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Abstract 

Food security and nutrition availability are globally threatened by climate change and require 

immediate actions to protect crops from emerging abiotic and biotic challenges. This is in 

association with other activities to reach the sustainable development goal of a world without 

hunger by 2030. As climate variability develops, plant – nematode interactions must be 

observed more closely to study the potentially new mechanisms involved in nematode 

parasitism, tolerance and resistance. Further, climate change may also influence intricate 

interactions between nematodes and other pathogens, and the development of disease 

complexes. 

Critical actions in protecting the plants via developing more adaptable resistance cultivars, 

effective multifaceted nematode biocontrol agents, innovative agricultural practices, and 

sustainable farming strategies will be required under climate change. A holistic management 

approach, where a comprehensive assessment is employed to identify the new patterns of 

nematode distribution, pathogenicity and ecology in emerging climatic conditions, can help to 

ensure the best practices to overcome the challenges. This chapter highlights the future 

challenges for nematode control and the importance of nematode management under global 

climatic variabilities. 
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Introduction  

The Unite Nation proposed The 2030 Agenda for Sustainable Development 

https://www.un.org/sustainabledevelopment/development-agenda/) for a global sustainable 

future based on 17 Development Goals (SDGs) https://www.un.org/sustainabledevelopment/). 

Of these Climate Action and Zero Hunger are most relevant to sustainability in food security.  

According to the definition provided by the FAO, “To be sustainable, agriculture must meet the 

needs of present and future generations, while ensuring profitability, environmental health, and 

social and economic equity” (https://www.fao.org/sustainability). However, agricultural 

sustainability is jeopardised by climate variability 

(https://www.fao.org/documents/card/en/c/cb1928en), typically presented as rising 

temperature, rainfall changes, extreme weather, increasing and prolonged drought, elevated 

CO2 and changes to sea levels (Wheeler & von Braun, 2013). Climate change is also 

characterised by fluctuations in temperature, changes in precipitation patterns and the 

unpredictability of extreme weather conditions. 

Sünnemann et al. (2023) showed that the factors associated with global warming will negatively 

affect soil functionality in both croplands and grasslands. This is in addition to the 

intensification of land use due to the global food demands, which threaten services provided by 

soil including carbon sequestration, microbial diversity and water storage (Kopittke et al., 

2019). Changes in temperature and rainfall patterns can impact plant growth and crop 

production (Lesk et al., 2016). Changes in plant growth and productivity can influence the 

interaction between the pathogens and their host plants resulting in variability in disease 

severity and the development of new disease situations (Velásquez et al., 2018). This may lead 

to shifts in the selection of crop cultivars or species, leading to an increase in crop diseases and 

pests, including plant-parasitic nematodes (PPNs) and disease complexes. Climate changes can 

negatively affect the soil microbes and subsequently, microbial biodiversity, and their 

contribution to the delivery of ecosystem services, like nutrient cycling and water regulation 

(Bardgett & van der Putten, 2014; Kopittke et al., 2019; Trivedi et al., 2022). Changes in soil 

ecosystems may also lead to alteration in disease suppressiveness in soil (Banerjee & van der 

Heijden, 2023). Soil suppressiveness plays a role in the natural control of PPNs.  Any potential 

changes in microbial communities of disease-suppressive soils could exponentially increase the 

pressures of pests and pathogens on plant health and growth especially in an ecosystem where 

it has been already exposed to global warming-associated factors such as higher temperature or 

prolonged dryness (Sikora et al., 2021). 
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Global warming (rising temperature), changes in rainfall, drought and humidity patterns may 

directly influence population dynamics, reproduction rate, virulence and invasion, abundance, 

and epidemiology of PPNs (Bristol et al., 2023; Colagiero & Ciancio, 2011; Khanal & Land, 

2023). Higher temperatures under changing climatic conditions can increase the severity of 

plant disease (Cohen & Leach, 2020). For example, higher temperature can influence the 

development and reproduction rate of Globodera spp. (Jones et al., 2017b). Another study on 

two nematode species Rotylenchulus reniformis and Meloidogyne floridensis showed that 

higher temperatures in soil (<32 °C) significantly impacted the survival, reproduction, 

nematode virulence and disease severity of M. floridensis, while R. reniformis was not affected. 

