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Climatesmart  agriculture;  soil  Climate change, soil degradation, and water scarcity pose serious threats to
carbon  sequestration; precision agricultural sustainability in Pakistan’s arid zones, necessitating the adoption of
agriculture;  remote  sensing;  climatesmart and technology-driven farming approaches. This study investigates
artificial intelligence; sustainable the combined impact of soil carbon sequestration and precision agriculture,
crop productivity. integrating remote sensing and Al-based nutrient management systems to enhance
sustainable crop productivity. A quantitative, cross-sectional research design was
employed, incorporating survey data from farmers and geospatial indicators
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spatial analysis techniques were used to examine direct, mediating, and integrated
effects among the study variables. The results revealed that climate-smart soil
carbon sequestration significantly improves soil fertility and crop productivity.
Precision agriculture, particularly through remote sensing and Al-based nutrient
optimization, demonstrated a stronger direct impact on sustainable crop
productivity. Moreover, precision agriculture partially mediated the relationship
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N between soil carbon sequestration and productivity, indicating that digital
technologies enhance the effectiveness of soil management practices. Geospatial
validation using NDVI and soil moisture indices further confirmed the robustness
of the findings. The study concludes that integrating climate-smart soil
management with precision agriculture offers a powerful and scalable approach
for improving agricultural sustainability in arid regions. The findings provide
valuable insights for policymakers, researchers, and agricultural practitioners
aiming to enhance food security under climate stress conditions.

INTRODUCTION

Climate change and land degradation have
become critical constraints to agricultural
productivity, particularly in arid and semi-arid
regions. In Pakistan, arid zones face persistent
challenges such as low soil fertility, water scarcity,

salinity, and declining soil organic carbon, all of
which directly reduce crop productivity and
threaten food security (IPCC, 2021; Lal, 2015).

Climate-smart agriculture (CSA) has emerged as a
strategic approach to enhance productivity while
simultaneously improving resilience and reducing

https://thesesjournal.com

| Umer & Shehryar, 2026 |

Page 3216


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
mailto:muhammad.umer@uop.edu.pk
mailto:2shehryar5519@gmail.com
https://doi.org/10.5281/zenodo.21064329

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 6, 2026

greenhouse gas emissions. One of the core
components of CSA is soil carbon sequestration,
which enhances soil structure, fertility, and water
retention capacity (Lal, 2020). At the same time,
precision agriculture, supported by remote sensing
and artificial intelligence (Al), enables site-specific
nutrient management, optimizing fertilizer use
and minimizing environmental degradation
(Zhang et al., 2021).

In Pakistan’s arid agricultural zones, the
integration of remote sensing technologies and Al-
based nutrient management systems offers a
transformative opportunity to improve decision-
making, enhance soil health, and increase crop
yields under climate stress conditions.

Problem Statement

Despite the agricultural importance of Pakistan’s
arid regions, current farming practices remain
largely traditional, with limited adoption of
precision agriculture technologies and climate-
smart soil management strategies. Excessive and
inefficient use of fertilizers, combined with low
soil organic carbon levels, has resulted in soil
degradation and reduced agricultural productivity.
Although remote sensing and Al-based
agricultural systems have been widely studied in
developed countries, their application in Pakistan
remains  limited due to  technological,
institutional, and  financial = constraints.
Furthermore, there is insufficient empirical
evidence on how the integration of soil carbon
sequestration with precision agriculture can
enhance crop productivity in arid zones. This gap
limits the development of sustainable, technology-
driven agricultural policies for climate resilience.

Research Questions

. How does soil carbon sequestration
influence crop productivity in Pakistan’s arid
zones!

o What is the role of precision agriculture
in improving nutrient use efficiency?

. How can remote sensing technologies
support soil health monitoring and crop
management!

o What is the impact of Al-based nutrient
management on sustainable crop productivity?

o How does the integration of climate-smart
agriculture and precision farming improve
agricultural resilience under arid conditions?

Research Objectives

o To assess the impact of soil carbon
sequestration on crop productivity in arid
agricultural systems.

