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ABSTRACT

Climate change poses a major challenge to global agricultural systems, with the soybean sector being particularly
vulnerable to environmental fluctuations, which can negatively affect both the quantity and quality of production.
This study aims to analyze the impact of climate change on the efficiency and overall economic losses in soybean
production systems and to explore appropriate adaptation strategies to ensure the sector’s contribution to meeting
global food demand. The study employs a qualitative descriptive research approach, focusing on assessing the effects
of climate change on efficiency and economic losses in soybean production to safeguard global food security. The
results revealed a clear relationship between climate stressors, economic losses, and reduced productivity and efficiency
in the soybean sector, especially in regions with limited adaptive capacity. However, the adoption of climate-smart
practices, such as using heat-resistant cultivars, improving water and nutrient management, and applying sustainable
agricultural techniques, produced positive outcomes for both environmental and economic sustainability. To ensure
global food security, it is imperative to implement integrated adaptation strategies that encompass investment in
research and technology, policy support for sustainable practices, and capacity building for farmers. Furthermore,

international cooperation will be essential to strengthen the resilience of soybean production systems in the context of
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climate change. Of particular significance is the application of the Integrated Framework for Soybean Resilience and

Strategic Adaptation to Climate Change, which ensures that soybean production can withstand climatic variability while

maintaining long-term food security and economic stability.

Keywords: Agricultural Technologies; Climate Change; Food Security; Sustainability; Soybean Production

1. Introduction

Global food supply is heavily reliant on a limited
number of staple crops, approximately 15 in total, with
soybean (Glycine max) being among the most prominent.
It holds the sixth position in global production volume
and ranks fourth in terms of cultivated land area . Com-
monly referred to as the “king of beans,” soybean plays a
vital role in both human and animal nutrition, while also
contributing significantly to the ecological balance of soils
due to its biological nitrogen fixation and diverse applica-
tions **. Rich in protein and essential nutrients, soybean
is a key component in strategies aimed at achieving global
food security °!. Historically cultivated in central China
around 5000 years ago, soybean production has seen a fif-
teen-fold increase and has geographically shifted to domi-
nate in countries like the United States, Brazil, and Argen-
tina, which collectively produce approximately 80% of the
global supply .

Climate patterns across the globe are undergoing
rapid and unpredictable changes, both at present and in
the foreseeable future. The excessive release and accumu-
lation of greenhouse gases, namely nitrous oxide (N20),
carbon dioxide (COz2), and methane (CHa), have been iden-
tified as primary drivers of these shifts. As outlined in the
Fifth Assessment Report by the Intergovernmental Panel
on Climate Change (IPCC), these changes are expected to
disrupt various environmental parameters, including tem-
perature, precipitation, humidity, and atmospheric CO:
concentrations. Such disruptions are likely to reduce wa-
ter availability and negatively impact both crop and live-
stock productivity, thereby posing a direct threat to global
food security. Projections suggest that by the end of the
21st century, the global average temperature could rise by
0.3 °C to 4.8 °C, while CO: levels in the atmosphere may
climb from the current 420 ppm to as high as 935 ppm .
Furthermore, recent studies forecast a potential decline in

annual rainfall by 15% to 30%, along with an expansion of

arid zones into areas traditionally classified as temperate,
primarily due to rising temperatures and reduced precipi-
tation developments that may have “severe” consequences
in the near future ). Within this evolving climatic context,
key stressors such as elevated temperatures and CO- lev-
els are anticipated to directly influence plant viability and
agricultural yields. As a result, understanding the potential
environmental and climatic effects on soybean growth and
productivity under varying future scenarios has become in-
creasingly critical ',

Agriculture is widely recognized as one of the most
climate-sensitive and vulnerable sectors globally ", Con-
sequently, evaluating the economic consequences of cli-
mate change on agricultural systems has become imper-
ative. To achieve this, researchers typically employ three
primary methodological approaches: crop simulation mod-
els, Ricardian analysis, and statistical modeling techniques.
Crop simulation models are designed to explore the inter-
actions between arable land, prevailing climatic conditions,
and available agricultural technologies. These models are
particularly useful for assessing potential improvements in
harvesting strategies at localized scales, although they re-
quire comprehensive datasets for accurate predictions. The
Ricardian approach, on the other hand, focuses on long-
term agricultural adaptation by examining how climatic
variables and other external factors affect land value and
farmer profitability. Statistical modeling serves as the third
method, utilizing techniques such as ordinary least squares
on time-series or cross-sectional data to estimate yield sen-
sitivity. This approach accounts for a variety of influencing
factors, including technological advancements, soil con-
ditions, and climatic disturbances "*. Moreover, some re-
searchers have integrated crop models with broader climate
modeling frameworks namely the Global Climate Model
(GCM) which offer a more comprehensive assessment of
climate change impacts on agricultural productivity across
different regions "',

This study emphasizes the critical role of dairy pro-
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duction in ensuring global food security, while addressing
the substantial challenges posed by climate change to this
sector. It further examines practical and strategic solutions
aimed at enhancing resilience, promoting sustainable pro-
ductivity, and minimizing economic losses within dairy
systems. To provide a comprehensive understanding of
these issues, the research is guided by four central ques-
tions, seamlessly integrated into the analysis: the first ex-
amines the critical role of soybean in strengthening global
food security and promoting economic sustainability; the
second investigates how environmental factors significant-
ly affect the resilience and productivity of soybean produc-
tion; the third assesses the impacts of climate change on
soybean yields, market prices, and the broader economy;
and the fourth evaluates proposed mitigation strategies de-
signed to address these climate-related challenges in soy-
bean production.

Identifying and addressing the key challenges to sus-
tainable soybean production is crucial for ensuring long-
term global food security under changing climate condi-
tions. Rising temperatures, irregular rainfall patterns, and
the increasing frequency of extreme weather events, hall-
marks of climate change, pose significant risks to soybean
yield, efficiency, and economic stability, often resulting in
reduced productivity and compromised crop quality. Al-
though numerous studies have examined the impacts of
climate change on soybean production, most are limited
to descriptive analyses or specific case studies, highlight-
ing the need for a comprehensive approach that combines
risk assessment with practical, actionable solutions. This
study provides an in-depth analysis of climate-related risks
affecting the soybean sector and explores strategies to en-
hance its resilience and sustainability over time. The study
adopts an innovative approach through the development
of an Integrated Framework, which not only synthesizes
existing knowledge but also offers a practical tool for risk
evaluation, strategic solution identification, and the en-
hancement of resilience and sustainability within soybean
production systems. Through this framework, the study
contributes valuable insights that support the global dia-
logue on food security. Additionally, the study emphasizes
the importance of early adaptation strategies to strengthen
soybean production systems, enabling them to withstand

future environmental pressures, maintain productivity, and

minimize economic losses, thereby ensuring the long-term

sustainability of global food security.