(Khanal & Land, 2023).  

Prolonged drought alters microbial abundance and distribution that could result in a shift of 

microbial communities including nematodes (Franco et al., 2019; Jansson & Hofmockel, 2020). 

In general, nematode communities are sensitive to environmental changes including 

temperature and soil moisture (Wilschut & Geisen, 2021). Long-term drought or increased 

frequency of dry years can lead to an increase in populations of PPNs for example due to 

decrease of the populations of nematode predators. This shift in predator-prey balance can 

subsequently reduce plant performance via higher levels of plant infection with PPNs ( 

Stevnbak et al., 2012; Franco et al., 2019).  

Climate change would also alter the insect communities and dispersion (Harvey et al., 2023). 

This may potentially reshape the incidence of insect-transmitted PPNs including one of the 

most devastating species, Bursaphelenchus xylophilus (Jones et al., 2013; Giblin-Davis et al., 

2003). Potentially new nematode incidence could endanger forests worldwide when this group 

of PPNs are vectored to new habitats. 

 Our understanding of how soil ecosystems will respond to newly introduced nematodes under 

changed climatic factors is still growing. We are still not fully aware of how soil ecosystems in 

temperate regions will respond/react to the newly introduced PPNs and their interactions with 

other soil microbes, and how host plants will be challenged with nematodes in this altered 

ecosystem. Perhaps more experiments under new conditions will be needed to predict nematode 

behaviour.  

In this chapter, we highlighted the future challenges for nematode control and the importance 

of nematode management under global climatic variabilities. An overview of the ongoing 

recommendations describing impact of climate change on PPNs is described in the flow 

diagram in Fig. 16. 1.  
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Figure 1. A diagram outlining the potential impacts of climate change on plant-parasitic nematodes … 

 

Food production under climate change in the presence of nematode pests  

Multiple studies have reported on the effect of climate-related factors on PPNs including 

increased temperature (Ghini et al., 2008; Jones et al., 2017a), CO2 enrichment (Berliner et al., 

2023; Sticht et al., 2009), and altered rainfall (Fleming et al., 2016). Climate-related responses 

in PPN communities are not fixed but vary depending on the three-way interactions between 

hosts, parasites, and the environment. More specifically, factors related to the host (e.g., 

population density and adaptability) and the PPNs (e.g., specificity and complexity of life cycle) 

are influenced by changes in the environment (Dutta & Phani, 2023). For example, a simulation 

study by Gendron St-Marseille et al. (2019) predicted that the increase in temperatures and the 

linked production of soybeans in Quebec (Canada) will by 2050 result in up to five generations 

of soybean cyst nematodes per growing season. Currently, soybean cyst nematodes complete 

between one and three generation cycles per growing season in Quebec (Gendron St-Marseille 

et al., 2019). Another example is the change in the distribution of the emerging PPN 

Meloidogyne enterolobii in subtropical and tropical regions. According to Pan et al. (2023), 

climate change will result in this nematode's range of ideal habitats expanding and moving 

towards higher latitudes in future climate scenarios. 

It is projected that altered environmental conditions will intensify PPNs damage by promoting 

their abundance, spread, reproduction, and generation, along with enhanced plant growth and 

weakened plant defences (Dutta & Phani, 2023). But opposing effects such as sex reversal, 

entering cryptobiosis, and decreased survival may counterbalance this impact (Dutta & Phani, 
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2023). A meta-analysis on soil nematode responses to global change factors concluded that 

global warming had only minor effects on soil nematode communities (Zhou et al., 2022). The 

authors suggested that a possible explanation for this is that the positive effects of increased 

temperatures on plant growth were counteracted by the negative effects of increased 

temperatures on soil moisture. Nonetheless, under simulated and experimental conditions, 

increased pathogenic potential has been recorded for Meloidogyne incognita in coffee 

plantations (Ghini et al., 2008), increased abundance of Globodera rostochiensis in potatoes 

(Jones et al., 2017a), and increased juvenile and egg production of Heterodera carotae in 

carrots (Colagiero & Ciancio, 2012). Interestingly, the Zhou et al. (2022) analysis showed that 

elevated atmospheric CO2 can significantly increase (22% on average) PPNs abundance in 

especially croplands and grasslands. This was attributed to higher CO2 levels which typically 

decrease plant stomatal conductance, leading to reduced water absorption from the soil and 

more soil water. Secondly, increased CO2 can boost aboveground plant growth resulting in 

more plant litter (Zhou et al., 2022). 