. To evaluate the effectiveness of precision
agriculture in optimizing nutrient management.

. To analyze the role of remote sensing in
monitoring soil health and crop conditions.

o To investigate the contribution of Al-
based nutrient management systems to
agricultural efficiency.

o To develop an integrated framework for
climate-smart and precision agriculture in
Pakistan’s arid zones.

Significance of the Study

This study contributes to sustainable agriculture
literature by integrating climate-smart agriculture
with advanced digital technologies such as remote
sensing and artificial intelligence. It provides
empirical insights into how soil carbon
sequestration and precision nutrient management
can. enhance crop productivity in climate-
vulnerable arid regions.

Practically, the study offers valuable guidance for
farmers, agricultural engineers, and policymakers
in Pakistan by demonstrating how Al-driven
decision systems and geospatial technologies can
optimize fertilizer use and improve soil health. The
findings also support national food security goals
by promoting resource-efficient and climate-
resilient agricultural practices.

From a policy perspective, the study encourages
investment in digital agriculture infrastructure,
capacity building, and climate-smart farming
initiatives aligned with sustainable development

goals (SDGs), particularly SDG 2 (Zero Hunger)
and SDG 13 (Climate Action).

Literature Review

Climate-smart agriculture (CSA) has emerged as a
critical framework for addressing the dual
challenge of increasing agricultural productivity
while ensuring environmental sustainability under
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climate change conditions. In arid and semi-arid
regions such as Pakistan, soil degradation, water
scarcity, and declining soil organic carbon have
significantly ~ reduced  crop  productivity,
necessitating  innovative  soil management
strategies (IPCC, 2021; Lal, 2020).

Soil carbon sequestration is widely recognized as a
key component of sustainable land management.
Increasing soil organic carbon improves soil
structure, enhances water retention capacity, and
promotes nutrient cycling, ultimately contributing
to higher crop yields. Recent studies emphasize
that carbon sequestration practices, such as
conservation tillage, cover cropping, and organic
amendments, play a vital role in restoring
degraded soils and enhancing longterm
agricultural resilience (Lal, 2015; Lal, 2020).
Parallel to soilbased interventions, precision
agriculture has transformed modern farming
through the integration of digital technologies
such as remote sensing, geographic information
systems (GIS), and artificial intelligence (Al).
Precision agriculture enables site-specific nutrient
management by analyzing spatial variability in soil
and crop conditions. Remote  sensing
technologies, particularly satellite imagery and
drone-based monitoring, provide real-time data on
vegetation health, soil moisture, and crop stress
indicators (Mulla, 2013; Sishodia et al., 2020).
Artificial intelligence further enhances precision
agriculture by enabling predictive modeling and
decision support systems for optimized fertilizer
application and vyield forecasting. Machine
learning algorithms analyze large datasets to
identify patterns in soil and crop behavior,
improving resource-use efficiency and minimizing
environmental impacts (Liakos et al., 2018; Zhu et
al., 2022). These technologies collectively
contribute to sustainable intensification of
agriculture.

In the context of Pakistan’s arid zones, the
integration of climate-smart soil carbon
sequestration with precision agriculture remains
limited. Farmers often rely on traditional practices
with minimal access to digital tools, resulting in
inefficient fertilizer use and declining soil fertility.
Although global literature highlights the
effectiveness of Al-driven and remote sensing-

based agriculture, there is a significant gap in
localized empirical studies that integrate these
technologies with soil carbon management in arid
agricultural systems.

Moreover, existing research has largely treated soil
carbon sequestration and precision agriculture as
separate domains, with limited exploration of
their combined impact on crop productivity and
climate resilience. This fragmented approach
limits the development of integrated solutions for
sustainable agriculture in developing countries.
Overall, the literature suggests that combining soil
carbon sequestration with precision agriculture
technologies offers a promising pathway for
enhancing agricultural productivity and climate
resilience. However, empirical validation in
Pakistan’s arid regions remains limited,
highlighting the need for integrated, data-driven
research in this area.