2. Materials and Methods

This study adopts a qualitative descriptive research
methodology to analyze the impact of climate change on
sustainability, economic losses, and performance of soy-
bean production for global food supply. Descriptive re-
search, as Neuman noted, is distinguished by its ability
to “present a detailed picture of a situation, social setting,
or relationship” and “begin with a well-defined issue or
question and endeavor to describe it accurately ""“.” It also
emphasizes addressing “how” and “who” questions. Fur-
thermore, qualitative research designs, including phenom-
enology and grounded theory, can serve both descriptive
and explanatory purposes "*\. Additionally, Lambert V.A.
and Lambert C.E. advocate the use of the term “qualita-
tive descriptive research” to prevent misclassification with
other methodologies such as phenomenology, grounded
theory, and ethnography . Their concept of “naturalistic
inquiry” emphasizes that qualitative descriptive research
seeks to observe phenomena in their natural state as much
as possible within the research context !"*),

This study adopts a qualitative descriptive research
methodology because it examines the effects of climate
change on sustainability, economic losses, and perfor-
mance of soybean production for global food supply, con-
firming its classification as qualitative descriptive research.
Moreover, the study’s objectives require an in-depth con-
tent analysis of both electronic and printed materials relat-
ed to the phenomena under investigation ", According to
Bowen, content analysis involves three main phases: skim-
ming, comprehensive reading, and interpretation "'*. By
segmenting extensive texts into smaller, more manageable
units, content analysis facilitates the identification of core
meanings """, achieved by detecting recurring themes and
patterns within the text ",

Furthermore, following Bowen’s three-phase model
(skimming, comprehensive reading, and interpretation) "%,
this study applies a systematic approach to analyzing elec-
tronic and printed materials. A structured review protocol
was developed to enhance methodological transparency

and reduce narrative bias. Inclusion criteria were based on
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publication date within the past five years, alongside foun-
dational references to provide theoretical context, language
(English), source type (peer-reviewed articles and credi-
ble international reports), geographical scope covering the
countries with the highest global soybean production and
consumption, and thematic relevance to climate change
and soybean production. Sources were excluded if they
were outdated, non-peer-reviewed, or unrelated to soybean
production or climate issues.

Key databases such as Web of Science, Scopus, and
Google Scholar were searched using compound keywords,
including “climate change”, “Soybean Production,” “heat
stress in crops,” “yield,” “economic losses,” and “agri-
cultural adaptation.” The selected literature was coded
and thematically categorized to identify patterns, trends,
and key insights across different regions. This systematic
content analysis enabled evidence-based interpretations,
enhancing coherence between research questions and find-
ings. This structured approach strengthens the methodolog-
ical rigor of the study and allows for the formulation of
relevant policy recommendations and strategic adaptation

insights across diverse global contexts.

3. Results and Discussion

3.1.Soybean Plays a Vital Role in Strengthen-
ing Global Food Security and Economic
Sustainability

Despite some ongoing debates about its health ben-
efits, soybean remains a critical source of both food and
oil worldwide. It plays a major role in daily edible oil con-
sumption and meat production. Notably, only about 20%
of the total soybean harvest is consumed directly by hu-
mans in products such as tofu, soy milk, and soybean oil,
whereas approximately 76% serves as animal feed, and the
remaining 4% is allocated for industrial uses. Soybeans
are renowned for their high protein content, approximately
40%, which includes essential amino acids like lysine that
are vital for human health. This makes soy and its deriva-
tives particularly popular among vegetarians and individu-
als with lactose intolerance, as plant-based proteins are of-
ten regarded as healthier alternatives to those derived from
animals """,

In addition to its protein richness, soybean contains

around 20% vegetable oil, positioning it as a primary raw
material for edible oil production. Soybean oil is exten-
sively utilized in food processing, cooking, and various
industrial applications. The crop also serves as a vital feed
ingredient in animal, poultry, livestock, and aquaculture
industries due to its high protein and energy values. From
an economic perspective, the cultivation and processing
of soybean form an essential sector in numerous coun-
tries, providing substantial employment opportunities for
agricultural workers and generating significant economic
value along related industrial supply chains . Voora et al.
emphasize that the global soybean industry supports mil-
lions of jobs worldwide . Furthermore, 76% of soybean
production functions as an affordable, high-quality protein
source for animal feed in meat and dairy industries, while
20% caters to edible oils and human food products, and 4%
is devoted to industrial applications such as biodiesel pro-
duction ™.

Global soybean production has increased dramati-
cally, by approximately 1200% over the past few decades,
primarily driven by the expansion of cultivated areas and
improvements in crop yields """, Notably, nearly 80% of
total soybean output is directed toward livestock feed and
aquaculture . Domestic production levels are determined
by both the area under cultivation and yield per hectare;
thus, analyzing these two factors separately allows for the
development of more effective strategies to ensure a sta-
ble soybean supply ). Moreover, Argentina ranks as the
world’s third-largest soybean producer, following the USA
and Brazil, with an annual output of 51 million tons, repre-
senting 13% of global production *”". Meanwhile, Brazil’s
soybean industry has experienced significant expansion
growing by 60% in the last decade—and is projected to in-
crease production by an additional 30% by 2030 compared
to 2020 levels '

Between 2014 and 2023, the global area under soy-
bean cultivation grew steadily by 20.3 million hectares,
reaching 139.4 million hectares (Figure 1). In 2023, the
top 10 soybean-producing countries, Brazil, USA, Argen-
tina, China, India, Canada, Russia, Paraguay, Bolivia, and
Ukraine, accounted for over 80% of global production.
Among these, Brazil, the USA, and Argentina together
represented 68.6% of the total planted area as shown in

Figure 2 .
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Figure 1. Dynamics of soybean acreage in the world 2.
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Figure 2. Structure of the global soybean planting area by country in 2023 (%) 2.

