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Abstract

Plant disease forecasting plays a crucial role in managing outbreaks and mitigating eco-
nomic and health impacts, thereby contributing significantly to plant protection efforts.
This proactive approach assesses the likelihood of disease outbreaks and increases in dis-
ease intensity, enabling timely intervention and resource optimization. However, climate
change exacerbates this challenge by altering pathogen evolution and host-pathogen inter-
actions, fostering the emergence of new pathogenic strains, shifting pathogen ranges, and
expanding the geographic spread of plant diseases. In developing countries, these changes
are compounded by limited resources and inadequate infrastructure, creating significant
challenges for forecasting systems and plant protection efforts. The primary objective of
this review was to assess the impact of climate change on plant disease forecasting systems,
with a focus on biotic and abiotic stresses such as temperature changes, altered precipitation
patterns, and extreme weather events. A systematic literature review was conducted using
databases such as PubMed, Web of Science, and Google Scholar, selecting peer-reviewed
studies published between 2020 and 2024. Key data on research objectives, methodolo-
gies, results, and implications were extracted and synthesized, demonstrating how climate-
induced stresses affect components of the disease tetrahedron, including host susceptibility,
pathogen virulence, environmental conditions, and vector dynamics. The findings reveal
that climate change significantly affects forecasting systems and plant protection strate-
gies, emphasizing the need for reliable, and cost-effective forecasting models adaptable to
diverse and evolving climate conditions, especially in resource-constrained settings. This
review underscores the importance of developing innovative and context-specific strategies
to enhance forecasting capabilities and plant protection. Future research should focus on
advancing forecasting technologies, addressing data gaps, and adapting systems to evolv-
ing climate conditions to better safeguard food security and environmental sustainability.

Keywords: adaptation strategies, biotic and abiotic stresses, digital technologies, early
warning systems, food security, host-pathogen interactions

Introduction

Plant disease forecasting is essential for predicting dis-
ease occurrences within specific geographical areas,
facilitating the timely implementation of plant protec-
tion strategies to prevent significant losses (Gonzalez-
-Dominguez et al. 2023). This proactive approach in-
volves assessing the likelihood of disease outbreaks and
increased disease intensity, necessitating coordinated
efforts and substantial resource allocation, including

time, energy, and funding, to effectively manage and
protect plants from diseases (Singh 2022). The primary
objectives of plant disease forecasting and protection
are to minimize production costs and ensure the safety
of products for consumers and the environment (Sin-
gh et al. 2023).

With the advent of climate change (CC), the im-
portance of plant disease forecasting and protection
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has become even more pronounced. CC exacerbates
the risks of pathogen outbreaks through alterations in
pathogen evolution and host-pathogen interactions.
These changes foster the emergence of new pathogenic
strains, shift pathogen ranges, and expand the geo-
graphic spread of plant diseases (Mahapatra 2018). For
instance, the changing climate influences weather pat-
terns, temperature fluctuations, and humidity levels,
which are critical factors in the life cycle of pathogens.
Such environmental shifts can extend the growing sea-
son for pathogens or facilitate the emergence of more
aggressive strains, complicating disease management
efforts. Verma et al. (2024a) note that the shifting cli-
mate has significant consequences for agricultural sus-
tainability, making it even more challenging to predict
and manage plant diseases effectively.

Effective forecasting systems rely on understand-
ing the intricate interactions among pathogens, hosts,
environments, and vectors, as conceptualized by the
disease tetrahedron model (McLeish et al. 2020). Ac-
curate predictions are achieved when these factors
converge to create conditions conducive to signifi-
cant disease development and crop loss. This scientific
method aims to provide farmers and stakeholders with
timely alerts, enabling them to take preventive actions
and optimize the use of resources, thereby reducing
the economic burden on agricultural systems. Verma
et al. (2024) also emphasize the importance of adopt-
ing regulatory mechanisms that facilitate adaptation to
adverse agroclimatic variables which play a critical role
in disease management strategies.

In developing countries, where resources for plant
disease management and protection are often limited,
climate change-induced stresses further complicate
disease forecasting systems. Increased frequency and
intensity of biotic and abiotic stresses such as elevated
temperatures, altered precipitation patterns, and ex-
treme weather events pose unique challenges. These
stresses affect the components of the disease tetrahe-
dron, including host susceptibility, pathogen virulence,
environmental conditions, and vector dynamics (Ber-
nardo-Cravo et al. 2020). Consequently, forecasting
systems in these regions must be reliable, user-friendly,
cost-effective, and adaptable to the diverse and evolv-
ing conditions brought about by climate change. Ku-
mari et al. (2023) argue that soil microbes represent
a natural solution for mitigating the impacts of climate
change, an insight that could be crucial for forecasting
and plant protection systems in regions where agro-
climatic conditions are rapidly changing. Addressing
these challenges requires tailored and locally adap-
tive models that can effectively respond to the distinct
agroecological and socio-economic contexts.

