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Abstract: Sustainable development in global and regional contexts has become mandatory to prevent
the potential adverse effects of human activities on the environment. While agricultural activities
stand as the leading source of degradation and pollution in ecosystems, climate changes are among
the most important challenges facing agricultural productivity. Climate-smart agriculture involves
farming methods and strategies adopted for the early diagnosis and management of climate crisis
drawbacks. Changing climatic conditions affect plant health either through abiotic or biotic factors
that influence diverse disease scenarios on a wide range of crops. Therefore, disease management
under the concerns of climate change is considered the cornerstone of sustainable agriculture. The
climate-smart pest management (CSPM) concept and its role in supporting sustainable agricultural
development, particularly the effect of weather changes on phytosanitary issues, are reviewed
in this article. Problems in implementation and difficulties in decision-making are among the
main challenges facing CSPM, which still has both technological and coordination shortcomings to
overcome. Intensifying collaborative activities in scientific and technological research, risk assessment,
and surveillance may enhance the current efficiency of CSPM in terms of preserving the sustainable
development of agricultural systems. More efforts for capacity building are also needed in developing
countries to promote the implementation and adoption of CSPM.

Keywords: environment; disease scenarios; food security; global warming; implementation and
decision-making; risk assessment; sustainable development

1. Introduction

Climate change refers to the ongoing shifts in temperatures and weather patterns, as
defined by the United Nations (UN). Although these shifts may be induced by natural
events such as variations in the solar cycle, human activities still constitute the predomi-
nant cause of climate change, primarily through their contribution to gas emissions such
as carbon dioxide and methane [1]. According to the last report of IPCC, emissions of
greenhouse gases (GHG) have already increased the global temperatures by nearly 1.1 °C
compared to the period of 1850-1900, which is used as an approximation for the preindus-
trial temperatures. This increase in overall temperature is expected to reach 1.5 °C within
the next few decades and will affect all regions of the Earth [2].

Many environmental changes due to global warming are taking place on our planet,
such as intense heat waves, rising sea levels, shrinking glaciers and ice sheets, droughts,
wildfires, extreme rainfall, shifts in freshwater and marine species, etc. [1]. Reported
negative impacts of climate change on crop yield have also increased. For example, soybean
and maize are the crops that are most severely affected by climate change with yield
reductions of —16.7% and —10.8%, respectively [3]. Therefore, global food security may be
threatened by climate changes in terms of quality and quantity.

The phytosanitary issues caused by climate changes are resulting in important yield
losses and, therefore, are cited among the biggest challenges faced by the global food
security and sustainability of agricultural systems [4]. Climate change is also affecting pest

Sustainability 2023, 15, 4592. https:/ /doi.org/10.3390/su15054592

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15054592
https://doi.org/10.3390/su15054592
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-2391-8768
https://doi.org/10.3390/su15054592
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15054592?type=check_update&version=1

Sustainability 2023, 15, 4592

20f17

population dynamics and distribution directly and indirectly [5] through its role in the
emergence of invasive species and new diseases [6]. Above all, phytosanitary problems
are becoming increasingly unpredictable [7] owing to the global shifts in temperature,
precipitation patterns, GHG levels, and extreme weather events [8].

By 2050, global food production will need to increase by 70% to satisfy the growing
needs and changing diets of the world population [9]. According to Savary et al. [10],
pests account for 20% to 40% of losses in the world’s food supply. Although the growing
development in agricultural techniques to boost production in the last decades succeeded
in increasing both crop yields and incomes, modern farming systems relying on new
technologies, mechanization, and excessive chemical uses lead to serious issues of different
dimensions. For example, soil degradation, pollution (in terms of air, soil, and ground and
surface water) in ecosystems, threats to human health, and depletion of biodiversity are
among the main environmental problems imposed by modern farming practices [11]. From
the socioeconomical perspective, these farming systems promoted the disintegration of
rural communities, deterioration of working conditions and safety in the workplace, and
concerns about market power and competition in the agri-food industries [9].

As climatic change intensifies and/or creates new pest threats, the global agricultural
system needs to adopt novel farm and landscape management practices that address these
threats. Actions should not be limited to the farming level only, but rather be extended
to multiple levels, including geographical scales, environmental economics, and social
sustainability, as well as national and international food security [12]. Sustainability in
agriculture refers to the resilience and persistence of agricultural systems to buffer stresses
and prevail over long periods without harming or depleting the resources for meeting
the needs of the current and future generations. Conservation of resources is critical for
agricultural productivity. Sustainable agricultural systems support soil health, minimize
water use, and promote lower pollution levels of groundwater, air, and GHG emissions [13].

Climate-smart agriculture (CSA) is the term introduced by the Food and Agriculture
Organization of the United Nations (FAO) to describe a novel approach in farming with the
ultimate goal of ensuring food security via establishing actions, guiding entire agricultural
systems for sustainable development, resilient activities, and adaptable strategies under
climate changes [14]. An important component of the CSA approach is the climate-smart
pest management (CSPM) panel which provides many advantages in sustaining agricul-
tural systems by minimizing chemical uses. However, CSPM still has some limitations;
therefore, this review focuses on the concept of CSPM and phytosanitary issues related to
climate change to elucidate the areas in need of more efficient interventions. It also explores
the potential of adapting pest management to weather events to support the sustainable
development of agricultural systems. Challenges and perspectives in the adoption and
implementation of CSPM will be discussed as well.

2. Conceptual Overview
2.1. Climate Smart Agriculture (CSA)

The concept of CSA was first introduced in 2009 when discussions were initiated on
approaches for the development of more sustainable agricultural systems by focusing on
linkages between combating climate change and achieving food security [14]. The CSA
concept was first introduced officially in 2010 by the FAO in a paper entitled “Climate-
Smart Agriculture, Policies, Practices and Financing for Food Security, Adaptation and
Mitigation” [15]. Since then, the CSA concept has been elaborated by multiple stakeholders
who are involved in its development and implementation.

CSA supports configuring globally applicable agricultural management principles
to achieve food security in the context of climate change. CSA relies on three strategic
management pillars: (i) sustainable improvement of agricultural productivity and house-
hold incomes; (ii) adapting and building household resilience to tackle climate change;
and (iii) reducing GHG emissions [16]. In other words, CSA compiles various sustainable
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methods to enable the adaption of a farming community to climate change by mitigating
its impacts.

Although the methodology and definition of CSA were quickly adopted and devel-
oped by international agencies, including FAO and the World Bank, many controversies
have occurred around the CSA concept because of some disagreements in global policy
debates related to climate change and sustainability [14]. Among these controversies may
be mentioned the international carbon offset markets in CSA, which represented the largest
source of climate finance at the time of the launching of the CSA concept [12]. The potential
of supporting carbon mitigation in developing countries was the major focus. In fact, gaps
between the global objectives for attaining sustainability in the context of climate change
and national policy and stakeholder interests in these countries have led to many interna-
tional initiatives to improve the adoption and implementation of CSA under the conditions
of different country conditions. Special efforts in these countries are deployed to promote
the battle against poverty and climate change involving the mitigation of adverse effects
and adaptation. So far, achieving CSA in disadvantaged countries mainly focuses on water,
energy, and food [17]. Plant protection in relation to climate change and sustainability still
needs to be emphasized.

2.2. Climate Smart Pest Management (CSPM)

Although CSA is well described and promoted by the FAO, the term CSPM is not
commonly used in the literature. The climate-smart approach of pest management in CSA
is generally referred to as a strategy of integrated pest management (IPM). FAO has defined
IPM as “the careful consideration of all available pest control techniques and subsequent
integration of appropriate measures that discourage the development of pest populations
and keep pesticides and other interventions to levels that are economically justified and
reduce or minimize risks to human health and the environment” [18]. Agricultural practices
related to the IPM are based on rational and limited uses of chemical pesticides to reduce
their impact on the environment and human health [19]. The proper description of the
CSPM concept was recently developed by Heeb et al. [20]. Sekabira et al. [16] claimed
that effective climate-smart agriculture must be compliant to climate-smart integrated pest
management (CS-IPM) and, hence, they used the term CS-IPM. More recently, a research
article entitled “CSPM” has described optimal pest control dynamics during a growing
season in order to tackle costs due to losses in lentil production caused by pea aphid
infestations as a case study [21]. The issue of crop disease management in the context of
climate change is still being treated under different terms. For example, Richard et al. [5]
reviewed the control of crop diseases to deliver climate-smart farming systems for low-
and high-input crop production through Integrated Crop Management (ICM). ICM was
initially launched in 1993 to define “the integrated pest management in a wider context
that includes crop plant breeding and general husbandry as well as pests and disease
control” [22]. The use of different terms to designate pest management through a smart
climate approach can create challenges in knowledge mobilization and adoption of changes
that are based on scientific findings.

The CS-IPM, or simply CSPM, is a newly introduced term to update an old concept
of integrated pest management under climate change using smart techniques to achieve
sustainable development goals. Therefore, CSPM encompasses a set of interdisciplinary ap-
proaches and strategies needed for primary production in adapting to a changing climatic
environment. Accordingly, knowledge about pests’ biology and techniques to control these
pests must be synchronized, with effective and low-cost strategies, to minimize damage to
humans and the environment. More practically, Egan et al. [19] defined the CS-IPM as an
integrated approach that implements conservative and naturally compatible practices to
control insects, pathogens, and weeds. With a minimum dependence on chemical pesticides,
CS-IPM may subsequently reduce damage to human health, agrobiodiversity, and ecosys-
tems. Among these practices used in CSPM, biological formulations or biologically-based
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methods for pest control and suitable crop varieties are the most promising sustainable
alternatives [20].

