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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.
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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, 

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) 

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, 
AI-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 AI 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, 

building local expertise, and developing region-specif-
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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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 

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



Journal of Plant Protection Research 65 (2), 20258

Ta
bl

e 
3.

 In
te

gr
at

in
g 

di
se

as
e 

fo
re

ca
st

in
g 

sy
st

em
s 

to
 m

iti
ga

te
 th

e 
im

pa
ct

 o
f c

lim
at

e 
ch

an
ge

 o
n 

bi
ot

ic
 s

tr
es

s

Bi
ot

ic
 s

tr
es

s
D

es
cr

ip
tio

n
Cl

im
at

e 
Ch

an
ge

 im
pa

ct
Im

pl
ic

at
io

ns
Fo

re
ca

st
in

g 
Sy

st
em

(s
)

Re
fe

re
nc

es

H
os

t r
es

is
ta

nc
e 

an
d 

su
sc

ep
ti-

bi
lit

y

re
si

st
an

ce
 a

nd
 s

us
ce

pt
ib

ili
ty

 
in

flu
en

ce
d 

by
 p

la
nt

 g
en

et
ic

s, 
ag

e,
 a

nd
 e

nv
iro

nm
en

ta
l  

co
nd

iti
on

s

el
ev

at
ed

 te
m

pe
ra

tu
re

s 
w

ea
ke

n 
de

fe
ns

es
;

er
ra

tic
 ra

in
fa

ll 
an

d 
dr

ou
gh

t s
tr

es
s 

pl
an

ts
in

cr
ea

se
d 

CO
2 a

lte
rs

 p
hy

si
ol

og
y;

in
cr

ea
se

d 
di

se
as

e 
su

sc
ep

tib
ili

ty
m

is
al

ig
ne

d 
pl

an
t p

he
no

lo
gy

FA
RM

-D
: i

nc
or

po
ra

te
s 

ch
an

gi
ng

 p
la

nt
 re

si
st

an
ce

 p
ro

fil
es

 a
nd

 
ad

ap
ta

tio
n 

to
 a

lte
re

d 
ph

en
ol

og
y

D
SS

AT
: m

od
el

s 
eff

ec
ts

 o
f t

em
pe

ra
tu

re
 a

nd
 C

O
2 o

n 
pl

an
t 

su
sc

ep
tib

ili
ty

Te
nl

la
do

 a
nd

 
Ca

nt
o 

(2
02

0)

A
bu

nd
an

ce
 

of
 s

us
ce

pt
ib

le
 

ho
st

s

pr
ev

al
en

ce
 o

f s
us

ce
pt

ib
le

 
ho

st
s 

im
pa

ct
s 

di
se

as
e 

 
dy

na
m

ic
s

te
m

pe
ra

tu
re

 c
ha

ng
es

 a
lte

r h
os

t 
di

st
rib

ut
io

n;
pr

ec
ip

ita
tio

n 
ch

an
ge

s 
aff

ec
t c

ro
p 

gr
ow

th
;

el
ev

at
ed

 C
O

2 in
cr

ea
se

s 
ho

st
 b

io
m

as
s;

re
du

ce
d 

ge
ne

tic
 d

iv
er

si
ty

in
cr

ea
se

d 
pa

th
og

en
 c

ol
on

iz
at

io
n

Cr
op

W
at

ch
: t

ra
ck

s 
ho

st
 a

bu
nd

an
ce

 a
nd

 d
is

tr
ib

ut
io

n 
ch

an
ge

s 
us

in
g 

sa
te

lli
te

 d
at

a
A

gr
o-

M
et

eo
ro

lo
gi

ca
l A

dv
is

or
y 

Se
rv

ic
es

: p
ro

vi
de

s 
re

co
m

-
m

en
da

tio
ns

 b
as

ed
 o

n 
ho

st
 p

re
va

le
nc

e 
da

ta

Ju
ro

sz
ek

  
et

 a
l. 