Successful case studies from various regions
demonstrate the potential of advanced plant disease

forecasting and protection systems. For instance, the
International Rice Research Institute (IRRI) in Asia
developed a rice disease forecasting system that in-
tegrates remote sensing and field observations, sig-
nificantly reducing disease incidence and improving
yield stability (Alfred et al. 2021). Similarly, CABI’s
Plantwise program has built a network of plant clin-
ics across developing countries, improving pest and
disease management through localized advice (Adhi-
kari et al. 2024). In Uganda, CABI’s Pest and Disease
Alert System has reduced crop losses and improved
food security by utilizing weather data and GIS for
localized forecasting. The FAO’s early warning systems
in Eastern Africa have enhanced the timing and tar-
geting of disease management interventions, while the
Horticultural Innovation Lab (HIL) in India has effec-
tively managed horticultural diseases through technol-
ogy integration (Singh and Parihar, 2024) (Hassanali-
yeva et al. 2022).

These examples illustrate the effectiveness of in-
tegrating technology with local expertise to address
plant disease forecasting and protection challenges.
This article delves into the biotic and abiotic stresses
induced by climate change that impact plant diseases,
emphasizing the urgent need for timely and accurate
disease forecasting and protection measures. It under-
scores the necessity for innovative, transformative, and
context-specific strategies to enhance forecasting sys-
tems and effectively manage these stresses. In an era
characterized by the emergence and re-emergence
of stress factors, particularly in developing countries,
implementing robust forecasting and protection strat-
egies is essential to safeguard global food security and
promote environmental sustainability in the face of
ongoing climate change.

Materials and Methods

This review adopted a systematic approach to evaluate
the effects of climate change on plant disease forecast-
ing and protection systems. A comprehensive litera-
ture search was conducted across multiple academic
databases, namely PubMed, Web of Science, Google
Scholar, Scopus, and the Agricultural and Environ-
mental Science Database (Sarkar et al. 2022). Search
terms included “climate change”, “plant disease fore-
casting’, “plant protection”, “biotic stress”, and “abiotic
stress”, with a focus on studies published between 2000
and 2024. The review considered peer-reviewed arti-
cles that addressed the impacts of climate change on
forecasting and protection systems as well as related
biotic and abiotic stresses in developing countries.
Non-peer-reviewed sources and irrelevant studies
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were excluded to ensure methodological rigor and
data validity.

Data extraction was performed to gather informa-
tion on review objectives, methodologies, results, im-
plications, and challenges. This process allowed for the
systematic categorization of data, which was then syn-
thesized to assess how various climate change factors
such as temperature fluctuations, altered precipitation
patterns, and extreme weather events affect plant dis-
ease dynamics and protection strategies. The extracted
data were organized thematically, identifying strategic
solutions for managing the impacts of climate change
on disease forecasting and protection systems.

The quality of the studies included in the review
was assessed based on the relevance of their content
to the research objectives, the rigor of their method-
ologies, and the clarity of their findings. Additionally,
studies were evaluated for their regional applicability,
particularly in developing countries where resources
and infrastructure may limit forecasting and protec-
tion system effectiveness. The findings were organized
thematically and presented using tables and figures to
provide a comprehensive overview of the challenges
and solutions related to climate-induced changes in
plant disease dynamics and protection efforts.

The importance of plant disease
forecasting and protection systems
in developing countries

Plant disease forecasting and protection systems are
increasingly vital in developing countries, particular-
ly due to the growing complexity of climate-induced
abiotic and biotic stresses (Gowtham et al. 2024). Ris-
ing global temperatures, altered precipitation patterns,

Humans

and frequent extreme weather events, such as floods
and droughts are direct consequences of climate
change. Projections indicate that global temperatures
could increase by up to 4.8°C by the end of the century
which directly affect plant health and disease dynam-
ics (Shokory et al. 2023). This intensifies the need for
effective forecasting and protection systems, which
have already been adopted in various regions, with
tools like FARM-D, DSSAT, CropWatch, and Agro-
-Meteorological Advisory Services offering predic-
tive solutions based on weather data, satellite imaging,
and local forecasts (Tab. 1). However, despite these
advancements, challenges such as limited data, inad-
equate infrastructure, and insufficient expertise con-
tinue to hamper their full potential. Enhancing these
systems by integrating environmental factors like sun-
light, humidity, and temperature is critical for improv-
ing disease management under changing conditions.
Even highly susceptible plants may resist disease under
unfavorable conditions (Chen 2020). This highlights
the need for locally adapted plant disease forecasting
systems, as climate change alters environmental condi-
tions that influence disease dynamics. Effective fore-
casting must integrate local climate data and adaptive
strategies, utilizing tools like machine learning and GIS
to predict and manage disease outbreaks in a changing
climate.

Implications of climate change on plant
disease forecasting, protection systems
and disease dynamics

Climate change significantly impacts plant disease
forecasting and protection systems by disrupting the
interactions within the disease tetrahedron (Fig. 1)

- Susceptible host

- Virulent pathogen

- Favorable environment

- Human activities

- Duration and frequency of each element of time

Fig. 1. The classic disease tetrahedron: factors in plant disease epidemics.
This highlights the necessity for sophisticated forecasting systems that can account for these complex interactions and adapt to the

evolving challenges posed by climate change
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and altering disease dynamics (Tab. 2). Beyond tem-
perature shifts, climate change affects plant suscepti-
bility, disease timing, and pathogen behaviors, com-
plicating forecasting accuracy. For example, higher
temperatures and elevated CO2 levels may accelerate
pathogen mutations, potentially resulting in more vir-
ulent strains. Additionally, climate change can expand
the range of disease vectors, such as insects, further
complicating disease management (Bebber et al. 2022;
Kumari et al. 2023; Verma et al. 2024b).