3. Phytosanitary Issues Related to Climate Changes

Unexpected climate changes such as higher temperatures, water shortages, rising sea
levels, the disruption of ecosystems, and the loss of biodiversity are indirectly affecting the
health of rain-fed crops and forage by reducing water availability, inducing drought and salt
stress, limiting nutrient uptake from the soil, and degrading land [5]. In the disease triangle,
abiotic environmental factors are extremely important in determining the susceptibility of
crops to diseases involving stressful conditions affecting the normal growth and tolerance of
plants to the presence of pathogens [23]. From excessive or deficient water to strong storms
and forest fires, extreme weather events are generating physical damage in plants, rendering
crops more vulnerable to pest attacks; hence, the disease expression or infestation can be
much more severe compared to stable conditions [24]. Environmental factors may also
induce favorable conditions for the occurrence of infections [25]; therefore, the magnitude
and speed of climate change are involved in the creation of new disease and pest scenarios
that can directly affect crop health. Global warming initiates ecological changes which
modify the biology, population shape, and distribution of many microorganisms and
insect species (Table 1). Consequently, phytosanitary problems are likely to become less
predictable and more difficult to treat [26].

Table 1. Examples of climate change impact on plant pests.

Pest Species

Region Changes References

European spruce bark beetle (

Two generations are recorded in forests

lps Norway instead of one generation per year due [27]

typographus Linnaeus) to warming
Old World bollworm (Helicoverpa iﬁfif;ﬂlgicg?i?;i;hi Extension of geographical distribution (28]
armigera Hiibner) ) & from 1969 to 2004
in Europe
Oak processionary moth Central and Southern Europe, Geographical region extension: from
(Thaumetopoea Belgium, Netherlands, Central and Southern Europe to [28]
processionea Linnaeus) and Denmark Belgium, Netherlands, and Denmark
Nun moth (Lymantria monacha d?::ﬁgigg:i;ge:gth‘;\;i?nf;glt
Linnaeus) and the Gypsy moth Europe &¢ lapp Y [29]

(Lymantria dispar Linnaeus)

500-700 km) and retraction of the
southern edge ranges by 100-900 km

Wheat yellow rust (Puccinia

striiformis Westend)

Emergence of a new pathotype which
Northern Indian state of Punjab can cause infection in late December [30]
due to higher temperatures

Phytophthora infestans

Local thermal adaptation with invasive
Western Europe behavior linked to [31]
increased aggressiveness

By disrupting natural ecosystems, climatic changes seem to be responsible for new
disease scenarios observed recently, as described in Figure 1. The emergence of new
diseases or the introduction of new pests into a region can be the worst scenario related
to climate change. Global exchanges and trade are the main cause of the introduction
of new pests and diseases to a new area. These newly introduced diseases may become
epidemics as changing climatic conditions are providing favorable conditions for their
establishment and spread into non-native areas [32]. Although these pests/pathogens
are not considered determinants in their natural ecosystems, they may cause serious
drawbacks in a new environment, given that naturally occurring predators of such pests
may not be present and host plant species may not have acquired appropriate defense
mechanisms against the aggressor [24]. For instance, the introduction of the pine wood
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nematode (Bursaphelenchus xylophilus (Steiner and Biihrer) Nickle), to Japan in the early
1900s caused serious damage to pine trees, with an annual loss of 2.4 million m3 [33],
even though this nematode is not considered to be devastating in its native region of
North America [34]. A more recent example of pests that have already expanded their
distribution and host species due to climate change is the red palm weevil (Rhynchophorus
ferrugineus). The red palm weevil was first detected on date palms in the Near East in the
mid-1980s. Today, the red palm weevil infests various palm species, including coconut, and
had expanded to the Near East, Africa, Europe, and the United States of America (before
its eradication in 2015) [2]. Another example that can also be cited here is the enormous
outbreak and damage of the Mediterranean bark beetle population size (Orthotomicus
erosus) in Croatia [35]. Xylella fastidiosa, the causal agent of several bacterial diseases in
many crops, is a recent example of how the pathogenicity can change once the pest is
introduced into a new environment. X. fastidiosa was described as an endophytic bacterium
native to Central America for decades before being recently detected in several regions
outside of these regions and a source of worldwide concern due to global warming [36].
The bacterium was first detected on olive trees in the southern part of Italy in October
2013 [37]. Genetic analyses suggested that this bacterium was accidentally introduced from
Costa Rica or Honduras via infected ornamental coffee plants [38]. Since then, X. fastidiosa
has spread to other zones of the European Union and has caused a rapid decline in olive
tree plantations [39]. Although the risk of introduction and establishment of X. fastidiosa in
the Near East and North Africa (NENA) countries is high due to trade, favorable weather
conditions, and the high prevalence of host plants and insect vectors, the bacterium has so
far not been detected in these regions [40,41]. Intensive national and international actions
carried out by many organizations such as FAO, International Plant Protection Convention
(IPPC), International Centre for Advanced Mediterranean Agronomic Studies (CIHEAM),
and National Plant Protection Organizations (NPPOs) to prevent the introduction and
spread of X. fastidiosa in NENA countries [42] should also be highlighted as one of the
reasons for the absence of this disease in these regions. Another example of how much
climate change can accelerate the threat of plant disease is the new strain of Panama disease
Fusarium oxysporum {. sp. cubense (known as “TR4”) in banana crops that appeared in the
1960s in Taiwan and rapidly spread throughout the world’s Cavendish banana growing
regions [6].

e Unexpected
weather changes

Changes e Extreme weather

conditions

Climate

E t e Biological changes of populations
cosystems e Modification of populations shapes

disruption e New geographical distribution of
pest/disease

N ew eEmergence of new diseases
diseases eUnpredictable and difficult-

- to-manage diseases
scenarios

Figure 1. Relation between climate changes and new plant disease scenarios.

4. Role of Climate-Smart Pest Management in Promoting Sustainability

Since disease scenarios are being shaped by climate changes, pest management strate-
gies will have to be adapted to weather fluctuations. The CSPM pyramid consists of three
main processes which include risk assessment and forecasting, early diagnosis, and efficient
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interventions (Figure 2). However, preventive actions for pest control are always required
to increase the efficiency of each process.

Early, precise and accurate application
Management of crop sowing or planting date

Monitoring pesticide application according to weather conditions

Efficient
interventions
Advanced methods for phytopathogens Knowledge about plant physiology
detection Preventive and susceptibility to pathogens ‘
crop
Implementation of automated protection

Mathematical modelling to ‘

systems predict disease propagation

Intensive surveillance Early warning systems

Figure 2. Pyramid of the CSPM main processes in sustainable agriculture.

Preventive measures in plant protection are very important because they maintain
the level of pests and plant pathogens below the control threshold. Preventive crop pro-
tection involves the use of appropriate plant materials (certificated seeds, cultivars with
high tolerance/resistance to pathogens), promoting natural enemies, etc. Starting crop
production with pathogen-free seeds is the best way to protect cultures. Rotating crops
may also help to break the cycle of infection and, thus, reduce the inoculum density in
the soil. Many soils facilitate the persistence of soil-borne pathogens for many years,
making these soils unsuitable for susceptible crops [43]. Breeding plants with those that
are genetically disease-resistant is another way to prevent diseases. Plant breeding may
be coupled with the breeding of natural enemies or biocontrol agents to have synergetic
effects and to select biocontrol organisms adapted to the crop that they should protect [44].
Breeding in the context of CSPM may be challenging in terms of making predictions of the
adaptations of the biocontrol agents or the selected plants to climate change. For example,
stress due to acute changes in the abiotic conditions may affect the response of plants to
current pests [45]. Therefore, crops with higher degrees of phenotypic plasticity tolerating
varying environmental contexts may be an effective strategy to increase the resilience of
agricultural systems to climate change [46]. Preventive measures in plant protection also
include cultural practices. For example, choosing the best time for seeding or planting may
be critical when cropping under changing weather patterns to prevent diseases [47].

4.1. Risk Assessment and Forecasting

Understanding the effect of climate change on pest biology and epidemiology is crucial
for risk forecasting and analysis. To achieve appropriate pest control, CSPM programs
are managed to prevent the appearance and development of pests and monitor predicted
outbreaks. Risk assessment and forecasting involve the use of early warning systems that
provide information about disease prevalence, appearance, and progression related to
weather data. Knowledge about plant physiology and susceptibility to pathogens can help
to determine timeframes where plants are most susceptible to pathogens. Mathematical
models are always conceived to predict disease propagation [48,49]. Studying meteorologi-
cal factors is crucial, not only for forecasting pest fluctuations but also for inferring the area
with suitable climate conditions and visualizing maps to estimate regions for the potential
establishment of diseases and assisting outbreak response programs [41]. Therefore, coun-
termeasures can be undertaken to suppress pathogen severity through early treatments or
preventive interventions such as changes in planting dates, rotating between crops, and
other cultural practices. Forecasting and early warning systems have been developed with
the appearance of computer technology and software [50]. Many disease-warning systems
based on weather conditions have been developed and validated for dozens of crops in the
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recent decades (Table 2). However, many other models are still needed to improve accuracy,
given the complexity of climatic and landscape factors. For example, the effect of weather
conditions and spatial factors on the geographic distribution of X. fastidiosa were studied
using the outbreak in Alicante, Spain, through stationary and nonstationary models [51].
Nevertheless, non-stationary models are still to be improved with more methodological re-
search to obtain more realistic models, since the study assumes that barriers are completely
impermeable to the pathogen spread, as mentioned by Velasco-Amo et al. [41], which is
not the case for X. fastidiosa and the majority of plant disease agents.

