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A B S T R A C T   

Soil thermal properties play an important role in crop productivity, but the influence of a multi-species cover 
crops (CCs) on these properties are not well understood. This study evaluated the effects of no-till CCs (winter 
wheat [Triticum aestivum L.], crimson clover [Trifolium incarnatum L.], triticale [Triticale hexaploide Lart], hairy 
vetch [Vicia villosa], oats [Avena sativa], and cereal rye [Secale cereale L.]) on soil physical (bulk density [BD], 
and volumetric water content [ϴ] at 0, − 33, and − 100 kPa soil water pressures) and thermal properties (thermal 
conductivity [λ], volumetric heat capacity [CV], and thermal diffusivity [D]). Soil samples were collected just 
before CC termination at 0–10, 10–20, and 20–30 cm depths from CC and no cover crop (NC) plots during 2021 
and 2022. Results showed that, after 2 years, CCs reduced BD by 17% and increased ϴ at 0, − 33, and − 100 kPa 
soil water pressures by 23%, 25%, and 28%, respectively relative to NC management. Thus, λ under NC was 16%, 
19%, and 20% higher at 0, − 33, and − 100 kPa soil water pressures, respectively, compared with CC man-
agement. Conversely, CV was 17%, 14%, and 15% higher under CC compared with NC management at 0, − 33, 
and − 100 kPa soil water pressures. Regression analysis further demonstrated that while plant root was the most 
important factor influencing λ at saturation, ϴ played the greatest role in λ at other soil water pressures. 
Expectedly, ϴ was the most important factor influencing CV at all measured soil water pressures. Conclusively, 
no-till CCs can improve laboratory measured soil thermal properties by moderating heat transfer.   

1. Introduction 

Soil thermal properties influence heat flow, and some soil ecosystem 
benefits and processes; provisioning services (e.g., seed germination and 
plant root growth), climate regulation (e.g., microbial decomposition of 
soil organic carbon [SOC] stock), and environmental sustainability (e.g., 
water and nutrient transport) (Blanco-Canqui and Ruis, 2020; Haruna 
et al., 2020). These thermal properties include thermal conductivity (λ), 
volumetric heat capacity (CV), and thermal diffusivity (D). 

Thermal conductivity is the ability of a material to transfer heat by 
conduction though a unit area of the material and it is the sum of all 
components representing thermal excitation (Yang, 2005). For soils, 
compaction allows heat to spread out more effectively and slowly over a 
large depth. Conversely, the CV is the ability of a material to resist heat 
change per volume over a given temperature gradient and it depends on 
several soil properties including volumetric water content (ϴ) and SOC 
(Ju et al., 2011). Due to their high heat capacity, higher ϴ and SOC in the 

soil often results in higher CV (Bristow, 2002). Thermal diffusivity pro-
vides information about the balance between heat conduction and 
storage (Dante, 2016) and is related to how quickly a material can 
achieve thermal equilibrium. As such, higher D can result in rapid heat 
transfer. 

Although soil thermal properties can be influenced by pedogenic 
factors and processes (e.g., particle size distribution, climatic conditions, 
slope aspect, etc.) in the long-term, anthropogenic factors, through soil 
manipulation and management, influence these properties in the short- 
term. An important soil management practice that has been reported to 
influence soil thermal properties is tillage. Abu-Hamdeh (2000) reported 
that the λ of a loam soil was 39% higher under no-till (NT) management 
compared with rotary plow. Further, Potter et al. (1985) reported that 
NT had 20% higher λ than conventional tillage. This was attributed to 
the tillage systems relieving soil compaction, reducing the contact be-
tween soil particles, and consequently reducing soil λ. 

Besides tillage, the use of cover crops (CCs) in crop rotation cycles 

Abbreviations: CC, cover crop; NC, no cover crop; BD, bulk density; CV, volumetric heat capacity; D, thermal diffusivity; λ, thermal conductivity; θ, volumetric 
water content. 
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can also influence soil thermal properties. For example, Haruna et al. 
(2017) reported that CCs, by significantly increasing SOC and ϴ, 
increased CV by 13% at saturation compared with no cover crop (NC) 
management. At − 33 kPa soil water pressures, these authors reported 
that CV was 16% higher under CC compared with NC management. 
Sindelar et al. (2019) reported similar findings. 

Although some studies have been conducted to evaluate the influ-
ence of CCs on soil thermal properties (e.g., Haruna et al., 2017; Sindelar 
et al., 2019; Haruna, 2019; Mendis et al., 2022), these studies were 
conducted over one growing season. Further, the soil property and 
mechanisms responsible for changes in thermal properties at different 
soil water pressures have not been studied or fully understood. In a 
changing global climate with increasingly more variable soil water 
content, knowledge of soil properties influencing soil thermal properties 
at various soil water pressures is important for ensuring cropping sys-
tems sustainability. The objectives of this study include; 1) evaluate the 
influence of No-till CC management alone on soil thermal properties 
during 2 years, 2) quantify the effects of plant roots on soil thermal 
properties, 3) investigate the influence of ϴ, SOC, and soil bulk density 
(BD) on soil thermal properties at various soil water pressures, and 4) 
evaluate the interaction effects of CCs, sampling depth, and sampling 
year on soil thermal properties. It is hypothesized that 1) CCs alone will 
not significantly improve soil thermal properties during 2 years, 2) plant 
roots, like SOC, will increase volumetric heat capacity of soils, 3) due to 
water drainage at each soil water pressure, ϴ will be the most important 
factor influencing soil thermal properties, and 4) treatment by depth 
interaction will increase λ and reduce CV, while year by depth treatment 
will reduce CV under CC management alone. 

