillage effects on either CO5
and N,O emissions from Kentucky corn and soybean croplands (Fig. 7a,
¢, e, g). In comparison, differences in GHG emissions between NT and CT
tended to decrease with increasing annual temperature in both cropping
systems (Fig. 7b, d, f, h). This phenomenon was more pronounced for
changes in CO; emissions than changes in N;O emissions. The results
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suggest that spatial air temperature patterns, but not precipitation pat-
terns, are the dominant factor affecting the spatial heterogeneity in NT
effects on GHG emissions in Kentucky. Relative to CT, NT can reduce
GHG emissions more in cooler (i.e., northern Kentucky) than warmer
(western and southern Kentucky) regions. These results agreed with our
recent site-level study indicating NT effects on SOC were controlled
more by temperature than precipitation in northern Kentucky (Huang
et al., 2020), as soil GHG emissions and SOC were highly correlated.

3.5. Soil texture and tillage effects on GHG emissions

Our simulation results showed that differences in NoO emissions,
relative to CT, significantly increased with the increasing soil clay
content (Fig. 8g, j), but tended to decrease with rising sand and silt
contents (Fig. 8h-i, k-1). In comparison, CO, emissions between NT and
CT management were not significantly affected by soil texture (Fig. 8a-
f). Clay content in the soil is strongly correlated with SOC (Meersmans
et al., 2012). By binding organic matter, clay particles help form and
stabilize soil aggregates, imposing a physical barrier between microbial
decomposers and organic substrates (Dominy et al., 2002). Compared to
CO,, the production of N,O in the soil is more sensitive to soil clay
content (Miller et al., 2020).

4, Conclusions

This study is one of few attempts to quantify the effects of NT on crop
yield and soil GHG emissions at the regional level using a spatially
explicit agroecosystem modeling approach. Overall, the model exhibited
good performance in the Kentucky region. Oursimulations showed that
NT had no significant effect on corn and soybean yield in Kentucky but
decreased soil CO5 (—1.6% for corn and — 4.53% for soybean) and N5O
emissions (—10.49% for corn and —19.64% soybean) as compared to CT.
Further analysis suggested that temperature and soil clay content were
two crucial factors that governed the effectiveness of NT in reducing soil
GHG emissions in the study area. Increased temperature would lead to
less impact on the reduction of GHG emissions from NT soils. High clay
content soils under NT were associated with more reductions in NoO
emissions. This study illustrated that NT could be a viable management
practice towards the building of climate-resilient agriculture in Ken-
tucky. Our findings regarding climate and soil controls in NT systems
could be extended to other regions where conservation tillage practices
are being widely adopted.
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