Table 2. Historical examples of disease warning systems (according to [50] with modifications).

Crop Disease

Warning System Aim Reference
Providing data for processing-tomato growers
TOM-CAST once per week during the first month of the [52]
growing season and three times per week after
fungicide sprays began
Site-specific estimation of weather conditions
SkyBit Inc. and pest r1sk.s in near-real time, énd foreca.stmg (53]
up to 3 days in advance at a spatial resolution of
about 1 km?
A network of more than Providing color-coded regional risk maps across
2000 automated weather the western United States for targeted [54]
stations of private farm agricultural risks, pests, and diseases
management companies (12 diseases and six insect pests)

Some sources emphasize the importance of public contributions to the early detection
and reporting of emerging plant health threats through passive surveillance programs and
citizen science (vigilance) [55,56]. However, we think that to succeed in the establishment of
such new programs based on public observations and reports, more effort must be invested
in well-conceptualized analytical methods that serve as useful tools to manage putative
uncertainties and assess these unstructured data.

4.2. Early Diagnosis

Disease diagnosis is a fundamental process in CSPM starting from surveillance to
pest identification. To allow adequate disease management actions with fewer damages
to the environment and health, constant surveillance activities are required to detect
newly introduced pests and/or pathogens [28]. Surveillance is also an important tool in the
declaration of pest and/or disease-free areas or areas of low pest and/or disease prevalence,
an important classification that is used in trade certification [24].

Phytopathogen diagnosis techniques are becoming rapid and reliable in the detection,
quantification, and identification of plant diseases even to the strain level, which facilitates
early and accurate interventions for disease control. Early plant disease diagnosis is
based on fast and sensitive technologies of nucleic acid, biosensor, and protein analysis
as advanced methods allowing the detection and quantification of phytopathogens [57].
Highly sensitive molecular diagnostic tests (to the strain level in some bacterial diseases)
had improved subspecies and geographical origin assignment of many diseases as shown in
the study of crown gall recurrent infestations in Tunisia caused by contaminated plants [58]
and the quick decline of the syndrome caused by X. fastidiosa by the recent outbreak
in the olives [41]. Real-time PCR, next-generation sequencing, and fluorescence in situ
hybridization techniques can detect phytopathogenic micro-organisms on asymptomatic
vegetation and vectors before their transmission to the plants, such as in virus diseases [59].
Therefore, maintaining state-of-the-art diagnostics as well as toxicological laboratories is
essential in the early diagnosis process.
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In the last decade, several non-invasive techniques, including spectroscopy-based,
imaging-based, and relevant remote sensing methods, have also been developed [60]. These
techniques promote the real-time and large-scale detection of plant diseases. Other than
the common advantages of non-invasive techniques, their implementation in automated
systems is resulting in a considerably reduced workload compared to molecular and
protein analysis [61]. The early detection of viral diseases has become possible with spatial
and temporal thermography patterns, such as in the case of the tomato mosaic virus
where the infection had been detected five days before the appearance of symptoms [62].
More recently, implementing remote sensing techniques with drones has enhanced the
prospection of infestations in fields [63]. Drone sensing is effective in saving time, allowing
broader surface coverage, and improving spatial image resolution.

4.3. Efficient Interventions

Appropriate decision-making for any interventions in CSPM must be ecologically
and economically justified [20]. Therefore, pest control programs involve environmentally
friendly approaches aiming principally to reduce the use of chemicals for more sustainable
agricultural systems and increase food safety. Preventive methods and alternative control
techniques with efficient and low-risk effects are considered first in CSPM. Eco-friendly
methods include targeted and biocontrol alternatives such as pheromones, mechanical
trapping methods, biological molecules, antagonistic organisms, etc. [64].

Biocontrol agents related to weather changes involve new climate-resilient strains
with the highly competitive ability needed to survive in the introduced environment. Fur-
thermore, region- and crop-specific strains are integrated into the CSPM approach [65]. The
sowing or planting date of crops may be also managed according to new disease scenarios
related to climate change. Temperature fluctuations and variable rainfalls have impacts
on pesticide residue dynamics, including retention of contact, wettability, atmospheric
distribution, product degradation, etc. For example, Gonzalez et al. [66] reported the impact
of temperature and time on the amount of fungicide and its translocation into individual
turf grass plants following application. Consequently, monitoring pesticide application
according to weather conditions promotes efficient interventions.

In the past decade, pest treatments are being scheduled according to climate variables
in several countries (Table 3). Moreover, targeted treatments are based on smart agriculture
technologies including optical and thermal sensors. These sensors can detect early changes
in plants once they are under biotic stress because diseases can induce several modifications,
such as leaf shape and color, transpiration rates, plant densities, light reflectance, etc. [67].
The precise localization of a diseased plant’s spot, with accurate imaging data, is useful in
targeted treatments and the calculation of the required pesticide quantity [68].

Table 3. Monitoring of phytosanitary treatments according to weather conditions.

Diseases/Pests

Decision According to Weather Changes References

Wheat blotch (Septoria tritici)

The decision system for the timing of fungicide application has been

made based on different climate variables in the United Kingdom. [69]

In the northeast United States, the susceptibility period of the disease

Potato late blight (Phytopthora infestans) ~ would be raised by 10-20 days due to temperature increasing. A need [70]

for an addition of 1-4 fungicide foliar applications was predicted.

Stem rot of peanut (Sclerotium rolfsii)

Fungicide application early in the morning to improve spray

deposition in the lower canopy of the plant (711

— New York conditions currently require
0-5 insecticide applications

Lepidopteran insect pests — Maryland and Delaware conditions require [69]

4-8 insecticide applications
— Florida conditions require 15-32 applications
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Efficient application of chemical products cannot only alleviate environmental and
health damage but also can reduce resistance development related to repeated pesticide
exposure. Furthermore, pesticide treatments can be sprayed with the use of drones, which
decreases chemical exposure of the operator and reduces pesticides drift [72].

4.4. Zero-Tillage Potato IPM for Climate Mitigation as a Successful CSPM Story

Rice-based systems appear to be the main challenge in sustainable intensification in
Asia. Several studies have discussed problems related to carbon emission from rice-residue
burning, excessive use of pesticides, the overexploitation of water for irrigation, and land
degradation in such agricultural systems in Asia [73]. The implementation of sustainable
intensification practices into rice lands has been reported as promising solution for climate
change mitigation. Diversification with potato cultivation under no-tillage and/or organic
mulching with rice straw has recently been recognized as a success story on multiple levels
after being implemented through various actions in Asia [74,75], even in saline soils [76].

This successful CSPM story took place when FAQO initiated an innovative pilot project
which promoted the sustainable rice—potato farming system carried out in Thai Binh, a
Vietnamese Province, from 2009 to 2011 [74]. This system consists of “zero-tillage potato
IPM” as named by the FAO, where potato seed tubers were directly placed on the beds
created by drainage grooves and mulched with straw left over from the rice harvest,
without tillage. After a series of research, this zero-tillage practice showed promising
results for climate mitigation on different levels compared to the traditional tillage practice
of soil-mulched potatoes. Mainly, the use of the leftover rice straw to cover potato seed
tubers reduced the need for irrigation (from 5000 m?3 /ha of water to only 900 m3/ha) and
gas emissions, because rice straw was burnt in traditional practices. Farmers are used to
burning crop residues in order to shorten their long decomposition period and to prevent
the spreading of diseases from the previous harvest [77]. More importantly, this practice has
shown that the straw mulch could generate functional biodiversity that plays an important
role in pest management. Straw mulch is known to create an environment of optimal
temperature, humidity, and organic matter favorable for the development of beneficial
microflora in the soil [78]. Furthermore, the application of straw mulch can suppress and
reduce weed growth by limiting resources [75]. Although tillage may play an important
role in controlling weed populations [79], in this case, mulching seems to be more efficient
since it led to a 50 percent reduction in herbicide use compared to the amounts that are
typically used in the conventional tillage system, as reported by the FAO [74]. Since farmers
are used to applying more pesticides in response to the spread of invasive plant pests and
disease species promoted by climate change in Asia, this practice could help to protect the
health of smallholder farmers and their environment.

This innovative technique has so far been promoted in several rice-dominant Asian
countries and has achieved important environmental and socio—economical gains. For
instance, potato cultures using few inputs and residues from the previous crop without
tillage are used for sustainable intensification and diversification of cereal-based cultures in
India and Bangladesh [80].