There are also more indirect effects of climate change on PPNs pressure and prevalence. For 

example, nematode communities including beneficial nematodes play a major role in the 

ecological functioning of soils by influencing decomposition, nutrient cycling, and pest and 

disease regulation, among other functions (Creamer et al., 2022). Siebert et al. (2020) studied 

the effects of simulated climate change on nematode communities and functional groups, 

revealing clear ecological implications. For example, the interaction between future climate 

scenarios and intensive land use will likely result in increased nematode populations of 

opportunistic and PPN species at the cost of reduced diversity and structure within the nematode 

community (Siebert et al., 2020). This clearly poses a threat to the ability of soil ecosystems to 

contribute towards pest and disease regulation. 

 

Emerging patterns of nematode pathogenicity and biology with changing climates  

Climate change is an imminent threat to global food security due to its impacts on agriculture, 

forestry, fisheries and aquaculture (Bezner Kerr et al., 2022). It is anticipated that climate 

change will differently affect crops and associated pests and diseases in tropical, subtropical 

and temperate areas (Bezner Kerr et al., 2022; Skendžić et al., 2021). Except for central Asia, 

much of the remaining areas in the world are already or will experience negative impacts on 

the production of major food crops due to climate change (Bezner Kerr et al., 2022). A changing 

climate can also have a multitude of impacts on pests and diseases of crops (Bradford et al., 
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2019; Lamichhane et al., 2015; Nethi & Prasad, 2012; Skendžić et al., 2021; Sutherst et al., 

2011).  

Plant-parasitic nematodes are a major constraint to crop production worldwide and cause 

damages of over USD 157 billion per annum (Abad et al., 2008). They attack all major food 

crops including cereals, pulse, vegetables oil seed, fibers beverage crops, fruit crops, 

ornamentals, forests and inhabit a wide range of environments. Currently, PPNs have distinctive 

distribution patterns influenced by a wide range of factors such as temperature, soil type, crop 

species, cultivation practices and anthropogenic factors, etc. (Song et al., 2017). Out of the over 

4100 described PPN species (Decraemer & Hunt, 2006), the majority have limited distributions 

and are known from mainly agricultural areas (Sikora et al., 2018; Zasada et al., 2019). Of these, 

a few hundred species are widely distributed affecting economically important crops worldwide 

in tropical, sub-tropical and temperate regions (Bebber et al., 2014; Singh et al., 2014).  

Changes in the soil temperature (1 to 2.5˚C) and moisture regimes are likely to affect the 

distribution pattern of pests and diseases and the severity of damage on associated crops. Soil 

temperature, moisture, pH, and soil carbon are major factors that affect PPN lifecycle and can 

be used to determine their likely distribution and damage potential (Pan et al., 2023; Singh et 

al., 2022). In this section, we consider the known and likely impacts of climate change on PPN 

distribution, abundance and damage to crops.  

Under controlled conditions, it has been demonstrated that several PPN species (e.g. 

Meloidogyne floridensis, Rotylenchulus reniformis, Ditylenchus weischeri and D. dipsaci) 

under warmer conditions have reduced generation times and as a result their population levels 

may increase quickly in the presence of a suitable host and warmer climatic conditions 

(Hajihassani et al., 2017; Khanal & Land, 2023; Leach et al., 2009). Using CLIMEX models 

(https://www.hearne.software/Software/CLIMEX-DYMEX/Editions), which use existing 

species distribution records and species phenology such as generation times, cold stress, heat 

stress, wet stress and dry stress, it is estimated that there will be range expansion and distribution 

shifts among several species of PPN (Singh et al., 2022; Yeates et al., 1998).  

Certain nematode species, such as Meloidogyne spp., Pratylenchus spp., Helicotylenchus spp., and 

Ditylenchus dipsaci, have experienced a shift toward northern latitudes since 1960s (Bebber et al., 2013). 