2. Materials and methods 

2.1. Site description 

This study was conducted on a farmer’s field in Coffee County, 
Tennessee, USA (35.330 N, − 86.012 W). The site was at an average 
elevation of 310 m above sea level and a 0–2% slope. The USDA clas-
sification of the soil is a Holston sandy loam (Fine-loamy, siliceous, 
semiactive, thermic Typic Paleudults). Particle size distribution relative 
to soil depth is shown in Table 1. The study area’s climate is humid 
subtropical (Koppen Climate Classification). The average 40-year pre-
cipitation is 1422 mm, with December (122 mm) and August (51 mm) 
receiving the highest and lowest amount of precipitation, respectively. 
The cumulative precipitation during the CC growing season was 31 and 
29 mm during 2021 and 2022, respectively. The average 40- year air 
temperature at the study site is 15 ◦C, with July (31 ◦C) and January 
(− 1◦C) being the warmest and coldest months, respectively. 

2.2. Management description 

The field was laid out using a completely randomized design with 
two levels of CCs (CCs vs NC) with three replicates. The tillage man-
agement type was NT for this field. A 6-way CC mix was selected to 
reflect the agronomic practice in this region and for their soil health 
benefits. These CCs included winter wheat (Triticum aestivum L.), 
crimson clover (Trifolium incarnatum L.), triticale (Triticale hexaploide 
Lart), hairy vetch (Vicia villosa), oats (Avena sativa), and cereal rye 
(Secale cereale L.). The cash crop grown after CC termination was corn 
(Zea mays) planted in April and harvested in September of each year. 

The field was under 20 years of CC management and 25 years of NT 
management prior to the establishment of the current research in 2020. 
After the harvest of the cash crop in 2020, the research plots were 
delineated. Each plot was 20.1 m long and 7.4 m wide. During October 
of 2020 and 2021, the CCs were overseeded and later drilled into the soil 
at the following rates: 22.4 kg ha− 1 for winter wheat, 5.9 kg ha− 1 for 
crimson clover, 22.4 kg ha− 1 for triticale, 5.6 kg ha− 1 for hairy vetch, 
29.1 kg ha− 1 for oats, and 17.8 kg ha− 1 for cereal rye. These seeding Ta
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rates were based on the recommendations of the University of Tennessee 
Cooperative Extension. The CCs were terminated in April of each year 
using 4.15 kg ha− 1 acid equivalent of glyphosate (N-[phosphonomethyl] 
glycine). About 3 hrs. after spraying, a 9 m CC roller was used to com-
plete the CC termination. All plots were rain-fed during this study. 

2.3. Soil sampling and analysis 

Soil samples were collected just prior to CC termination using a cy-
lindrical core with a diameter of 5.5 cm and a height of 6 cm during 
2021 and 2022 at three depths; 0–10, 10–20, and 20–30 cm. Plant root 
proportion per soil sample was analyzed after the samples were oven- 
dried, crushed and sieved (Zhou and Shangguan, 2005). The propor-
tion of plant roots in the soil samples at 0–10, 10–20, and 20–30 cm 
depths were about 20%, 10%, and 5%, respectively under CC manage-
ment. Under NC management, the proportion of plant roots was 5%, 3%, 
and 1% of the soil volume at 0–10, 10–20, and 20–30 cm depths, 
respectively. During each year, a total of 18 (2 treatments x 3 depths x 3 
replicates) soil samples were collected. Each sample was trimmed, 
placed in pre-labelled plastic bags and stored in the refrigerator at 4 ◦C 
until analysis. 

Prior to analysis, soil samples were removed from the plastic bags, a 
cheesecloth placed on the bottom of the cores using rubber bands, 
placed in a tub and saturated with water (electrical conductivity of 0.3 
dS/m at 20 ◦C) from below until there was no tension on the soil surface. 
Each soil was weighed, placed on pressure plates and equilibrated to −
33 and − 100 kPa soil water pressures on ceramic plates using a pressure 
chamber (Dane and Hopmans, 2002). After equilibration at each pres-
sure, the soil samples were weighed and ϴ was determined at each 
pressure using BD data. 

A KD2 (Decagon Devices, Pullman, WA) heat-pulse sensor was used 
to determine soil thermal properties; λ, CV, and D. Prior to measurement, 
the accuracy of the probe was verified using performance verification 
standards. At each soil water pressure (0, − 33, and − 100 kPa), the probe 
was inserted vertically into the soil and the λ, CV, and D were recorded. 
During insertion, previous insertion locations and core walls were 
avoided. 