5. Challenges of Climate-Smart Pest Management

Being a component of CSA, CSPM shares the same issues related to regulations and
decision-making, adaptation to regional conditions, and knowledge updating and upgrad-
ing. Although CSPM promotes actions within the context of sustainability that contribute
to eco-friendly farming systems, food security, and human health, in practice, CSPM actions
are not evident and are limited to regulations and decisions. The decision-making process
in CSPM is highly complex and dynamic because it requires constant weather database
updates of operators and tools to collect and handle data. Spatial and temporal dynamics of
plant diseases according to climate changes are still poorly understood despite the existence
of well-developed models for major crops and pathogens [81]. Plant disease simulations
are based on multifactorial models, which makes it difficult to predict how climate vari-
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ability will affect disease development and management. Although models to forecast
the impact of climate on crop production have been successfully developed more than
40 years ago, the current knowledge about weather-related pests may not be valid in the
future under unpredictable drastic climate events. The lack of implementation limited the
transition of many agricultural decision support systems (DSS) from scientific validation
to real-world application [82]. Despite the development and diffusion of information and
communications technology (ICT) that has occurred over the last decades, DSS is still facing
some limitations (Table 4). For example, in the last 50 years, disease warning systems
have been developed and validated for dozens of crops, but the rate of farmer adoption
of these models is far from satisfying. This limited implantation of systems due to the
disconnection between developers and users may not meet producers’ needs, which may
explain their reluctance.

Table 4. Examples of some Decision Support System (DSS) limitations (according to [83]
with modifications).

DSS Limitations Examples References
Several DSSs focus on saving an individual

DSSs do not adequately consider spray, but growers are usually more
) X e . [83]

all aspects of production concerned with maintaining quality

standards or meeting regulations.
Poor communication between the DSS

Low quality of the products developers and users, so that in 183]

commercial DSSs the refinement phase of
the DSS products is lacking.

Many DSSs have presented their outputs in
Lack of user-friendly interfaces quantitative terms, while growers find [83]
difficulty in their interpretation.

Much information requested as input,
Tedious input requirements while farmers did not have the time to fill [84]
in the system.

Difficulties in rapidly updating the default

Delays in data processing DSS databases (e.g., climate data and PPPs) [84]
and/or update can reduce the usefulness of the system to
the growers.
Difficulties in rapidly updating the default
Maintenance costs DSS databases (e.g., climate data and PPPs) [85]

can reduce the usefulness of the system to
the growers.

Due to the complexity of the CSPM concept, every crop and region of a country needs
specific reflection. Many growers of certain crops attempt to define appropriate pest control
techniques for their crop species as well as their region of growth. Local, regional, and
national conditions are different and suggest specific strategies in disease-warning systems,
decision-making processes, and management methods. Even though weather data have
become more accessible with cheaper and easier-to-use climate-monitoring systems, the
failure of equipment due to bad positioning, sensors drifting out of calibration, and battery
exhaustion is still the main origin of errors in weather data collection if it is not anticipated,
prevented, or promptly solved [50].

Precision farming relying exclusively on smart technology access to the Internet and
many other variables may produce vulnerable agricultural systems. Devices related to an
internet connection, or the knowledge use of ICT, are not always available in the agricultural
sector, especially in smallholder farms and rural communities of developing countries. As
a result, CSPM in these areas may be far from feasible. Moreover, these countries lack
technical capacities for phytosanitary diagnostic and analysis laboratories. Such countries
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with extensive land space may represent a serious problem in the world of trading when
it comes to the spread of pests into new areas. Almost all the experts recommended an
international collaboration and harmonization of the legislation to enhance the efficiency of
CSPM in food security and safety achievement.

Obviously, the above-discussed challenges of CSPM emphasize several shortcom-
ings of scientific findings and research results which can limit their usefulness under
field conditions.

6. Research Gaps and Future Recommendations

The vulnerability of food security to crop diseases and pests has been accentuated
by climate change, as explained early in this document. Although several actions have
been taken on how to develop different CSPM techniques and strategies, future research is
still needed to enhance their efficiency and facilitate their utilization. While the negative
impact of global warming on plant health is well documented and analyzed, its negative
impact on pest and pathogen prosperity has not been enough explored. For example,
plant viruses could be affected indirectly by climate change once the population of their
insect vectors is affected. This influence could have neutral, positive, or negative effects
on the emergence and development of plant viral diseases [86]. The impact of climate
change may directly or indirectly affect crop pathogens and pests by disturbing higher
trophic levels through managing the development of natural enemies and physiological
traits in host plants [7]. For example, the recent bark beetle outbreak in Central European
coniferous forests associated with world climate changes is the cause of the creation of
large clearings, resulting in a loss of food resources and, therefore, a decline of wood ants
(especially Formica rufa Linnaeus) [87]. Wood ants also prey on beneficial organisms such
as the parasitic flies Ernestia rudis (Fallén) whose larvae are parasitoids of other pests [88].
In this case, global change can indirectly affect the abundance of pests by affecting higher
levels of the trophic system. Consequently, model conceptions based on the assessment of
the whole trophic system through long-term monitoring of herbivores and phenological
processes are very important to understand their response to current climate change and,
therefore, to improve risk assessment systems and prevention methods. Moreover, direct
and indirect negative impacts of global warming on plant pathogens and pests should
be deeply explored to enhance knowledge that could develop new biocontrol techniques
and strategies. Research on biocontrol agents and products, in the context of CSPM, is still
very restrained. Advances in digital agriculture and the breeding of pathogen-resistant
cultivars in crop production are currently the most effective strategies to prevent diseases.
However, more studies on climate-smart pesticides are still required for the development
of environmentally friendly new products with novel molecules/modes of action and high
efficacy at low doses. The market of new molecules in pharmacology is still much more
developed than agrochemical products. For example, the FDA has authorized 160 drugs in
three years (between 2018 and 2020) [89], compared to only 105 chemical pesticides (most
of them are safe for humans and environmentally friendly) launched during the last decade
(between 2009 and 2020) [90].

Another technological challenge is how to study disease spread at the landscape scale,
as it is more complex than at the field scale, with more various crops, variable hedgerows
and windbreaks [91], different cultural practices, etc. Recently, some studies have used
computer simulations to identify the best strategies for managing resistant cultivars at the
landscape scale to ensure the durability of resistance [92,93]. However, limitations due to
the feasibility and economic viability of farmers to deploy these strategies underscored the
necessity for more data [5]. Furthermore, the large amount of data generated by climate-
smart agricultural technologies (remote sensing, DSS, etc.) needs to be rapidly analyzed
and interpreted. Some scientists have suggested machine learning and deep learning
methods to resolve this problem [94,95]. Although advances in digital agriculture and the
breeding of pathogen-resistant cultivars in crop production are currently the most effective
strategies to prevent diseases, the increasing dependence of CSPM on new technologies
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could make agricultural production more vulnerable, especially in disadvantaged regions.
More research should be consecrated to domain-specific issues such as web infrastructures,
farmers’ ability sets, and availability of smart farming-specific protection mechanisms [96]
before being widely accepted [97]. To this end, more multidisciplinary experiments [5],
knowledge [98], and information with a clear description should also be accessible to enable
the analysis of more complex data sets and run more performed models. For instance,
the European Union’s “Farm-to-Fork” strategy needs to provide more ecosystems and
agroecology services [99,100] to help farmers make economic decisions to choose the right
pest management technique for mitigation and adaptation to climate change, as reported
by Richard et al. [5]. In the same context, international research collaborations should hire
in-country expertise to ensure that research is axed on national needs and that findings are
well extended and communicated to all stakeholders. In this regard, national regulations
should take the need for the international exchange of biological samples into consideration
and be more flexible to facilitate the movement of genetic resources.

7. Authors’ Perspectives

Climate changes are of global interest, and this is how CSPM should be recognized.
To succeed in sustainable pest management approaches under weather fluctuations, inter-
nationally collaborative efforts are required.

First, CSPM legislation must be globally harmonized and emergency planning for
plant pests must be undertaken on an international level. For example, the technical
requirements of any commercial commodity must be properly described to protect a
country from the potential introduction of new pests and/or pathogens and strengthen
consumer confidence without any hidden purpose of promoting the competitiveness of
domestic producers. Otherwise, phytosanitary legislation would be unjustified and restrict
international trade.

Second, different sectors in relation to climate change should be enrolled in collab-
orations, including research activities for risk assessment, surveillance, and monitoring.
For example, consortia of public-sector researchers, private-sector service providers, and
growers could be organized for more reliable and sustained disease warning systems
(proper installation and periodic maintenance of weather instrumentation, along with
timely verification of weather data). Furthermore, models used in crop prediction systems
should be calibrated with reliable yield data from longer periods (preferably 20-25 years).

Third, policies may be established to strengthen the uptake of different interventions
and their adoption, such as CSPM crop certification systems. CSPM-grown labeled products
may promote this sustainable production agrosystem and offer better choices to consumers
while purchasing their food.