 
(2

02
0)

Pa
th

og
en

  
ev

ol
ut

io
n 

 
an

d 
ad

ap
ta

tio
n

cl
im

at
e 

ch
an

ge
 a

cc
el

er
at

es
 

pa
th

og
en

 m
ut

at
io

n 
 

an
d 

ad
ap

ta
tio

n

hi
gh

er
 te

m
pe

ra
tu

re
s 

an
d 

CO
2 d

riv
e 

ra
pi

d 
ev

ol
ut

io
n;

en
vi

ro
nm

en
ta

l c
ha

ng
es

 fa
vo

r n
ew

 s
tr

ai
ns

;

em
er

ge
nc

e 
of

 m
or

e 
vi

ru
le

nt
 s

tr
ai

ns
in

cr
ea

se
d 

di
se

as
e 

ou
tb

re
ak

s

CL
IM

EX
: m

od
el

s 
pa

th
og

en
 d

is
tr

ib
ut

io
n 

ch
an

ge
s 

an
d 

ne
w

 
st

ra
in

s 
ba

se
d 

on
 c

lim
at

e 
da

ta
D

is
ea

se
 W

ar
ni

ng
 S

ys
te

m
s:

 a
da

pt
s 

to
 n

ew
 s

tr
ai

ns
  

an
d 

ev
ol

vi
ng

 p
at

ho
ge

n 
dy

na
m

ic
s

Fo
ne

s 
 

et
 a

l. 
 (2

02
0)

In
cr

ea
se

d 
 

ve
ct

or
 a

ct
iv

ity
cl

im
at

e 
ch

an
ge

 a
ffe

ct
s 

ve
c-

to
rs

 tr
an

sm
itt

in
g 

pa
th

og
en

s

w
ar

m
er

 w
in

te
rs

 a
nd

 a
lte

re
d 

w
ea

th
er

  
ex

pa
nd

 v
ec

to
r r

an
ge

;
in

cr
ea

se
d 

hu
m

id
ity

 fa
vo

rs
 v

ec
to

r h
ab

ita
ts

;

hi
gh

er
 in

ci
de

nc
e 

of
 v

ec
to

r-
bo

rn
e 

di
se

as
es

co
m

pl
ic

at
ed

 d
is

ea
se

 m
an

ag
em

en
t;

FA
RM

-D
: i

nc
lu

de
s 

ve
ct

or
 a

ct
iv

ity
 d

at
a 

 
to

 p
re

di
ct

 d
is

ea
se

 ri
sk

s
Cr

op
W

at
ch

: m
on

ito
rs

 v
ec

to
r h

ab
ita

ts
 a

nd
 a

ct
iv

iti
es

Fo
ne

s 
 

et
 a

l. 
 

(2
02

0)

D
is

ru
pt

ed
 e

co
-

sy
st

em
 d

yn
am

-
ic

s

cl
im

at
e 

ch
an

ge
 a

lte
rs

  
ec

os
ys

te
m

 in
te

ra
ct

io
ns

sh
ift

s 
di

sr
up

t p
re

da
to

r-
pr

ey
 re

la
tio

ns
hi

ps
;

ch
an

ge
s 

aff
ec

t p
la

nt
 c

om
m

un
iti

es
  

an
d 

pa
th

og
en

s

in
cr

ea
se

d 
di

se
as

e 
in

ci
de

nc
e;

aff
ec

ts
 b

io
lo

gi
ca

l c
on

tr
ol

 m
ea

su
re

s

D
SS

AT
: a

cc
ou

nt
s 

fo
r c

ha
ng

es
 in

 e
co

sy
st

em
 d

yn
am

ic
s 

 
an

d 
bi

ol
og

ic
al

 c
on

tr
ol

D
is

ea
se

 W
ar

ni
ng

 S
ys

te
m

s:
 A

dj
us

ts
 fo

r a
lte

re
d 

ec
os

ys
te

m
 

in
te

ra
ct

io
ns

 a
ffe

ct
in

g 
di

se
as

e 
m

an
ag

em
en

t

Fo
nt

úr
be

l e
t a

l.  
(2

02
1)

U
nd

er
st

an
di

ng
 th

e 
m

ul
tif

ac
et

ed
 im

pa
ct

 o
f c

lim
at

e 
ch

an
ge

 o
n 

ho
st

 s
us

ce
pt

ib
ili

ty
 to

 p
at

ho
ge

ns
 is

 c
ru

ci
al

 fo
r d

ev
el

op
in

g 
eff

ec
tiv

e 
pl

an
t d

is
ea

se
 m

an
ag

em
en

t s
tr

at
eg

ie
s. 