After measuring soil thermal properties and ϴ, the soil samples were 
oven-dried for at least 24 hrs. and BD was determined using the core 
method (Grossman and Reinsch, 2002). The oven-dried soil was ground, 
passed through a 2 mm sieve. About 20 g of the < 2 mm particles was 
used for soil textural analysis using the pipette method (Gee and Or, 
2002). At least 250 mg of the < 2 mm particles was used for SOC 
determination using the combustion method (Loss-on-Ignition at 
1200 ◦C) (Schulte and Hopkins, 1996) in a Skalar SNC (Skalar Analytical 
B.V., The Netherlands) analyzer. 

The model of Fu et al. (2019) was used to quantify the effects of plant 
roots (Pr) on soil thermal properties; 

λ =

( Vw
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V

)
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V
+

Vw

V

)

Cw +
Vr

V
ρrcr (2)  

where V, Vw, Vrw Vr are the volumes of the whole soil (including all 
constituents), soil water, root water, and dry roots, respectively; λw, λs, 
and λa are the thermal conductivities of water (0.57 W m− 1 K− 1), soil 
solids, and air (0.025 W m− 1 K− 1), respectively; ρs and ρr are the den-
sities of soil solids and dry roots, λr is assumed to be equal to the λ of 
organic materials (0.25 W m− 1 K− 1), Cs, Cw, and Cr are the specific heat 
of soil solids, soil water (4.18 MJ m− 3 K− 1), and dry roots (assumed to be 
equal to the specific heat of organic materials, 1.92 J g− 1 K− 1), kr, ks, and 
ka are weighing factors for the dry plant roots, soil solids, and air, 
respectively. For mathematical convenience, the effects of plant roots on 
thermal diffusivity was determined as a ratio of Eqs. 1 and 2. For more 

details about these weighing factors, please see Fu et al. (2019). 

2.4. Statistical analysis 

A test of normality was conducted on SOC, BD, ϴ at 0, − 33, and 
− 100 kPa soil water pressures, and thermal properties using the 
Anderson-Darling test at 0.05 probability level in SAS ver. 9.4 (SAS 
Institute, 2015). All data was normally distributed. ANOVA was con-
ducted on soil properties to determine the treatment and depth effects 
during each year. Additionally, ANOVA was also conducted to deter-
mine the treatment X depth interaction on measured soil physical and 
thermal properties. Further, ANOVA was conducted on CC samples 
alone collected during 2021 and 2022 to determine the CC and year X 
depth interaction effects on soil properties. Significant differences were 
determined at the 0.05 probability level. 

3. Results 

3.1. Soil physical properties 

The means (with SE) and ANOVA of selected soil physical properties 
between treatments and at different depths during 2021 and 2022 are 
provided in Table 2. Additionally, comparison was also made for soil 
physical properties under CC treatments alone between 2021 and 2022 
to evaluate the temporal effects of CCs on these properties. In both years 
of study, treatment and sampling depth significantly influenced soil 
physical properties (Table 2). Averaged over sampled depths in 2021, 
BD was 15% higher under NC compared with CC management. During 
this same period, the depth averaged ϴ at 0, − 33, and − 100 kPa soil 
water pressures were 29%, 83%, and 100% higher, respectively, under 
CC compared with NC management, with the greatest influence occur-
ring at the 0–10 cm depth. Although not significant, SOC was numeri-
cally higher under CC management compared with NC management. 
While BD increased with an increase in soil depth, other measured soil 
physical properties reduced significantly with an increase in soil depth. 
In 2022, BD was 17% higher under NC compared with CC management. 
Soil organic carbon, ϴ at 0, − 33, and − 100 kPa soil water pressures 
were 14%, 23%, 25%, and 28% higher, respectively, under CC compared 
with NC management. Although all soil physical properties were not 
significantly influenced by soil depth, the trend of soil physical prop-
erties with depth in 2022 was similar to 2021 (Table 2). 

When soil physical properties under CC management alone were 
compared between 2021 and 2022, year X depth interaction was sig-
nificant for BD. Results showed that BD was higher in 2021 compared 
with 2022 at the 0–10 and 10–20 cm depths. At the 20–30 cm depth, BD 
was higher in 2022 compared with 2021 (Fig. 1a). Although sampling 
year did not significantly influence all measured soil physical properties, 
the depth averaged soil physical properties were numerically higher in 
2022 compared with 2021 (Table 2). Further, all soil physical properties 
(except BD) were reduced with an increase in soil depth. Soil BD fol-
lowed the opposite trend. 

3.2. Soil thermal properties 

Table 3 shows the means (with SE) and ANOVA for soil thermal 
properties at selected soil water pressures between treatments and at 
different sampled depths in 2021 and 2022 and for CCs alone during 
both years. Averaged over sampled depths during 2021, λ was 18%, 
16%, and 15% higher under NC compared with CC at 0, − 33, and − 100 
kPa soil water pressures, respectively. Conversely, averaged over all 
sampled depths, CV was 15%, 12%, and 10% higher under CC compared 
with NC at 0, − 33, and − 100 kPa soil water pressures, respectively. 
The depth averaged D was 35%, 30%, and 27% higher under NC 
compared with CC at 0, − 33, and − 100 kPa soil water pressure, 
respectively. At all pressures, λ and D increased significantly with an 
increase in soil depth, while CV reduced with increasing soil depth 
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(Table 3). During 2022, soil thermal properties followed a similar trend 
with treatment and depth as it did during 2021. 