Integrating high-resolution satellite imagery,
Al-driven algorithms, and climate models with patho-
gen dynamics can enhance forecasting accuracy, provid-
ing better predictions and mitigation strategies for cli-
mate-induced stresses on plant diseases. In developing
countries, where advanced forecasting systems may be
limited, these challenges can be especially pronounced.

Changes in climate also alter microclimates within
agricultural systems, increasing humidity and favor-
ing fungal growth, while shifting weather patterns
may support a wider range of diseases. These changes
affect both pathogen development and the effective-
ness of forecasting and protection systems (Fones et
al. 2020). Furthermore, climate change can expand the
range and activity periods of insect vectors, increasing
the incidence of vector-borne diseases. For instance,
milder winters may improve insect survival rates, in-
tensifying disease transmission and complicating fore-
casting efforts.

Recent advances in predictive modeling and re-
mote sensing technologies offer promising solutions.
High-resolution satellite imagery and advanced AT al-
gorithms can improve forecasting accuracy by provid-
ing more detailed, timely data. By integrating climate
models with pathogen dynamics, these technologies
can enhance our ability to predict and mitigate cli-
mate-induced stresses on plant diseases.

Addressing these challenges requires a multifacet-
ed approach that strengthens technological infrastruc-
ture, improves data collection, and develops adaptive
forecasting models tailored to the unique conditions of
developing regions. By leveraging recent technological
advancements and focusing on local adaptation, plant
disease forecasting and protection systems can be
more effectively designed to meet the needs of de-
veloping countries in the face of climate change. This
underscores the necessity for sophisticated forecasting
systems that account for complex climate-disease in-
teractions and adapt to the evolving challenges posed
by climate change.

Integrating climate change
and disease forecasting systems

To effectively manage the impact of abiotic stresses
on plant diseases, enhancing plant disease forecasting

systems is essential. Integrating advanced technologies
such as remote sensing, Geographical Information
Systems (GIS), and predictive modeling can improve
the accuracy of disease forecasts under changing cli-
matic conditions (Jeger et al. 2021). Real-time data
on environmental variables, host susceptibility, and
pathogen dynamics can help adapt forecasts to evolv-
ing climate scenarios (McRoberts et al. 2021). Ma-
chine learning and artificial intelligence can further
refine these systems by analyzing extensive datasets
and identifying patterns related to abiotic stress im-
pacts (Fones et al. 2020). Collaborative efforts among
researchers, farmers, and policymakers are crucial to
develop and implement effective forecasting and man-
agement strategies that address both biotic and abiotic
stresses exacerbated by climate change. This approach
is vital for safeguarding crop health, enhancing food
security, and promoting sustainable agricultural prac-
tices (Bouri et al. 2023). Understanding and integrat-
ing these elements into plant disease forecasting sys-
tems will help mitigate the adverse effects of climate
change, ensuring more resilient and adaptive agricul-
tural practices. Continued research and investment in
forecasting technologies and strategies are crucial for
effectively managing the evolving challenges in plant
disease management.

Challenges and barriers to plant disease
forecasting systems in developing countries

Climate change poses significant challenges to plant
disease forecasting systems, particularly in developing
countries where resources and infrastructure for effec-
tive disease management may be limited. Shifts in tem-
perature and precipitation patterns can alter the geo-
graphical ranges of pathogens and vectors, impacting
the accuracy of disease forecasts and the effectiveness
of management strategies (Singh et al. 2023). Extreme
weather events, such as heavy rainfall or droughts,
can either promote disease outbreaks or disrupt es-
tablished forecasting models and practices (Clarke
et al. 2022). These challenges are exacerbated by limit-
ed infrastructure and resources, including inadequate
access to advanced forecasting systems and timely in-
terventions.

Climate-induced changes in host physiology and
phenology further complicate disease forecasting.
Plants under climate stress may become more sus-
ceptible to infections, and altered climatic conditions
can shift the distribution and timing of host plants,
potentially exposing them to new or more aggressive
pathogens (Hunjan and Lore 2020). Adapting fore-
casting systems to these changing conditions can be
particularly challenging for regions heavily reliant on
traditional agricultural practices. In addition to these
climate-related challenges, specific barriers impede
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the implementation of advanced forecasting systems

in developing countries:

- Technological and Infrastructural Constraints:
Limited access to modern technologies, inadequate
internet connectivity, power supply issues, and lack
of technical expertise hinder the deployment of ad-
vanced tools such as remote sensing, GIS, and arti-
ficial intelligence (AI) (Kumari et al. 2022; Quamar
et al. 2023). The high cost of these technologies fur-
ther restricts their adoption.

- Climatic and Agricultural Variability: The
variability in climatic conditions and agricultural
practices across different regions necessitates tai-
lored forecasting models. Developing countries
often face difficulties in collecting and integrating
local data, which is crucial for accurate predictions.
The lack of standardized data collection methods
and insufficient training for local farmers and ex-
tension services impede effective forecasting and
management.