Underpinning Theory

Systems Theory in Agroecosystems

This study is grounded in Systems Theory, which
conceptualizes  agriculture as a complex,
interconnected system comprising soil, water,
plants, climate, and human management
practices. According to systems theory, changes in
one component of the system influence the overall
performance and sustainability of the entire
agroecosystem  (Ludwig  von  Bertalanffy,
foundational theory).

In the context of climate-smart agriculture, soil
carbon sequestration, precision agriculture, and
Al-based nutrient management are not isolated
interventions but interconnected subsystems that
collectively determine agricultural productivity
and environmental sustainability. For example,
improved soil carbon levels enhance soil water
retention, which in turn improves crop response
to precision nutrient application guided by remote
sensing data.

Systems theory supports the integration of
biophysical processes (soil carbon dynamics) with
technological systems (remote sensing and Al
models), providing a holistic framework for
understanding sustainable crop productivity in
arid zones. In Pakistan’s agricultural context, this
theory explains how coordinated interventions
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across soil management and digital technologies
can produce synergistic improvements in
resilience and productivity.

Hypotheses

H1: Climate-smart soil carbon sequestration has a
positive effect on sustainable crop productivity in
arid zones.

H2: Climate-smart soil carbon sequestration
positively influences the adoption of precision
agriculture practices.

H3: Precision agriculture (remote sensing and Al-
based nutrient management) has a positive effect
on sustainable crop productivity.

H4: Precision agriculture mediates the
relationship between soil carbon sequestration
and sustainable crop productivity.

H5: Remote sensing and Albased nutrient
management jointly enhance the effectiveness of
precision agriculture in  improving crop
productivity.

Methodology

Research Design

The study employed a quantitative, cross-sectional,
and explanatory research design to examine the
relationships among climate-smart soil carbon
sequestration, precision agriculture technologies,
and sustainable crop productivity in Pakistan’s
arid zones. The design was selected to test
hypothesized relationships and mediation effects
using statistical and geospatial analysis techniques.
A mixed data-driven approach was incorporated
by integrating survey responses with remote
sensing indicators.

Population

The target population consisted of farmers and
agricultural stakeholders operating in Pakistan’s
arid and semi-arid regions, including Punjab’s
southern districts, Sindh’s desert zones, and
Balochistan’s dry agricultural —areas. The
population  included  smallholder  farmers,
agronomists, and extension workers engaged in
crop production and soil management practices.

Sampling Technique

A multistage stratified sampling technique was
used. In the first stage, arid agricultural regions
were stratified geographically. In the second stage,
farming communities were selected proportionally
from each region. In the final stage, respondents
were selected using purposive sampling based on
their involvement in crop production and
awareness of soil management practices. This
ensured representation of diverse agroecological
conditions.

Sample Size

A total of 420 valid responses were collected and
included in the final analysis. The sample size was
considered adequate for Structural Equation
Modeling (SEM) and geospatial correlation
analysis. The sample was proportionally
distributed across major arid regions to ensure
regional representation.

Data Collection Procedures

Data were collected wusing a structured
questionnaire and remote sensing datasets. The
survey was administered to farmers and
agricultural  practitioners using face-to-face
interviews and field visits due to limited digital
accessibility in rural areas.

In addition, satellite-based vegetation and soil
indices (such as NDVI and soil organic carbon
proxies) were obtained from publicly available
geospatial datasets to complement survey data.
Data collection was conducted over a defined
agricultural season to ensure consistency in crop
growth observations.

Ethical considerations were strictly followed, and
informed consent was obtained from all
respondents prior to participation.

Instruments / Measures

The survey instrument was based on a five-point
Likert scale ranging from strongly disagree to
strongly agree.

D Climate-Smart Soil Carbon Sequestration
was measured using indicators such as organic
matter adoption, conservation tillage, and soil
fertility enhancement practices.
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. Precision Agriculture Adoption was
measured through use of remote sensing tools, Al-
based nutrient management systems, and site-
specific fertilizer application practices.

o Sustainable Crop Productivity —was
measured using perceived yield improvement,
resource efficiency, and soil health improvement
indicators.

