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Abstract Soil thermal conductivity (A) is a critical
property influencing heat transfer in agro-environ-
mental systems (A-ES), affecting soil temperature,
water dynamics, and nutrient availability. Under-
standing the impact of soil management practices
(SMP) and climate adaptation strategies (CAS) on A
is essential for optimizing agricultural productivity
and ensuring soil sustainability. This review exam-
ines the influence of conventional and conservation
tillage, crop rotation, mulching, and organic matter
incorporation on soil A. Conventional tillage practices
often disrupt soil structure, reducing water retention
and altering soil thermal characteristics (TCs), while
conservation tillage enhances soil aggregation and
moisture conservation, leading to improved A. Crop
rotation and mulching regulate soil microclimates,
minimizing temperature fluctuations and contributing
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to thermal stability. Additionally, the review high-
lights the significance of soil texture, moisture con-
tent, and organic matter in determining A. With
increasing climate variability, integrating SMP and
CAS can mitigate adverse effects on TCs, promoting
resilience in agricultural systems. However, knowl-
edge gaps remain regarding the long-term impacts
of these strategies on A across diverse soil types and
climatic conditions. Future research should focus on
developing integrated approaches that optimize SMP
and CAS for improved A, ensuring sustainable agri-
cultural practices. Expanding studies on soil thermal
dynamics will improve our ability to develop adap-
tive management strategies that support long-term
soil health and productivity. This review underscores
the necessity of sustainable soil management in the
face of climate change, providing insights for future
research and practical applications in agricultural
systems.

Keywords Soil heat transfer - Soil management
practices - Climate adaptation - Tillage systems -
Mulching - Soil health

1 Introduction
Soil thermal conductivity (A) is a fundamental prop-
erty influencing heat transfer within soil structures,

significantly impacting agricultural productivity
and ecosystem health (Xia, 2025; Chen, 2024a; Wu,
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2025a). It plays a crucial role in root development
(Malek et al. 2021), microbial activity (Shah et al.
2024b), nutrient cycling (Lunt et al. 2023), and water
dynamics (Fu et al. 2024a, 2024b), making it a key
factor in agro-environmental systems (A-ES) (Muhu-
din et al. 2024; Pan et al. 2024). As global climate
conditions continue to change, understanding the
influence of soil management practices (SMP) and
climate adaptation strategies (CAS) on A is essential
for optimizing A-ES, as illustrated in Fig. 1, showed
the SMP—including tillage systems (TS), soil organic
matter (SOM) management, irrigation practices (IP),
crop rotation (CR), nutrient availability, soil texture,
soil mineral content, soil temperature regimes, water
dynamics, and overall soil structure—directly alter
soil moisture content, organic matter levels, and soil
thermal characteristics (TCs) (Al-Shammary et al.
2020b; Doneva et al. 2022; Fu et al. 2024b; Haque
et al. 2024; He et al. 2024; Kolawole et al. 2024; Mir-
ghafari et al. 2024; Song et al. 2024b; Wessolek et al.
2023; Wu et al. 2025b).

For instance, conventional tillage disrupts soil
aggregates, increasing air-filled pores and reducing
heat transfer efficiency (Abed Gatea Al-Shammary

et al. 2022; Haque et al. 2024). In contrast, incorpo-
rating SOM enhances water retention (Esmaeilian
et al. 2023; Fu et al. 2023b), thereby increasing A due
to water’s superior thermal capacity (Usowicz and
Lipiec 2020). Conservation tillage practices, such as
no-till farming, help preserve soil integrity and main-
tain higher moisture levels, thereby moderating tem-
perature fluctuations and improving thermal stability
(Carceles Rodriguez et al. 2022; Haque et al. 2024;
Srivastava et al. 2024).

Understanding these factors is crucial for optimiz-
ing SMP to enhance TCs and agricultural produc-
tivity. This review aims to analyze the relationship
between SMP, CAS, and A to provide insights into
sustainable soil management strategies that improve
long-term soil health and resilience in agricultural
systems.

1.1 Significance of the review

This review highlights the critical role of soil A in
agro-environmental systems (A-ES). Understand-
ing how SMP and CAS influence A is essential for
optimizing agricultural productivity and ensuring

The role of soil A in soil agro-environmental
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Fig. 1 Role of soil A in soil agro-environmental systems
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long-term soil health. This study explores the com-
plex interactions between soil characteristics, water
dynamics, nutrient availability, and microbial activ-
ity—all of which are directly affected by soil A.

Additionally, the review provides valuable insights
into the relationship between tillage methods, soil
temperature regulation, and moisture retention within
A-ES. Beyond its scientific significance, this work
offers practical guidance for farmers and agronomists
seeking to implement sustainable soil management
strategies that improve TCs and improve overall soil
performance.

By applying the findings from this study, agricul-
tural practitioners can further improve soil health,
increase crop productivity, and improve resilience to
climate-related challenges. Furthermore, this review
contributes to global efforts aimed at achieving food
security and promoting environmental sustainability
for future generations.

1.2 Objectives

This review aims to examine the key factors influenc-
ing soil A in agricultural systems. The specific objec-
tives are as follows:

1. Analyze the impact of SMP on soil A. This
includes a detailed evaluation of practices such as
tillage systems, organic matter management, and
soil mulching. By understanding these relation-
ships, the review seeks to identify effective SMP
that improve soil A, ultimately enhancing crop
productivity and soil health.

2. Explore the integration of CAS with soil A. This
involves assessing approaches such as mulching,
cover cropping, and irrigation management that
mitigate the effects of climate variability while
optimizing soil A. Understanding these strate-
gies is crucial for building resilient agricultural
systems capable of sustaining productivity under
changing climatic conditions.

3. Identify knowledge gaps and propose future
research directions. The review highlights key
areas requiring further investigation, including
studies on different soil types, the role of soil
organic matter in thermal regulation, and the
potential of precision agriculture technologies
for better soil A. These insights aim to support
researchers and practitioners in implementing

effective SMP that improve agricultural produc-
tivity and promote sustainable agro-environmen-
tal systems.

2 Materials and methods of review

This review paper used a method for examining
recent studies on soil management practices (SMP),
climate adaptation CAS, and their effects on soil A.
The present investigation mainly used Scopus and
Web of Science because of their thorough coverage
of academic journals in agriculture and environmen-
tal science To find relevant research, particular key-
words were used, which includes but not limited to:
“Soil Management Practices,” “Soil Thermal Con-
ductivity,” “Conventional and Conservation Tillage,”
“Crop Rotation,” “Mulching,” “Organic Matter,”
“Soil Structure,” “Reducing Water Retention,” “Soil
Microclimates,” “Soil Temperature Fluctuations,”
“Soil Health,” “Soil Organic Matter (SOM) Manage-
ment,” “Irrigation Practices,” “Nutrient Availability,”
“Soil Mineral Content,” “Climate Change,” and “Pre-
cision Agriculture.”

The review focused on papers released mostly
from 2020 to 2025 to include the latest improvements
and findings in the field. We found and evaluated
142 studies based on specific search requirements
and acceptance or exclusion criteria. These studies
provided a thorough examination of current under-
standing concerning soil management strategies and
their impact on soil A and overall soil health. The 142
studies were divided by paper types: original research
(122), review articles (8), case studies (3), meta-anal-
yses or modelling studies (6), and policy-oriented
papers (3). This classification was established based
on titles, journal emphasis, and conventional aca-
demic categories.

3 Principles, mechanisms,
and agro-environmental significance of soil A

Soil A is a fundamental property that governs heat
transfer within the soil matrix, significantly influenc-
ing agro-environmental systems (A-ES). It is defined
as the rate of heat flow per unit area under a unit
temperature gradient, typically expressed in watts
per meter per degree Celsius (W/(m °C)) (Wu et al.
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2025b). Heat transfer in soil occurs through three pri-
mary mechanisms: conduction, convection, and radia-
tion (Fig. 2) (Najafian Jazi et al. 2024; Romio et al.
2022; Zimmer et al. 2023). Among these, conduc-
tion is the dominant process, strongly affected by soil
composition, moisture content, structure, and organic
matter levels.

Soil A is a critical factor in A-ES, influencing
various physical, chemical, and biological processes
essential for agricultural productivity and soil health
(Ding et al. 2021; Hu et al. 2022; Wang et al. 2023b).
It affects root development, microbial activity, nutri-
ent cycling, and water dynamics, all of which play
vital roles in crop growth and soil sustainability.
Effective soil management practices (SMP) such as
tillage systems, organic matter incorporation, mulch-
ing, and irrigation strategies directly modify soil A,
thereby regulating soil temperature, moisture reten-
tion, and overall thermal stability.

Accurate assessment of soil A is crucial for opti-
mizing agricultural systems. Measurement tech-
niques include steady-state and transient methods,
along with advanced sensor-based approaches (Al-
Shammary et al. 2022; Fu et al. 2024a; Kashyap &
Kumar 2021). Additionally, empirical, numerical,

Principles governing soil A

and mixing models are used to simulate and predict
soil heat transfer under varying environmental con-
ditions (Sepaskhah & Mazaheri-Tehrani 2024; Song
et al. 2024b; Xia et al. 2025). Understanding soil A
dynamics and its interaction with SMP is essential for
enhancing agricultural resilience, improving produc-
tivity, and promoting sustainable land management in
the face of climate change.

3.1 Influence of soil management practices (SMP)
on soil thermal conductivity (A)

Soil management practices significantly influence soil
A by altering key soil properties such as structure, L,
OMC, and pb. These factors collectively determine
the soil’s ability to transfer heat efficiently.

3.1.1 Tillage Systems (T,)

Tillage systems are crucial in determining soil TCs by
altering soil physical characteristics that govern heat
transfer. The effect of tillage on soil A is complex,
as it depends on the type of tillage system used and
the depth at which tillage is applied (Al-Shammary
et al. 2022; Liebhard et al. 2022; Thotakuri et al.