Fourth, more efforts are needed in developing countries for capacity building and
technical assistance to ensure optimal use of resources. Countries in Africa, Asia, and
Latin America are striving hard under economic constraints to ensure food security for
their populations. Therefore, the lack of political will is the most important constraint to
achieving a more effective research and extension system related to CSPM. International
financial institutions may fund the establishment of regional laboratories or centers of
excellence in developing countries to facilitate cooperation and enhance the adoption
of CSPM strategies such as forecasting, surveillance, and diagnosis. More research on
climate change effects on pests, diseases, and food-borne pathogens should be undertaken
collaboratively to enhance the current knowledge and eliminate knowledge gaps. Small-
scale farm holders and rural communities in developing countries are especially vulnerable
to the impacts of climate change and, therefore, they require specific national, regional,
and international political attention and additional funding to promote CSPM adoption.
National and international institutions may consider some approaches adapted to these
farming systems in their interventions, such as the establishment of local advisory services
and crisis cells, and special allocations for CSPM funding. Moreover, the organization of
periodic training courses related to risk assessment and providing tools such as smart cell
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phones for farmers to facilitate access to weather information may help them in disease
surveillance and decision-making.

8. Conclusions

CSPM is considered an up-to-date approach that can help to transform and re-invent
sustainable agricultural systems to achieve global food security and safety. CSPM strategies
aim to predict changes in pest scenarios caused by climate change through intensive
surveillance and forecasting systems for an early diagnosis and efficient risk monitoring
interventions. Effective interventions in CSPM are based mainly on environmentally
friendly management actions to ensure improved farm outputs for people and ecosystems.
However, the global adoption of CSPM requires more coordination and collaborations
of multi-sectoral consortia to especially upgrade the existing knowledge about the effect
of climate changes on plant diseases and facilitate the decision-making process as well
as alignment of policies. Developing countries may represent the weakest link in this
chain, where the CSPM implementation needs intensified efforts from the international
community. Impediments caused by climate change in these countries have more serious
drawbacks on agricultural resources in the absence of proper pest management strategies
and technologies. Politicians’ vision, regional institutions, farmers’ socioeconomic and
biophysical contexts, and characteristics of the new technology, among others, are vital
determinants in the implementation and adoption of CSPM in these societies.

Funding: This review received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the research scientists from our department A. Ash
Hizli-Deniz and Jiaqi Wei from the Birmingham Institute of Forest Research for the proofreading of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. What Is Climate Change? United Nations. Available online: https://www.un.org/en/climatechange /what-is-climate-change
(accessed on 2 February 2023).

2. Climate Change IPCC 2021: The Physical Science Basis | Climate Change 2021: The Physical Science Basis. Available online:
https:/ /www.ipcc.ch/report/ar6/wgl/ (accessed on 1 February 2023).

3. Porter, J.R.; Challinor, A.J.; Henriksen, C.B.; Howden, S.M.; Martre, P.; Smith, P. Invited Review: Intergovernmental Panel on
Climate Change, Agriculture, and Food—A Case of Shifting Cultivation and History. Glob. Chang. Biol. 2019, 25, 2518-2529.
[CrossRef] [PubMed]

4. FAO The State of Food Security and Nutrition in the World 2020. Transforming Food Systems for Affordable Healthy Diets. 2020.
Available online: http://www.fao.org/3/ca9692en/ca9692en.pdf (accessed on 22 March 2021).

5. Richard, B;; Qi, A,; Fitt, B.D.L. Control of Crop Diseases through Integrated Crop Management to Deliver Climate-Smart Farming
Systems for Low- and High-Input Crop Production. Plant Pathol. 2022, 71, 187-206. [CrossRef]

6. Fones, H.N,; Bebber, D.P,; Chaloner, T.M.; Kay, W.T.; Steinberg, G.; Gurr, S.J. Threats to Global Food Security from Emerging
Fungal and Oomycete Crop Pathogens. Nat. Food 2020, 1, 332-342. [CrossRef]

7. SkendZi’c,S.S.; Zovko, M.; Pajag, I; Zivkovi’c, Z.; Lesi’c, V.L.; Lemi c, D.L. The Impact of Climate Change on Agricultural Insect
Pests. Insects 2021, 12, 440. [CrossRef]

8.  Shrestha, S. Acta Scientific Agriculture (ISSN: 2581-365X) Effects of Climate Change in Agricultural Insect Pest. Acta Sci. Agric.
2019, 3, 74-80. [CrossRef]

9.  FAO. The Future of Food and Agriculture. 2018. Available online: https://www.fao.org/3/CA1553EN /cal553en.pdf (accessed
on 24 November 2022).

10. Savary, S.; Willocquet, L.; Pethybridge, S.J.; Esker, P.; McRoberts, N.; Nelson, A. The Global Burden of Pathogens and Pests on
Major Food Crops. Nat. Ecol. Evol. 2019, 3, 430—439. [CrossRef]

11. Devlet, A. Modern Agriculture and Challenges. Front. Life Sci. Relat. Technol. 2021, 2, 21-29. [CrossRef]

12.  Newell, P; Taylor, O.; Naess, L.O.; Thompson, J.; Mahmoud, H.; Ndaki, P.; Rurangwa, R.; Teshome, A. Climate Smart Agriculture?
Governing the Sustainable Development Goals in Sub-Saharan Africa. Front. Sustain. Food Syst. 2019, 3. [CrossRef]

13. Brodt, S.; Six, J.; Feenstra, G.; Ingels, C.; Knowl, D.C. Sustainable Agriculture. Nat. Educ. Knowl. 2011, 3, 1.

14. Lipper, L.; Building, D.Z. A Short History of the Evolution of the Climate Smart Agriculture Approach and Its Links to Climate Change and

Sustainable Agriculture Debates. Climate Smart Agriculture: Building Resilience to Climate Change; Springer: Cham, Switzerland, 2018.


https://www.un.org/en/climatechange/what-is-climate-change
https://www.ipcc.ch/report/ar6/wg1/
http://doi.org/10.1111/gcb.14700
http://www.ncbi.nlm.nih.gov/pubmed/31095820
http://www.fao.org/3/ca9692en/ca9692en.pdf
http://doi.org/10.1111/ppa.13493
http://doi.org/10.1038/s43016-020-0075-0
http://doi.org/10.3390/insects12050440
http://doi.org/10.31080/ASAG.2019.03.0727
https://www.fao.org/3/CA1553EN/ca1553en.pdf
http://doi.org/10.1038/s41559-018-0793-y
http://doi.org/10.51753/FLSRT.856349
http://doi.org/10.3389/fsufs.2019.00055

Sustainability 2023, 15, 4592 14 of 17

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

FAO Climate-Smart Agriculture: Policies. Practices and Financing for Food Security, Adaptation and Mitigation. Rome. 2010.
Available online: ttps:/ /www.fao.org/agrifood-economics/publications/detail /en/c/122846/ (accessed on 19 December 2022).
Sekabira, H.; Tepa-Yotto, G.T.; Djouaka, R.; Clottey, V.; Gaitu, C.; Tamo, M.; Kaweesa, Y.; Ddungu, S.P. Determinants for
Deployment of Climate-Smart Integrated Pest Management Practices: A Meta-Analysis Approach. Agriculture 2022, 12, 1052.
[CrossRef]

Allouche, J.; Middleton, C.; Gyawali, D. The Water-Food-Energy Nexus: Power, Politics, and Justice. Future Food ]. Food Agric.
Soc. 2019, 7. Available online: https://www.thefutureoffoodjournal.com/index.php/FOF]/article/view /281 (accessed on
19 December 2022).

FAO. Available online: https://www.fao.org/pest-and-pesticide-management/ipm/integrated-pest-management/en/ (ac-
cessed on 19 December 2022).

Egan, P.; Chikoye, D.; Green, K.; Tamo, M.; Feit, B. Harnessing Nature-Based Solutions for Smallholder Plant Health in a Changing
Climate. 2021. Available online: https:/ /cgspace.cgiar.org/handle/10568 /11424 (accessed on 19 December 2022).

Heeb, L.; Jenner, E.; Cock, M.J.W. Climate-Smart Pest Management: Building Resilience of Farms and Landscapes to Changing
Pest Threats. J. Pest Sci. 2019, 92, 951-969. [CrossRef]

Du, X,; Elbakidze, L.; Lu, L.; Taylor, R.G. Climate Smart Pest Management. Sustainability 2022, 14, 9832. [CrossRef]

Philip, W. Integrated Crop Management as a Sustainable Future for Global Agriculture. 2022. Available online: https://www.
nuffieldscholar.org/sites/default/files /2022-02 /Nuffield %20Report_Phil%20Weller_FINAL2.pdf (accessed on 19 December 2022).
Velasquez, A.C.; Castroverde, C.D.M.; He, S.Y. Plant-Pathogen Warfare under Changing Climate Conditions. Curr. Biol. 2018, 28,
R619-R634. [CrossRef] [PubMed]

Lopian, R. Climate Change, Sanitary and Phytosanitary Measures and Agricultural Trade. In The State of Agricultural Commodity
Markets (SOCO); FAO: Rome, Italy, 2018; p. 48.