Meloidogyne enterolobii is predicted to shift towards higher latitudes and large areas in Africa, 

South America, Asia and North America between 30˚S to 30˚N that could be suitable for its 

survival (Pan et al., 2023). Under a warmer climate, tropical PPN species pose a greater risk of 

establishment and damage in subtropical and temperate areas. Plant-parasitic nematode species 
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such as Meloidogyne which are currently major pests under glasshouse conditions (Gamon & 

Lenne, 2012; Wesemael et al., 2011) could establish and spread in areas under natural 

cultivation in temperate regions under warmer conditions (Wesemael et al., 2011). In addition, 

changes in cultivation practices and the growing of novel crops in new geographical areas as a 

result of changing climatic conditions are likely to provide opportunities for the invasion of 

PPN species in new areas (Pan et al., 2023; Sheppard et al., 2011)..  

Experimental studies on M. enterolobii, M. floridensis and M. incognita under increased soil 

temperatures showed that they were able to complete their lifecycle in shorter time frames at 

30 °C (Velloso et al., 2022). In addition to the effect on lifecycle duration, temperature also 

influences the effectiveness of resistance genes in plants andunder increased temperatures 

expression of resistance genes is affected (Trudgill & Blok, 2001) thus rendering the plants 

susceptible to attack and damage. The above observations reveal that under changing climate 

conditions different nematode species may dominate and continue to cause damage to crops. 

Plant-parasitic species are known for their ability to quickly adapt to changing soil conditions 

and have various survival mechanisms (anhydrobiosis, cryptobiosis, cyst formation, dormancy 

stages) which enable them to survive adverse conditions such as prolonged droughts, 

temperature extremes and flooded conditions (Perry & Moens, 2011). With these adaptive 

mechanisms, PPN have a good chance of survival under extreme weather conditions and 

increased soil salinity (Renčo et al., 2022; Wharton, 1995; Wharton, 2004) under climate 

change conditions (United Nations, https://www.un.org/en/climatechange/what-is-climate-

change).  

There are reports of increased damage from previously benign species of PPN in new areas. 

For instance, the foliar nematode Litylenchus crenatae mccannii has been reported to cause 

damage to Beech trees (Beech leaf disease) in the state of Ohio USA and has more recently 

spread to western and northern Pennsylvania, New York, and Ontario Canada (Carta et al., 

2020; Ewing et al., 2019; Marra & LaMondia, 2020). In Japan this species is a pest of beech 

and causes galls, however, the disease is not as severe (Kanzaki et al., 2019). Whether the 

increase in pathogenicity of Litylenchus crenatae mccannii is due to genetic differences or 

climatic factors or other factors is not yet known. Similarly, Bursaphelenchus xylophilus which 

causes pine wilt disease is not as damaging in its native range in North America but causes 

major damage to pine trees in Asia (Mota & Vieira, 2008). Bursaphelenchus xylophilus 

continues to spread in Europe (Vicente et al., 2012) and greater parts of Asia and is predicted 

to further increase from its current geographical range under climate change conditions (H. Li 
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et al., 2022; Z. Li et al., 2022; Ouyang et al., 2022). Therefore, it is plausible that nematode 

species distributions as well as their pathogenicity can change with changing climatic 

conditions.  

Based on different stages in their lifecycle, PPNs exhibit different levels of adaptation to 

changing climatic conditions and availability of resources such as host plants, and competition 

with other species. For example, under resource constraints, it is known that Meloidogyne spp. 

are able to alter the sex ratio of their progeny, i.e. more males under resource constraint 

conditions vs more females when sufficient resources are available (Castagnone-Sereno et al., 

2013; Triantaphyllou, 1973). While there is still uncertainty on how exactly PPN populations 

may behave under changing climatic conditions, existing studies (Perry & Moens, 2011; 

Wharton, 2004) indicate that PPNs have a variety of adaptation mechanisms which may enable 

them to cope or even survive better under future climate conditions. 

 

Ecological solutions to nematode pest regulation  

Novel and innovative technologies will likely play a major role in responding to climate-driven 

changes in PPN prevalence and pressure. However, promoting ecological intensification 

through enhancing natural processes is also recognised as fundamental to building resilience 

against the future effects of climate change in agricultural systems (Raj et al., 2021; Tittonell, 

2014).  