» Heat transfer mechanisms as conduction, convection, and radiation

* Influence of soil properties as soil texture, structure, moisture content, density,
organic matter content, and soil temperature
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+ Traditional steady-state of A methods-such as the guarded hot plate, thermal cell,
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* Transient of A techniques, including time-domain reflectometry, laser flash, transient
hot wire, transient plane source, heat pulse, and transient line heat source

» Advances of A technologies, such as fiber optic sensors and wireless sensor networks

Fig. 2 Principles, mechanisms, and measurements of soil A
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2024). Figure 3 illustrates how different tillage meth-
ods affect soil A by influencing soil structure, mois-
ture retention, and temperature regulation (Al-Sham-
mary et al. 2024; Song et al. 2024a; Yin et al. 2023;
Tschanz et al. 2024).

Conventional tillage (Tillage ,q) and conserva-
tion tillage (Tillage ) have distinct impacts on soil
A. Conventional tillage typically results in reduced pb
and increased porosity (®), enhancing the soil’s abil-
ity to transfer heat (Gatea Al-Shammary et al. 2023;
Wang et al. 2023c). This increase in porosity allows
for more efficient heat conduction, improving A.
However, this also leads to greater temperature fluctu-
ations because the soil is more exposed to air, which
has a lower thermal capacity than water. Therefore,
while conventional tillage increases heat transfer, it
also makes the soil more susceptible to rapid tem-
perature changes, which may adversely affect plant
growth and microbial activity (Song et al. 2024a).

In contrast, conservation tillage preserves soil
structure by minimizing soil disruption. This results
in better moisture retention and higher organic mat-
ter content, which increases the soil’s heat storage
capacity (Cérceles Rodriguez et al. 2022; Haque
et al. 2024). Because water has a higher thermal
capacity than air, maintaining moisture in the soil
increases A. At the same time, conservation tillage

Fig. 3 Soil A effect by till-
age practices
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reduces the rate of temperature fluctuations in the
soil. This enhanced thermal stability is beneficial
for maintaining optimal growing conditions for
plants and supporting consistent microbial activity.

The depth of tillage also affects A. Deeper soil
layers generally have lower A due to increased com-
paction and reduced porosity (Al-Shammary et al.
2020a; Liu et al. 2024a). Shallow tillage primarily
influences the upper soil layers, where temperature
fluctuations are more pronounced. As a result, shal-
low tillage practices often alter A at the soil surface,
affecting the heat dynamics and influencing soil
temperature regulation.

In addition to tillage systems, the composition of
the soil itself plays a significant role in determin-
ing A. For example, soils rich in quartz tend to have
higher A, while higher clay content and increased
porosity generally reduce A (Xiuling et al. 2024).
Extrinsic factors such as seepage velocity and salin-
ity also influence A. Increased seepage velocity
tends to increase heat transfer, while lower salinity
levels generally reduce A (Cheng et al. 2024; Malek
et al. 2021). Soil moisture content, in particular, is a
major determinant of A; saturated soils, for instance,
exhibit higher A because water conducts heat more
effectively than air (Wu et al. 2025b).
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Understanding the relationship between soil A and
tillage systems is crucial for optimizing agricultural
practices. By selecting appropriate tillage methods,
farmers can improve soil structure, moisture reten-
tion, and thermal stability, leading to more efficient
soil heat transfer. Advanced soil monitoring tech-
niques allow for precise measurements of A, helping
farmers to manage soil properties better and adapt to
changing climatic conditions. Ultimately, incorporat-
ing effective SMP can enhance crop yields, improve
soil health, and contribute to sustainable agricultural
practices.

3.1.2 Soil organic matter (SOM) management

Soil organic matter (SOM) plays a crucial role in
regulating soil A, as it directly affects soil structure,
@, water retention, and nutrient availability (Nutri
av)» all of which influence agricultural productiv-
ity. As shown in Fig. 4, the relationship between
SOM and A is complex, with SOM influencing sev-
eral physical properties of the soil that ultimately
affect heat transfer (Allende-Montalban et al. 2024,
Chen et al. 2024c; Fu et al. 2024b; Tian et al. 2025).
While SOM can improve soil structure by improv-
ing water retention and nutrient cycling, it also
tends to decrease the soil’s ability to transfer heat

due to its inherently lower A compared to mineral
soil components (Xiuling et al. 2024).

Studies have shown that soil A typically
decreases as the conditional nature of SOM’s con-
centration increases (He et al. 2021; Pan et al. 2024,
Usowicz and Lipiec 2020; Wessolek et al. 2023;
Zhu et al. 2019). This is primarily because organic
matter, being less thermally conductive than min-
eral particles, reduces the overall A of the soil (He
et al. 2021). As SOM concentration rises, particu-
larly in saturated soils, the reduction in A becomes
more pronounced. While SOM provides numerous
benefits for soil health, such as enhancing micro-
bial activity and supporting nutrient cycling, it also
limits the heat transfer efficiency of the soil, which
can influence crop growth and soil temperature
regulation.

Nevertheless, the presence of SOM in soil contrib-
utes to improved agricultural outcomes when man-
aged optimally. Optimal A levels can support healthy
microbial communities that are essential for nutrient
cycling and soil fertility (Xu et al. 2024a). Further-
more, SOM plays a key role in carbon sequestration,
which is vital for mitigating the effects of climate
change. While SOM generally reduces A, it also helps
the soil retain moisture, which can improve thermal
stability by reducing rapid temperature fluctuations

. Higher A can facilitate microbial activity,
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\ %
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Fig. 4 Soil A effect on soil organic matter (SOM) with its influence on environmental and agricultural processes
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and maintaining more consistent conditions for plants
and microbes.

The relationship between SOM and A is also influ-
enced by p. As moisture content increases, A tends to
increase as well, since water has a much higher ther-
mal conductivity than air (Abu-Hamdeh and Reeder
2000). However, when SOM content rises, the rate at
which A increases with moisture diminishes. This is
due to the higher water retention capacity of organic
matter, which holds more moisture but does not sig-
nificantly improve the heat conductivity as much as
the mineral components of the soil would (Xiuling
et al. 2024).

The A of soils rich in organic matter is further
influenced by temperature. In frozen conditions,
organic-rich soils typically exhibit higher A due to the
presence of ice, which conducts heat more efficiently
than liquid water. However, as temperatures rise and
the soil thaws, the moisture content in SOM-rich soils
tends to decrease, which lowers A. The porous and
loose nature of organic matter also leads to increased

air content within the soil matrix, further reducing
heat transfer, since air is a poor conductor of heat
(Wang et al. 2024c).

3.1.3 Irrigation practices (IP)

Irrigation practices (IP) play a critical role in influ-
encing soil A, and by extension, they affect key fac-
tors such as soil y, soil temperature, root growth, and
overall crop performance (Lunt et al. 2023; Parlak
et al. 2022; Pascoal et al. 2024; Quan et al. 2024a;
Tan et al. 2025). As depicted in Fig. 5, the interac-
tion between IP and soil A is essential for optimizing
agricultural productivity and promoting soil health.
The addition of water through irrigation increases the
moisture content of the soil, which directly influences
A. Water, being a better conductor of heat than air,
replaces air in soil pores, thereby enhancing the soil’s
ability to conduct heat (Fu et al. 2024a; Sepaskhah
and Mazaheri-Tehrani 2024).

Stirface Irrigation raises surface moisture,

K N improving \.
:\ Method differences ': Drip Irrigation distributes moisture deeper
. P over time, benefiting \.
-~ N,
/  Soil moiture () \  Irrigation increases soil g enhancing A
\, J since water conducts heat better than air
5 /s ducts heat b h

~

Soil A effect on Irrigation
practices (IP)

-

{ Crop Growth and Health

.

Sandy Soils see a significant A

s, increase with water saturation.
} Clay Soils retain moisture better,
. maintaining higher A.

Soil texture

Improved A from effective
irrigation supports better root

%, growth and nutrient uptake,
,: contributing to healthier crops.
»* Enhanced A helps maintain stable

soil temperatures, crucial for seed
germination and overall plant
health

The response of A to irrigation practices may vary

P

4 .
{ Environmental processes
\

‘\

~, agross seasons, influenced by temperature fluctuations
and crop needs.
/  In regions facing water scarcity, optimized irrigation

S —

can mitigate the effects of drought and improve A, thus
enhancing crop resilience.

Fig. S Soil A effect on irrigation practices (IP), with its influence on environmental and agricultural processes
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This relationship is particularly evident in sandy
soils, where water saturation can increase soil A by
orders of magnitude, given the significant contrast
between water and air’s thermal conductivity. Vari-
ous irrigation methods, such as surface irrigation,
sprinkler irrigation, and drip irrigation, impact soil
temperature profiles in different ways. For exam-
ple, surface irrigation tends to elevate soil moisture
levels, which increases soil A since water retains
heat more efficiently than air (Fig. 5). The influx
of water through surface irrigation leads to a more
uniform distribution of moisture throughout the soil
profile, thus improving A.

In contrast, drip irrigation, which delivers water
directly to the soil at specific points, can reduce
surface soil temperatures and lower soil A. The fre-
quent, localized watering associated with drip irri-
gation generally results in lower moisture content
in the surrounding soil areas, which reduces the
overall heat retention ability of the soil (Wen et al.
2023). This decrease in A can influence soil temper-
ature dynamics, particularly at the surface, where
heat fluctuations are more pronounced.