- Capacity Building and Training: Enhancing local
expertise through training programs is vital but of-
ten lacking. Many regions struggle with insufficient
knowledge and skills to effectively utilize forecast-
ing systems and interpret data.

- Financial Constraints: The financial burden of
implementing and maintaining advanced fore-
casting technologies can be prohibitive. Many
developing countries struggle to secure ad-
equate funding for infrastructure development,
technological advancement, and ongoing research.

- Policy and Regulatory Frameworks: There is of-
ten a lack of supportive policies and frameworks
to facilitate the adoption of forecasting systems. In
adequate policy development can hinder the imple-
mentation and scaling of these technologies.

Addressing the Challenges of Plant Disease
Forecasting in Developing Countries

While climate change complicates plant disease fore-
casting, several barriers impede the implementation of
effective systems in developing countries. Challenges
such as technological limitations, lack of infrastruc-
ture, and financial constraints limit access to advanced
forecasting tools like remote sensing, GIS, and AI
technologies. Climatic variability across regions also
requires tailored forecasting models, yet the absence of
standardized data collection and insufficient training
prevent effective adaptation to these local conditions
(Verma et al. 2020a; Quamar et al. 2023). Moreover,
financial and policy barriers hinder the widespread
adoption of forecasting technologies. Overcom-
ing these challenges requires multifaceted solutions,
including enhancing technological infrastructure,
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building local expertise, and developing region-specit-
ic forecasting models.

Impact of biotic and abiotic stresses
on plant disease forecasting systems
in developing countries

Climate change significantly exacerbates both biotic
and abiotic stresses in plants, which profoundly in-
fluences plant disease dynamics (Juroszek et al. 2020;
Verma et al. 2020b). These stresses complicate plant
disease forecasting systems, particularly in develop-
ing countries where forecasting capabilities are often
limited. Abiotic stresses, such as temperature extremes
and altered precipitation patterns can negatively affect
plant health and increase susceptibility to diseases.
Concurrently, biotic stresses, including the prolifera-
tion of pathogens and pests, further complicate fore-
casting models.

In developing regions, the impacts of these stresses
are exacerbated by limited resources and infrastruc-
ture. The interplay between climate change and plant
disease dynamics, forecasting systems must provide
accurate predictions and management recommenda-
tions. This requires integrating a comprehensive con-
ceptual framework that accounts for both biotic and
abiotic stresses (Fig. 2) in order to develop robust plant
disease forecasting systems, ultimately improving dis-
ease management and enhancing agricultural resil-
ience (Verma et al. 2022).

Biotic stresses

Climate change significantly impacts various biotic
factors affecting plant health, including host resist-
ance, the abundance of susceptible hosts, pathogen
evolution, vector activity, and ecosystem dynam-
ics. These changes have profound implications for
plant disease forecasting and management. This ta-
ble summarizes key biotic stresses influenced by cli-
mate change and their effects on plant disease dy-
namics. It also highlights how integrating disease
forecasting systems can help address these chal-
lenges by incorporating real-time data and predictive
models.

Table 3 presents an overview of how different
biotic stresses such as shifts in host resistance, in-
creased pathogen virulence, and changes in vector ac-
tivity impact disease dynamics and forecasting efforts.
For each stress, it outlines the climate change impacts,
potential implications for plant health, and examples
of forecasting systems that incorporate these factors
to enhance disease management strategies. By un-
derstanding these interactions, researchers and prac-
titioners can develop more effective forecasting tools
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Climate change (CC) induced

Biotic Abiotic
' |
1 1 1 |
Host Pathogen Human Vector Temperature
Resistance Virulent Relative humidity
Sucseptible
Abundance Rainfall
Distance from Low death Light
primary
Introducion from Inoculum Wind
primary
Existence of Easy/rapid Soil ferility
collateral/alternate host dispersal
Growth Adaptabilit
y

Plant Disease forecasing

U

Disease outcomes

Changes in disease incidence, severity, and geographic distribution

Fig. 2. Conceptual framework of climate change impacts on plant disease

and management practices to mitigate the effects of
climate change on agriculture (Tab. 4).

Abiotic stresses

Abiotic stresses, originating from non-living envi-
ronmental factors, have a significant impact on plant
health and disease dynamics (Tab. 5). Environmen-
tal variables such as temperature, humidity, rainfall,
light, wind, and soil characteristics play critical roles
throughout the disease cycle by influencing processes
such as spore germination, colonization, sporula-
tion, and pathogen establishment in new hosts. These

interactions between host plants and pathogens are
closely linked to environmental conditions, making
them key determinants of disease development.

Sustainable monitoring
and management strategies
for plant disease forecasting systems

Given the increasing risks posed by climate change,
there is an urgent need to develop sustainable monitor-
ing and management strategies for plant disease fore-
casting systems, particularly in developing countries.
Effective forecasting systems are essential for enabling



181

Aloyce A.A.:Climate change and plant protection: challenges and innovations in disease forecasting systems...