The global soybean harvest in 2023 reached 398.2
million tons, 20.1 million tons higher than in 2022. More-
over, Brazil, the USA, and Argentina remained the top
three producers, contributing 156.0 million tons (39.2%),
113.3 million tons (28.5%), and 50.0 million tons (12.6%)
respectively. Moreover, the average global soybean yield
in 2023 was 28.6 c/ha (centner per hectare), an improve-
ment compared to 2014. The highest yield was recorded
in Turkey (41.2 c/ha), followed by the USA and Brazil
with equal yields of 34.0 c/ha. According to a recent AMIS
report, global soybean trade in the 2024/2025 season
amounted to 421.14 million tons, representing an increase
of 25.14 million tons (+5.97%) compared with 396 million
tons in 2023/2024 ™. In addition, global soybean con-
sumption between 2014 and 2023 is illustrated in Figure 3.
Looking ahead, demand is projected to continue its steady
growth through 2030 %, As a key agricultural commodi-

ty, the expansion of soybean production is largely driven

by rising global demand, primarily its use as feed in the
livestock sector, as well as growing consumer interest in
soy-based food products as a major plant-derived protein
source !,

However, the expansion of soybean cultivation to
meet this increasing demand has come at an environmen-
tal cost, contributing to the loss of vital ecosystems. In
terms of consumption, China ranks first with 120.5 million
tons (31.5% of global demand), followed by the United
States with 65.9 million tons (17.2%) and Brazil with 57.5
million tons (15.0%) **. Soybeans rank among the most
widely traded agricultural commodities worldwide. A sig-
nificant share of this trade takes place through the Chica-
go Board of Trade (CBOT) soybean futures market in the
United States, particularly within futures contracts ). On a
global scale, the bulk of soybean production is transported
and stored in large quantities before being processed into

oil and meal in industrial facilities.
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Figure 3. Dynamics of domestic soybean consumption (million tons) 22!,

China stands as the largest soybean consumer glob-
ally, with consumption reaching 120.5 million tons in
2023, while domestic production accounted for only 20.8
million tons. This substantial shortfall demonstrates the
country’s inability to meet domestic demand independent-
ly, positioning it as a major net importer of soybeans,
soybean meal, and soybean oil, despite being a leading
producer as recently as 1996. Currently, about 75% of
soybeans consumed in China are imported, primarily
from Brazil, the United States, and Argentina, with nearly
85% of these imports allocated to animal feed. Remark-
ably, Brazil’s soybean exports to China increased by 30%
in 2020 compared with 2019 1. According to the most
recent AMIS report, global soybean trade reached 60.02
million tons in 2024/2025, reflecting a modest increase of
0.58 million tons (+1%) compared to 59.44 million tons
in 2023/2024 %,

It is evident that soybean serves as a cornerstone
of global food security and the associated agricultural
and economic sectors, functioning as a primary source of
plant-based protein and edible oils. The majority of soy-
bean production is allocated to animal feed, supporting
meat and dairy supply chains and highlighting the indi-
rect reliance of global diets on this crop. Global soybean
production has increased dramatically, exceeding 1200%
over recent decades, driven by strategies to expand culti-
vated areas and improve yields. However, this intensive
expansion poses significant environmental challenges, in-
cluding biodiversity loss, land degradation, and increased

carbon emissions. Additionally, Soybean productivity is

influenced by environmental factors such as climate vari-
ability, soil quality, and biotic stresses, alongside global
supply-demand dynamics and geopolitical conditions that
affect price stability and production strategies. Addressing
these challenges requires an integrated approach combin-
ing the development of stress-resistant cultivars, precision
agriculture, efficient resource management, and enhanced
farmer education and training, supported by national and
international policies to ensure market stability and food
security. Moreover, the development of climate-resilient
soybean varieties and improved resource-use efficiency,
coupled with transparency in products derived from soy-
fed animals, represents a strategic approach to achieving
sustainable production while minimizing environmental
impacts. Integrated analyses of cultivated areas and yield
per hectare underscore soybean’s role as a model for un-
derstanding the complex interactions between agricultural
production, global demand, and environmental pressures,
making it a central focus for future research in cli-
mate-smart agriculture, food system planning, and global

food security policy.

3.2. Environmental Factors Significantly In-
fluence the Resilience and Productivity of
Soybean Production

Soybean production faces significant climate
change-related challenges, both in terms of adaptation
and mitigation. The expansion of soybean cultivation con-

tributes to deforestation, biodiversity loss, and associated
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greenhouse gas emissions. Rising temperatures, erratic
rainfall, and increased incidence of pests and diseases driv-
en by climate change already negatively impact soybean
production systems . As one of the most important crops
globally in terms of food security and economic signifi-
cance, soybean productivity is highly sensitive to environ-
mental factors, including soil quality, water availability,
and climatic variability. Understanding these impacts is
crucial for developing effective management strategies that

enhance crop resilience and ensure global food security.

3.2.1. Effects of Heat Stress in Soybean Pro-
duction

Heat stress impacts not only the morphological,
physiological, and yield components of soybean plants
but also profoundly affects seed quality traits. For ex-
ample, in soybean, protein accumulation begins roughly
10-12 days after flowering, while oil accumulation starts
around 15-20 days after flowering “*. Exposure to stress
during this critical developmental window can dramatical-
ly influence seed quality *”. Under heat stress conditions,
soybean seeds generally exhibit reduced protein content
accompanied by increased oil content **. Moreover, Seed
development is an extremely temperature-sensitive pro-
cess, far more vulnerable to abiotic stresses than vegetative
tissues. Elevated temperatures during seed development in
soybean often result in poor germination, heightened sus-
ceptibility to pathogen infection, and diminished economic
value. With climate change expected to increase both the
frequency and intensity of summer heatwaves, the effects
of heat stress on seed development are likely to become
more widespread throughout the twenty-first century .

The factors directly influencing soybean planting
area, growth, and yield can be broadly categorized into
natural factors—such as climate conditions, soil quality,
fertility, and input-related factors. Among these, soybean

[4,13] Tem-

yields are highly sensitive to climatic variability
perature, in particular, is a critical environmental variable
that affects every stage of soybean growth, thereby direct-
ly shaping both yield and quality. During the germination
and seedling stages, optimal temperatures promote rapid
and uniform seed germination. Conversely, excessively
high temperatures can trigger excessive moisture loss from

seeds, while low temperatures may delay germination .

Throughout the growing season, elevated temperatures can
adversely affect yields by disrupting physiological pro-
cesses such as photosynthesis, respiration, and water reg-
ulation, while also accelerating soil moisture evaporation,
potentially leading to drought conditions " On the other
hand, extremely low temperatures can cause frost dam-
age, compromise cellular integrity, and even result in plant
death. Both temperature extremes hinder normal growth
and ultimately reduce yield /.

Maintaining appropriate temperatures is also vital
for flower bud formation and the subsequent development
of flowers and fruits. Temperatures that are too high or too
low can reduce the number of flower buds, trigger flower
drop, interfere with pollination, and negatively affect fruit
set and quality. During maturation, high temperatures can
shorten the growth period, further reducing both yield and
quality !, Interestingly, Gendron St-Marseille et al. ob-
served that climate warming could extend the growing sea-
son at higher latitudes, opening new regions for soybean
cultivation. Moreover, early planting under longer daylight
conditions can enhance yields by accelerating reproductive

development ',

3.2.2. Effects of Precipitation Patterns on Soy-
bean

Precipitation plays a critical role in determining
soybean yields, as this crop is highly sensitive to water
availability throughout the growing season *. Sgroi et al.
reported a direct relationship between precipitation deficits
and reduced soybean yields. Drought negatively affects
all growth stages, from seed germination to plant develop-
ment, leading to lower yields and diminished crop quality.
Dry soils limit the plant’s ability to absorb water, impair
physiological functions, cause leaf wilting, stunt growth,
and in some cases, even result in plant death **. Converse-
ly, excessive rainfall can cause waterlogging, reducing ox-
ygen availability to the roots and obstructing nutrient ab-
sorption. Such conditions increase the risk of root rot and
pest outbreaks, disrupt normal developmental stages such
as flowering and fruit formation, and ultimately reduce
both yield and quality .