A comparison of soil thermal properties under CC management alone 
between 2021 and 2022 showed that sample year, depths and year X 
depth interaction significantly influenced soil thermal properties at 
various soil water pressures (Figs. 2–4). At − 33 kPa soil water pres-
sures, λ and CV were 10% and 4% higher, respectively, in 2022 
compared with 2021. Further, λ and D increased with increasing soil 
depth at all measured soil water pressures. At saturation, year X depth 
interaction showed that λ and D were higher in 2021 compared with 
2022 at the 0–10 cm depth. Below this depth, the trend was reversed 
(Fig. 2d & 4d). 

In order to determine the influence of the measured soil physical 
properties and CC plant roots (Pr) on soil thermal properties, regression 
analysis was conducted on each soil thermal property at each measured 
soil water pressure. The following equations provided the best estimate 

for λ, CV, and D at each measured soil water pressure;. 
At saturation.  

λ = 0⋅786 + 0⋅038ϴ + 0⋅408BD + 0⋅003SOC + 0⋅438 Pr r2 = 0⋅79       (3)  

CV = 2⋅048 + 2⋅026ϴ - 0⋅194BD + 0⋅019SOC + 0⋅022 Pr r2 = 0⋅77      (4)  

D = 0⋅301–0⋅113ϴ + 0⋅127BD - 0⋅001SOC – 0⋅435 Pr r2 = 0⋅78           (5) 

At − 33 kPa.  

λ = 0⋅263 + 1⋅019ϴ + 0⋅638BD + 0⋅002SOC + 0⋅321 Pr r2 = 0⋅92       (6)  

CV = 2⋅934 + 0⋅818ϴ - 0⋅619BD + 0⋅042SOC + 0⋅021 Pr r2 = 0⋅97      (7)  

D = 0⋅118 – 0⋅323ϴ + 0⋅210BD – 0⋅002SOC – 0⋅394 Pr r2 = 0⋅94         (8) 

At − 100 kPa.  

λ = 0⋅264 + 0⋅973ϴ + 0⋅619BD + 0⋅002SOC + 0⋅371 Pr r2 = 0⋅83       (9)  

CV = 2⋅525 + 0⋅630ϴ - 0⋅288BD + 0⋅032SOC + 0⋅045 Pr r2 = 0⋅76    (10)  

D = 0⋅135 – 0⋅449ϴ + 0⋅163BD – 0⋅001SOC – 0⋅492 Pr r2 = 0⋅86       (11) 

The models were significant (p < 0.001) (n = 36) with r2 ranging 
between 0.76 and 0.97 at all soil water pressures. While Pr was the most 
significant factor influencing λ at saturation, ϴ was the most important 
measured variable that influenced λ at − 33 and − 100 kPa soil water 
pressures. For CV, ϴ had the greatest influence at all measured soil water 
pressures. The proportion of Pr was the most significant factor affecting 
D at all measured soil matric potentials. 

Table 2 
Soil organic carbon (SOC), bulk density (BD), and volumetric water content at 
selected water matric potentials.     

Volumetric water content (cm3 

cm− 3) 

Treatment SOC (g 
kg− 1) 

BD (g 
cm− 3) 

0 kPa -33 kPa -100 kPa 

2021 
CC 16.95 

± 1.16¶ 
1.17 
± 0.05b 

0.510 
± 0.02a 

0.110 
± 0.02a 

0.102 
± 0.02a 

NC 15.86 
± 1.01 

1.35 
± 0.04a 

0.395 
± 0.02b 

0.059 
± 0.01b 

0.051 
± 0.01b 

Depth (cm) 
5 19.82 

± 1.19a 
1.18 
± 0.19b 

0.507 
± 0.03a 

0.114 
± 0.02a 

0.104 
± 0.02a 

15 15.05 
± 0.87b 

1.24 
± 0.15ab 

0.463 
± 0.04a 

0.089 
± 0.02ab 

0.085 
± 0.02ab 

25 14.34 
± 0.61b 

1.36 
± 0.08a 

0.387 
± 0.03b 

0.044 
± 0.01b 

0.044 
± 0.01b 

ANOVA P > F 
Treatment 0.064 0.006 0.003 0.022 0.018 
Depth 0.011 0.052 0.009 0.046 0.041 
Treatment*depth 0.958 0.483 0.993 0.304 0.334 
2022 
CC 18.34 