The effect of irrigation practices on soil A is also
affected by several extrinsic factors, including sea-
sonal variations, soil type, climate conditions, and
crop type (Parajuli et al. 2024; Pascoal et al. 2024).
For instance, in dry conditions or during hot sea-
sons, irrigation can significantly modify soil tem-
perature profiles by enhancing moisture retention,
which in turn improves A and helps to moderate
extreme temperature variations that could otherwise
stress crops. Conversely, during cooler seasons or in
regions with high rainfall, irrigation might have less
of an effect on A, as soil moisture levels are typi-
cally already high.

Given these factors, understanding the inter-
actions between irrigation practices and soil A is
essential for farmers aiming to optimize irrigation
methods. By carefully selecting and managing irri-
gation techniques, farmers can enhance soil health,
as well as crop growth, and maximize water use
efficiency. This, in turn, can lead to more sustain-
able agricultural practices, particularly in regions
affected by water scarcity or erratic climatic condi-
tions. Optimizing irrigation not only boosts A but
also contributes to better soil structure, more effi-
cient nutrient cycling, and enhanced crop resilience
to environmental stressors.

@ Springer

3.1.4 Crop rotation (CR)

Crop rotation (CR) is a key agricultural practice that
can significantly influence soil A, as shown in Fig. 6.
CR enhances soil structure, increases organic mat-
ter content, improves moisture retention, and fos-
ters the development of diverse root systems, all of
which contribute to the stabilization of soil and its
thermal properties. These changes ultimately ben-
efit both crop growth and overall soil health (Haque
et al. 2024; Haruna et al. 2017; Malek et al. 2021;
Yang et al. 2024). Specifically, the inclusion of cover
crops in CR systems can increase soil organic carbon
(SOC), which is essential for controlling soil proper-
ties, including A (Cerecetto et al. 2024).

While organic matter is known to generally reduce
A due to its effect on soil porosity, which decreases the
packing density of soil particles (He et al. 2022; Zhu
et al. 2019), the influence of CR on A can be more
complex. Higher levels of SOC contribute to the loos-
ening of soil, leading to increased porosity, particu-
larly in the upper layers. This can lower A because the
increased air-filled pore spaces hinder heat conduc-
tion. However, CR can also have an inverse effect on
soil pb, which is typically negatively correlated with
A (He et al. 2021). For example, the practice of no-till
cover crop management has been shown to increase
pb compared to conventional tillage, which results in
higher A values (Haque et al. 2024; Saha et al. 2024).

Furthermore, CR can modify soil pu by influenc-
ing soil structure and organic matter content, which
in turn affects water retention. As water has a higher
thermal conductivity than air, increased moisture
content generally leads to higher A (Bayat et al. 2021).
Cover crops, through their root systems and organic
matter inputs, can also affect the distribution and
size of soil pores. By increasing total pore space and
water-filled pore spaces, cover crops help to increase
moisture retention, thus promoting higher A values
(Schjgnning 2021). However, the increase in organic
matter may also lead to more air-filled pores, reduc-
ing A due to air’s relatively low thermal conductivity.

Understanding the effects of CR on soil A is cru-
cial for optimizing soil temperature regulation, which
has a direct impact on crop development, microbial
activity, and overall soil health. A reduction in A, for
instance, could help to mitigate extreme temperature
fluctuations, which could be advantageous for crops
that are sensitive to temperature stress. By carefully
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Fig. 6 Soil A effect on crop rotation (CR), with its influence on environmental and agricultural processes

planning and implementing CR strategies, farm-
ers can improve soil health, optimize water use, and
increase crop productivity, leading to more sustain-
able agricultural practices and greater resilience to
climate variability.

3.1.5 Nutrient availability (Nutri ,,)

Soil A has a profound impact on nutrient availability
(Nutri ,,) by influencing various factors such as soil
temperature, W, microbial activity, and root growth,
which together govern the solubility and mobility
of nutrients in the soil matrix (Al-Shammary et al.
2020a). As depicted in Fig. 7, these interconnected
processes directly influence crop growth and yield
by determining how nutrients are mobilized and
accessed by plants.

Soil temperature is one of the most important
factors affecting nutrient solubility and mobility.
Temperature regulates the rate of chemical reac-
tions and microbial processes, such as organic mat-
ter decomposition and nutrient mineralization. As

soil temperature increases, microbial activity gener-
ally intensifies, leading to a higher Nutri ,,. However,
excessively high temperatures can cause the volatili-
zation of specific nutrients, such as nitrogen, which
reduces their bioavailability. Temperature fluctuations
also influence root growth and exudation patterns,
essential processes for nutrient uptake. Different plant
species have optimal temperature ranges for growth,
and deviations from these thresholds can impede
nutrient absorption, leading to reduced plant health
and growth.

The relationship between A and p is integral to
nutrient transport within the soil. Higher A is gener-
ally associated with higher moisture content, which
enhances nutrient solubility and availability (Wu
et al. 2025b). However, excessive moisture can lead
to nutrient leaching, especially in systems where fer-
tilizers are regularly applied, which could reduce the
availability of essential nutrients. Soil texture further
influences A, and consequently Nutri ,,. For example,
sandy soils tend to have higher A compared to clay-
rich soils, but they also experience faster drainage,
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~ Higher A facilitates heat transfer, which can
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_increased Nutri .., as nutrients are more
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biodiversity and microbial activity,
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Fig. 7 Soil A effect on nutrient availability (Nutri ,,), with its influence on environmental and agricultural processes

which can result in reduced nutrient retention. On the
other hand, clay soils have better moisture retention
but lower A, which can limit nutrient diffusion within
the soil.

Agricultural practices such as tillage, irrigation,
and crop spacing play a critical role in altering soil
thermal behaviour, directly affecting nutrient avail-
ability. Conservation tillage and no-till farming prac-
tices, for instance, can improve soil A by enhancing
water retention and, subsequently, nutrient availabil-
ity. These methods are particularly beneficial in com-
parison to conventional tillage systems, which may
disrupt soil structure and reduce nutrient retention
(Haque et al. 2024). However, soil compaction, which
increases pb, can impede root growth while enhanc-
ing nutrient diffusion rates, which ultimately restricts
nutrient uptake.

Organic matter (OM) content in soil is another
critical determinant of both TCs and nutrient availa-
bility. While higher OM levels can improve nutrient
retention, it can also lower A, potentially slowing
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the rate at which nutrients are released. Soil pH and
land management strategies are also vital factors
influencing nutrient cycling and availability. For
example, the use of organic amendments can signif-
icantly improve the soil’s nutrient-holding capacity,
but this may come at the cost of reduced A due to
the changes in soil structure that accompany organic
matter buildup.

Given the complexity of these interactions, effec-
tive soil management requires a comprehensive
understanding of how TCs, moisture dynamics, and
nutrient availability are linked. Further research into
the mechanisms by which TCs influence nutrient
cycling is needed, particularly in light of changing
climate conditions and the development of advanced
agronomic technologies. A deeper understanding of
these processes will be crucial for developing preci-
sion agriculture strategies that optimize nutrient use
efficiency, ensuring both sustainable crop produc-
tion and long-term soil fertility.
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3.1.6 Soil textures (Soil ,,,)

The texture of soil (Soil ) plays a significant role
in determining its A, with the characteristics of par-
ticle size, porosity, and water retention capacity hav-
ing a profound influence (Klamerus-Iwan et al. 2024).
These factors are crucial for understanding the behav-
iour of soils within agro-environmental systems, as
soil texture directly impacts various soil properties
that are essential for agricultural productivity and
ecosystem health (Liu et al. 2024a; Roézanski 2022).
As illustrated in Fig. 8, different soil textures, includ-
ing sandy, silty, and clayey soils, exhibit distinct A
characteristics, largely due to differences in their par-
ticle size and p (Song et al. 2024b; Xia et al. 2025).

Sandy soils, which are composed of large particles
and have relatively large pore spaces, generally dis-
play low A when dry. This is because air occupies the
larger pores, which are less effective at conducting
heat. However, when these soils are moistened, their
A increases sharply, as the water replaces the air in the
pores. Water, being a better conductor of heat than
air, significantly enhances the soil’s ability to transfer
heat. Therefore, sandy soils require frequent irriga-
tion to maintain moisture and sustain their A values,
which is critical for managing soil temperature and
ensuring crop growth.

On the other hand, clayey soils, with smaller par-
ticles and limited pore spaces, tend to have higher A
values. Even when dry, factors such as mineral com-
position, including iron oxide content, can influence
the A of these soils (Venegas et al. 2025). The small
particle size and the strong interactions between the
particles contribute to a higher capacity for water
retention and heat conductivity. This characteris-
tic makes clayey soils more efficient at conducting
heat, though they are prone to issues like waterlog-
ging if drainage is not managed properly. Therefore,
it is essential to ensure proper drainage in clay-rich
soils to avoid excess water retention, which could
negatively impact plant health and soil structure.

Loamy and silty soils, with a more balanced mix-
ture of particle sizes, generally provide moderate A
values. These soils offer steadier A, making them
ideal for agricultural systems. Their balanced tex-
ture allows for a mix of water retention and drain-
age, which helps maintain optimal soil temperature
and moisture conditions for crop growth (Wessolek
et al. 2023). Loamy soils, in particular, are consid-
ered highly productive due to their ability to retain
adequate moisture while allowing excess water to
drain away, creating favourable conditions for both
root growth and nutrient availability.

Soil texture (Soil () impacts soil thermal conductivity (A) and agricultural
productivity

\

[

o Different soil  (sand, silt, clay)
affect A.

o Sandy soils have larger particles
and low A when dry but increase
sharply when moist

e Clay soils maintain higher A due to
fine particles and better moisture

Soil ¢ influences temperature
stability; clay soils provide more
consistent temperatures, beneficial
for root growth and crop health.