Statistical analyses reveal a strong relationship be-
tween rainfall, maximum temperature, and total soybean

yield. While rainfall alone accounts for approximately
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72% of yield variation, incorporating temperature into the

model increases explanatory power to 91.3% !,

3.2.3. Impacts of Climate Change on Soybean
Pathogens

Climate warming heightens plant vulnerability to
parasitic infections and can significantly alter host-para-
site interactions, including their phenology and population
dynamics. Despite this, the precise effects on these inter-
actions and on overall crop yield remain uncertain ", The
soybean—nematode system serves as an excellent model for
investigating how climate change impacts below-ground
parasites, particularly regarding their establishment, re-
production, and infection timing in response to rising soil
temperatures "', A prime example is the soybean cyst
nematode (SCN), a major pathogen originally introduced
to North America from Asia, first detected in North Caro-
lina in 1954. It quickly spread through both biotic vectors,
such as humans and animals, and abiotic vectors like wind
and water ',

On the other hand, Soybean production has evolved
into a complex agroecological system that is increasingly
vulnerable to climate change. Rising temperatures, heat
stress, and altered precipitation patterns not only reduce
overall yield but also modify seed biochemical composi-
tion, including protein and oil content, thereby impacting
both nutritional and economic value. From a biological
perspective, the interaction between climate variability
and pathogens, such as the soybean cyst nematode, forms
a complex feedback loop: higher temperatures accelerate
pest proliferation, weakening plant resilience and amplify-
ing production losses. Consequently, future soybean pro-
duction strategies must adopt an integrated approach that
combines the development of climate-resilient cultivars,
precision irrigation, and soil management to mitigate both
environmental and biotic stresses. Predictive modeling of
climate impacts and pathogen dynamics can inform plant-
ing schedules, the expansion of suitable cultivation areas,
and priorities for breeding programs. Coupled with early
warning systems for heatwaves, droughts, and pest out-
breaks, these tools provide actionable insights for farmers,
enhancing productivity and economic sustainability under
variable climatic conditions. Ultimately, the resilience of

global soybean systems will depend not only on techno-

logical innovation but also on coordinated policies that
promote sustainable and climate-smart agricultural practic-
es, underscoring soybean’s role as a model for integrating
food production, environmental stewardship, and global

food security.

3.3.Prices and Economic Impact of Climate
Change on Soybean Production

International soybean prices are strongly influenced
by macroeconomic and geopolitical conditions, as well as
shifts in global supply and demand. Over the past decade,
price fluctuations have had a significant impact on the
soybean market. One of the most important global price
indicators is the Dalian Exchange Contract in China, as the
country is the world’s largest consumer and importer of
soybeans, accounting for nearly 60% of the global market
share, thereby exerting a decisive influence on internation-
al trade and pricing trends . Moreover, several key factors
shape global soybean prices, including: production costs
and growing conditions in major producing regions; mar-
ket reactions to economic shocks such as the COVID-19
pandemic and the Russia—Ukraine conflict, which drove
prices upward and increased shipping, storage, and labor
costs; supply and demand adjustments in response to mar-
ket volatility; and competition from alternative vegetable
oils such as sunflower oil. A notable challenge for produc-
ers across soybean-growing countries is the lack of pre-
mium prices for sustainable production efforts. The intro-
duction of clear pricing mechanisms, such as premiums or
minimum prices, could help shield compliant farmers from
volatility, offset certification costs, and ensure greater mar-
ket stability ©'.

On the other hand, Foreign Agricultural Service
Global Market Analysis Staff also directly shapes farmers’
production decisions . Expected price levels further in-
fluence farmers’ choices regarding crop varieties, planting
area, input intensity, and management practices, which in
turn affect both yield and output. Higher soybean prices
may also prompt land reallocation from other crops to soy-
beans in pursuit of greater profitability. However, despite
rising international prices, many farmers’ margins remain
compressed due to escalating input costs. Typically, less
than half of farm expenditures are allocated to variable in-

puts (seeds, fertilizers, chemicals), while the majority go
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toward equipment, land, and family labor, expenses that are
inflexible in the short term. This financial pressure often
complicates debt repayment among soybean producers ™.

Consequently, the net effect of expected soybean
prices on yield depends on the balance of these opposing
factors, which must be evaluated empirically "*\. Their
findings indicate that while higher soybean prices tend to
expand planting areas, they may also reduce per-hectare
yields. Moreover, input costs, particularly fertilizer, exert a
significant impact on yields; rising fertilizer prices discour-
age its use, thereby diminishing productivity, while seed
quality directly influences soybean quality, affecting pric-
ing and global trade competitiveness . Additionally, fluc-
tuations in energy prices strongly influence the final cost
of soybeans and derived products. Political and economic
disruptions often trigger sharp increases in fuel, gas, lubri-
cants, and oil prices, alongside higher costs for spare parts
and agricultural machinery maintenance, all of which add
further volatility to soybean production costs . In addi-
tion, farmers’ education levels and planting experience ex-
ert a significant positive influence on crop yields. For ex-
ample, when soybean prices rise, less-experienced farmers
often expand their planting areas, resulting in lower yields
per unit of the newly cultivated land and, consequently,
reduced overall soybean productivity **. Investment in ed-
ucation and training for soybean producers, however, can
substantially improve outcomes by enhancing their ability
to safeguard rights, address production and trade challeng-
es, and strengthen resilience .

The COVID-19 pandemic, compounded by Russia’s
invasion of Ukraine, has disrupted the supply chains for
soybeans, corn, and sunflower oil in unexpected ways,
leading to production declines and escalating energy costs
B3 The Russia—Ukraine conflict has also caused a sharp
reduction in sunflower oil exports due to plant and port
closures in Ukraine, increasing global demand for soybean
oil and driving higher international prices. This, in turn,
incentivized the expansion of soybean cultivation in coun-
tries such as Brazil ", At the same time, rising production
costs, particularly fertilizer prices, pose challenges for
Brazil, the world’s leading soybean producer and exporter.
The country imports approximately 85% of its fertilizer re-
quirements, with around one-quarter sourced from Russia,

and nearly 44% of Brazil’s imported fertilizer applied to

soybean production *”. The soybean sector is also shaped
by government policies and regulatory measures. Major
producing and exporting countries employ tools such as
taxation and agricultural policies to protect the economic
value of the crop, support local producers, safeguard the
competitiveness of domestic industries, and buffer local
markets against price volatility. Nevertheless, some pro-
ducing countries have imposed export restrictions in re-
sponse to declining supplies and rising prices, contributing
to a global food crisis and severe food insecurity in many
low-income nations .