± 0.34a 
1.19 
± 0.02b 

0.490 
± 0.01a 

0.119 
± 0.01a 

0.114 
± 0.01a 

NC 16.05 
± 0.84b 

1.39 
± 0.04a 

0.398 
± 0.02b 

0.095 
± 0.01b 

0.089 
± 0.01b 

Depth (cm) 
5 18.60 

± 0.38a 
1.18 
± 0.03b 

0.472 
± 0.03a 

0.111 
± 0.02 

0.105 
± 0.02 

15 17.39 
± 0.52ab 

1.31 
± 0.06a 

0.440 
± 0.06b 

0.106 
± 0.01 

0.100 
± 0.01 

25 15.61 
± 1.15b 

1.37 
± 0.05a 

0.421 
± 0.05c 

0.105 
± 0.01 

0.099 
± 0.01 

ANOVA P > F 
Treatment 0.018 0.032 0.016 0.038 0.043 
Depth 0.038 0.003 < 0.001 0.746 0.724 
Treatment*depth 0.370 0.147 0.060 0.074 0.080 
2021 vs 2022 
Depth (cm) 
5 19.69 

± 0.92a 
1.08 
± 0.05b 

0.534 
± 0.02a 

0.142 
± 0.01a 

0.135 
± 0.01a 

15 17.17 
± 0.95ab 

1.16 
± 0.04ab 

0.505 
± 0.02ab 

0.118 
± 0.02ab 

0.113 
± 0.01ab 

25 16.08 
± 0.80b 

1.29 
± 0.02a 

0.460 
± 0.01b 

0.083 
± 0.02b 

0.077 
± 0.02b 

ANOVA P > F 
Year 0.052 0.655 0.526 0.724 0.637 
Depths 0.044 0.024 0.039 0.037 0.042 
Year*Depth 0.226 0.035 0.252 0.254 0.637 

Means with different letters for a soil property are significantly different at the 
0.05 probability level. 
¶Mean ± S.E. 
*interaction 
CC, cover crops; NC, no cover crop. 

Fig. 1. (a) Soil bulk density relative to soil depth for cover crops during 2021 
and 2022, and (b) soil organic carbon relative to soil depth for cover crops 
during 2021 and 2022. 
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4. Discussions 

4.1. Soil physical properties 

An important ecosystem and soil health benefit of CCs is their ability 
to increase SOC accumulation, while also reducing the loss of SOC stock, 
chiefly by their contribution to above and belowground biomass and 
moderating soil temperatures (Poeplau and Don, 2015; Blanco-Canqui 
et al., 2011). Although not significantly different, the slightly higher 
SOC under CC management during 2021 (which was the first year after 
research implementation) shows the effects of microbial activity on 
residue turnover. With little above and belowground biomass addition, 
microbial activity under the NC management probably resulted in a 
slight depletion of previously accumulated SOC within the soil, 
compared with the CC management with more biomass. With limited 
residue input under NC compared with CC management, the magnitude 
of difference in SOC between both management practice is expected to 
be proportional with time, as the results show in 2022. Further, the 
numerically higher SOC values during 2022 compared with 2021 under 

CC management alone further demonstrates that continued use of CCs 
can increase SOC stocks through the preservation of SOC stocks and the 
addition of more biomass. Also, with a decrease in the amount of 
biomass relative to an increase in soil depth, SOC significantly reduced 
with increasing soil depths during both years of study. 

The significantly lower BD values under CC compared with NC 
management was attributed to several mechanisms. First, since SOC is 
less dense than soil particles, higher SOC values under CC management 
will inversely influence soil BD values. Second, active root growth and 
the associated rhizosphere depositions of belowground biomass can 
increase soil porosity and aggregation and lower soil BD under CC 
compared with NC management. Finally, a reduction in the kinetic en-
ergy of raindrops due to aboveground biomass under CC management 
can better preserve soil structure, pore integrity, reduce soil particle 
consolidation, and ultimately soil BD compared with NC management. 
Due to the weight of overburden soil and lower SOC, BD increased with 
increasing soil depth. 

Besides increasing SOC and reducing soil BD, plant roots can also 
increase the proportion of different soil pore sizes within the soil. For 

Table 3 
Thermal conductivity (λ), volumetric heat capacity (CV), and thermal diffusivity (D) at selected water matric potentials.    

0 kPa   -33 kPa   -100 kPa  

Treatment λ (W m− 1K− 1) CV (MJ m− 3K− 1) D (mm2 s− 1) λ (W m− 1K− 1) CV (MJ 
m− 3K− 1) 

D (mm2 s− 1) λ (W m− 1K− 1) CV (MJ 
m− 3K− 1) 

D (mm2 s− 1) 