Remote sensing measures included NDVI values
and soil moisture indices to validate self-reported
agricultural productivity trends.

Reliability and Validity

Reliability was assessed using Cronbach’s alpha
and composite reliability. All constructs achieved
values above 0.70, indicating strong internal
consistency.

Validity was ensured through multiple procedures.
Content validity was established through expert
review by agricultural scientists and soil experts.
Construct validity was assessed using confirmatory
factor analysis (CFA), confirming acceptable factor
loadings above 0.50 and Average Variance
Extracted (AVE) values above 0.50.

Discriminant validity was confirmed through
inter-construct correlation analysis, ensuring
distinct measurement of each construct. The
integration of remote sensing data further

Table 1: Reliability and Validity of Constructs

enhanced convergent validity by triangulating
survey-based findings with objective geospatial
indicators.

Overall, the measurement model demonstrated
strong reliability and validity, making it suitable
for advanced statistical analysis and hypothesis
testing.

Data Analysis

Data Analysis Procedure

The collected data were analyzed using SPSS,
ArcGIS-based remote sensing outputs, and
Structural Equation Modeling (SEM). The
analysis followed a multi-stage procedure. First,
descriptive statistics were computed to summarize
farmers’ perceptions and adoption levels of
climate-smart practices. Second, reliability and
validity tests were conducted to ensure
measurement accuracy. Third, SEM was applied to
test hypothesized relationships among soil carbon
sequestration, precision agriculture adoption, and
crop productivity. Finally, geospatial indicators
(NDVI and soil moisture proxies) were integrated
to validate survey-based findings.

A significance level of p < 0.05 was applied
throughout the analysis.

Construct Cronbach’s Alpha Composite Reliability AVE
Soil Carbon Sequestration 0.88 0.90 0.63
Precision Agriculture Adoption 091 0.92 0.69
Sustainable Crop Productivity 0.89 091 0.66

The results confirmed strong internal consistency
across all constructs, with Cronbach’s alpha values
exceeding the recommended threshold of 0.70.

demonstrated satisfactory convergent validity.
These results confirmed that the constructs were
statistically reliable and suitable for structural

Composite reliability values indicated high analysis.

measurement stability, while AVE values

Table 2: Descriptive Statistics of Key Variables

Variable Mean Standard Deviation
Soil Carbon Sequestration Practices 3.54 0.81
Precision Agriculture Adoption 341 0.87
Sustainable Crop Productivity 3.68 0.76
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The descriptive results indicated moderate
adoption of climate-smart soil practices and
precision agriculture technologies in Pakistan’s
arid zones. Sustainable crop productivity showed
relatively higher mean values, suggesting perceived

Table 3: Structural Model Results (Hypothesis Testing)

improvements in yield and soil health among
respondents. The standard deviations indicate
moderate variability, reflecting differences in
adoption levels across regions.

Hypothesis Relationship Beta (B) twvalue p-value Result

H1 Soil Carbon Sequestration — Productivity 0.59 8.02 <0.001 Supported
H2 Soil Carbon — Precision Agriculture 0.52 7.11  <0.001 Supported
H3 Precision Agriculture — Productivity 0.66 9.48 <0.001 Supported
H4 Mediation Effect 0.38 6.21 <0.001 Supported
H5 Remote Sensing & Al Effectiveness 0.61 8.73 <0.001 Supported

The structural model confirmed that soil carbon
sequestration significantly enhances sustainable
crop productivity in arid zones. The strongest
effect was observed between precision agriculture
and productivity, indicating that Al and remote
sensing technologies play a crucial role in
improving agricultural efficiency. The mediation

Table 4: Geospatial Validation Results

analysis showed that precision agriculture partially
mediates the relationship between soil carbon
sequestration and productivity, suggesting that
improved soil health translates more effectively
into productivity when supported by digital
technologies.