Climate change-related risks are escalating rapidly,
particularly for highly vulnerable communities residing
in diverse environments such as urban centers, rural ar-
eas, and informal settlements. The direct consequences
of climate change and climate variability include extreme
precipitation, heat stress, pluvial and fluvial flooding, land-
slides, drought, heightened aridity, and water scarcity, ac-
companied by widespread indirect impacts on populations,
economies, and ecosystems °*. Developing countries are
expected to face particularly severe effects, as many rely
heavily on agriculture for income, host large impoverished
rural populations dependent on subsistence farming, and
are the least financially and technically equipped to adapt to
changing conditions ™. Accordingly, effective adaptation
planning to mitigate the impacts of climate change on pov-
erty and food security requires robust methods to identify
vulnerable regions at both national and local scales *”'.

The United States, as one of the world’s largest soy-
bean producers and exporters, benefits in part from its
globally high yields. Nonetheless, climate change threatens
these yields, with direct implications for production and
export availability. Projections suggest that U.S. soybean
yields may decline by 3.0% by 2036 compared to 2016
levels, primarily due to more frequent extreme heat events
and reduced precipitation in some counties. Incorporat-
ing these projections into a simulation model of market
impacts reveals that reduced yields could decrease U.S.
soybean exports by 1.17%, equivalent to USD 319 million
based on 2016 export levels, assuming constant yields in
other countries ",

Hu et al. examined the effects of extreme weather
events (EWEs) on soybean production in the United States,

Brazil, and Argentina, as well as the resulting ripple effects
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on global soybean trade and China’s domestic soybean
market. Their findings indicate that while EWEs in a sin-
gle country exert only modest impacts on global markets,
simultaneous EWEs across multiple major producers can
reduce global soybean output by 8.8%—17.1% and drive
price increases of 9.5%-33.2%. Such disruptions could
cut China’s soybean imports by as much as 20.7%. These
shocks also extend to downstream industries, including
soybean oil, soybean meal, and the livestock sector, where
higher feed costs elevate meat, poultry, and pork prices **.
Consequently, consumer expenditures on soybeans and
meat could rise by approximately USD 25.6 billion. Chi-
na’s soybean reserves play a pivotal role in mitigating such
effects; strategic stock releases can cap soybean price in-
creases by up to 10% and meat price increases by up to 1%,
saving consumers as much as USD 5.5 billion. Looking
forward, climate change is expected to intensify econom-
ic risks for soybean production globally and domestically,
underscoring the necessity for measures that strengthen
market resilience. These measures include fostering in-
ternational cooperation to respond to EWEs, developing
drought- and flood-resistant soybean varieties, expanding
local storage capacity, advancing precision agriculture and
modern farming practices to enhance productivity, and re-
ducing reliance on imports through alternative feed sourc-
es. In summary, EWEs exert profound impacts on soybean
production, markets, and prices, amplifying economic
losses and reinforcing the urgency of effective adaptation
and risk mitigation strategies **.

Moreover, EWEs also have nuanced and complex
implications for crop farmers. While such events typical-
ly reduce local yields, widespread production losses often
lead to price surges. The evidence suggests that compen-
satory price increases frequently offset yield losses, espe-
cially where supply shocks elicit strong price responses.
For instance, U.S. soybean revenues rose by over 8% in
1988 relative to normal weather years, whereas in 2012
revenues declined by no more than 4%. This highlights the
importance of crop-specific and time-sensitive price re-
sponsiveness to supply disruptions. Moreover, projections
indicate that if growing-season weather during 1997-2019
had mirrored the volatility expected for 2036-2065 under
a moderate emissions pathway, revenue variability for corn

and soybeans in median U.S. counties would have risen by

more than 60%, with even stronger effects in areas outside
the main Corn Belt. These findings underscore the sub-
stantial economic risks posed by climate change—induced
variability in agricultural revenues ).

Additionally, Thomasz et al. estimated the econom-
ic losses in soybean production due to severe and extreme
droughts between 1970 and 2016. Using a counterfactual
scenario to represent non-extreme variability, they mon-
etized production losses based on international soybean
prices. Results revealed a strong correspondence between
extreme negative yield deviations and instances of severe
or extreme drought. The 2008/2009 and 2011/2012 ag-
ricultural seasons recorded the steepest declines in soy-
bean yields at the county level. Total losses during these
years were valued at USD 8.046 million (in 2016 dollars),
equivalent to 22% of Argentina’s international reserves for
that year . Additionally, in China, climate change also
exerts considerable influence on soybean production. For
example, a 1 cm increase in precipitation during April and
May alters planting area slightly expanding it by 0.233%
in April but reducing it by 0.172% in May. Higher rainfall
in June and July, however, significantly boosts soybean
yields. Findings further show that because soybeans are
shade-tolerant, rising accumulated temperatures during
the growing season impede crop development and reduce
yields .

On the other hand, global soybean prices are influ-
enced by complex and multifaceted interactions among
economic, geopolitical, and environmental factors, making
the market highly volatile and sensitive to shocks. At the
economic level, farmers’ decisions are affected by fluctuat-
ing production costs, including rising prices for fertilizers
and energy, which in turn impact the scale of cultivated
land and yield per hectare. Additionally, farmers’ levels of
experience and agricultural education play a crucial role in
enhancing productivity and maximizing returns, highlight-
ing the need for investment in training and agricultural ed-
ucation to strengthen producers’ capacity to adapt to price
volatility and climate-related risks. On the other hand, ex-
treme weather events (EWEs), including droughts, floods,
and elevated temperatures, increase the vulnerability of the
global food system by directly affecting yields and forcing
markets to raise prices to compensate for supply shortages.

This creates a complex economic feedback loop between
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local production and global markets. These dynamics in-
dicate that heavy reliance on soybean imports in countries
such as China weakens food security and exposes them to
international price fluctuations.

Consequently, risk management strategies in the soy-
bean industry must be multi-layered, encompassing the de-
velopment of drought-, flood-, and heat-resistant varieties,
strengthening local storage capacities, implementing pre-
cision agriculture, and improving resource-use efficiency,
alongside promoting international cooperation to address
simultaneous production shocks. Furthermore, predictive
models for price and climate variability should be integrat-
ed with price support and subsidy policies to ensure sus-
tainable productivity and protect farmers from excessive
volatility. Ultimately, soybeans emerge as a strategic indi-
cator of the balance between global food security and eco-
nomic resilience in the face of simultaneous climatic and
economic challenges, necessitating a comprehensive scien-

tific approach to managing production, trade, and policy.