2021   
CC 1.30 ± 0.01¶ b 3.26 ± 0.03a 0.40 ± 0.01b 1.10 ± 0.01b 3.01 

± 0.02a 
0.37 ± 0.03b 1.10 

± 0.01b 
2.92 
± 0.08a 

0.37 ± 0.01b 

NC 1.53 ± 0.05a 2.83 ± 0.04b 0.54 ± 0.03a 1.28 ± 0.04a 2.68 
± 0.08b 

0.48 ± 0.01a 1.27 
± 0.04a 

2.66 
± 0.08b 

0.47 ± 0.01a 

Depth (cm)   
5 1.39 ± 0.02c 3.18 ± 0.02a 0.44 ± 0.01c 1.16 ± 0.01b 2.96 

± 0.03a 
0.40 ± 0.01b 1.16 ± 0.01 2.96 ± 0.06 0.39 ± 0.01b 

15 1.41 ± 0.04b 3.04 ± 0.03b 0.47 ± 0.02b 1.20 ± 0.02a 2.82 
± 0.03b 

0.43 ± 0.02a 1.19 ± 0.01 2.69 ± 0.05 0.43 ± 0.02ab 

25 1.44 ± 0.05a 2.91 ± 0.03c 0.50 ± 0.02a 1.21 ± 0.04a 2.75 
± 0.05b 

0.45 ± 0.02a 1.20 ± 0.03 2.73 ± 0.09 0.45 ± 0.02a 

ANOVA P > F   
Treatment 0.007 0.016 0.018 < 0.001 0.032 0.015 < 0.001 0.041 0.036 
Depth 0.002 0.001 0.001 0.001 0.016 0.007 0.002 0.047 0.020 
Tmt*depth 0.001 0.167 0.009 0.962 0.234 0.195 0.963 0.234 0.095 
2022   
CC 1.36 ± 0.02b 3.28 ± 0.05a 0.42 ± 0.01b 1.21 ± 0.02b 3.13 

± 0.05a 
0.39 ± 0.01b 1.18 ± 0.02b 3.04 

± 0.05a 
0.39 ± 0.01b 

NC 1.58 ± 0.05a 2.80 ± 0.09b 0.57 ± 0.09a 1.44 ± 0.04a 2.74 
± 0.09b 

0.53 ± 0.04a 1.42 ± 0.04a 2.65 
± 0.08b 

0.53 ± 0.03a 

Depth (cm)   
5 1.35 ± 0.04b 3.19 ± 0.04a 0.43 ± 0.02c 1.21 ± 0.05b 3.09 

± 0.03a 
0.39 ± 0.02c 1.19 ± 0.05b 3.00 

± 0.04a 
0.39 ± 0.03c 

15 1.49 ± 0.05a 3.02 ± 0.09ab 0.50 ± 0.03b 1.35 ± 0.05a 2.95 
± 0.04a 

0.46 ± 0.03b 1.32 ± 0.05a 2.87 
± 0.05b 

0.47 ± 0.03b 

25 1.56 ± 0.06a 2.91 ± 0.09b 0.55 ± 0.04a 1.42 ± 0.06a 2.77 
± 0.09b 

0.53 ± 0.05a 1.40 ± 0.06a 2.68 
± 0.09b 

0.52 ± 0.05a 

ANOVA P > F   
Treatment 0.019 0.0314 0.041 0.017 0.002 0.037 0.017 0.040 0.044 
Depth 0.002 0.034 < 0.001 0.002 0.003 0.001 0.002 0.003 0.001 
Tmt*depth 0.485 0.310 0.008 0.499 0.027 0.012 0.488 0.027 0.011 
2021 Vs 2022   
Depth (cm)          
5 1.28 ± 0.01b 3.34 ± 0.05a 0.38 ± 0.01a 1.10 ± 0.01b 3.13 

± 0.05 
0.35 ± 0.01b 1.08 ± 0.01c 3.08 ± 0.05 0.35 ± 0.01b 

15 1.35 ± 0.02a 3.29 ± 0.04ab 0.41 ± 0.01ab 1.17 ± 0.03a 3.06 
± 0.05 

0.38 ± 0.01a 1.16 ± 0.02b 2.88 ± 0.12 0.40 ± 0.01a 

25 1.37 ± 0.03a 3.18 ± 0.03b 0.43 ± 0.01c 1.20 ± 0.03a 3.03 
± 0.06 

0.40 ± 0.01a 1.19 ± 003a 2.98 ± 0.05 0.40 ± 0.01a 

ANOVA P > F   
Year 0.315 0.208 0.340 0.049 0.001 0.095 0.130 0.287 0.392 
Depths < 0.001 0.097 0.003 < 0.001 0.483 0.002 < 0.001 0.294 0.020 
Year*Depth 0.002 0.942 0.046 0.061 0.997 0.153 0.081 0.495 0.406 

Means with different letters for a soil property are significantly different at the 0.05 probability level. 
¶Mean ± S.E. 
*interaction. 
Tmt, treatment; CC, cover crops; NC, no cover crop. 
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example, Haruna et al. (2022) reported a 265% higher macroporosity (<
1000 µm diameter) and a 91% higher fine mesoporosity (10 – 60 µm 
diameter), while Haruna et al. (2018) reported a 30% higher coarse 
mesoporosity (10 – 1000 µm diameter) under CC compared with NC 
management during the first month after CC termination. Further, Vil-
lamil et al. (2006) reported a significantly higher proportion of inter-
connected pores under CC management compared with NC. As such, the 
significantly higher ϴ under CC compared with NC management during 
2021 and 2022 at 0, − 33, and − 100 kPa soil water pressures was 
attributed to; 1) CC root-induced increases in macropores, coarse and 
fine mesopores that causes water drainage at these soil water pressures, 
2) SOC-induced improvement in soil aggregation (Blanco-Canqui and 
Lal, 2004) which increases water drainage, especially at higher soil 
water pressures, and 3) CC root-induced pore continuity which reduces 
soil pore tortuosity and can further increase water drainage at the 
aforementioned soil water pressures (Table 2). As expected, ϴ reduced 
with increasing soil depth during both years and when CC management 
alone was compared probably due to increasing BD and reducing SOC 
with increasing soil depth. 