Disease and pest regulation is one of four major soil ecosystem functions, the other being carbon 

and climate regulation, water regulation and purification, and nutrient cycling (Creamer et al., 

2022; Zwetsloot et al., 2021). According to Creamer et al. (2022) two main sub-functions 

influence disease and pest regulation. The first is disease suppression and pest control which 

involves more direct processes including antibiosis, competition, predation, parasitism, and 

microbial grazing. The second sub-function is plant health promotion where the ability of a 

crop to resist and build defences against pests and diseases is promoted (Creamer et al., 2022). 

Most scientists agree that greater ecological functioning coincides with promoting soil health 

(Bünemann et al., 2018; Creamer et al., 2022), which is also captured in the most widely used 

and accepted definition of soil health, namely “the continued capacity of a soil to function as 

a vital living ecosystem that sustains plants, animals and humans” (NRCS, 2023). 

However, promoting soil health and ecological functioning is not straightforward with different 

proposed approaches and systems including agroecology (Wezel et al., 2020), conservation 

(Thierfelder et al., 2018) and regenerative agriculture (Lal, 2020), and organic farming (Tully 
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& McAskill, 2020). There is much debate about the real-world benefits of these systems. This 

is because often claims are made with little or no concrete scientific evidence. Another issue is 

that the success of any implemented agricultural system will be highly contextual and based on 

the local environment (Giller et al., 2021). Thus, rather than advocating for a particular system, 

our discussion will centre on highlighting selected practices that are scientifically validated to 

enhance soil health and ecosystem functioning with a specific focus on nematode pest 

regulation. We recognise, however, that the effectiveness of these practices is contingent upon 

the specific environmental conditions of each locality.  

Considering the previously mentioned processes linked to disease suppression and pest control, 

some play an important role in nematode pest regulation. This includes parasitism of PPNs 

(e.g., nematophagous fungi), predation of PPNs, and ecological competition for resources. 

Healthy and structured soil ecosystems are characterised by higher-level trophic organisms, e.g. 

carnivorous nematodes, mites, and tardigrades, capable of general suppression of PPNs 

(Timper, 2014). An experimental study by Timper et al. (2021) evidenced a 55% reduction in 

Meloidogyne incognita J2 by the native soil community, as well as a positive relationship 

between the relative abundance of omnivore and carnivore nematodes and J2 suppression. 

Unfortunately, carnivorous nematodes are often sensitive to perturbations including tillage and 

agrochemical use (Bongiorno et al., 2019; Timper, 2014). Therefore, reduced tillage and the 

judicious use of agrochemicals are highly recommended for promoting soil health and 

ecosystem functioning (Thierfelder et al., 2018). Crop diversification also shows the potential 

to promote food web structure and reduce PPNs prevalence and pressure. A meta-analysis by 

Puissant et al. (2021) revealed that cover cropping increased the abundance of omnivore and 

predator nematodes by 80%, while crop rotation reduced the abundance of PPNs by 47%.  

 

Nematode management with novel approaches under climate change Nematodes have 

evolved from free-living marine species to sedentary endoparasites (Poinar, 2014) making them 

one of the most versatile living organisms on the earth. The PPNs having the capacity to co-

evolve with the environment and to colonize almost all ecosystems, seem to keep adapting 

themselves to the changing environment so they can colonise their hosts and reproduce 

efficiently (Holterman et al., 2019; Sapir, 2021). Based on the current argument some of which 

were presented earlier in this chapter, nematodes most likely will have the ability to colonise 

the host plants in the warmer soil and given the higher susceptibility of crops due to heat stress, 
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crop damage caused by nematode infection will likely be substantially higher than the current 

estimated amount.  