Va
rio

us
 c

lim
at

e 
ch

an
ge

 fa
ct

or
s 

un
iq

ue
ly

 a
ffe

ct
 p

la
nt

 d
ef

en
se

s 
an

d 
in

cr
ea

se
 v

ul
ne

ra
bi

lit
y 

to
 d

is
ea

se
s, 

un
de

rs
co

rin
g 

th
e 

br
oa

de
r i

m
pl

ic
at

io
ns

 o
f t

he
se

 c
ha

ng
es

 o
n 

gl
ob

al
 p

la
nt

 d
is

ea
se

 p
re

ss
ur

es
 (T

ab
. 4

)

Ta
bl

e 
4.

 Im
pa

ct
 o

f c
lim

at
e 

ch
an

ge
 fa

ct
or

s 
on

 h
os

t s
us

ce
pt

ib
ili

ty
 to

 p
at

ho
ge

ns

Fa
ct

or
Ch

an
ge

 d
es

cr
ip

tio
n

Re
fe

re
nc

es

Te
m

pe
ra

tu
re

el
ev

at
ed

 te
m

pe
ra

tu
re

s 
co

m
pr

om
is

e 
pl

an
t d

ef
en

se
s, 

in
cr

ea
si

ng
 s

us
ce

pt
ib

ili
ty

 to
 d

is
ea

se
s 

lik
e 

ru
st

s 
an

d 
bl

ig
ht

s
Co

he
n 

an
d 

Le
ac

h 
(2

02
0)

Pr
ec

ip
ita

tio
n 

pa
tt

er
ns

er
ra

tic
 ra

in
fa

ll 
an

d 
pr

ol
on

ge
d 

dr
ou

gh
ts

 w
ea

ke
n 

pl
an

t d
ef

en
se

s, 
m

ak
in

g 
th

em
 m

or
e 

vu
ln

er
ab

le
 to

 v
ar

io
us

 p
at

ho
ge

ns
Ja

ga
th

jo
th

i e
t a

l. 
(2

02
4)

Ca
rb

on
 d

io
xi

de
 (C

O
2) l

ev
el

s
el

ev
at

ed
 C

O
2 a

lte
rs

 p
la

nt
 p

hy
si

ol
og

y,
 p

ot
en

tia
lly

 re
du

ci
ng

 d
ef

en
se

s 
ag

ai
ns

t p
at

ho
ge

ns
 a

nd
 in

cr
ea

si
ng

 d
is

ea
se

 s
us

ce
pt

ib
ili

ty
Sm

ith
 a

nd
 L

un
a 

(2
02

3)

Ch
an

ge
s 

in
 p

la
nt

 p
he

no
lo

gy
sh

ift
s 

in
 fl

ow
er

in
g 

an
d 

fr
ui

tin
g 

tim
es

 d
is

ru
pt

 s
yn

ch
ro

ni
za

tio
n 

w
ith

 p
at

ho
ge

ns
, e

xp
os

in
g 

pl
an

ts
 to

 in
fe

ct
io

n 
du

rin
g 

vu
ln

er
ab

le
 g

ro
w

th
 s

ta
ge

s
Ya

da
v 

et
 a

l. 
(2

02
2)

Pl
an

t a
ge

 a
nd

 g
ro

w
th

 s
ta

ge
im

pa
ct

 o
f a

ge
 a

nd
 g

ro
w

th
 s

ta
ge

 o
n 

di
se

as
e 

su
sc

ep
tib

ili
ty

, i
nfl

ue
nc

ed
 b

y 
cl

im
at

e-
in

du
ce

d 
st

re
ss

or
s

Ya
da

v 
et

 a
l. 