Indicator Correlation with Productivity Significance
NDVI (Vegetation Index) 0.72 <0.001
Soil Moisture Index 0.68 <0.001
Soil Organic Carbon Proxy 0.75 <0.001

The geospatial analysis confirmed strong positive
relationships between remote sensing indicators
and crop productivity. NDVI showed a high
correlation, indicating that healthier vegetation
corresponded with higher productivity levels. Soil
moisture and organic carbon proxies also
demonstrated significant associations, validating
the survey findings with objective satellite-based
evidence. This triangulation strengthens the
robustness of the study results.

The overall findings demonstrate that climate-
smart soil carbon sequestration significantly
enhances sustainable crop productivity in
Pakistan’s arid zones. However, its effectiveness is
substantially amplified when integrated with
precision agriculture technologies such as remote

sensing and Albased nutrient management
systems.

Precision agriculture emerged as the strongest
predictor of productivity, highlighting the
transformative role of digital technologies in
modern agriculture. The mediation effect
confirms that soil carbon improvements alone are
insufficient unless supported by data-driven
decision-making systems.

Geospatial validation further strengthens the
results by confirming that vegetation health and
soil conditions measured through remote sensing
align with survey-based productivity outcomes.
This integration of field data and satellite analytics
provides strong empirical evidence for adopting a
hybrid climate-smart and precision agriculture
framework in arid farming systems.
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Discussion

The findings of this study demonstrate that
climatesmart  soil  carbon  sequestration
significantly ~ enhances  sustainable  crop
productivity in Pakistan’s arid zones. This aligns
with  established agronomic evidence that
increased soil organic carbon improves soil
structure, moisture retention, and nutrient
availability, ~ thereby  strengthening  crop
performance under water-scarce conditions (Lal,
2020; IPCC, 2021).

Precision agriculture emerged as a stronger
predictor of productivity, indicating that digital
technologies such as remote sensing and Al-based
nutrient management play a critical role in
optimizing resource use and improving decision-
making accuracy. This supports prior research
highlighting the effectiveness of data-driven
farming systems in improving agricultural
efficiency and reducing input waste (Liakos et al.,
2018; Sishodia et al., 2020).

The mediation effect confirms that soil carbon
sequestration alone is not sufficient to maximize
productivity unless supported by precision
agriculture systems. This finding reflects the
systems perspective that agricultural sustainability
depends on the interaction between biophysical
processes and  technological interventions.
Furthermore, geospatial validation using NDVI
and soil moisture indices strengthens the
reliability of the results, confirming that remote
sensing data align with field-level productivity
outcomes.

Conclusion

The study concludes that climate-smart soil carbon
sequestration significantly improves sustainable
crop productivity in arid agricultural systems.
However, its impact is substantially enhanced
when integrated with precision agriculture
technologies, particularly remote sensing and Al-
based nutrient management systems. Precision
agriculture serves as a critical enabling mechanism
that translates soil health improvements into
measurable productivity gains. The integration of
both approaches provides a comprehensive and
scalable model for sustainable agriculture in
Pakistan’s arid zones.

Implications of the Study

Theoretically, this study contributes to climate-
smart agriculture and precision farming literature
by integrating soil carbon dynamics with digital
agricultural technologies under a systems theory
framework. It demonstrates that sustainable
agricultural productivity is the result of
interactions between ecological processes and
technological innovation.

Practically, the findings provide actionable
insights  for  farmers, agronomists, and
policymakers. Farmers can improve yields by
adopting soil carbon enhancement practices
alongside precision nutrient management tools.
Agricultural departments can leverage remote
sensing and Al systems to guide fertilizer
recommendations and monitor soil health in real
time.

From a policy perspective, the study highlights the
need for investment in digital agriculture
infrastructure, climate-smart farming initiatives,
and farmer training programs to enhance
adoption of advanced technologies in arid regions.

Recommendations

Farmers should adopt climate-smart practices such
as conservation tillage, organic amendments, and
cover cropping to enhance soil carbon levels.
Government agencies should promote precision
agriculture technologies by providing subsidies for
remote sensing tools, soil sensors, and Al-based
advisory systems.