Fig. 8 Soil A effect on soil texture (Soil

tex.

|

Coarse- s50il (, such as sandy have
larger pore spaces that allow rapid
water movement, enhancing A, while
fine- soil ¢ (clay) retain more
moisture, stabilizing A but potentially
limiting drainage.

Moisture
retention

Soils with a balanced texture
(loamy) offer moderate A, optimizing
heat transfer and moisture
availability for crops.

), with its influence on environmental and agricultural processes

@ Springer



Rev Environ Sci Biotechnol

3.1.7 Soil mineral content

Soil mineral composition plays a crucial role in
determining its A, a relationship that is influenced
by a variety of factors such as weathering processes,
moisture retention, microbial activity, and other soil
properties like @, pb, and OM content (Al-Shammary
et al. 2020b; Chen et al. 2020; Kolawole et al. 2024;
Li et al. 2021; Wu et al. 2025b). As illustrated in
Fig. 9, the mineral content in soil affects its overall
TCs through its impact on soil structure, aggregation,
and the interaction between particles, which in turn
influences heat transfer.

Soils with well-structured particles typically
have higher A values. This is because stable soil
aggregates create larger pore spaces, which facili-
tate heat transfer more effectively (Chen et al.
2020). In contrast, soils with poor structure and
excessive compaction tend to have lower A values,
as the smaller pore spaces and reduced pore connec-
tivity hinder heat flow. Minerals such as quartz are
particularly influential in this regard, as they have a
high A compared to other minerals. As a result, soils
with higher quartz content tend to have elevated A
(Lunt et al. 2023; Tarnawski et al. 2022; Wu et al.
2025b; Ye et al. 2022). The presence of iron oxides,

which are highly conductive, further enhances soil
A by improving heat transfer (Venegas et al. 2025).

The mineral composition of soils also influences
moisture retention, which in turn affects A. For
example, clay-rich soils retain more moisture than
sandy soils, and water’s high specific heat capacity
increases A in such conditions (Yuan et al. 2021).
The presence of minerals like feldspar and pyrox-
ene can alter thermal conductivity in various ways,
as some minerals increase heat transfer while oth-
ers reduce it (Venegas et al. 2025). These varia-
tions emphasize the need for advanced modelling
techniques to accurately predict soil A, taking into
account the diverse mineral compositions and their
thermal behaviours (Li et al. 2021).

Porosity also plays an inverse role in soil A. As
soil @ increases, A typically decreases. This occurs
because air, which occupies the larger pore spaces,
is a poor conductor of heat. As a result, soils with
higher ®, such as sandy soils, often exhibit lower
A when dry but show a significant increase in A
when moisture is present, as water replaces the air
in the pores (Abu-Hamdeh and Reeder 2000; Ven-
egas et al. 2025). Conversely, clay soils, which
have smaller particles and less pore space, are more
efficient at retaining moisture and have a unique

Higher soil A often results in warmer soil

temperatures, increasing mineral solubility

'I’ - - g \‘
. Mineral ava“abll'ty ) and making essential nutrients like potassium,

- calcium, and magnesium more available for

plants.
Ss, Optimal A promotes microbial activity,
H H 1 accelerati - re o , ‘ 7 ic
Nutrient cychng i accelerating the b.l\.dkd.()\\n of organic
.- matter and releasing minerals for plant

Soil A effect on mineral
composition

uptake.

A affects soil warming and cooling,

Lo,

~s, influencing chemical reactions that

i Ay ye .
so" temperature 1 release minerals, thereby enhancing

-~

regu ation _/ plant growth.
Soils with higher A retain p better,
=+, facilitating nutrient transport and
= \ e : - 3
} ensuring minerals are available to
Water retention S onsur

{ Soil structure )

~s, Improved A promotes soil aggregation, enhancing
} mineral retention and reducing nutrient leaching,

- especially during rainfall.

Fig. 9 Soil A effect on mineral content with its influence on environmental and agricultural processes
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thermal profile that is distinct from sandy soils
(Ihekweme et al. 2020; Venegas et al. 2025).

In addition to moisture content, the interaction
between OM and soil minerals also affects A. Organic
matter enhances soil structure and moisture retention,
but it generally lowers A compared to the mineral
components of the soil. This is because OM has lower
A compared to the mineral aggregates in the soil
(Venegas et al. 2025). Furthermore, temperature vari-
ations can induce chemical and physical changes in
minerals, which in turn modify their A properties. For
example, in frozen conditions, ice—having a higher
thermal conductivity than liquid water—can enhance
the overall A of the soil. However, once the soil thaws,
increased air content reduces A (Lei et al. 2023).

Recent advancements in machine learning have
greatly improved the prediction of soil A by integrat-
ing diverse parameters, including mineral composi-
tion. Techniques such as ensemble machine learn-
ing and artificial neural networks (ANN) have been
shown to outperform traditional empirical models,
providing more accurate and precise predictions of

| 1- Heat Transfer ]

/—H

Higher & Lower A

Transfer heat more | Retain heat
efficiently, leading longer, providing
to quicker warming | a more stable

in spring and faster | temperature for
cooling in fall plant roots

2- Soil Moisture u Interaction ’

X 1s affected by soil u. Wet soils generally
have higher A than dry soils, impacting
how quickly heat is absorbed or lost

| 3- Root Development |

Soil temperature

Optimal 501l temp. facilitated by
appropriate A, promote better root growth
and nutrient uptake. essential for crop
health

Fig. 10 This figure illustrates the effect of A on soil tempera-
ture regimes (SOil ¢y, o) and its resulting influence on various
environmental and agricultural processes. It highlights how
different soil management practices (SMP) and climate adapta-

Soil 5. effect on sOil temp reg

influencing various environmental and
agricultural processes

soil A (Li et al. 2021). These data-driven approaches
allow for more informed decisions in agricultural and
engineering applications, as they incorporate mineral
composition, porosity, and moisture content into pre-
dictive models.

For farmers, understanding the influence of soil
mineral composition on soil A is essential for making
informed decisions regarding soil management. By
leveraging advanced modelling techniques and inte-
grating data on soil properties, farmers can optimize
irrigation, nutrient management, and land-use prac-
tices to improve agricultural productivity and ensure
sustainable soil health.

3.1.8 Soil temperature regime (T, ,,,)

The Soil Temperature Regime and its relationship
with soil A are crucial for understanding heat transfer
processes within soils, directly influencing crop and
soil management practices in agricultural systems. As
illustrated in Fig. 10, the interplay between A, tem-
perature, and soil p is well-documented. Soil A tends

4- Microbial Activity

Soil temp affects microbial
processes. Adequate A enhance
microbial activity, which i1s
crucial for nutrient cycling and
organic matter decomposition

‘ 5- Seasonal Variations ‘

Changes in ) can alter seasonal
501l emp patterns, affecting
planting dates and crop
maturity

[ 6- Crop Yields [

The interplay between soil A and
501l emp can influence overall crop
yields, with optimal conditions
leading to higher productivity

7- Soil Management Practices ‘

Practices such as mulching, cover cropping.
and tillage can modify soil thermal properties,
affecting A and. subsequently, 501l temp rez

tion strategies (CAS) impact soil temperature stability, thereby
affecting plant growth, microbial activity, and nutrient avail-
ability
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to increase as temperature rises, especially in condi-
tions where the soil’s water content is high (Kiazkova
and Hrbacek 2024; Wang et al. 2024a; Wessolek et al.
2023). The soil temperature is closely linked to air
temperature, with long-term trends in air temperature
closely correlated to annual soil temperature averages
(Zhang et al. 2023).

Toil reg Play a pivotal role in several essential eco-
system processes, including water evaporation and
plant transpiration. These processes are critical for
maintaining agricultural productivity and ecologi-
cal balance (Tai et al. 2024). As temperatures rise,
the rate of water evaporation and plant transpiration
typically increases, affecting moisture availability
and crop health. Global models predict T ., using
pedotransfer functions, which relate soil texture and
pb to TCs (Pan et al. 2024). However, there are signif-
icant local variations in A, resulting in different tem-
perature regimes across various soil types (Fig. 10).

The soil A significantly influences the thermal
regime, which is vital for seed germination (He et al.
2020), root growth, and the overall development of
plants. An optimal Ty ., fosters healthy microbial
activity, which is essential for nutrient cycling and
organic matter decomposition. This underscores the
importance of managing soil thermal conditions to
support plant growth and productivity.

While the intrinsic TCs of soil are essential,
other external factors, such as mulching (Mari et al.
2024), cover cropping (Khan et al. 2018), tillage
practices (Lozano-Parra et al. 2023; Yin et al. 2023),
and broader factors like climate change and land use
changes (Abu El-Magd et al. 2024; Paramesha et al.
2025), also significantly influence the soil tempera-
ture regime. These practices can directly alter the
soil’s moisture levels and, consequently, its A. For
instance, mulching can help regulate soil tempera-
ture by providing insulation, reducing temperature
extremes, and improving moisture retention. Simi-
larly, cover cropping and conservation tillage prac-
tices can influence the soil’s thermal dynamics by
modifying its surface structure, moisture content, and
organic matter levels.

These external factors must be carefully consid-
ered when developing soil management strategies, as
they all contribute to variations in soil thermal behav-
iour. Understanding the complex interactions between
soil properties, temperature, and external manage-

ment practices is essential for optimizing Ty e,
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Effective soil management can ensure a more sustain-
able agricultural system by improving soil health, fos-
tering microbial activity, and enhancing crop growth
through more favourable temperature conditions.
With ongoing changes in climate and land use pat-
terns, adapting these strategies will be increasingly
crucial for ensuring long-term agricultural productiv-
ity and ecological sustainability.