Ristaino, ].B.; Anderson, PK.; Bebber, D.P.; Brauman, K.A.; Cunniffe, N.J.; Fedoroff, N.V.; Finegold, C.; Garrett, K.A.; Gilligan,
C.A,; Jones, C.M,; et al. The Persistent Threat of Emerging Plant Disease Pandemics to Global Food Security. Proc. Natl. Acad. Sci.
USA 2021, 118, €2022239118. [CrossRef]

Newbery, E; Qi, A.; Fitt, B.D. Modelling Impacts of Climate Change on Arable Crop Diseases: Progress, Challenges and
Applications. Curr. Opin. Plant Biol. 2016, 32, 101-109. [CrossRef]

Lange, H.; Okland, B.; Systems, PK. Thresholds in the Life Cycle of the Spruce Bark Beetle under Climate Change. Int. |. Complex
Syst. 2006. Available online: https:/ /www.semanticscholar.org/paper/Thresholds-in-the-life-cycle-of-the-spruce-bark-Lange-
%C3%98kland /42782508f3e7a909391dcad591fe84006c3fbfle (accessed on 19 December 2022).

FAO. Climate-related Transboundary Pests and Diseases. Rome. 2008. Available online: http://www.fao.org/3/a-ai785e.pdf
(accessed on 24 November 2022).

Vanhanen, H. Invasive Insects in Europe—The Role of Climate Change and Global Trade. Diss. For. 2008, 2008. [CrossRef]
Prashar, M.; Bhardwaj, S.C.; Jain, S.K,; Datta, D.; Prashar, M.; Bhardwaj, S.C.; Jain, S.K.; Datta, D. Pathotypic Evolution in Puccinia
Striiformis in India during 1995-2004. Aust. J. Agric. Res. 2007, 58, 602-604. [CrossRef]

Mariette, N.; Androdias, A.; Mabon, R.; Corbiere, R.; Marquer, B.; Montarry, J.; Andrivon, D. Local adaptation to temperature
in populations and clonal lineages of the Irish potato famine pathogen Phytophthora infestans. Ecol. Evol. 2016, 6, 6320-6331.
[CrossRef]

Priyadi, M.; Upadhyay, P. Emerging Plant Diseases Under Changing Climate Scenario. In Emerging Trends in Plant Pathology;
Springer: Singapore, 2021; pp. 19-31.

Mamiya, Y. History of Pine Wilt Disease in Japan. J. Nematol. 1988, 20, 219. [PubMed]

Wingfield, M.].; Blanchette, R.A.; Nicholls, T.H. Is the Pine Wood Nematode an Important Pathogen in the United States? J. For.
1984, 82, 232-235. [CrossRef]

Pernek, M.; Lackovi¢, N.; Luki¢, I.; Zori¢, N.; Matosevi¢, D. Outbreak of Orthotomicus Erosus (Coleoptera, Curculionidae) on
Aleppo Pine in the Mediterranean Region in Croatia. South-East Eur. For. SEEFOR 2019, 10, 19-27. [CrossRef]

Godefroid, M.; Cruaud, A.; Streito, ].C.; Rasplus, ].Y.; Rossi, ].P. Xylella Fastidiosa: Climate Suitability of European Continent.
Sci. Rep. 2019, 9, 1-10. [CrossRef]

Saponari, M.; Boscia, D.; Nigro, F.; Martelli, G.P. Identification of DNA Sequences Related to Xylella Fastidiosa in Oleander,
Almond and Olive Trees Exhibiting Leaf Scorch Symptoms in Apulia (Southern Italy). J. Plant Pathol. 2013, 95, 668.

Martelli, G.P,; Boscia, D.; Porcelli, F.; Saponari, M. The Olive Quick Decline Syndrome in South-East Italy: A Threatening
Phytosanitary Emergency. Eur. . Plant Pathol. 2016, 144, 235-243. [CrossRef]

Morelli, M.; Garcia-Madero, ].M.; Jos, A.; Saldarelli, P; Dongiovanni, C.; Kovacova, M.; Saponari, M.; Arjona, A.B.; Hackl, E.;
Webb, S.; et al. Xylella Fastidiosa in Olive: A Review of Control Attempts and Current Management. Microorganisms 2021, 9, 1771.
[CrossRef]

Cardone, G.; Digiaro, M.; Djelouah, K.; el Bilali, H.; Frem, M.; Fucilli, V,; Ladisa, G.; Rota, C.; Yaseen, T. Potential Socio-Economic
Impact of Xylella Fastidiosa in the near East and North Africa (Nena): Risk of Introduction and Spread, Risk Perception and
Socio-Economic Effects. New Medit. 2021, 20, 27-52. [CrossRef]

Velasco-Amo, M.; Vicent, A.; Zarco-Tejada, P.; Navas-Cortés, J.; Landa, B.; Velasco-amo, M.P; Vicent, A.; Zarco-tejada, PJ.;
Navas-cortés, J.A.; Landa, B.B. Recent Research Accomplishments on Early Detection of Xylella Fastidiosa Outbreaks in the
Mediterranean Basin. Phytopathol. Mediterr. 2022, 61, 549-561. [CrossRef]


ttps://www.fao.org/agrifood-economics/publications/detail/en/c/122846/
http://doi.org/10.3390/agriculture12071052
https://www.thefutureoffoodjournal.com/index.php/FOFJ/article/view/281
https://www.fao.org/pest-and-pesticide-management/ipm/integrated-pest-management/en/
https://cgspace.cgiar.org/handle/10568/11424
http://doi.org/10.1007/s10340-019-01083-y
http://doi.org/10.3390/su14169832
https://www.nuffieldscholar.org/sites/default/files/2022-02/Nuffield%20Report_Phil%20Weller_FINAL2.pdf
https://www.nuffieldscholar.org/sites/default/files/2022-02/Nuffield%20Report_Phil%20Weller_FINAL2.pdf
http://doi.org/10.1016/j.cub.2018.03.054
http://www.ncbi.nlm.nih.gov/pubmed/29787730
http://doi.org/10.1073/pnas.2022239118
http://doi.org/10.1016/j.pbi.2016.07.002
https://www.semanticscholar.org/paper/Thresholds-in-the-life-cycle-of-the-spruce-bark-Lange-%C3%98kland/42782508f3e7a909391dcad591fe84006c3fbf1e
https://www.semanticscholar.org/paper/Thresholds-in-the-life-cycle-of-the-spruce-bark-Lange-%C3%98kland/42782508f3e7a909391dcad591fe84006c3fbf1e
http://www.fao.org/3/a-ai785e.pdf
http://doi.org/10.14214/df.57
http://doi.org/10.1071/AR07126
http://doi.org/10.1002/ece3.2282
http://www.ncbi.nlm.nih.gov/pubmed/19290205
http://doi.org/10.1093/JOF/82.4.232
http://doi.org/10.15177/seefor.19-05
http://doi.org/10.1038/s41598-019-45365-y
http://doi.org/10.1007/s10658-015-0784-7
http://doi.org/10.3390/microorganisms9081771
http://doi.org/10.30682/NM2102C
http://doi.org/10.36253/phyto-14171

Sustainability 2023, 15, 4592 15 0f 17

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Al-Dobai, S.; Nasr, N. Xylella Fastidiosa & the Olive Quick Decline Syndrome (OQDS). 2017. Available online: https://om.
ciheam.org/om/pdf/al21/al21.pdf (accessed on 19 December 2022).

Krimi, Z.; Petit, A.; Mougel, C.; Dessaux, Y.; Nesme, X. Seasonal Fluctuations and Long-Term Persistence of Pathogenic
Populations of Agrobacterium spp. in Soils. Appl. Environ. Microbiol. 2002, 68, 3358-3365. [CrossRef]

Dotson, B.R,; Soltan, D.; Schmidt, J.; Areskoug, M.; Rabe, K.; Swart, C.; Widell, S.; Rasmusson, A.G. The Antibiotic Peptaibol
Alamethicin from Trichoderma Permeabilises Arabidopsis Root Apical Meristem and Epidermis but Is Antagonised by Cellulase-
Induced Resistance to Alamethicin. BMC Plant Biol. 2018, 18, 165. [CrossRef] [PubMed]

Atkinson, N.J.; Urwin, P.E. The interaction of plant biotic and abiotic stresses: From genes to the field. J. Exp. Bot. 2012, 63,
3523-3543. [CrossRef]

Karlsson Green, K.; Stenberg, J.A.; Lankinen, A. Making Sense of Integrated Pest Management (IPM) in the Light of Evolution.
Evol. Appl. 2020, 13, 1791-1805. [CrossRef]

Hunjan, M.S,; Lore, ].S. Climate Change: Impact on Plant Pathogens, Diseases, and Their Management. In Crop Protection under
Changing Climate; Springer: Cham, Switzerland, 2020; pp. 85-100.

Bate, A.M.; Jones, G.; Kleczkowski, A.; MacLeod, A.; Naylor, R.; Timmis, J.; Touza, J.; White, P.C.L. Modelling the Impact and
Control of an Infectious Disease in a Plant Nursery with Infected Plant Material Inputs. Ecol. Model. 2016, 334, 27-43. [CrossRef]
[PubMed]

Macpherson, M.E,; Kleczkowski, A.; Healey, ].R.; Quine, C.P,; Hanley, N. The Effects of Invasive Pests and Pathogens on Strategies
for Forest Diversification. Ecol. Model. 2017, 350, 87-99. [CrossRef] [PubMed]

Gleason, M.L.; Duttweiler, K.B.; Batzer, ].C.; Taylor, S.E.; Sentelhas, P.C.; Monteiro, ].E.B.A; Gillespie, T.]. Obtaining Weather Data
for Input to Crop Disease-Warning Systems: Leaf Wetness Duration as a Case Study. Sci. Agric. 2008, 65, 76-87. [CrossRef]
Cendoya, M.; Martinez-Minaya, J.; Dalmau, V.; Ferrer, A.; Saponari, M.; Conesa, D.; Lopez-Quilez, A.; Vicent, A. Spatial Bayesian
modeling applied to the surveys of Xylella fastidiosa in Alicante (Spain) and Apulia (Italy). Front. Plant Sci. 2020, 11, 1204.
[CrossRef]

Pitblado, R.E. TOM-CAST a Weather Timed Fungicide Spray Program for Field Tomatoes—The Second Year. 1990. Available
online: https://atrium.lib.uoguelph.ca/xmlui/handle/10214 /7356 (accessed on 19 December 2022).