3.4.Proposed Mitigation Strategies to Address
Climate Change on Soybean Production

Climate change directly impacts the soybean grow-
ing environment, including shifts in temperature, changes
in precipitation patterns, growth cycles, pest and disease
prevalence, as well as overall yield and quality. These chal-
lenges necessitate the adoption of strategies to adapt to and
mitigate the adverse effects of climate change on soybean
production. Key mitigation approaches include the devel-
opment of stress-resistant soybean varieties, efficient water
resource management, advanced irrigation techniques, and
optimized agricultural management practices. Collectively,
these strategies aim to enhance the resilience and adapt-
ability of soybean crops under changing climatic condi-
tions. Furthermore, Fraanje and Garnett, highlighted that
the soybean sector holds significant potential to contribute
to climate change mitigation, both through improved pro-
duction practices and by reducing its environmental foot-

print ',

3.4.1. Breeding Programs

Climate models predict that most global soybean

croplands will face hotter and more humid conditions be-
tween 2050 and 2100, likely resulting in reduced yields
*4 Moreover, breeding stress-resistant soybean variet-
ies is a crucial strategy to mitigate the impacts of climate
change on soybean production, combining both traditional
and modern approaches. Traditional breeding introduces
stress-tolerant traits from wild species or superior culti-
vars into target varieties through hybridization, selection,
and progeny evaluation, often enhanced by combination
breeding and hybrid vigor, while molecular breeding iden-
tifies functional genes and regulatory networks associated
with stress tolerance, employing tools such as marker-as-
sisted selection, genome-wide association studies, and
high-throughput screening to improve breeding efficiency.
Advanced technologies, including gene-editing methods,
offer novel pathways to further enhance stress resistance.
Concurrently, breeders must balance stress tolerance with
quality traits to ensure market competitiveness and con-
sumer acceptance, integrating climate-relevant techniques
to develop cultivars that perform effectively under envi-
ronmental stresses. Cutting-edge biotechnology contin-
ues to produce soybean varieties that are more nutritious
and input-efficient Y, exemplified by the identification
of a drought-resistance gene in soybeans by Argentine re-
searchers . Utilizing cultivars already adapted to diverse
environments allows the selection of genotypes capable
of activating molecular, biochemical, and physiological
responses to biotic and abiotic stresses such as drought, sa-
line soils, and high temperatures, thereby enhancing over-
all tolerance !'”.

In this context, the study examined the effects of
high temperatures on genetically modified (GM) soy-
bean and hybrids derived from crosses with wild soy-
bean, focusing on their growth and reproductive capacity
under heat stress. Results showed that key protein levels
remained stable despite high temperatures, while some
growth indicators, such as pollen germination, pod num-
ber, and seed weight, declined. Nevertheless, the hybrids
maintained competitive growth similar to wild soybean, in-
dicating the potential persistence and spread of transgenes
in agricultural environments. These findings provide valu-
able insights for developing heat-tolerant soybean varieties
and understanding the potential ecological risks associated
with GM genes %1,
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3.4.2. Water Resource Management and Irri-
gation Techniques

Water resource management and irrigation tech-
niques play a critical role in sustaining soybean pro-
duction under the challenges posed by climate change,
particularly drought and altered precipitation patterns.
Effective management requires careful consideration of
water quantity, quality, distribution, and utilization with-
in soybean-growing areas. Protecting water sources and
ecosystems, preventing pollution, and avoiding over-ex-
traction are essential to maintain ecological balance and
ensure the sustainable availability of water, providing
reliable resources for healthy soybean growth. Strategies
for water resource management include increasing water
supply and optimizing usage through rainwater harvest-
ing for irrigation or groundwater replenishment, as well
as implementing water prioritization systems. Such ra-
tional allocation mechanisms promote stable and sustain-
able farmland irrigation, thereby enhancing production
efficiency and yield. Additionally, water-saving irrigation
methods and soil moisture management techniques, such
as drip irrigation, micro-sprinkler systems, and localized
root-zone irrigation, can minimize water wastage while
meeting crop requirements, noting that soybeans gen-
erally require less water than crops like rice and wheat.
Complementary soil management practices, including op-
timized fertilization, tillage, and soil structure improve-
ment, enhance soil water retention, reduce evaporation,
and increase soybean water-use efficiency, thus support-
ing reliable crop growth ). Modern smart irrigation
technologies further advance water efficiency by using
sensors to monitor soil moisture and weather conditions
in real time, adjusting irrigation volume and timing, and
enabling remote system control, thereby improving au-
tomation, reducing labor costs, and conserving water. In
line with these innovations, Inari Agriculture has devel-
oped engineering improvements that increase soybean

yields by 20% while reducing water inputs 7).

3.4.3. Soil Protection and Sustainability

Maintaining soil fertility through crop diversification
is a key climate adaptation strategy **. As a nitrogen-fix-

ing crop, soybean can enhance soil fertility without relying

on synthetic nitrogen fertilizers, which contribute to green-
house gas emissions during both production and applica-
tion, resulting in nitrous oxide release. Additionally, ensur-
ing that new plantations are established on degraded lands
rather than natural ecosystems is essential for sustainable
land-use management .

Soybean represents a key model for sustainable ag-
riculture due to its vital role in biological nitrogen fixation
(BNF), which reduces dependence on synthetic nitrogen
fertilizers and mitigates related emissions. Evidence from
Brazil indicates that the economic value of BNF during the
2019-2020 growing season was approximately USD 15.2
billion, in addition to direct profits of about USD 914 mil-
lion generated from inoculation and co-inoculation with
Bradyrhizobium spp. and Azospirillum brasilense, which
covered 25% of the total soybean cultivated area. These
findings highlight the strategic importance of soybean in
delivering substantial economic returns while simultane-
ously promoting environmental sustainability in the agri-
cultural sector *”),

Early studies highlight the significant economic po-
tential of biological nitrogen fixation (BNF) in agriculture.
In the United States, one of the first assessments estimated
that improvements in BNF efficiency generated an eco-
nomic value of USD 1.067 billion, accompanied by a re-
duction of 1547 thousand tons of nitrogen fertilizers, while
the total elimination of nitrogen fertilizers in major crops
was associated with a value of USD 4.484 billion *. Ap-
proximately a decade later, the global economic benefits of
BNF for legumes were estimated at USD 90 billion, with
USD 8 billion accruing to the United States °"'. Addition-
ally, a study across 19 African countries estimated the eco-
nomic value of BNF at USD 203 million in 2004 **. These
findings underscore the substantial regional and global
economic significance of BNF technologies in enhancing
resource efficiency and reducing reliance on synthetic fer-

tilizers ™.