3.1.9 Soil water movement and retention

The relationship between soil A and soil p is funda-
mental in determining water movement and reten-
tion within the soil profile. This interaction directly
influences several environmental and agricultural
processes, as illustrated in Fig. 11. As moisture con-
tent increases, A typically rises, primarily because
water has a higher heat capacity than air (Wang et al.
2024a; Wu et al. 2025b). This enhanced heat conduc-
tion capacity significantly improves the soil’s ability
to transfer heat, which stabilizes the thermal profile
and is crucial for promoting agricultural productivity
(Kolawole et al. 2024).

When soils are more saturated, the heat distribu-
tion becomes more uniform due to the greater pres-
ence of water, which facilitates effective thermal
transfer. This leads to a more stable soil temperature
regime, which is particularly beneficial for the devel-
opment of crops. On the other hand, when the mois-
ture content is low, A decreases as air-filled pores
become more prominent, leading to higher tempera-
ture fluctuations within the soil profile (Khaledi et al.
2023; Liu et al. 2023). This reduced stability in tem-
perature can negatively impact crop health, as plant
roots are sensitive to extreme temperature variations.

The impact of A on water movement and retention
is not uniform across different soil types. Sandy soils,
characterized by their large particles and high poros-
ity, drain water quickly and generally have a lower p.
Consequently, their A is reduced, making them prone
to rapid heating and cooling, which contributes to
unstable temperature conditions (Fig. 11). This vari-
ability in temperature makes sandy soils less suited
for crops that require consistent thermal conditions.

In contrast, clayey soils have a dense particle
structure and a high water retention capacity, which
leads to higher A when saturated. The enhanced water
retention capacity contributes to a more stable tem-
perature profile, making clayey soils more favourable
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A and moisture
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Soils with higher A typically retain moisture
better, affecting how water is absorbed and
held within the soil profile.
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Fig. 11 Soil A effect on moisture movement and retention, with its influence on environmental and agricultural processes

for crops that thrive under consistent thermal condi-
tions (Vu et al. 2023). Loamy soils, which offer a bal-
ance between water retention and aeration, create a
stable thermal environment, supporting healthy root
development and overall plant growth. Their ability to
maintain a stable temperature profile, combined with
their water retention capacity, makes them optimal for
agricultural use.

Dry soils, on the other hand, are characterized
by lower A values and greater temperature variabil-
ity. This lack of moisture leads to more pronounced
temperature fluctuations, which can have detrimental
effects on plant health and agricultural productivity.

Understanding the relationship between A, water
movement, and retention is critical for optimizing
agricultural practices. This knowledge provides farm-
ers and agronomists with the tools to: (1) Optimize
IP by understanding soil p characteristics, irrigation
schedules can be tailored to maximize water infiltra-
tion and retention, reducing water waste and ensuring
adequate plant water availability (Ernest et al. 2024);
(2) Improve drought resilience, as a deeper under-
standing of how A dynamics operate under low-mois-
ture conditions can help develop strategies to manage
soil more effectively during drought, ensuring better

moisture utilization (Al-Shammary et al. 2020a); and
(3) Select suitable crops using the knowledge on how
specific A and p profiles of soils can guide the selec-
tion of crops best suited to the thermal and moisture
conditions of the soil, enhancing yield potential and
optimizing land use.

3.1.10 Soil structure and health

Soil A impacts soil structure and health, as shown in
Fig. 12. Soil structure refers to the arrangement of
soil particles and pores, which directly determines
soil functionality and its thermal behaviour (Haque
et al. 2024; Wu et al. 2025a). The interaction between
soil structure and A affects key soil processes such
as water retention, temperature regulation, and heat
transfer, which in turn influences plant growth, micro-
bial activity, and water dynamics within the soil (Xu
et al. 2024b).

Several factors contribute to variations in soil
A, with soil p being the most influential. When soil
moisture increases, water replaces air in the soil
pores, which significantly enhances heat transfer.
This effect can often result in a substantial increase
in A (Wu et al. 2025b). This relationship varies across
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Fig. 12 Soil A effects on soil structure and health, with its influence on environmental and agricultural processes

different soil types, as soil texture, pb, and composi-
tion also play significant roles in determining the TCs
of the soil (Liu et al. 2024b; Lunt et al. 2023; Tian
et al. 2025).

Soil aggregation has a particularly important role
in soil A. Non-aggregated soils, which tend to have
less organized particle arrangements, typically exhibit
higher A due to improved particle-to-particle con-
tact and better bridging of pore water. On the other
hand, well-aggregated soils, with their complex pore
structures, often have lower A values. The presence
of intra-aggregate pores impedes the movement of
heat, leading to reduced thermal conductivity. Addi-
tionally, the texture of the soil also contributes to the
variability of A, with coarse-textured soils (like sand)
generally having higher A than fine-textured soils
(like clay). These differences have practical implica-
tions for soil productivity and its capacity to support
agricultural activities (Fig. 12).

The influence of pb on A is notable. Soils with
higher pb generally have fewer air gaps, facilitating
better heat transfer and resulting in higher A val-
ues. Conversely, soils with lower pb, often found
in more porous or loamy soils, can exhibit reduced
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A due to the larger air-filled spaces, which are poor
conductors of heat. In clayey soils, for example, the
increased presence of micro-pores can reduce A, as
these micro-pores impede the efficient flow of heat
through the soil matrix.

An optimal soil structure supports improved
TCs, contributing to healthier soils and more resil-
ient crops. One of the most significant impacts of A
on soil health is its effect on the soil microclimate,
especially during early plant growth and develop-
ment. A stable root-zone temperature, influenced
by A, is critical for seedling growth and establish-
ing strong root systems. Additionally, the role of
soil TCs extends beyond plant growth; they are also
essential for maintaining microbial activity and bio-
diversity in the soil, which is crucial for nutrient
cycling and organic matter decomposition.

Understanding these interactions between soil
structure, thermal conductivity, and soil health can
guide soil management practices aimed at optimiz-
ing A. Such practices could include adjusting irri-
gation techniques to modify soil moisture levels,
implementing tillage methods that influence soil
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aggregation, and selecting crops suitable for the
specific thermal and moisture conditions of the soil.

Future research should focus on how changing cli-
mate conditions and land use practices may affect the
relationship between A and soil structure. Advances in
soil monitoring technologies, such as fiber-optic sens-
ing and machine learning-based predictive models,
could significantly enhance our ability to monitor and
manage soil TCs. These technological innovations
will improve the precision of soil management strat-
egies and contribute to better agricultural outcomes,
promoting sustainable soil health and long-term
productivity.

3.2 Influence of climate adaptation strategies (CAS)
on soil thermal conductivity (A)

3.2.1 Soil mulching (SM)

Soil mulching (SM) plays a pivotal role in regulating
soil A, as illustrated in Fig. 13. The impact of differ-
ent mulching materials and environmental conditions
on the heat transfer characteristics of agricultural

Moisture
retention

|
Soil mulching (SM) as organic (
and inorganic mulches N

soils across varying climates warrants a detailed
study (Zhao et al. 2024). Both organic and inorganic
mulches significantly influence TCs by altering heat
and moisture dynamics, thereby affecting A, which in
turn has substantial implications for agricultural pro-
ductivity and soil sustainability.

Soil A in mulched soils is influenced by several key
factors, including the type of mulch used, its specific
properties, soil y, and prevailing weather conditions.
The application of mulch acts as an insulating layer,
reducing the exchange of heat between the soil and
the surrounding atmosphere. This modification of the
thermal regime of the soil is crucial for optimizing
plant growth and soil health.

Organic mulches (Mulches org) such as straw,
wood chips, and leaves are commonly utilized due
to their low A. Their porous and air-filled structures
provide an insulating effect that stabilizes soil tem-
peratures (lacuzzi et al. 2024; Visconti et al. 2024).
The reduced heat transfer associated with these
materials helps mitigate extreme temperature fluc-
tuations, benefiting plant roots by maintaining a
more consistent soil temperature. This temperature

Temperature
regulation

i \ N

is moist.

SM helps retain soil moisture,
which can enhance A when the soil

SM acts as an insulating layer,
reducing temperature fluctuations
and stabilizes soil moisture, which
directly impacts soil &

SM impacts soil thermal conductivity (3.)

T

Reduced
evaporation

Microbial
activity

Soil structure
protection

SM decreases evaporation rates,
maintaining higher moisture levels
and potentially increasing soil &

The presence of mulch can enhance
microbial activity, contributing to
nutrient cycling and further
influencing soil A.

By preventing erosion and
compaction, mulch maintains soil
structure, which can improve soil 4

Fig. 13 Soil mulching (SM) impacts soil A: This figure dem-
onstrates how mulching practices enhance soil moisture reten-
tion, regulate temperature, protect soil structure, support
microbial activity, and reduce evaporation, ultimately improv-

ing overall soil health by providing an insulating layer that
contributes to better crop performance and increased resilience
to climate variability
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regulation is especially beneficial in regions with
significant temperature variability, where crops can
suffer from thermal stress.

On the other hand, inorganic mulches (Mulches
inorg)» SUch as plastic covers or gravel, can have a
different effect on A. These materials often pos-
sess higher thermal conductivity due to their dense
composition, leading to increased heat transfer into
the soil. For instance, plastic films, especially black
and semi-transparent varieties, can significantly
raise soil temperatures, which may be beneficial
for crop growth in cooler climates or during cooler
seasons (Chu et al. 2022; Kang et al. 2024; Li et al.
2023). This ability to trap heat within the soil can
help speed up germination and promote growth in
conditions where the soil temperature is subopti-
mal for plant development.

Conversely, Mulches ., such as straw or grass
clippings, which are particularly effective in
warmer climates, can lower the soil temperature.
This is beneficial in hot regions where excessive
heat can cause moisture stress or damage sensitive
crops. The cooling effect of Mulches , helps to
maintain a more favourable microclimate for root
growth and microbial activity by reducing heat
buildup in the soil.