(0202) ‘P32 AT
(ZT07) ‘[0 12 AePEA
(ZT07) 0 12 APRA

(€207) eUNT pue yuws
(¥Z0?) ‘I 12 1y10fyreber
(0207) yoea pue usyod

SUOIHPUOD d3ewl|d Buibueyd JIspun saseasip 03 SIBAI}ND Bulniew-a3e| Jo Ajiqelau|na
$10553J35 padnpul-alewl|d> Aq pasuanpul ‘Ayjig1dadsns aseasip uo abeis ymoub pue abe jo 1oedwi
sobels ymmoub ajqesauna buunp uonodsjul oy spuejd buisodxs ‘susboyired yum uoneziuoayduAs ydnisip sowiy buiiniy pue BuIMOY Ul SYIYS
Ayjiqrdasns aseasip buiseaoul pue susboyied sutebe sasusyap bupnpai Ajjenusiod ‘A6ojoisAyd jueid sisyje ‘0D paieas|s
suaboyied snoliea 0} 9|gesaujnA a1ow wayl burjew ‘sasusyap ue|d uayesm sybnoip pabuojoid pue |jejuiel dnews

sybijq pue sysnu 1| Saseasip 0} A)|iqidadsns buisealdul ‘sasuayap jueld asiwoidwod sainjeiadwa} Payeas|d

UOI3129|3S JeAl}ND
abeys yimoub pue abe jue|d
Abojouayd jueid uj sabueyd
s|aA3] (“0D) apIxolp uogied
susaned uoneudidaig

ainjesadwa|

LESTIEIETEN

uondudsap abueyd

101084

suaboyjed 03 A}11qidadsns 3soy uo si03dey aBueYD S3ewi|d Jo 1oedw| *f d|qel

(¥ "gel) sainssaid aseasip yue|d |eqo|b uo sabueyd asay3 jo suonedijdwi Japeolq syl BulodsIBpUN ‘saseasIp 03 AJ|IqeIdUNA 3sealdul
pue sasuajap jue|d 10aye Ajlanbiun si01oe) abueyd d3ewl|d snolep ‘saibalells Juawabeuew aseasip Jue|d aA1d3Y e buidojaaap oy [e1dnud si suaboyied oy Ajigndadsns 3soy uo abueyd ajew|d o yoedwi pajadeyiNw oy} bulpuelsispun

Juswabeuew aseasip Buldaye suoi}deIdul
wi3sAs0da paJayje 10 sisnfpy :swdisAs Buluiep aseasiq

(L2o7)
/D 33 [9gN3U04

solweuAp waysAsoda ul sabueyd Joy syunodde :1yssd

suaboyjed pue
sa1unwwod jueld 103ye sabueyd
‘sdiysuone|as £a1d-101epaid 1dnisip syiys

S2INSEaW [0J3U0D |BD1BO[OI] S3dRye

|0J3u0d [ed160]j0Iq pue 95UIPIdU| BSISIP PIseadUl

SUOI1DEIDIUI WISAS0DD
si9}je abueyd ajewid

)]
-weuAp waysAs
-023 paydnisig

SS1IAIIDR pUe s)eyigey J019A Si0)uow :yd3eppdod ‘Juswsbeuew aseasip pajedljdwod S}euqey Jo3daA SI0AR) AJpiwny pasealdul
(0z07) 11IAl}oe pue sjelqey Jo} 1 Yaiepdotd ¥ 1P pa3ed]| 1eligey 1oy 4 Aplwuny p ' susBoyed Bunywsue s103  AYARIE J0399A
yI2E] Sysi1 aseasip 1o1paid o) saseasip ‘sbuel 10109/ puedxs

-D9A S)oaye abueyd a1ew|d paseainu|

S9U04 e1ep A1IA11De 10129A sapn|dul :Q-INY V4 9U10Q-10129A JO duUap Ul 1aybiy J9Y1eaM PaI3)[e PUB SIDJUIM JDUIBM

sojweuAp uaboyied Buinjons pue
(0202) !suleJ}S Mau J0AR) S96URYD [EIUSWUOIIAUD uoneydepe pue uoneydepe pue
sules)s Mau 0} sydepe :swaysAs Bulusep aseasiq S$¥e34Q3IN0 5eIS|P pasea.dul
VI BE] ‘uonnjons uoneinw usboyzed uonN|oAd
e1ep 91BWI|D U0 Paseq suleils SUIJ]S JUD|NJIA SI0W JO dUIBIDWD .
S9U04 pides aALIp ‘0D pue sainjesadway Jaybly  sajes9|adde abueyd 1ewl|d uaboyieq
Mau pue sabueyd uonngusip usboyied sppow :XJWITD
4

elep adua|eAald }S0Y UO paseq suoljepusw ‘ssewolq 150y sasealdul 9)eAS|D

(0200) jep | 1504 U0 paseq suonep 193soy 1"0D pa3jend) so1euAp s1504
-w0d3J sapinoid :s331A195 A10SIAPY [e3160]040313N-046y  uoIlezIuoj0d usboyied paseanul  ymmoib doid 1aye sabueyd uorenddaid
0312 : : : 9seasIp s1oedwi sysoy 9|qndadsns jo
elep a}||s1es buisn A31s1aA1p 132U padnpal ‘uonnquasip
azsoin( 9|qndassns jo aduajeaaud Sduepunqy
sabueyd uonNqguIsIp pue aduepunge jsoy sydeJy :ydzepdosd 150y J91je sabueyd ainjesadway
Ayjigndaosns Suol}puod
. HIgh KBojoisAyd si1syje ‘0D paseasnul P Aunq
(0Z07) 0ued jue|d uo ‘0D pue ainjesadwal JO SIS S|Ppow :1Y¥SSa ABojouayd jue|d paubijesiw |EIUSWUOIIAUD pue ‘Bbe
syue|d ssaays ybnoup pue |ejuies dijeud -ndaonsns pue
pue ope|jual Kbojousyd paisye 0} uoneydepe Aupigndassns asessip pasealoul ‘so3auab jueid Aq pasusnyul
!S9suUjap U eam sainjesadwa) paleas|s 2dUe)SISal 1SOH
pue sajyoid adueisisai yue|d buibueyd sayesodiodul :q-INY Y4 Aj1g1dassns pue aduessisal