Russo, .M. Weather Forecasting for IPM. In Emerging Technologies for Integrated Pest Management: Concepts, Research, and Implemen-
tation, Proceedings of an IPM Conference, Raleigh, NC, USA, 8-10 March 1999; Springer: Berlin, Germany, 2000; pp. 453-473.
Thomas, C.S.; Skinner, PW.; Fox, A.D.; Greer, C.A.; Gubler, W.D. Utilization of GIS/GPS-Based Information Technology in
Commercial Crop Decision Making in California, Washington, Oregon, Idaho, and Arizona. ]. Nematol. 2002, 34, 200.

Brown, N.; Pérez-Sierra, A.; Crow, P; Parnell, S. The Role of Passive Surveillance and Citizen Science in Plant Health. CABI Agric.
Biosci. 2020, 1, 1-16. [CrossRef]

Epanchin-Niell, R.; Thompson, A.L.; Treakle, T. Public Contributions to Early Detection of New Invasive Pests. Conserv. Sci. Pract.
2021, 3, e422. [CrossRef]

Dyussembayev, K.; Sambasivam, P,; Bar, I.; Brownlie, J.C.; Shiddiky, M.].A.; Ford, R. Biosensor Technologies for Early Detection
and Quantification of Plant Pathogens. Front. Chem. 2021, 9, 144. [CrossRef] [PubMed]

Bouri, M.; Chattaoui, M.; Gharsa, H.B.; McClean, A.; Kluepfel, D.; Nesme, X.; Rhouma, A. Analysis Of Agrobacterium Populations
Isolated From Turusian Soils: Genetic Structure, Avirulent-Virulent Ratios And Characterization Of Tumorigenic Strains. J. Plant
Pathol. 2016, 98, 265-274. [CrossRef]

Wang, Y.M.; Ostendorf, B.; Gautam, D.; Habili, N.; Pagay, V. Plant Viral Disease Detection: From Molecular Diagnosis to Optical
Sensing Technology—A Multidisciplinary Review. Remote Sens. 2022, 14, 1542. [CrossRef]

Mahlein, A.K. Plant Disease Detection by Imaging Sensors—Parallels and Specific Demands for Precision Agriculture and Plant
Phenotyping. Plant Dis. 2016, 100, 241-254. [CrossRef]

Zhang, N.; Yang, G.; Pan, Y.; Yang, X.; Chen, L.; Zhao, C. A Review of Advanced Technologies and Development for Hyperspectral-
Based Plant Disease Detection in the Past Three Decades. Remote Sens. 2020, 12, 3188. [CrossRef]

Zhu, W.; Chen, H.; Ciechanowska, I.; Spaner, D. Application of Infrared Thermal Imaging for the Rapid Diagnosis of Crop Disease.
IFAC-Pap. Online 2018, 51, 424-430. [CrossRef]

Hafeez, A.; Husain, M.A; Singh, S.P.; Chauhan, A.; Khan, M.T.; Kumar, N.; Chauhan, A.; Soni, S.K. Implementation of Drone
Technology for Farm Monitoring & Pesticide Spraying: A Review. Inf. Process. Agric. 2022, 10. [CrossRef]

Balasko, M.K,; Bazok, R.; Mikac, K.M.; Lemic, D.; Paja¢ Zivkovig, 1. Pest Management Challenges and Control Practices in Codling
Moth: A Review. Insects 2020, 11, 38. [CrossRef]

Strand, J.F. Some Agrometeorological Aspects of Pest and Disease Management for the 21st Century. Agric. Meteorol. 2000, 103,
73-82. [CrossRef]

Gonzalez Vazquez, A.E.; Hockemeyer, K.R.; McConville, M.; Remucal, C.K.; Koch, P.L. Assessment of Temperature and Time
Following Application as Predictors of Propiconazole Translocation in Agrostis Stolonifera. ACS Agric. Sci. Technol. 2022, 2,
592-602. [CrossRef]

West, ].S.; Bravo, C.; Oberti, R.; Moshou, D.; Ramon, H.; McCartney, H.A. Detection of Fungal Diseases Optically and Pathogen
Inoculum by Air Sampling. In Precision Crop Protection—The Challenge and Use of Heterogeneity; Springer: Berlin, Germany, 2010;
pp. 135-149.


https://om.ciheam.org/om/pdf/a121/a121.pdf
https://om.ciheam.org/om/pdf/a121/a121.pdf
http://doi.org/10.1128/AEM.68.7.3358-3365.2002
http://doi.org/10.1186/s12870-018-1370-x
http://www.ncbi.nlm.nih.gov/pubmed/30097019
http://doi.org/10.1093/jxb/ers100
http://doi.org/10.1111/eva.13067
http://doi.org/10.1016/j.ecolmodel.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27570364
http://doi.org/10.1016/j.ecolmodel.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28446833
http://doi.org/10.1590/S0103-90162008000700013
http://doi.org/10.3389/fpls.2020.01204
https://atrium.lib.uoguelph.ca/xmlui/handle/10214/7356
http://doi.org/10.1186/s43170-020-00016-5
http://doi.org/10.1111/CSP2.422
http://doi.org/10.3389/fchem.2021.636245
http://www.ncbi.nlm.nih.gov/pubmed/34150716
http://doi.org/10.4454/JPP.V98I2.032
http://doi.org/10.3390/rs14071542
http://doi.org/10.1094/PDIS-03-15-0340-FE
http://doi.org/10.3390/rs12193188
http://doi.org/10.1016/j.ifacol.2018.08.184
http://doi.org/10.1016/J.INPA.2022.02.002
http://doi.org/10.3390/insects11010038
http://doi.org/10.1016/S0168-1923(00)00119-2
http://doi.org/10.1021/acsagscitech.2c00022

Sustainability 2023, 15, 4592 16 of 17

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.
87.
88.
89.

90.
91.

92.

93.

94.

95.

Nabaei, A.; Hamian, M.; Parsaei, M.R.; Safdari, R.; Samad-Soltani, T.; Zarrabi, H.; Ghassemi, A. Topologies and Performance of
Intelligent Algorithms: A Comprehensive Review. Artif. Intell. Rev. 2018, 49, 79-103. [CrossRef]

Petzoldt, C.; Seaman, A. Climate change effects on insects and pathogens. Clim. Change Agric. Promot. Pract. Profitab. Responses
2006, 3, 6-16.

Hannukkala, A.O.; Kaukoranta, T.; Lehtinen, A.; Rahkonen, A. Late-Blight Epidemics on Potato in Finland, 1933-2002; Increased
and Earlier Occurrence of Epidemics Associated with Climate Change and Lack of Rotation. Plant Pathol. 2007, 56, 167-176.
[CrossRef]

Augusto, J.; Brenneman, T.B.; Culbreath, A.K.; Sumner, P. Night Spraying Peanut Fungicides II. Application Timings and Spray
Deposition in the Lower Canopy. Plant Dis. 2010, 94, 683-689. [CrossRef]

Faical, B.S.; Pessin, G.; Filho, G.PR.; Carvalho, A.C.P.L.E; Furquim, G.; Ueyama, J. Fine-Tuning of UAV Control Rules for Spraying
Pesticides on Crop Fields. In Proceedings of the 2014 IEEE 26th International Conference on Tools with Artificial Intelligence,
Limassol, Cyprus, 10-12 November 2014; pp. 527-533. [CrossRef]

Bhatt, R.; Kukal, S.S.; Busari, M.A.; Arora, S.; Yadav, M. Sustainability Issues on Rice-Wheat Cropping System. Int. Soil Water
Conserv. Res. 2016, 4, 64-74. [CrossRef]

FAO 2017 Case Study C1.5 Zero-Tillage Potato Integrated Pest Management (IPM) for Climate Mitigation in Viet
Nam | Climate Smart Agriculture Sourcebook | Food and Agriculture Organization of the United Nations. Available online:
https:/ /www.fao.org/climate-smart-agriculture-sourcebook/enabling-frameworks/module-cl-capacity-development/cl
-case-studies/case-study-c15-zero-tillage-potato-integrated-pest-management-ipm-for-climate-mitigation-in-viet-nam/en/
(accessed on 2 February 2023).