Mulching materials also affect the soil’s heat
storage capacity. For example, black plastic mulch,
while increasing soil temperature, may optimize
heat retention, which helps create a stable soil
environment conducive to microbial activity and
plant growth (Chen et al. 2024b). This stability,
in turn, influences the A of the soil by fostering a
more uniform thermal profile. Additionally, mulch-
ing enhances the moisture retention capacity of the
soil, which further contributes to temperature sta-
bility and promotes optimal conditions for root and
microbial development.

By understanding how different mulching mate-
rials and strategies interact with TCs, farmers and
land managers can make informed decisions about
mulching practices to optimize soil conditions. For
example, selecting appropriate mulch types for spe-
cific climates can improve temperature regulation,
conserve moisture, and protect the soil from ero-
sion, all of which contribute to better crop yields
and more sustainable land management practices.
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3.2.2 Climate change

Soil A significantly influences climate change by
affecting heat flow density, precipitation patterns,
and soil temperature dynamics (Guo et al. 2024; Pan
et al. 2024; Roghangar and Hayley 2024). As illus-
trated in Fig. 14, understanding the role of A within
the broader land-atmosphere interaction framework
is crucial. Soil p, OM, and land cover are additional
key factors that mediate these processes.

Variations in A can introduce errors in surface
energy balance (SEB) (Wang et al. 2022b), ultimately
impacting local and regional climate conditions. The
SEB is critical in regulating the energy exchange
between the soil and the atmosphere, and deviations
in A can cause inaccuracies in predicting sensible and
latent heat fluxes. These discrepancies are particularly
pronounced during wet and dry cycles (Formigari and
Tsuha, 2025), leading to miscalculations in climate
modelling and forecasting.

Soil A plays a significant role in precipitation
simulation. Changes in A affect surface tempera-
tures, which in turn alter processes and rainfall pat-
terns. Elevated A values can contribute to increased
surface temperatures, potentially reducing precipi-
tation. This relationship underscores the necessity
of integrating accurate A measurements into climate
models to improve predictions of rainfall variability
and regional climate shifts.

The impact of soil A extends beyond temperature
regulation; it is crucial for microbial and abiotic pro-
cesses that influence crop growth, nutrient leaching,
and greenhouse gas emissions. For example, the cor-
relation between soil water saturation and A governs
heat transfer rates and soil temperature stability, both
of which are essential for ecosystem services (Kola-
wole et al. 2024).. Furthermore, variations in A affect
soil respiration rates and microbial activity, influenc-
ing the release of carbon dioxide (CO,) and methane
(CH,), key contributors to climate change.

While soil A is an essential factor in climate vari-
ability, it is also highly susceptible to overarching cli-
matic elements. Seasonal fluctuations, extreme weather
events, and long-term shifts in climate patterns can
obscure its direct effects on climate systems. Prolonged
droughts, increased precipitation variability, and tem-
perature extremes can alter soil A, creating feedback
loops that further complicate climate predictions.
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Fig. 14 Soil A effect on climate change, with its influence on environmental and agricultural processes

3.2.3 Precision agriculture (agriculture ., )

Precision agriculture (Agriculture .. is significantly
influenced by soil A, as it impacts critical factors such
as crop microclimates, irrigation control, and nutri-
ent availability (Lei et al. 2023; Wu et al. 2025b).
Figure 15 illustrates the role of soil A in precision
agriculture, emphasizing its profound effects on envi-
ronmental and agricultural processes. Understanding
and controlling soil A is key to optimizing agricul-
tural practices, improving crop growth, and ensuring
sustainability.

Soil A plays a critical role in regulating the crop
microclimate, which directly affects seed germination
and early plant growth. These processes are heavily
influenced by the soil temperature regime and , both
of which are directly impacted by A. An increase in
soil A is typically associated with higher u and pb,
which enhances heat retention and stabilizes soil tem-
peratures, creating favourable microclimates for crops

(Al-Shammary et al. 2022; Wu et al. 2025b). This is
especially important for optimizing planting strate-
gies, as soil A influences the availability of heat in the
root zone, which in turn affects plant metabolism and
early-stage development.

In precision agriculture, understanding the rela-
tionship between soil A and soil moisture is essential
for efficient irrigation management. By controlling
TCs, farmers can optimize irrigation scheduling,
ensuring that water is used efficiently and retained in
the soil for longer periods. This helps minimize losses
due to evaporation and runoff, which is especially
important in regions with water scarcity. Proper irri-
gation management based on soil A improves water
use efficiency, helping to conserve water and support
sustainable farming practices.

Soil A also has a direct impact on microbial activ-
ity and nutrient diffusion in the soil, both of which
are essential for nutrient cycling, such as nitrogen
availability and plant uptake (Shah et al. 2024a,
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Fig. 15 Soil A effect on precision agriculture with its influence on environmental and agricultural processes

2024b). Higher A can facilitate microbial processes
that break down organic matter, releasing essential
nutrients into the soil for plant uptake. Increased
A also improves nutrient availability by facilitating
better nutrient diffusion, leading to more efficient
fertilizer absorption and, ultimately, higher crop
yields. However, excessive A may increase nutri-
ent depletion or volatilization in certain conditions,
which necessitates careful management to prevent
nutrient loss.

While a higher soil A can support plant growth
by improving heat and moisture distribution, it can
also lead to increased evaporation rates, which may
cause water loss that could negatively affect crops,
particularly in dry conditions. Therefore, preci-
sion agriculture requires a delicate balance between
managing soil TCs and implementing water con-
servation strategies to ensure that soil conditions
remain optimal for crop growth without excessive
water loss.
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4 Discussion and limitations

Soil A plays a pivotal role in agro-environmental sys-
tems (A-ES) by influencing physical, chemical, and
biological processes within the soil. These processes
are impacted by SMP and CAS, as outlined in the fol-
lowing sections.

4.1 Soil management practices (SMP) influence on
soil thermal conductivity

Key soil management practices (SMP) influence soil
A through various mechanisms, including Ts, SOM
management, IP, CR, Nutrient ., soil textures, soil
mineral content, T,y ,,, soil water movement and
retention, and soil structure as presented in Table 1.
For example, soil A is a crucial factor in determin-
ing the effectiveness of tillage practices, as it impacts
heat transfer, soil temperature, water retention, and
plant growth. The relationship between soil A and Ts
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Table 1 Summary of the impact of soil management practices (SMP) on soil thermal conductivity (A)

Soil management practices (SMP) ID  Impact on A

Examples/mechanism

Tillage systems

Conservation tillage stabilizes A

Soil organic matter (SOM)
Irrigation practices

Crop rotation

Nutrient availability

Soil textures (Soil tex)

Soil temperature regime

Soil water movement and retention
cally increases A
Soil structure and health
regulation, and A

Conventional tillage increases A

Incorporation of organic matter decreases A
but improves moisture retention

Increases soil moisture (i), enhances A
Influences soil structure and SOM, affects A

Impact on moisture retention and A

Impacts A through temperature variations
Directly impact on A; higher moisture typi-

Influences moisture retention, temperature

Reduces bulk density (pb), increases porosity
(®), enhancing heat transfer

Preserves soil structure, retains moisture, and
maintains soil organic matter (SOM)

OM of soil has lower thermal conductivity
than minerals; increases ®

Surface irrigation, drip irrigation

Diverse crop rotations and inclusion of cover
crops, lead to enhances organic matter, soil
aggregation, and pore diversity

Influences plant growth and health, indirectly Soil amendments and fertilizer application
affects A by linked to OM of soil, p, soil pH

lead to enhances Nutri ,, but may slow heat
transfer, requiring balanced OM manage-
ment

Sandy texture has large pores fill with water
(high A); low A when dry. Clayey texture
has small pores retain water, improving heat
transfer; high mineral content. Loamy soil
has moderate A, because balanced sand,
silt, and clay mixture retains p and heat
effectively

Seasonal changes, diurnal temperature fluc-
tuations

Saturated vs. dry conditions

Well aggregated vs. compacted soils

is complex and influenced by various soil properties
and environmental factors. Ts practices can alter soil
structure, which in turn affects A and water distribu-
tion. Tillage .4 typically increases A by reducing bulk
density and increasing porosity, facilitating heat flow
(Al-Shammary et al. 2022; Wang et al. 2023c). This
agrees with Ball et al. (2025), who noted that Tillage
wad affects A by inducing structural changes, altering
moisture content, and causing compaction effects.
Some studies (e.g., Thotakuri et al. 2024) found that
excessive Tillage .4 can disrupt soil moisture conti-
nuity, reducing A in arid regions. In contrast, Tillage
cons Maintains a more stable soil structure, increas-
ing moisture retention while decreasing thermal
diffusivity.

Soil A also varies with depth due to changes in
soil properties. Deeper soil layers typically exhibit
lower A because of compaction and reduced poros-
ity (Al-Shammary et al. 2022; Thotakuri et al. 2024).
Overall, tillage depth effects are soil-specific: sandy

soils benefit from shallow tillage, clayey soils from
deep (Li et al. 2024). Tillage practices influence soil
temperature profiles by altering surface exposure
and insulation, particularly in shallow tillage sys-
tems. This is contrary to Thotakuri et al. (2024), who
observed that Ts affects soil A by altering soil struc-
ture and pore geometry, which, in turn, influences
heat transfer via convection along the soil depth.
No-till (NT) systems can lower soil temperature and
A due to the surface residue cover that acts as an insu-
lator. However, long-term effects of Ts on soil health
under various climatic conditions remain insuffi-
ciently investigated, and results vary across different
soil types and regions.