3.4.4. Pest Management

Understanding the adaptability of species to current
and future pathogens, insects, and weeds, as well as chang-
ing climatic conditions, is critical for maintaining crop
health and yield stability, particularly in light of increas-

ing frequency and intensity of extreme yield fluctuations.
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Although many organisms currently have limited impact
under existing climatic conditions, they may pose signif-
icant challenges in the future. Therefore, developing and
deploying innovative pest management tools is essential to
maximize production outcomes "',

Adjusting agricultural management practices, includ-
ing modifying planting structures, optimizing cultivation
techniques, and improving fertilization management, is
crucial to mitigating climate change impacts on soybean
production. Diverse planting structures such as crop ro-
tation, intercropping, or mixed cropping can reduce the
persistence of soil-borne pests and diseases, lower de-
pendence on chemical pesticides, enhance soil fertility,
stabilize farmland ecosystems, and support sustainable
agricultural development. Additional strategies to combat
climate change effects include providing soybean producer
subsidies and supportive policies to encourage cultivation,
stabilizing input prices, investing in soybean infrastructure,
developing skilled personnel in soybean cultivation, in-
creasing funding for soybean research, and promoting the
overall sustainable development of soybean production .

Soybean is an economically significant crop in the
United States; however, its profitability has been adversely
affected by various diseases. The economic impacts of 23
common soybean diseases were assessed across 28 soy-
bean-producing states in the U.S. over the period 1996—
2016, using a dataset comprising 13,524 observations.
Multiple statistical approaches were employed to estimate
losses, accounting for factors such as state, year, the period
before and after the discovery of soybean rust, geograph-
ic region, and zones classified by yield, harvest area, and
production. These factors were found to have a significant
influence on total economic losses attributable to soybean
diseases . Across states and years, the soybean cyst nem-
atode, charcoal rot, and seedling diseases caused the great-
est economic damage, while soybean rust, bacterial blight,
and southern blight were the least economically detrimen-
tal. Notably, average losses increased by 51% in the period
following the discovery of soybean rust (2004-2016) com-
pared to the pre-discovery period (1996-2003). From 1996
to 2016, the total estimated economic loss due to soybean
diseases in the U.S. amounted to USD 95.48 billion, with
USD 80.89 billion occurring in the northern states and
USD 14.59 billion in the southern states. Over the entire

period, the average annual economic loss was approxi-
mately USD 4.55 billion, with roughly 85% of these losses
concentrated in the northern U.S ).

Regions with lower yield, harvest, and production
levels experienced significantly lower economic losses
from diseases compared to high-yield/production zones.
This observation was further supported by a positive linear
correlation between mean soybean yield loss (per state,
due to all diseases over 21 years) and mean state-wide
soybean production (MT), average yield (kg ha™'), and
harvest area (ha). These findings provide valuable insights
for guiding research priorities, policy development, and
educational initiatives aimed at improving soybean disease

.. . . 3
management and mitigating economic losses ).

3.4.5. Predicting Soybean Yield Models

Producing countries with low climate impacts tend
to achieve high yields while using minimal fertilizers .
Growers should implement targeted measures based on
temperature requirements at different growth stages to
maintain optimal growing environments and maximize
soybean growth and yield. Traditionally, the impact of cli-
mate change on crops has been studied within agronomic
disciplines, but the local-level focus of these studies limits
the ability to evaluate overall economic impacts. There-
fore, a unified model projecting total production is neces-
sary to assess climate risk at a macroeconomic scale rather
than at the local or farm level. While biophysical models
provide the most accurate representation at local scales,
statistical models can offer a more precise depiction at
larger scales ""*. Long-term statistical analyses suggest that
soybean yields are primarily driven by technological inno-
vations, which form discernible trends in empirical yield
series .
Predictive models for soybean yield include sta-
tistical models that use historical data and mathematical
techniques to analyze the relationship between climate,
soil, and crop growth, and ecosystem models that simulate
ecological and biological processes during soybean devel-
opment to forecast yield changes. Applying both approach-
es comprehensively enhances the accuracy and reliability
of yield predictions. Data-driven prediction models offer
high flexibility and precision, reflecting dynamic changes

in soybean growth processes and providing valuable in-
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formation for agricultural decision-making. Furthermore,
technologies such as remote sensing provide essential data
on growth conditions and land use, which, when combined
with meteorological and geographic information system
(GIS) data, can validate and optimize yield prediction
models, thereby improving precision and reliability. Inte-
grating remote sensing with other data sources establishes
a comprehensive and robust foundation for monitoring and

forecasting soybean yields .

3.4.6. Towards Soybean Sustainability

Current knowledge, combined with forthcoming
scientific advances, allows humanity to maintain hope for
more favorable future scenarios than those predicted in the

U Tn this context, a warm cli-

most pessimistic outlooks
mate could present opportunities for northern agriculture
by opening new lands for lucrative crops such as soybeans
and extending the growing season in existing production
areas, enabling the cultivation of late-maturing varieties
with higher yields ",

Governments should enhance awareness campaigns
on climate change and adaptive measures to provide
farmers with the knowledge needed to adopt climate-re-
silient practices in soybean production. In addition, gov-
ernment-supported agricultural or crop insurance policies
serve as effective tools to help farmers mitigate the adverse
effects of climate change, reduce price volatility, hedge
risks, and maintain more stable incomes. Furthermore,
producing and consuming countries could develop policies
to financially incentivize soybean farmers who implement
sustainable agricultural practices and demonstrate measur-
able results, for example through payments for environ-
mental services such as carbon emission mitigation " Fi-
nally, promoting the adoption of advanced technologies in
soybean production is a crucial factor for increasing yields,
reducing production costs, and improving farmers’ overall

profitability.

3.5.Integrated Framework for Soybean Resil-
ience and Strategic Adaptation to Climate
Change

Soybean is a critical crop that plays a key role in

global food security, serving as a major source of protein

and contributing significantly to agricultural economies.
However, soybean production faces increasing threats due
to climate change, including rising temperatures, irregular
rainfall, and more frequent extreme weather events such
as droughts and floods. Although numerous studies have
examined the impacts of climate change on soybean, most
are descriptive or limited to specific case studies. This
highlights the need for an integrated framework that not
only synthesizes existing knowledge but also provides a
practical tool to assess risks, identify strategic solutions,
and enhance resilience and sustainability in soybean pro-
duction systems. The framework consists of four intercon-
nected components that form a comprehensive model to
enhance the resilience and sustainability of soybean pro-

duction, namely:

3.5.1. Production Components

Production components represent the key factors
that determine the capacity of soybean crops to grow and
achieve high yields. These components include agronomic
practices such as precision farming, balanced fertilization,
and efficient irrigation management, as well as the adop-
tion of modern technologies, including smart irrigation
systems, remote sensing, and digital growth monitoring.
Seed quality is also crucial, as drought- and pest-resistant
varieties adapted to changing climatic conditions are es-
sential for maintaining production stability. For example,
drought-resistant soybean varieties can be used in semi-ar-
id regions to offset yield losses caused by water scarcity,
while drip irrigation systems in high-temperature areas
can improve water use efficiency and increase yield. The
framework allows for evaluating these production com-
ponents using measurable indicators such as growth rate,
crop yield, and seed quality, which facilitates identifying
the most effective practices and enhancing production re-

silience under varying climatic conditions.