Research aiming at nematode management in newly emerging climatic conditions should 

consider the effect of soil moisture and temperature as nematode biology and physiology are 

very dependent on these two factors. Therefore, fluctuation in any of the two factors may have 

a strong effect on nematode biological activity more specifically their reproductive potential 

which certainly leads to different outcomes of management strategies. Rashidifard et al. (2019) 

reported that increasing the average temperature in a greenhouse by 2 ˚C resulted in a 

substantially higher reproduction rate recorded for M. enterolobii, M, incognita and M. javanica 

populations. It is worth mentioning that nematodes require certain heat units to complete their 

life cycle which is commonly referred to as degree days (DD), increasing temperature means 

that nematodes reach the required DD quicker and have a shorter life cycle duration (Collett et 

al., 2024). Previous research have indicated resistance breakdown in tobacco and tomato 

cultivars carrying resistant genes against RKN at temperatures above 32 ˚C (Abdul-Baki et al., 

1996; Pollok et al., 2023). Hence, given the high adaptability of nematodes to environmental 

changes (Khanal & Land, 2023), increasing global temperature could lead to higher abundance 

of certain nematode pests due to quicker population build-up in the soil. On the other hand, loss 

of resistance in host plants could lead to greater nematode damage to agriculture production. 

Some adverse conditions may also negatively impact nematode reproduction, survival abilities 

and pathogenicity. Therefore, while certain alterations could work in favour of nematodes, 

others may have conflicting outcomes, making it difficult to make a definitive conclusion and 

prediction about future trends.  Under these fluctuating environmental factors,  thesustainable 

control techniques must be related upon as the focus has shifted toward smart management 

tactics that promote soil health and have minimum negative impact on beneficial organisms 

besides reducing crop damage. 

Integration nematode management (INM): This is an approach that employs a combination 

of various management practices such as botanical, biological, chemical, cultural and physical 

to contain the population density of PPNs under the economic threshold level (Dutta & Phani, 

2023; Sikora et al., 2023). Within an integrated nematode management framework, 

nematologists have already highlighted the needs that could help moving forward toward 

nematode control strategies, which are more sustainable and have less negative impact and 

damage to the ecosystem (Desaeger et al., 2021; Sikora et al., 2021). It is crucial to select a 

combination of tactics based on available resources and environmental factors to meet the need 
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of growers and their agricultural production systems. The use of cover crops especially those 

with nematode antagonistic potential (e.g. grain sorghum, millets, oil radish, Mulato grass, 

sorghum-sudangrass, ryegrass and daikon radish) could be a multipurpose tactic to reduce 

nematode infestation (Acharya et al., 2021 ; Asmus et al., 2008; Khanal & Harshman, 2022), 

enhance soil fertility, prevent soil erosion, improve nutrient and water availability, and more 

importantly to boost soil microbial diversity and activities (Sharma et al., 2018).  

Alteration of environmental factors such as temperature might cause changes in the interaction 

between PPNs and their antagonistic microbes (bacteria and fungi) in the soil. An impairment 

in the attachment of Pasteuria penetrans endospores to the cuticle of second-stage juveniles of 

M. arenaria has been reported when the nematode is exposed to 35-40 ˚C or when the bacteria 

incubated at 50 ˚C (Freitas et al., 1997). In contrast, a higher abundance of Pochonia 

chlamydosporia propagules and consequently increased egg parasitism against M. incognita 

were reported as a result of elevated soil temperature (Luambano et al., 2015). Additionally, 

altered climate factors such as elevated temperature and reduced humidity will influence the 

abundance of nematodes and antagonistic microbes in the soil, and their exposure to their 

natural enemies which may result in a mismatch between them (Dutta & Phani, 2023). Despite 

the evidence from relevant research, it is challenging to have a solid conclusion concerning the 

future trend for any modification in soil suppressiveness or biocontrol potential of nematode-

antagonistic agents in response to climate change as these microorganisms are part of naturally 

coevolving interactions with nematodes and their host plants (Rafaluk-Mohr et al., 2018). 

Chemical: The efficacy and persistence of chemical nematicides in soil can be affected by 

fluctuating temperatures and irregular precipitation as a result of climate change which 

eventually impacts the PPNs management (Delcour et al., 2015). Higher demand for using 

chemical nematicides by growers is expected due to the high incident and breakout of PPNs 

under climate change. Only a few chemical nematicides such as fluensulfone, fluopyram, 

fluazaindolizine, tioxazafen, ethanedinitrile, spirotetramat with a restricted range of crops are 

still available on the market (Desaeger et al., 2020). Hence, generating knowledge with respect 

to the effects of climate change on these products seems to be crucial. Furthermore, despite 

their effectiveness in reducing PPNs pressure in a short time, their application may not be 

sustainable given the current global call to reduce the application of chemical pesticides. A 

comprehensive search for more sustainable synthetic chemicals (Gaberthüel et al., 2021) 

especially with a focus on natural nematicidal compounds (Li & Zhang, 2023) can potentially 

https://doi.org/10.1079/9781800625228.0016
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result in the discovery of environmentally friendly new bioactive compounds that could 

sustainably safeguard plant health.  