FERIVEYETEN] (S)w1sAs Burysedalo suonedljdw| edwi abuey) ajewld uondudsag ssa.1s dNjolg

$S941S 213010 UO 2bueYd d1eWI|D JO }oedW] BY) 1eDIHW 0) SWIISAS bulysedalo) aseasip buneibaiu| g ajqeL



Journal of Plant Protection Research 65 (2), 2025

182

peaids usboyied pue

(zz02) abeulesp pue uonebiul 10y S|9A3] dJN3siow 0} aNp s394 3y1| usaboyied ul sabueyd
y1jeay joou s1oedwi ainisiow ayenbapeul 1o 9AISSIOXD
yI2E] suoljepuUsWWOdal 3pIAoid pue sysi 101 }001 pue yo-buidwep se yons Yeay ueld pue aJnisiow |10S
eino aseasip a1ed e 0] eJEp 3IN1SIoW |10S d1elba ‘21N1SI0W |10S 0} P14 SOSESIP JO SDUSPIdUI PISEID
ANOW IP SIECRUE 03 BEP SIMSIOW [105 3elbal HMISIOUT 105 03 p3jers! SIP 30 92USpPUL paseaUl juswdojansp usboyied 10y e ainisiow [10S Ul SUOIIeLIeA
2]U0}D0! 1] suaboysed jo
(¥202) 1UOOZILY S susbotped 3 juswdojansp usboyied }oedwi SUOIHPUOD duley|e JO dIpIde
s9211oe4d Juswabeuew [10s 9ziwdo yamolb adueyus Aew suonipuod dipide
bueq uolHsodwod AJunwwod [e1qoidiw pue Hd j10s
pue adus|eaasd usboyied 1o1paid 0} ejep Hd [10s asn suaboyied aui0g-|10s Jo
pue 1agyy AyjigejieAe Jualnu 10aye Hd [10s ul sabueyd
2dusjeAaid a3 aduanpul ued Hd [10s palsyje
yijeay jueld pue
(zzo7) peaids pue A}119A3S 95easIp pasealdul
D1 sua|e A|pwiy apinoid pue syealqino 151 DUB MODIIW S92 3)1] usboyed syoaye Aupiwny ul Ayjigeriea Ayupiwny
! 9seasip [ebuny 1d1paid 03 eyep Aypiwiny a3elbajul snip Pl juawdojanap uaboyied pue dA13e|9Y
INIETETIN Kiapmod a1 suaboyzed [ebuny jo ymoib pasueyua
ymwoub [ebuny syioddns Ayipiwiny paseasdul
( ) sa16a3e.)s Juswabeuew S|10S PaZI|131434-||oM Ul ymoub uaboyied pasueyus ymoub usboyzed s1ydosyoiq 1oddns s|10s Pazi|13Id4-|[oM
mp_cmhmm A11]1319) puswwodaJ pue aduajeAald sasuayap jueld juswdojansp Ajnasy 10
"s usboyjed 1o1paid 03 ey A1|1343) [10S 3SN pauayeam o} anp Ayjiqidadsns sasealdul A)1j1us) Jood 95e35Ip duUJog-lie pue -|10s Yyioq syedur Ay1|1ns4 |10s
uolesyIpIde [10S O
(zz07) sa1691e43s uonebw apinb pue Aujigqndadsns SALIY} JUD|OS DIUO}D0ZIYY 31| susboyied sulog-[10s HEIPLE 1S 03
91NQ111U0D SPIXOIP INJNS pue SUO0ZO 31| Syuein|jod
‘D12 9seas|p paseasdul 11pald djay ued sepow map|iw A1spmod 31| saseasip 01 uonnjjod
ueyy| Burysedaioy ojul exep uonnjjod jo uoneibaul A)|1gndadsns sasealdul uolssaidxs ausb asuayap padnpal susuey3u dsuajap sfeduil pue
4 ’ ’ ’ ’ ; - T sanss|y jue|d abewep syueinjjod Jie
( ) ymoub 1buny
N mm_ow ue 3s11 9seasip pue yyjeay jueid uo syedw sa1dads wniyif4 91| 1buny d1uaboyied jo yimoib J1usboyied sejowoid pue dwoIqoIdIW 1001 SId)|e ssou1s Aue
sﬂ:.um P [ennual0d ssasse 03 si01edIpul Ssai3s Ajules apnjdul 1011001 0} ANjIq1Idadsns paseaidul oyexdn 1S AUleS
4d JUSLINU pue 3due|eq diowso sydnisip Ayuifes 1os ybiy
subjsajul bioyydoifyd o
(zz07) a-WyvH “6a sednoeud UPISJUI DIOYYA0I d S S91HUNWWOD [e1qoJdIW |10S 3dNnisIp s91epnxa 1004 Ul sabueyd
suaboyied saui0g-|10s Jo Sdu3jeAad paisye \ SS2.1S U91eM
‘D12 JusWabeURW J91BM WIOJUI PUE XSII 3SeISIP 530120} U] S|[EM || SUXEIM PUE ‘S|9AJ) ue JyBno
196ul4 paseasdul 121paid 03 sad1pul 3ybnoup a1esodiodul ‘ SUOWLIOY SJ13}|e ‘9O2UrIDNPUOD [R1RWO]S S9dNPaJ 1ybnoap PUEY d
}IM winuiesng 91| saseasip 01 A)1|iq1idadsns pasealdul
(D,87-97) s21m
-esodwal dyY1dads 1e SALIY }IM wnlesnd 31| susaboyied Auigqndadsns Buiseadul 1obIA yue|d susyeam ssaa1s pjod
(ce0r 1vSsa pue ysrepdosd 62 sporsad ysu pue Ananoe ou 18 SMIR AL Hesnd ol f Hian i IO Tl i P SOWIRAIIXD
‘D12 (wnipa>pup|os pIuolS|DY “bH3) sasuajap jue|d asiwoidwod pue
uaboyied 1d1paid 03 erep ainjesadway eibajul ainjesadwa|
Jewny| S9seISIP |11k JO 9dUSpIdUL ISYBIY 2ou3|nJIA usboyied sdueyu saunleladwa) PaleAd|d
spseyd.o ajdde ul 95uspIdUl 95EISIP I URD Pasealdul
ERVEIETEN] (s)w1sAs bunseralod SolweuAp aseasip 10j suonedldw| sabueyd pasnpui-ajewn|d $S2.15 21101y