Soil management practices affect A by influencing
soil structure and moisture retention. High levels of
SOM typically reduce A because organic matter has
a lower A compared to mineral components (He et al.
2021; Wu et al. 2025b). SOM increases soil porosity
and moisture retention, thereby boosting microbial
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activity and nutrient cycling. However, when soils
remain saturated, this relationship becomes more
complex, as increased water content can elevate
A due to water’s higher A. Xiuling et al. (2024) dis-
cussed that the general factors affecting soil A, such
as moisture content, porosity, and degree of satura-
tion, can influence A in various soils. Additionally,
saturated SOM-rich soils may have different A due to
the insulating properties of organic matter, which can
affect heat transfer compared to mineral soils. Effec-
tive SOM management not only improves soil health
and fertility but also regulates soil TCs, which are
crucial for optimizing crop production and resilience
to climate variability. Understanding these dynamics
is essential for developing sustainable SMP that bal-
ance thermal performance with other indicators of
soil health.

For IP, the elevation of A is a result of increased
u, which enhances the soil’s ability to conduct heat.
Since water has much higher thermal conductivity
than air, irrigation practices that replace air in soil
pores with water significantly boost A. The method
of irrigation is also an essential factor in this relation-
ship. For instance, surface irrigation typically main-
tains higher soil moisture levels, thereby increasing
A. On the other hand, methods like drip irrigation
may initially lower surface moisture levels but can
improve moisture distribution in the soil profile over
time, ultimately affecting A positively. Optimizing
IP is critical for managing soil TCs and improving
agricultural productivity, particularly in regions with
water scarcity and climate variability (Parajuli et al.
2024). Understanding these interactions allows farm-
ers to better manage irrigation practices to achieve
sustainable outcomes in crop production.

Crop rotation (CR) enhances soil structure and
organic matter content, which may lead to a reduction
in A by fostering the growth of different root systems
and improving soil aggregation (Haruna et al. 2023).
CR, especially with cover crops, can affect soil A by
modifying soil structure and organic matter content.
Tillage interaction with CR’s effects on A depend-
ing on whether it’s paired with Tillage .., (Haque
et al. 2024). Different crops contribute various types
and quantities of organic matter to the soil, enhanc-
ing overall SOM content. Higher SOM levels gener-
ally decrease A because organic matter has a lower A.
However, complex interactions, such as those involv-
ing soil texture, climatic conditions, and management
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practices, also influence this relationship (Jarrah
et al. 2022; Mendis et al. 2022; Mesgar et al. 2024).
CR can enhance soil structure by improving porosity
and transpiration, leading to better moisture reten-
tion. However, the lack of additional air-filled pore
spaces, which are beneficial for drainage, may further
reduce A, as air is a poor heat conductor. Addition-
ally, root systems of certain crops may form channels
that promote water infiltration and retention, thereby
indirectly influencing A. Consequently, CR can reduce
A by increasing organic matter and improving soil
structure.

Soil A is also a key factor in Nutri ,,, which directly
influences agricultural productivity. Soil A affects soil
thermal conditions, moisture conservation, microbial
activity, and root development—key contributors to
nutrient mobilization. Higher soil A is typically asso-
ciated with increased moisture retention, which can
enhance Nutri ,, for plants. However, excessive mois-
ture may lead to nutrient leaching, emphasizing the
need for careful irrigation and fertilization manage-
ment (Chen et al. 2024a; Shah et al. 2024a).

Soil texture significantly influences A dynamics
by altering particle size distribution, porosity, and
moisture retention capacity. Different soil textures—
sandy, silty, and clay—have distinct TCs. Sandy
soils increase A with moisture content, while clay
soils exhibit stable A when saturated. The increase
in moisture improves heat conduction in soils, with
clay soils typically being more thermally stable than
sandy soils. Loamy soils, composed of sand, silt, and
clay, offer balanced A, making them ideal for agri-
cultural applications (Malek et al. 2021). Studies
have focused on how different soil textures impact A,
particularly in relation to moisture content and salin-
ity. Understanding these effects allows farmers and
agronomists to optimize SMP by improving thermal
efficiency and boosting agricultural yield, especially
in response to irrigation, crop management, and cli-
matic fluctuations.

Soil A is influenced by mineral composition, which
plays a significant role in determining its TCs (He
et al. 2021; Zou et al. 2019). Zou et al. (2019) empha-
sized that quartz content, rather than porosity, is the
dominant factor in establishing A models for unsatu-
rated soils with high quartz content. These findings
provide engineers with a more efficient approach for
predicting soil A based on various soil properties. The
interaction between mineral composition and soil
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characteristics directly impacts A, and therefore agri-
cultural productivity (Kolawole et al. 2024; Wu et al.
2025b).

The relationship between soil A and Ty ., is
essential for understanding heat transfer in soils.
Since A increases with temperature, particularly in
moist soils, factors such as air temperature and sea-
sonal changes must be considered. The Ty ., influ-
ences critical processes like evaporation and plant
transpiration, which are vital for ecosystem stability.
Variations in A, driven by soil composition, highlight
the importance of site-specific management strate-
gies to optimize conditions for seed germination and
root development. Chen et al. (2024d) pointed out
that different A models exhibit varying levels of accu-
racy in simulating soil temperature and moisture con-
tent, underscoring the need for appropriate measure-
ment techniques for agricultural and environmental
applications.

Moisture movement and retention are closely
linked to soil A. As u increases, A typically rises,
enhancing heat transfer within the soil profile. Water,
having a higher A than air, improves the soil’s ability
to conduct heat. Soils with higher moisture levels tend
to exhibit greater A because water facilitates more
efficient heat conduction than air. Understanding
these dynamics is essential for optimizing IP and crop
selection based on specific soil moisture conditions
(Fu et al. 2024a; Wang et al. 2023a, 2024b). Fu et al.
(2024a) highlighted the strong correlation between
soil A and water retention, emphasizing that moisture
content significantly influences A. Their findings sug-
gest that critical moisture levels are closely related to
soil hydraulic properties, which may vary with cli-
mate, indicating the need for further research on how
moisture movement and retention affect A in diverse
environmental conditions.

Soil A has a significant impact on soil structure
and health. The arrangement of soil particles and
pores determines A, affecting moisture retention and
temperature regulation. Key factors such as pb, soil
composition, and aggregation also play major roles in
determining A values. Improving soil structure may
optimize TCs, supporting soil health and plant growth
(Cai et al. 2019; Shah et al. 2024a; Wu et al. 2025b;
Zou et al. 2019). Wu et al. (2025b) conducted a com-
prehensive analysis of experimental and modelling
studies on soil A, exploring how internal and external
factors—such as p and dry pb —affect A. Their study

critiques traditional theoretical and experimental
models to predict A, noting their limitations in captur-
ing soil diversity and emphasizing the increasing role
of machine learning in developing more accurate pre-
dictive models. Practical applications entail utilizing
soil sensors (which include fiber-optic sensors, ther-
mal probes, and IoT-enabled devices) to gather real-
time data on soil y, temperature, and texture. These
sensors give ongoing observation of A dynamics,
which can be input into machine learning algorithms
to produce predicted maps of soil thermal behaviour.
Precise agriculture systems may use these forecasts to
improve irrigation scheduling, ensuring water is pro-
vided when A values indicate sufficient heat transfer,
thus stabilising root-zone temperatures and improving
crop resilience (Pal et al. 2024). Furthermore, remote
sensing technology combined with machine learn-
ing can provide spatial A evaluations over large areas,
informing focused tillage or mulching strategies.
Similarly, Shah et al. (2024a) found that soil microor-
ganisms influence A, playing a vital role in soil struc-
ture and health. Enhanced A can improve heat transfer
mechanisms, potentially impacting soil aggregation
and overall soil quality.

4.2 Climate adaptation strategies (CAS) impact on
soil thermal conductivity

The CAS have significance for affecting A, although
their effects are complex and depend on the setting.
Table 2 summarises the CAS and their influence on
A. Soil mulching (SM), commonly used with CAS,
modulates A by modifying the heat exchange between
soil and atmosphere. Straw-organic mulches reduce
A by providing insulating layers that decrease tem-
perature fluctuations and maintain moisture stability.
Visconti et al. (2024) found that straw mulches effec-
tively reduce soil A by recording air within the stalks.
The low heat capacity and A of air contribute to a
reduction in heat transfer to the atmosphere, which is
beneficial for root growth and soil health, indicating a
reduction in soil A. Conversely, plastic films-inorganic
mulches can increase A in cooler places by holding
heat but might accelerate soil warming in warmer
areas (Dai et al. 2024; Zhao et al. 2023). However,
the impacts of SM on soil biota leading to organic
matter decomposition and A across diverse climatic
conditions are little investigated. For example, while
plastic mulches promote A predictability in managed
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Table 2 Summary of climate Adaptation Strategies (CAS) and their influence on thermal conductivity (A)

Climate adaptation
strategies (CAS) ID

Impact on A

Examples / Mechanism

Soil mulching

Climate change

Modulates temperature fluctuations, impacts A

Organic mulches (straw) reduce A through insulates
soil by trapping air (poor conductor) and stabiliz-
ing moisture. While, inorganic mulches (plastic)
increase A, by traps temperature, reduces air-filled
pores, and increases soil temperature

Affects moisture dynamics, influences A by changes in Dry conditions, and heavy rainfall

temperature, moisture patterns, and extreme weather

events

Precision agriculture  Enhances soil monitoring and management, optimiz-

ing A through data driven practices

Uses real-time data to balance irrigation and soil
moisture by using soil sensors, machine learning
applications

environments, their longevity in ecosystems of soil
raises apprehensions regarding microplastic pollution
and modified hydraulic properties (Bai et al. 2024;
Khalid et al. 2023; Song et al. 2025; Thrén et al.
2024). We confirm the climate-dependency of mulch
effects, noting that plastic mulches are beneficial for
early-season warming in temperate zones but risky in
the tropics.