(2
02

2)

Cu
lti

va
r s

el
ec

tio
n

vu
ln

er
ab

ili
ty

 o
f l

at
e-

m
at

ur
in

g 
cu

lti
va

rs
 to

 d
is

ea
se

s 
un

de
r c

ha
ng

in
g 

cl
im

at
e 

co
nd

iti
on

s
Lv

 e
t a

l. 
(2

02
0)



Aloyce  A.A.: Climate change and plant protection: challenges and innovations in disease forecasting systems... 9

A
bi

ot
ic

 s
tr

es
s

Cl
im

at
e-

in
du

ce
d 

ch
an

ge
s

Im
pl

ic
at

io
ns

 fo
r d

is
ea

se
 d

yn
am

ic
s

Fo
re

ca
st

in
g 

sy
st

em
(s

)
Re

fe
re

nc
e

Te
m

pe
ra

tu
re

 
ex

tr
em

es

el
ev

at
ed

 te
m

pe
ra

tu
re

s 
en

ha
nc

e 
pa

th
og

en
 v

iru
le

nc
e 

 
an

d 
co

m
pr

om
is

e 
pl

an
t d

ef
en

se
s

co
ld

 s
tr

es
s 

w
ea

ke
ns

 p
la

nt
 v

ig
or

, i
nc

re
as

in
g 

su
sc

ep
tib

ili
ty

in
cr

ea
se

d 
ca

nk
er

 d
is

ea
se

 in
ci

de
nc

e 
in

 a
pp

le
 o

rc
ha

rd
s

hi
gh

er
 in

ci
de

nc
e 

of
 b

ac
te

ria
l d

is
ea

se
s 

 (e
.g

., 
Ra

ls
to

ni
a 

so
la

na
ce

ar
um

)
pa

th
og

en
s 

lik
e 

Fu
sa

riu
m

 w
ilt

 th
riv

e 
at

 s
pe

ci
fic

 te
m

pe
ra

-
tu

re
s 

(2
6–

28
°C

)

in
te

gr
at

e 
te

m
pe

ra
tu

re
 d

at
a 

to
 p

re
di

ct
 p

at
ho

ge
n 

ac
tiv

ity
 a

nd
 ri

sk
 p

er
io

ds
 e

.g
. C

ro
pW

at
ch

 a
nd

 D
SS

AT

Ku
m

ar
 

 e
t a

l. 
 

(2
02

2)

D
ro

ug
ht

 a
nd

 
w

at
er

 s
tr

es
s

dr
ou

gh
t r

ed
uc

es
 s

to
m

at
al

 c
on

du
ct

an
ce

, a
lte

rs
 h

or
m

on
e 

le
ve

ls
, a

nd
 w

ea
ke

ns
 c

el
l w

al
ls

ch
an

ge
s 

in
 ro

ot
 e

xu
da

te
s 

di
sr

up
t s

oi
l m

ic
ro

bi
al

 c
om

m
un

iti
es

in
cr

ea
se

d 
su

sc
ep

tib
ili

ty
 to

 d
is

ea
se

s 
lik

e 
Fu

sa
riu

m
 w

ilt
 

in
 to

m
at

oe
s

al
te

re
d 

pr
ev

al
en

ce
 o

f s
oi

l-b
or

ne
 p

at
ho

ge
ns

  
lik

e 
Ph

yt
op

ht
ho

ra
 in

fe
st

an
s

in
co

rp
or

at
e 

dr
ou

gh
t i

nd
ic

es
 to

 p
re

di
ct

 in
cr

ea
se

d 
di

se
as

e 
ris

k 
an

d 
in

fo
rm

 w
at

er
 m

an
ag

em
en

t  
pr

ac
tic

es
 e

.g
., 

FA
RM

-D

Fi
ng

er
 

 e
t a

l. 
 (2

02
2)