3.5.2. Environmental Factors

Environmental factors include natural conditions that
directly influence soybean growth and resilience, such as
temperature, rainfall, soil quality, and resource availability.
The framework incorporates a risk classification system to

assess the severity and frequency of environmental stress-
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ors and link them directly to production outcomes, en-
abling the prediction of potential yield reductions and qual-
ity losses. As a practical example, in regions experiencing
frequent heatwaves, practices such as adjusting planting
seasons or applying organic mulches to retain soil moisture
can mitigate stress effects. Enhancing soil fertility through
organic amendments or nutrient supplements can also im-
prove soybean growth under environmental pressure. This
demonstrates how environmental factors can be connected
with production practices to inform data-driven preventive

measures.

3.5.3. Economic Impacts

Economic impacts are crucial for understanding how
climate change affects the soybean sector. The framework
allows assessment of how production declines or price
fluctuations affect farmers’ income, market stability, and
national food security. This is achieved through econom-
ic indicators that integrate income losses, price volatility,
and the potential consequences on food availability. For
instance, a reduction in soybean yield in a country heavi-
ly reliant on soy as a feed ingredient can lead to increased
meat and dairy prices, affecting both food security and lo-
cal consumption. By linking environmental and production
data to economic indicators, the framework helps policy-
makers allocate financial resources, plan crop insurance
programs, and implement measures to mitigate the eco-

nomic effects of climate-induced production losses.

3.5.4. Strategic Responses

Strategic responses include interventions and pol-
icies aimed at adapting to climate change and mitigating
its adverse effects. The framework proposes an adaptive
response matrix that connects production components, en-
vironmental stressors, and economic impacts to identify
the most effective interventions. These strategies include
technological innovations such as drought- and pest-resis-
tant soybean varieties, supportive agricultural policies like
crop insurance and subsidy programs, and farmer training
initiatives to improve resource management efficiency. For
example, precision farming training programs can help
farmers optimize planting schedules, select appropriate

varieties, and manage fertilizer and water use effectively.

Governments can also implement financial support pro-
grams for farmers in drought- or flood-prone areas to en-
sure stable production and maintain food security. These
strategic responses enable the design of practical adapta-
tion plans that enhance production resilience, reduce eco-
nomic losses, and safeguard food security against future
climate challenges.

This framework represents an innovative and com-
prehensive model that integrates scientific knowledge on
production, environmental factors, economic impacts,
and strategic responses to enhance the resilience and
sustainability of soybean production under ongoing cli-
mate change. Its significance lies in providing a practical,
multi-level tool that helps understand the complex inter-
connections among these factors and supports data-driven
decision-making. At the production level, the framework
assists farmers in identifying the most effective agronomic
practices, selecting suitable soybean varieties, and optimiz-
ing resource use, including water and fertilizers. It also en-
ables the evaluation of seed quality, irrigation techniques,
and fertilization strategies, thereby maintaining high pro-
ductivity even under variable climatic conditions.

At the environmental level, the framework allows
for precise monitoring of environmental risks and their im-
pacts on crop performance, such as temperature increases
or reduced rainfall affecting yields. It provides mechanisms
to predict potential reductions in yield and crop quality
and supports preventive measures, such as adjusting plant-
ing schedules, improving soil fertility, or using organic
mulches to retain soil moisture, thereby promoting long-
term environmental sustainability. At the economic level,
the framework helps assess the impacts of climate change
on farm income, price fluctuations, market stability, and
local and global food security. By linking production and
environmental data with economic indicators, it enables
policymakers to plan financial support, crop insurance, and
compensation programs, reducing economic losses and en-
suring the stability of the agricultural sector and dependent
communities. At the policy and strategic level, the frame-
work provides decision-makers with a tool to develop ef-
fective adaptation strategies, including adopting new tech-
nologies, implementing supportive policies, and offering
farmer training in resource management. It also enables

governments and international organizations to design
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flexible response programs for future challenges, ensuring
food security, economic sustainability, and strengthening

resilience of soybean production systems.

4. Conclusion

Climate change, extreme weather events, and global
market volatility pose significant challenges to soybean
production, affecting yield, crop quality, and the economic
sustainability of the sector. Environmental factors, includ-
ing fluctuations in temperature, rainfall patterns, soil qual-
ity, and biotic stresses such as pests and diseases, directly
influence plant growth, reproductive performance, and
seed composition. At the same time, global supply-demand
dynamics and geopolitical conditions play a critical role in
shaping international soybean prices, complicating market
stability and influencing farmers’ production decisions and
strategies. Addressing these challenges requires a multi-
dimensional approach that encompasses advanced plant
breeding through stress-resistant and genetically improved
varieties, precision agriculture, optimized input manage-
ment, and strategic climate adaptation measures. Farmer
education and training further enhance resilience and pro-
ductivity by equipping producers with the skills needed
to respond effectively to price volatility, extreme climatic
conditions, and biotic pressures.

Additionally, sustainable agricultural practices, in-
vestment in local storage infrastructure, and international
cooperation are essential to ensure market stability and
food security, particularly in countries heavily reliant on
soybean imports. Enhancing the resilience, efficiency, and
sustainability of production systems is crucial not only to
meet global food demand but also to maintain economic
and environmental stability. Coordinated efforts in plant
breeding, agricultural management, market regulation, and
climate adaptation are essential to ensure that soybean pro-
duction can withstand current and future challenges, there-
by contributing to global food security and sustainable ag-
riculture.

This study proposes an innovative approach that
should be implemented through an Integrated Framework
for Soybean Resilience and Strategic Adaptation to Cli-
mate Change. This framework combines scientific knowl-

edge with practical application to assess risks, identify stra-

tegic solutions, and strengthen resilience and sustainability
in soybean production systems. It transforms theoretical
knowledge into an actionable tool for policymakers, farm-
ers, and researchers, facilitating the adoption of proactive
adaptation strategies. Ultimately, the framework empow-
ers production systems to withstand future environmental
pressures, maintain productivity levels, reduce economic
losses, and ensure long-term food security and economic
stability.

Ultimately, this study effectively summarizes its
findings, yet its significance extends into the future by
highlighting the practical and scientific implications of
the research. The study recommends the formulation of
supportive policies to promote the adoption of early adap-
tation strategies and sustainable technologies in soybean
production, ensuring the resilience of production systems
against future climate changes. Furthermore, it outlines
clear directions for implementing the Integrated Frame-
work for Soybean Resilience and Strategic Climate Adap-
tation, by combining scientific knowledge with practical
applications, guiding efforts to enhance farmers’ capacity
to withstand environmental pressures, maintain produc-
tivity, reduce economic losses, and ensure long-term food

security and economic stability.
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