Ramirez, D.A.; Silva-Diaz, C.; Ninanya, J.; Carbajal, M.; Rinza, J.; Kakraliya, S.K.; Gatto, M.; Kreuze, J. Potato Zero-Tillage and
Mulching Is Promising in Achieving Agronomic Gain in Asia. Agronomy 2022, 12, 1494. [CrossRef]

Ali, M.A; Shahadat, M.K.; Rashid, M.H. Performance of Zero Tillage Potato Cultivation with Different Mulch Materials in the
South-Western Saline Area of Bangladesh. Proceedings 2019, 36, 29. [CrossRef]

CIP Annual Report 2020. Build, Innovate, Transform: Collaborative Solutions for Global Challenges; International Potato Center: Lima,
Peru, 2021; p. 40.

Du, C; Li, L.; Effah, Z. Effects of Straw Mulching and Reduced Tillage on Crop Production and Environment: A Review. Water
2022, 14, 2471. [CrossRef]

MacLaren, C.; Labuschagne, J.; Swanepoel, P.A. Tillage Practices Affect Weeds Differently in Monoculture vs. Crop Rotation.
Soil Tillage Res. 2021, 205, 104795. [CrossRef]

Gatto, M. Potato Production through Zero-Tillage with Straw Mulch (PZTM); International Potato Center, 2022; p. 2. Available online:
https:/ /cgspace.cgiar.org/handle /10568 /121078 (accessed on 19 December 2022).

Jeger, ML]. The impact of climate change on disease in wild plant populations and communities. Plant Pathol. 2022, 71, 111-130.
[CrossRef]

Yousaf, A.; Kayvanfar, V.; Mazzoni, A.; Elomri, A. Artificial Intelligence-Based Decision Support Systems in Smart Agriculture:
Bibliometric Analysis for Operational Insights and Future Directions. Front. Sustain. Food Syst. 2023, 6, 634. [CrossRef]

Rossi, V.; Caffi, T.; Salinari, F. Helping Farmers Face the Increasing Complexity of Decision-Making for Crop Protection.
Phytopathol. Mediterr. 2012, 51, 457-479. [CrossRef]

Ascough, J.C.A,, I, McMaster, G.S.; Dunn, G.H.; Andales, A.A. The GPFARM DSS for Agroecosystem Sustainability: Past, Future,
and Lessons Learned. In Proceedings of the 5th International Congress on Environmental Modelling and Software, Ottawa, ON,
Canada, 5-8 July 2010.

Jones, V.P; Brunner, ].E; Grove, G.G.; Petit, B.; Tangren, G.V.; Jones, W.E. A Web-Based Decision Support System to Enhance IPM
Programs in Washington Tree Fruit. Pest. Manag. Sci. 2010, 66, 587-595. [CrossRef]

Trebicki, P. Climate change and plant virus epidemiology. Virus Res. 2020, 286, 198059. [CrossRef]

Véle, A.; Frougz, J. Bark Beetle Attacks Reduce Survival of Wood Ant Nests. Forests 2023, 14, 199. [CrossRef]

Véle, A.; Dobrosavljevi¢, J. Formica rufa ants have a limited effect on the abundance of the parasitic fly Ernestia rudis in Scots
pine plantations. Sociobiology 2021, 68, €7286. [CrossRef]

Torre, B.G.; Albericio, F. The Pharmaceutical Industry in 2020. An Analysis of FDA Drug Approvals from the Perspective of
Molecules. Molecules 2021, 26, 627. [CrossRef]

Umetsu, N.; Shirai, Y. Development of novel pesticides in the 21st century. . Pestic. Sci. 2020, 45, 54-74. [CrossRef]

Smiley, R.W.; Machado, S. Fusarium Crown Rot of Winter Wheat Influenced by Resource Competition near a Tree Windbreak.
Plant Dis. 2020, 104, 348-357. [CrossRef]

Papaix, J.; Rimbaud, L.; Burdon, J.J.; Zhan, J.; Thrall, P.H. Differential Impact of Landscape-Scale Strategies for Crop Cultivar
Deployment on Disease Dynamics, Resistance Durability and Long-Term Evolutionary Control. Evol. Appl. 2018, 11, 705-717.
[CrossRef]

Rimbaud, L.; Fabre, F,; Papaix, J.; Moury, B.; Lannou, C.; Barrett, L.G.; Thrall, PH. Models of Plant Resistance Deployment.
Annu. Rev. Phytopathol. 2021, 59, 125-152. [CrossRef] [PubMed]

Mahlein, A.K.; Kuska, M.T.; Behmann, J.; Polder, G.; Walter, A. Hyperspectral Sensors and Imaging Technologies in Phytopathol-
ogy: State of the Art. Annu. Rev. Phytopathol. 2018, 56, 535-558. [CrossRef]

Oerke, E.C. Remote Sensing of Diseases. Annu. Rev. Phytopathol. 2020, 58, 225-252. [CrossRef] [PubMed]


http://doi.org/10.1007/s10462-016-9517-3
http://doi.org/10.1111/j.1365-3059.2006.01451.x
http://doi.org/10.1094/PDIS-94-6-0683
http://doi.org/10.1109/ICTAI.2014.85
http://doi.org/10.1016/j.iswcr.2015.12.001
https://www.fao.org/climate-smart-agriculture-sourcebook/enabling-frameworks/module-c1-capacity-development/c1-case-studies/case-study-c15-zero-tillage-potato-integrated-pest-management-ipm-for-climate-mitigation-in-viet-nam/en/
https://www.fao.org/climate-smart-agriculture-sourcebook/enabling-frameworks/module-c1-capacity-development/c1-case-studies/case-study-c15-zero-tillage-potato-integrated-pest-management-ipm-for-climate-mitigation-in-viet-nam/en/
http://doi.org/10.3390/agronomy12071494
http://doi.org/10.3390/PROCEEDINGS2019036029
http://doi.org/10.3390/w14162471
http://doi.org/10.1016/j.still.2020.104795
https://cgspace.cgiar.org/handle/10568/121078
http://doi.org/10.1111/ppa.13434
http://doi.org/10.3389/fsufs.2022.1053921
http://doi.org/10.14601/PHYTOPATHOL_MEDITERR-11038
http://doi.org/10.1002/ps.1913
http://doi.org/10.1016/j.virusres.2020.198059
http://doi.org/10.3390/f14020199
http://doi.org/10.13102/sociobiology.v68i4.7286
http://doi.org/10.3390/molecules26030627
http://doi.org/10.1584/jpestics.D20-201
http://doi.org/10.1094/PDIS-01-19-0213-RE
http://doi.org/10.1111/eva.12570
http://doi.org/10.1146/annurev-phyto-020620-122134
http://www.ncbi.nlm.nih.gov/pubmed/33929880
http://doi.org/10.1146/annurev-phyto-080417-050100
http://doi.org/10.1146/annurev-phyto-010820-012832
http://www.ncbi.nlm.nih.gov/pubmed/32853102

Sustainability 2023, 15, 4592 17 of 17

96.

97.

98.

99.

100.

Azadi, H.; Movahhed Moghaddam, S.; Burkart, S.; Mahmoudi, H.; van Passel, S.; Kurban, A.; Lopez-Cart, D. Rethinking Resilient
Agriculture: From Climate-Smart Agriculture to Vulnerable-Smart Agriculture. J. Clean Prod. 2021, 319, 128602. [CrossRef]
Gupta, M.; Abdelsalam, M.; Khorsandroo, S.; Mittal, S. Security and Privacy in Smart Farming: Challenges and Opportunities.
IEEE Access 2020, 8, 34564-34584. [CrossRef]

Jeger, M.; Beresford, R.; Bock, C.; Brown, N.; Fox, A.; Newton, A.; Vicent, A.; Xu, X; Yuen, J. Global Challenges Facing Plant
Pathology: Multidisciplinary Approaches to Meet the Food Security and Environmental Challenges in the Mid-Twenty-First
Century. CABI Agric. Biosci. 2021, 2, 1-18. [CrossRef]

Barrios, E.; Gemmill-Herren, B.; Bicksler, A.; Siliprandi, E.; Brathwaite, R.; Moller, S.; Batello, C.; Tittonell, P. The 10 Elements of
Agroecology: Enabling Transitions towards Sustainable Agriculture and Food Systems through Visual Narratives. Ecosyst. People
2020, 16, 230-247. [CrossRef]

Wezel, A.; Herren, B.G.; Kerr, R.B.; Barrios, E.; Gongalves, A.L.R.; Sinclair, F. Agroecological Principles and Elements and Their
Implications for Transitioning to Sustainable Food Systems. A Review. Agron. Sustain. Dev. 2020, 40, 1-13. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jclepro.2021.128602
http://doi.org/10.1109/ACCESS.2020.2975142
http://doi.org/10.1186/s43170-021-00042-x
http://doi.org/10.1080/26395916.2020.1808705
http://doi.org/10.1007/s13593-020-00646-z

	Introduction 
	Conceptual Overview 
	Climate Smart Agriculture (CSA) 
	Climate Smart Pest Management (CSPM) 

	Phytosanitary Issues Related to Climate Changes 
	Role of Climate-Smart Pest Management in Promoting Sustainability 
	Risk Assessment and Forecasting 
	Early Diagnosis 
	Efficient Interventions 
	Zero-Tillage Potato IPM for Climate Mitigation as a Successful CSPM Story 

	Challenges of Climate-Smart Pest Management 
	Research Gaps and Future Recommendations 
	Authors’ Perspectives 
	Conclusions 
	References