4.2. Soil thermal properties 

Factors that influence λ include soil texture, arrangement of and 
contact between soil solids, proportion of Pr, as well as the contact be-
tween liquids and solids. As the proximity between soil particles 

increases, heat is transferred quickly over a temperature gradient 
(Haruna and Anderson, 2022). The higher λ under NC compared with CC 
during both years at all measured soil water pressures can be attributed 
to the closer contact between soil particles under NC management as 
depicted by higher BD values. This suggests that NC management can 
lead to a rapid heat change within the soil with the attendant conse-
quences of increasing and sustaining soil water evaporation over longer 
periods of time compared with CC management. Additionally, the lack 
of surface residue may also exacerbate the rapid soil warming during the 
late spring seasons. This can be detrimental to crop growth during drier 
growing seasons. 

Interestingly, there was a non-linear relationship between λ and ϴ 
below saturation, similar to the study by Abu-Hamdeh (2003) and Lu 
et al. (2014). The regression analysis suggests that while Pr was the most 
crucial factor that influenced λ at saturation (equation [3]), ϴ was the 
most important factor influencing λ at − 33 and − 100 kPa soil water 
pressures (equations [6] and [9]) for both management systems. This 
result disproved the second hypothesis that ϴ will be the most important 
factor influencing soil thermal properties at all soil water pressures 
measured. Some mechanisms may be responsible for this. At saturation, 
the mechanical forces of attraction between soil water and plant roots 
(adhesion) creates a ‘thermal bridge’ that enhances thermal conductiv-
ity over a gradient. Second, plant root exudates are denser than soil 
solution and their secretion is affected by available water (Williams and 
de Vries, 2019). These exudates (e.g. mucigels) can further increase 

Fig. 2. Thermal conductivity (λ) for cover crops during 2021 and 2022 at (a) 0–10, (b) 10–20, and (c) 20–30 cm depths and at (d) 0, (e) − 33, and (f) – 100 kPa soil 
water pressures. Bar indicated the least square difference at P < 0.05 for λ among the years. 
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thermal conductivity of soils due to the linear relationship between λ 
and denser materials (Van Donk and Tollner, 2000; Zhang et al., 2020). 

Below saturation, plant roots close their stomates and downregulate 
the secretion of exudates (Henry et al., 2019). Further, as the soil dries 
out, the ratio of soil water to soil air reduces. Since BD generally does not 
change significantly at different soil water pressures and the λ of water 
(0.57 W m− 1 K− 1) is higher than that of air (0.025 W m− 1 K− 1) (Bristow, 
2002), this variability in ϴ becomes more important below saturation 
and leads to a general decrease in λ with decreasing soil water pressures. 
Also, due to rapid drainage of water between 0 and − 33 kPa soil water 
pressures, λ also decreased significantly between these pressures for 
both treatments (Fig. 2). Since the variability in ϴ with soil depth was 
not as significant as the variability in BD with soil depth (Table 2), in-
creases in λ with increasing soil depth was attributed to increasing 
proximity between soil particles with increasing soil depth. 

When the λ of CC management alone was compared for both years, 
the λ was higher in 2022 compared with 2021 at all depths (Fig. 2a-c) 
and pressures (Fig. 2d-f) probably due to a slightly higher BD, ϴ, and 
SOC in 2022 (Table 2). 

The CV values of water and SOC is 4.18 MJ m− 3 K− 1 and 2.50 MJ m− 3 

K− 1, respectively, both of which are significantly higher than the CV of 
soil minerals at 1.20 MJ m− 3 K− 1 (Bristow, 2002). Therefore, the CV is 
directly related to ϴ and SOC and inversely related to BD as shown in 
Eqs. (4), (7), and (10). Further, the colloidal surface of SOC can also 

retain soil water, further increasing ϴ and CV. Thus, the higher CV under 
CC management compared with NC during both years was attributed to 
higher ϴ and SOC under the CC management. Also, lower SOC and ϴ, 
and higher BD with increasing soil depth was possibly responsible for 
lower CV values with increasing soil depth (Tables 2 and 3). 

Additionally, it has been demonstrated that plant roots can further 
increase the CV of the soil (Steinberg et al., 2006). Results of the current 
study show that CCs can improve the CV of the soil through several 
mechanisms; 1) the roots of the CCs can modify the dynamics of water 
content and distribution around the rhizosphere (Rabbi et al., 2018), 2) 
root hair extension can lead to the extraction of more water from deeper 
parts of the soil (Benough (2012)), and 3) root exudates secreted by root 
growth, like mucigels, (Brady and Weil, 2008) can further increase 
water content and retention around plant roots. Further, Moradi et al. 
(2011) reported that the rhizosphere hold more water than the root-free 
soil over different water potentials, even as the soil dries. This agrees 
with the results of Fu et al. (2020). 