swa1sAs Bullsedaloy aseasip yum uonelbalul pue sojweuAp aseasip Juejd uo s101dey ssa1is d1oige Jo 1edw| °g djgeL



Aloyce A.A.:Climate change and plant protection: challenges and innovations in disease forecasting systems...

proactive and transformative interventions in plant
disease management. They can guide practices such as
crop rotation, the selection of resistant cultivars, and
the precise application of pesticides, which are criti-
cal for managing diseases and minimizing economic
losses (Fones et al. 2020).

To effectively manage the increasing risks asso-
ciated with climate change, the development of sus-
tainable monitoring and management strategies is
necessary. These systems can guide practices like crop
rotation, selecting resistant cultivars, and reducing pes-
ticide use. However, the challenges of limited resources
in developing regions necessitate the incorporation of
locally relevant data and adapting forecasting models
to regional conditions. Through targeted management
strategies, regions can overcome resource limitations
while improving disease management accuracy.

Transforming plant disease forecasting systems
through technology integration, collaboration,
and local adaptation in developing countries

The transformation of forecasting systems requires
a combination of advanced technologies (such as re-
mote sensing, GIS, and AI) and strong collaborative ef-
forts between researchers, policymakers, and farmers.
Mobile applications and online platforms are pivotal
in improving forecasting systems by providing timely,
actionable data. Expanding monitoring networks and
investing in local capacity-building initiatives will also
enhance forecasting effectiveness. Additionally, foster-
ing public-private partnerships and securing funding
for technological advancements are essential for long-
-term sustainability. Ensuring that these systems are
adapted to local needs and conditions will make them
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more accessible and impactful for farmers in develop-
ing countries.

Addressing the challenges posed by climate change
requires a comprehensive transformation of plant dis-
ease forecasting systems in developing countries. Inte-
grating disease forecasting with Integrated Pest Man-
agement (IPM) strategies is essential for optimizing
management practices, reducing reliance on chemical
treatments, and promoting sustainable agricultural
practices (Bebber et al. 2022). The use of advanced
technologies such as remote sensing and GIS is criti-
cal for monitoring large areas, tracking environmental
changes, and modeling disease spread, thus ensuring
accurate forecasting (Fones et al. 2020). Furthermore,
leveraging machine learning and AT can refine predic-
tions by analyzing extensive datasets, adapting fore-
casts to local conditions, and improving overall accu-
racy (McRoberts et al. 2021).

Digital tools, including mobile applications and
online platforms, play a pivotal role in enhancing fore-
casting systems by facilitating real-time data collection
and dissemination. These tools provide farmers with
timely alerts and actionable recommendations, im-
proving disease management. Expanding monitoring
networks to gather comprehensive data on weather
patterns, host susceptibility, and pathogen dynamics
will enhance the ability to assess and manage disease
risks effectively (McRoberts et al. 2021).

Collaboration among researchers, agronomists,
and policymakers is essential for translating scientific
advancements into practical and actionable manage-
ment strategies (Fones et al. 2020). Strengthening col-
laborative networks facilitates information sharing,
optimizes resource allocation, and improves disease
response capabilities. Additionally, public awareness

Category

L
|

Innovations in remote sensing, GIS, big
data analytics, and molecular diagnostics
(Velasquez-Camacho et al. 2022; Verma
and Sharma 2023)

Historical Context Current trends

Future Directions
Progression from early models to
modern techniques; importance of
historical data for predictive modeling
(Velasquez- Camacho et al. 2022;
Verma and Sharma 2023).