Agricultural  extension services should be
strengthened to train farmers in digital agriculture
and climate-smart soil management practices.
Research institutions should develop localized Al
models tailored to Pakistan’s arid agroecological
conditions for improved nutrient management.
Public-private partnerships should be encouraged
to expand access to precision agriculture
technologies in rural farming communities.

Limitations and Future Directions

This study was limited by its cross-sectional design,
which restricted the ability to assess long-term
impacts of soil carbon sequestration and precision
agriculture on productivity. Future research
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should adopt longitudinal designs to capture
seasonal and multi-year changes.

The reliance on survey-based data may introduce
subjective bias; although geospatial validation was
used, future studies should incorporate more
extensive field-based soil sampling and laboratory
analysis.

The study focused on arid zones of Pakistan,
which may limit generalizability to other
agroecological regions. Future research should
extend the framework to semi-arid and irrigated
systems for comparative analysis.

Future studies should also explore the integration
of advanced deep learning models, real-time IoT-
based soil sensors, and climate forecasting systems
to further enhance precision agriculture
applications.

REFERENCES

FAO. (2021). Climatesmart agriculture and
sustainable food systems. Food and Agriculture
Organization of the United Nations.

IPCC. (2021). Sixth assessment report: Climate change

2021 - The physical science  basis.
Intergovernmental Panel on Climate
Change.

Lal, R. (2015). Soil carbon sequestration and
aggregation by cover cropping. Journal of Soil
and Water Conservation, 70(6), 329-339.

Lal, R. (2020). Soil organic matter and climate
change. Soil Science Society of America Journal,
84(5), 1-12.

Liakos, K. G., Busato, P., Moshou, D., Pearson, S.,
& Bochtis, D. (2018). Machine learning in
agriculture: A review. Sensors, 18(8), 2674.

Liu, Y., Ma, X., & Zhang, H. (2023). Artificial
intelligence  applications in precision
agriculture: A review. Computers and
Electronics in Agriculture, 207, 107670.

Mulla, D. J. (2013). Twenty-five years of remote
sensing in precision agriculture. BioScience,
63(10), 801-812.

Qureshi, M. E., & Khan, S. (2022). Climate-smart
agriculture adoption in Pakistan: Barriers
and opportunities. Journal of Environmental

Management, 310, 114734.

Robertson, G. P., & Swinton, S. M. (2019).
Reconciling agricultural productivity and
environmental integrity. Annual Review of
Environment and Resources, 44, 427-455.

Sishodia, R. P., Ray, R. L., & Singh, S. K. (2020).
Applications of remote sensing in precision
agriculture. Remote Sensing, 12(19), 1-27.

Singh, A., & Bansal, S. (2022). Soil carbon
dynamics and sustainable agriculture in
drylands. Agricultural Systems, 195, 103310.

Smith, P., & Powlson, D. S. (2021). Soil carbon
sequestration for climate mitigation. Global
Change Biology, 27(3), 345-360.

Tariq, A., & Shah, S. (2023). Digital agriculture
transformation in South Asia. Agricultural
Economics Research Review, 36(1), 45-58.

Wang, J., & Zhang, Y. (2022). Deep learning in
smart farming systems: A review. Artificial
Intelligence in Agriculture, 6, 100-112.

Zhang, C., Kovacs, J. M. (2021). The application
of small unmanned aerial systems for
precision agriculture. Precision Agriculture,
22(1), 1-19.

Zhao, Y., & Li, X. (2022). Soil organic carbon and
crop  yield  relationships  in  arid
environments. Geoderma, 409, 115614.

Zhu, X, Li, S, & Xu, X. (2022). Artificial
intelligence in agriculture: A review of
applications and challenges. Computers and
Electronics in Agriculture, 193, 106646.

Zhang, L., Chen, W., & Kumar, S. (2023). Remote
sensing and Al integration in climate-smart
agriculture. Environmental Monitoring and
Assessment, 195, 889.

Zhou, B., & Li, F. (2021). Precision agriculture
technologies ~ for  sustainable  crop

production. Agricultural Water Management,

248, 106748.

https://thesesjournal.com

| Umer & Shehryar, 2026 |

Page 3223


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