Processes like seed germination, plant root growth, and microbial 
activity are very sensitive to rapid soil temperature change (Onwuka and 
Mang, 2018). Therefore, in an increasingly more variable atmospheric 
climatic condition, results show that CCs can significantly increase the 
soil’s heat buffering capacity, helping moderate and maintain processes 
like seed germination and microbial activity. Also, aboveground 
biomass of the CCs can help reduce the amount of solar radiation 

Fig. 3. Volumetric heat capacity (CV) for cover crops during 2021 and 2022 at (a) 0–10, (b) 10–20, and (c) 20–30 cm depths and at (d) 0, (e) − 33, and (f) – 100 kPa 
soil water pressures. Bar indicated the least square difference at P < 0.05 for CV among the years. 
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reaching the soil surface, further helping to increase soil buffering 
capacity. 

The rapid decrease in CV between 0 and − 33 kPa soil water pres-
sures and a steadier decrease between − 33 and − 100 kPa soil water 
pressures was attributed to the water drainage at these matric potentials. 
This suggests that ϴ is the major factor influencing CV in soil systems, as 
demonstrated by its high heat capacity and the regression equations. 

Under CC management alone, CV was higher in 2022 compared with 
2021 at all depths (Fig. 3a-c) and measured soil water pressures (Fig. 3d- 
f) due to higher ϴ at these depths and soil water pressures and also SOC 
at these depths in 2022 (Table 2 and Fig. 1b). This disproved the first and 
third hypotheses of this study. Since organic matter decomposition is 
mostly directly related to soil temperatures, CC management can help 
reduce CO2 emissions from the soil while also helping to further main-
tain SOC stocks. This benefit of CCs translates beyond the soil and can be 
an important management practice in combatting climate variability. 

Thermal diffusivity is the ratio of λ to CV, determines how quickly a 
material reacts to changes in temperature, and is somewhat related to 
the thermal inertia of the material (Speight, 2019). Therefore, D is 
directly related to BD and inversely related to ϴ (equations [5], [8], and 
[11]). Not surprisingly, the D under NC was higher compared with CC 
management in both years due to higher BD under NC management 
(Table 2). As water drains out of the soil at lower soil water pressures, D 
reduces for both management practices and during both years. This was 
attributed to the fact that ϴ influences CV more than λ, thereby lowering 
the ratio of λ to CV at these water pressures (Table 3 and Fig. 4a-f). The 
numerically higher D values in 2022 compared with 2021, under CC 

management alone, at all pressures and depths can be attributed to the 
numerically higher BD in 2022. 

Since D provides information about the balance between heat con-
duction and storage (Dante, 2016), results from the current study show 
that NC management can increase heat transfer within the soil. While 
this might be beneficial in lengthening the growing season in very cold 
regions, it can be detrimental in warmer climates. Therefore, in a 
changing global climate, NC management, by facilitating rapid heat 
transfer, can lead to further emissions of CO2 and depletion of SOC 
stocks within the soil. 

In general, CCs, living or dead, influences the energy partitioning on 
the soil surface. The leaves of living CCs and the residues of terminated 
CCs can reduce the amount of solar radiation reaching the soil surface 
(Haruna, 2019). During cold periods, these leaves and residues can 
reduce the amount of heat radiated back to the atmosphere. In both 
cases, CCs can further help buffer against significant heat change within 
the soil. Conversely, if CCs are grown in drier climatic conditions or 
terminated late in the spring period, there benefits can be reversed. 
Transpiration of soil moisture by these CCs may allow the soil surface to 
heat and cool more readily by reducing the soil CV. Therefore, the use of 
CCs for soil heat management should be dependent on climatic condi-
tions, in association with other economic considerations. 

Despite the interesting results of the current study, there are some 
limitations that can lead to further understanding of the influence of CCs 
on soil thermal properties. This study was limited to one climatic zone 
and soil type. Future studies should explore how CCs influence soil 
thermal properties over different climatic conditions. Further, in situ 

Fig. 4. Thermal diffusivity (D) for cover crops during 2021 and 2022 at (a) 0–10, (b) 10–20, and (c) 20–30 cm depths and at (d) 0, (e) − 33, and (f) – 100 kPa soil 
water pressures. Bar indicated the least square difference at P < 0.05 for D among the years. 
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studies are needed to better quantify the effects of CC Pr on soil thermal 
properties. These will help bridge some of the gaps in current under-
standing of CC effects on soil thermal properties. 

5. Conclusion 

The effects of no-till CC management on soil thermal properties 
during 2 years were evaluated on a Paleudult. During both years, CC 
management significantly reduced soil BD and ϴ at saturation, − 33, 
and − 100 kPa soil water pressures compared with NC management. 
Consequently, λ was lower while CV was higher under CC relative to NC 
management. At saturation, CC plant roots was the most important 
factor influencing λ. At − 33 and − 100 kPa soil water pressures, ϴ was 
the most important factor influencing λ. At all soil matric potentials, ϴ 
influenced CV the most. By significantly increasing the CV of the soil, CCs 
can help buffer against extreme heat change within the soil compared 
with NC. Since soil temperature is extremely important for microbial 
activity, seed germination, root growth and survival, including CCs into 
crop rotation cycles can help maintain and possibly improve crop pro-
ductivity in a rapidly changing global climate. 
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