Enhancing model precision, genetic
advancements for resilient crops,
real-time monitoring systems, and
interdisciplinary collaborations (Lee
et al. 2022; Zhang et al. 2024)

Opportunities Challenges

Leveraging big data and machine learning Data integration and management

Advancements in remote sensing and GIS ; Refining predictive algorithms

Genetic resistance to stresses Coordinatinginterdisciplinary efforts

Interdisciplinary approaches Addressing diverse climate impacts

(Velasquez-Camacho et al. 2022)

(Velasquez-Camacho et al. 2022)

Fig. 3. Evolution and future direction of plant disease forecasting systems: historical and current trends, emerging opportunities and
challenges
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and training programs are critical for educating farm-
ers and agricultural workers on the use of disease fore-
casting systems and digital tools, thereby enhancing
system adoption and effectiveness.

Capacity building and training are fundamental
for developing local expertise and ensuring that stake-
holders are proficient in utilizing forecasting systems.
Engaging local communities in the development and
implementation of these systems ensures that solu-
tions are tailored to their specific needs and condi-
tions. Public-private partnerships can also leverage
resources, foster innovation, and support the deploy-
ment of advanced forecasting technologies. Securing
adequate funding and resource allocation is crucial for
infrastructure development, technological advance-
ment, and ongoing research.

Efforts should focus on enhancing the accuracy of
forecasting systems through local data collection and
integration. Adapting technology for low-resource set-
tings, such as developing mobile-based applications
or low-cost sensors, is also essential. Policy develop-
ment and support are necessary to promote research
and technology adoption, advocating for policies that
facilitate the implementation of forecasting systems.
Historical trends, future directions, opportunities, and
challenges associated with plant disease forecasting
systems highlight the evolution of these systems and
the need for continued innovation and adaptation in
the face of emerging threats and opportunities (Fig. 3).

Conclusion and recommendations

Enhancing plant disease forecasting systems is crucial
for effective plant protection, particularly in develop-
ing countries facing significant impacts from climate
change. As climate shifts exacerbate plant disease
risks, refining forecasting and management strategies
becomes essential for safeguarding crops and ensuring
food security.

The recommendations outlined herein emphasize
a comprehensive approach to addressing these chal-
lenges. Advancements in technology, including remote
sensing, GIS, and predictive modeling, are key for im-
proving forecasting accuracy and resilience. Integrat-
ing real-time data on environmental variables, host
susceptibility, and pathogen dynamics will allow for
more precise and adaptive plant protection strategies
under changing climatic conditions.

Investment in infrastructure, technology, and local
capacity is essential. Public-private partnerships can
play a pivotal role in leveraging resources and driving
innovation. Moreover, developing and adapting tech-
nologies for low resource settings such as mobile-based
applications and low-cost sensors will make advanced

forecasting systems more accessible and practical in
regions with limited resources.

Localized data collection and targeted training pro-
grams are critical for ensuring that forecasting systems
are practical and effective. Accurate forecasts depend
on detailed regional data on weather patterns, crop
health, and pathogen dynamics. Training programs
should focus on enhancing the skills of farmers, agri-
cultural workers, and researchers to maximize the ef-
fectiveness of these systems.

Policy development should support the implemen-
tation and scaling of these systems by creating favora-
ble frameworks and providing financial support. Poli-
cies must prioritize building local capacity, integrating
localized data collection methods, and adapting tech-
nology to meet the needs of developing regions.

Addressing the challenges of climate variability,
data integration, and interdisciplinary coordination
is vital for transforming plant disease forecasting sys-
tems. Future research should focus on improving sys-
tem precision through high-resolution data, artificial
intelligence (AI), and real-time monitoring solutions.
The development of integrated models that combine
weather data, plant health metrics, and pathogen dy-
namics will be critical for anticipating disease out-
breaks more effectively. Additionally, exploring the
role of genomics in understanding pathogen evolution
and resistance mechanisms will provide new insights
into disease management strategies.

Fostering collaboration between research institu-
tions, governments, and the private sector will be cen-
tral to advancing plant disease forecasting systems.
Collaborative platforms can facilitate the exchange of
data, resources, and expertise, which will accelerate
the development of more robust forecasting models.
Furthermore, the adaptation of these systems to differ-
ent agroecological zones and the incorporation of local
knowledge will enhance their effectiveness.

Key limitations of this review include its focus on
recent literature (2020-2024), which may overlook
earlier significant studies. The emphasis on develop-
ing countries also limits the broader applicability of
insights to other regions. Challenges such as inconsist-
ent data quality, limited access to advanced technolo-
gies, and barriers to adopting tools such as Al and GIS
in resource-constrained settings hinder the effective
implementation of forecasting systems. Addressing
these gaps through improved data integration, greater
access to technology, and context-specific strategies
is essential for advancing plant disease forecasting
efforts.

Therefore, continued research, investment, and
commitment to these strategies will be essential for the
successful evolution of plant disease forecasting sys-
tems. By embracing technological innovations and fos-
tering collaboration, future research can significantly
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enhance the resilience and sustainability of agricultur-
al practices, contributing to the global effort to protect
plant health in the face of climate change.
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