Sa
lin

ity
 s

tr
es

s

hi
gh

 s
oi

l s
al

in
ity

 d
is

ru
pt

s 
os

m
ot

ic
 b

al
an

ce
 a

nd
 n

ut
rie

nt
 

up
ta

ke
al

te
rs

 ro
ot

 m
ic

ro
bi

om
e 

an
d 

pr
om

ot
es

 p
at

ho
ge

ni
c 

 
fu

ng
i g

ro
w

th

in
cr

ea
se

d 
su

sc
ep

tib
ili

ty
 to

 ro
ot

 ro
t

gr
ow

th
 o

f p
at

ho
ge

ni
c 

fu
ng

i l
ik

e 
Py

th
iu

m
 s

pe
ci

es
in

cl
ud

e 
sa

lin
ity

 s
tr

es
s 

in
di

ca
to

rs
 to

 a
ss

es
s 

po
te

nt
ia

l 
im

pa
ct

s 
on

 p
la

nt
 h

ea
lth

 a
nd

 d
is

ea
se

 ri
sk

Ph
ou

r  
an

d 
Si

nd
hu

 
 (2

02
3)

Po
llu

tio
n

ai
r p

ol
lu

ta
nt

s 
da

m
ag

e 
pl

an
t t

is
su

es
  

an
d 

im
pa

ir 
de

fe
ns

e 
m

ec
ha

ni
sm

s
po

llu
ta

nt
s 

lik
e 

oz
on

e 
an

d 
su

lfu
r d

io
xi

de
 c

on
tr

ib
ut

e 
 

to
 s

oi
l a

ci
di

fic
at

io
n

re
du

ce
d 

de
fe

ns
e 

ge
ne

 e
xp

re
ss

io
n 

in
cr

ea
se

s 
su

sc
ep

tib
ili

ty
  

to
 d

is
ea

se
s 

lik
e 

po
w

de
ry

 m
ild

ew
so

il-
bo

rn
e 

pa
th

og
en

s 
lik

e 
Rh

iz
oc

to
ni

a 
so

la
ni

 th
riv

e

in
te

gr
at

io
n 

of
 p

ol
lu

tio
n 

da
ta

 in
to

 fo
re

ca
st

in
g 

 
m

od
el

s 
ca

n 
he

lp
 p

re
di

ct
 in

cr
ea

se
d 

di
se

as
e 

 
su

sc
ep

tib
ili

ty
 a

nd
 g

ui
de

 m
iti

ga
tio

n 
st

ra
te

gi
es

Kh
an

 
 e

t a
l. 

 (2
02

2)

So
il 

fe
rt

ili
ty

so
il 

fe
rt

ili
ty

 im
pa

ct
s 

bo
th

 s
oi

l- 
an

d 
ai

r-
bo

rn
e 

di
se

as
e 

 
de

ve
lo

pm
en

t
w

el
l-f

er
til

iz
ed

 s
oi

ls
 s

up
po

rt
 b

io
tr

op
hi

c 
pa

th
og

en
 g

ro
w

th

po
or

 fe
rt

ili
ty

 in
cr

ea
se

s 
su

sc
ep

tib
ili

ty
 d

ue
 to

 w
ea

ke
ne

d 
 

pl
an

t d
ef

en
se

s
en

ha
nc

ed
 p

at
ho

ge
n 

gr
ow

th
 in

 w
el

l-f
er

til
iz

ed
 s

oi
ls

us
e 

so
il 

fe
rt

ili
ty

 d
at

a 
to

 p
re

di
ct

 p
at

ho
ge

n 
 

pr
ev

al
en

ce
 a

nd
 re

co
m

m
en

d 
fe

rt
ili

ty
  

m
an

ag
em

en
t s

tr
at

eg
ie

s

Sh
ar

m
a 

 
(2

02
1)