As climate change progresses, soil A’s impact on
heat flow density, precipitation patterns, and soil
temperature dynamics becomes increasingly sig-
nificant (Jérémy et al. 2025). Variations in A can
influence local and regional climate conditions,
affecting surface energy balance and precipitation
simulations (Nazim et al. 2025; Zaqout and Andrad6t-
tir 2024). Understanding these interactions is essen-
tial for developing adaptive agricultural practices that
respond to shifting climatic patterns.

Recent developments in sensor networks and
machine learning-driven analytics have transforma-
tive promise for CAS. Soil A produced by ML mod-
els may direct the choice of mulching materials as
organic versus inorganic, based on current climate
data and soil p patterns. Embedded sensors in agricul-
tural fields can identify early indicators of tempera-
ture extremes, activating automatic changes in irriga-
tion or residue management to alleviate A variations
(Huang et al. 2024).

4.3 Integrated effects of SMP and CAS across soil
types and climates for optimizing A

Soil thermal conductivity (A) plays a vital role in
agricultural productivity and ecosystem resilience,
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necessitating the integrated application of SMP and
CAS tailored to specific soil types and climatic condi-
tions, as outlined in Table 3. The interaction between
SMP, CAS, and soil A is multifaceted, involving vari-
ables such as soil texture, structure, moisture content,
and organic matter composition (Wu et al. 2025b).

Different soil types exhibit distinct A behaviours.
For instance, sandy soils, which experience high A
variability due to rapid moisture fluctuations, benefit
significantly from organic matter enrichment and con-
servation tillage. When paired with organic mulch-
ing and precision irrigation (CAS), these practices
help stabilize moisture levels and buffer temperature
extremes. Organic matter enhances soil porosity and
water-holding capacity—both crucial for regulating
heat transfer within the soil profile (Gutema et al.
2023).

In contrast, clayey soils, characterized by fine-
textured, water-retentive pores and typically higher
A, require reduced tillage and specific soil amend-
ments to avoid compaction and waterlogging. These
SMP interventions, when combined with inorganic
mulching (CAS), can regulate moisture and support
adequate heat transfer without compromising soil
structure.

Loamy soils, with their balanced texture and mod-
erate A, are particularly responsive to crop rotation
strategies (SMP) enhanced by mixed mulching sys-
tems or agroforestry practices (CAS), which provide
seasonal thermal regulation and support overall soil
health.

Climate-specific  strategies further optimize
these approaches. In arid regions, drip irrigation
and reflective mulches reduce spikes in A caused
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Table 3 Integration of soil management practices (SMP) and climate adaption strategies (CAS) on soil thermal conductivity (M)

across various soil types and climatic conditions

Soil type/climate

Key SMP-CAS interactions

Knowledge gaps for future study

Mulching reduces evaporation-induced

Sandy soils Arid/Temperate
stabilizes A
A rises
Clayey soils Humid/cold
Loamy Soils All climates

Organic matter + precision irrigation

Reduced tillage practices +inorganic
mulches balances A values of soil

Gypsum amendments improve soil
structure without A loss

Cover crops + agroforestry sustain

Long-term study of impacts of biochar
versus compost on A in arid sandy
soils. Furthermore, optimum irriga-
tion of parameters for A stability

Future Research on trade-offs between
drainage CAS and SOM preservation

Impact of freeze—thaw cycles on
amended clay A

Climate-specific thresholds for mulch

modest A composition (organic to inorganic
Mixed mulching adjusts to seasonal A ratios)
variations

Organic matter (OM) of soil Tropical/Temperate High-lignin residues slow A variability ~Decomposition rates of novel amend-

in tropics ments such as biochar on A. The OM
Biochar enhances A stability in temper- ~ with A relationships under extreme
ate zones rainfall variability need more inves-

Precision agriculture Arid/humid

real-time

Machine learning predicts A using soil-
climate data

Soil mulching Extreme climates

Reflective mulches in arid regions
decrease A values

Mulches in cold climates preserve soil
temperature

tigation

Sensor-driven irrigation improves A in  Further research should be undertaken

to A models across soil-climate
gradients, as well as the cost-effec-
tiveness of IoT systems for real-time
A measurements

Sustainable mulch options for soil
A control as well as microplastic
impacts on A in long-term mulch use

by excessive evaporation. In humid climates, raised
beds and organic mulches help mitigate water sat-
uration and maintain balanced thermal regimes.
In cold climates, no-till farming and dark-colored
mulches are effective in conserving heat during
freeze—thaw cycles.

Innovative solutions such as biochar applications
and smart irrigation technologies, supported by pol-
icies promoting climate-smart agriculture, present
promising avenues for expanding these integrated
strategies. However, critical knowledge gaps remain
regarding the long-term impacts of SMP-CAS com-
binations, particularly in terms of environmental
feedback loops, economic viability, and scalability.

Therefore, a deeper understanding of the inte-
grated effects of soil type, climate, and manage-
ment practices on A is essential for designing
effective, sustainable strategies that enhance soil
thermal properties, improve crop performance, and
strengthen resilience against climate variability.

5 Summary of knowledge gaps and future
research directions

There is a pressing need for comprehensive research
on how soil A influences key agricultural factors
such as tillage systems, water retention, and nutrient
availability across various soil types. Understanding
these interactions is crucial for developing improved
agricultural practices that can enhance crop yields
and sustainability by optimizing soil management
strategies. One area that requires further exploration
is the complex relationship between tillage methods
and soil A. It is essential to assess how traditional till-
age compares to conservation tillage in influencing
water retention and A under different environmental
conditions. Optimizing tillage systems to enhance
soil health, improve water conservation, and boost
agricultural productivity, particularly in the face of
climate change, would benefit from the integration of
soil sensors and remote sensing technologies. These
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tools would enable the collection of detailed A and
moisture retention data, followed by statistical analy-
sis to uncover patterns and correlations.

Additionally, investigating the dynamic rela-
tionship between soil A and soil temperature could
improve predictive models for crop growth and
microbial activity. Incorporating external factors,
such as mulching and cover cropping, into these mod-
els would enhance agricultural planning and sustaina-
bility. Understanding how different soil textures affect
water retention and A is another critical research
direction. This includes exploring the potential ben-
efits of integrating A measurements with precision
agriculture technologies to optimize irrigation strate-
gies and improve crop yields. Focusing on how these
TCs influence irrigation practices will help refine
approaches to water management in agriculture.

Another knowledge gap exists in understanding the
mechanisms through which A affects nutrient solubil-
ity and availability. This area of research is funda-
mental for improving soil management and fertility
practices, which are crucial for long-term agricultural
success. Furthermore, studies should examine the
impacts of climate change on A fluctuations and their
subsequent effects on soil temperature dynamics and
nutrient cycling. Such research would be pivotal for
developing adaptive agricultural strategies that are
resilient to changing environmental conditions.

Research on the relationship between OM and
soil A could provide valuable insights into improv-
ing soil health. By analyzing how varying OM levels
affect heat transfer and water dynamics, scientists can
develop better soil conservation methods that opti-
mize these TCs. Moreover, the integration of A into
precision agriculture practices is an area that warrants
further study. Investigating how soil TCs can guide
irrigation and nutrient management decisions will
contribute to more efficient agricultural practices.

The influence of mineral content on A and its effect
on overall soil health and productivity is another cru-
cial aspect of future research. Machine learning tech-
niques could be employed to improve the predictive
accuracy of A models based on the mineral composi-
tion of different soils. Additionally, more research is
needed to assess how various irrigation methods—
such as surface, drip, and sprinkler irrigation—affect
soil A across diverse soil types. A deeper understand-
ing of how irrigation methods, combined with factors
like soil texture, water retention, and compaction,
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impact A dynamics will help improve water use effi-
ciency and increase crop productivity.

Another important area for further exploration is
how crop rotations influence soil A. The changes in
OM, soil structure, and moisture retention resulting
from different crop rotation practices are critical for
understanding their long-term impact on soil TCs.
Special attention should be given to the seasonal
effects of crop rotation, particularly how variations in
cover crops and fallow periods influence A over the
course of a year. Additionally, further studies should
be conducted on the effects of different mulching
materials, both organic and inorganic, on soil A across
various climates and soil types. Investigating the
long-term impacts of mulching, especially in combi-
nation with other soil management practices like till-
age and crop rotation, could reveal valuable informa-
tion about how these interactions affect soil structure
and A over multiple growing seasons.

6 Conclusions

This research underscores the critical role of soil A
in agricultural systems and highlights the substantial
impact that SMP have on soil A. Understanding the
dynamics of A is essential for enhancing agricultural
productivity, improving soil health, and mitigating the
effects of climate change. The findings indicate that
various SMP, including tillage methods, organic mat-
ter management, irrigation practices, and crop rota-
tion, have a direct influence on soil A. Notably, no-till
farming and increased organic matter were found to
improve A, thereby enhancing soil water retention and
stabilizing temperature. The interaction between A
and environmental factors becomes increasingly sig-
nificant in determining soil health and productivity.

As climate conditions continue to evolve, it is
essential to adopt SMP and CAS to preserve soil
health and ensure sustainable agricultural practices.
Different soil textures—such as sandy, silty, and
clayey soils—exhibit unique TCs that affect A. Under-
standing these differences is vital for developing tar-
geted irrigation and crop management strategies tai-
lored to specific soil types.

Additionally, identifying existing knowledge gaps
in areas such as irrigation techniques, crop rota-
tion, and soil mulching is crucial for deepening our
understanding of A dynamics. Future research should
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prioritize these areas, particularly focusing on the
long-term effects and interactions of various agricul-
tural practices. By addressing these knowledge gaps,
we can develop more effective strategies for manag-
ing soil thermal conductivity, ultimately promoting
more sustainable and productive farming systems.
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