Re
la

tiv
e 

hu
m

id
ity

in
cr

ea
se

d 
hu

m
id

ity
 s

up
po

rt
s 

fu
ng

al
 g

ro
w

th
  

an
d 

pa
th

og
en

 d
ev

el
op

m
en

t
va

ria
bi

lit
y 

in
 h

um
id

ity
 a

ffe
ct

s 
pa

th
og

en
 li

fe
 c

yc
le

s 
 

an
d 

pl
an

t h
ea

lth

en
ha

nc
ed

 g
ro

w
th

 o
f f

un
ga

l p
at

ho
ge

ns
 li

ke
 p

ow
de

ry
  

m
ild

ew
 a

nd
 ru

st
s

in
cr

ea
se

d 
di

se
as

e 
se

ve
rit

y 
an

d 
sp

re
ad

in
te

gr
at

e 
hu

m
id

ity
 d

at
a 

to
 p

re
di

ct
 fu

ng
al

 d
is

ea
se

 
ou

tb
re

ak
s 

an
d 

pr
ov

id
e 

tim
el

y 
al

er
ts

M
ie

sl
er

ov
á 

 
et

 a
l. 

 (2
02

2)

So
il 

pH
ch

an
ge

s 
in

 s
oi

l p
H

 a
ffe

ct
 n

ut
rie

nt
 a

va
ila

bi
lit

y 
 

an
d 

m
ic

ro
bi

al
 c

om
m

un
ity

 c
om

po
si

tio
n

ac
id

ic
 o

r a
lk

al
in

e 
co

nd
iti

on
s 

im
pa

ct
 p

at
ho

ge
n 

de
ve

lo
pm

en
t

al
te

re
d 

so
il 

pH
 c

an
 in

flu
en

ce
 th

e 
pr

ev
al

en
ce

  
of

 s
oi

l-b
or

ne
 p

at
ho

ge
ns

ac
id

ic
 c

on
di

tio
ns

 m
ay

 e
nh

an
ce

 g
ro

w
th

  
of

 p
at

ho
ge

ns
 li

ke
 R

hi
zo

ct
on

ia

us
e 

so
il 

pH
 d

at
a 

to
 p

re
di

ct
 p

at
ho

ge
n 

pr
ev

al
en

ce
 a

nd
 

op
tim

iz
e 

so
il 

m
an

ag
em

en
t p

ra
ct

ic
es

A
kb

er
 a

nd
 

Fa
ng

  
(2

02
4)

So
il 

m
oi

st
ur

e

va
ria

tio
ns

 in
 s

oi
l m

oi
st

ur
e 

aff
ec

t p
at

ho
ge

n 
de

ve
lo

pm
en

t 
 a

nd
 p

la
nt

 h
ea

lth
ex

ce
ss

iv
e 

or
 in

ad
eq

ua
te

 m
oi

st
ur

e 
im

pa
ct

s 
ro

ot
 h

ea
lth

  
an

d 
pa

th
og

en
 s

pr
ea

d

in
cr

ea
se

d 
in

ci
de

nc
e 

of
 d

is
ea

se
s 

re
la

te
d 

to
 s

oi
l m

oi
st

ur
e,

  
su

ch
 a

s 
da

m
pi

ng
-o

ff 
an

d 
ro

ot
 ro

t
ch

an
ge

s 
in

 p
at

ho
ge

n 
lif

e 
cy

cl
es

 d
ue

 to
 m

oi
st

ur
e 

le
ve

ls

in
te

gr
at

e 
so

il 
m

oi
st

ur
e 

da
ta

 to
 a

nt
ic

ip
at

e 
di

se
as

e 
ris

ks
 a

nd
 p

ro
vi

de
 re

co
m

m
en

da
tio

ns
  

fo
r i

rr
ig

at
io

n 
an

d 
dr

ai
na

ge

M
ou

ra
  

et
 a

l. 
 (2

02
2)

Ta
bl

e 
5.

 Im
pa

ct
 o

f a
bi

ot
ic

 s
tr

es
s 

fa
ct

or
s 

on
 p

la
nt

 d
is

ea
se

 d
yn

am
ic

s 
an

d 
in

te
gr

at
io

n 
w

ith
 d

is
ea

se
 fo

re
ca

st
in

g 
sy

st
em

s



Journal of Plant Protection Research 65 (2), 202510

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 

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 AI 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 

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 AI 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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