 

Conclusion & Future Prospects   

Food safety and global food security require sustainable agriculture to meet the needs of present 

and future generations (https://www.fao.org/sustainability). At present, it remains difficult to 

predict the alteration of population dynamics of PPNs and its impact on global food security 

under new climate variability, but a picture is emerging that a shift in nematode distribution 

patterns happens, where it might affect different cropping systems, especially in temperate 

regions.  

Altered climatic conditions will impact the abundance and diversity of nematode pests and 

jeopardize the efficacy of current control measures. This situation requires extra effort to 

establish a sophisticated pest monitoring system using novel tools or improved existing 

methods which ultimately results in having the adapted INM in place for the changed condition 

(Sikora et al., 2021). Development of prediction models, adaptation of cropping system 

according to the ongoing climatic changes, improvement of tools and techniques used in 

precision agriculture, supporting suppressive soils by paying more attention to the role of 

microbial communities in self-regulation of agroecosystems, use of new molecular approaches 

and genome editing techniques to accelerate breeding processes for development of new 

resistant varieties and nematode control. Discovery of new nematode antagonistic beneficial 

microbes, development and commercialization of biocontrol agents and improvement of 

application techniques to ensure sufficient effectiveness, and development of nature-based 

nematicidal compounds or safer and more selective chemical nematicides will adopt more 

comprehensive integrated nematode management to new climatic changes. Biosecurity 

measures preventing the human-mediated introduction of invasive PPN species into new 

geographical areas and regions could also be beneficial in avoiding crop losses.  

Climate change is a socio-scientific issue. Therefore, public awareness and farmer training on 

the impact of new climatic conditions on the emergence of new nematode diseases in a post-

chemical era would empower us to face and manage the challenges of climate change using 

more innovative approaches and to build a more sustainable world. 

 

References 

Abad, P., Gouzy, J., Aury, J. M., Castagnone-Sereno, P., Danchin, E. G. J., Deleury, E., Perfus-Barbeoch, 
L., Anthouard, V., Artiguenave, F., Blok, V. C., Caillaud, M. C., Coutinho, P. M., Dasilva, C., De 

https://doi.org/10.1079/9781800625228.0016
https://www.fao.org/sustainability


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

13 
 

Luca, F., Deau, F., Esquibet, M., Flutre, T., Goldstone, J. V., Hamamouch, N., Hewezi, T., 
Jaillon, O., Jubin, C., Leonetti, P., Magliano, M., Maier, T. R., Markov, G. V., McVeigh, P., 
Pesole, G., Poulain, J., Robinson-Rechavi, M., Sallet, E., Segurens, B., Steinbach, D., Tytgat, T., 
Ugarte, E., van Ghelder, C., Veronico, P., Baum, T. J., Blaxter, M., Bleve-Zacheo, T., Davis, E. L., 
Ewbank, J. J., Favery, B., Grenier, E., Henrissat, B., Jones, J. T., Laudet, V., Maule, A. G., 
Quesneville, H., Rosso, M. N., Schiex, T., Smant, G., Weissenbach, J., & Wincker, P. (2008). 
Genome sequence of the metazoan plant-parasitic nematode Meloidogyne incognita. Nature 
Biotechnology, 26(8), 909-915. https://doi.org/10.1038/nbt.1482  

Abdul-Baki, A. A., Haroon, S. A., & Chitwood, D. J. (1996). Temperature effects on resistance to 
Meloidogyne spp. in excised tomato roots. HortScience, 31(1), 147-149. 
https://doi.org/10.21273/HORTSCI.31.1.147  

Acharya, K., Yan, G., & Plaisance, A. (2021 ). Effects of cover crops on population reduction of 
soybean cyst nematode (Heterodera glycines). Plant Disease, 105(4), 764-769. 
https://doi.org/10.1094/pdis-08-20-1778-re  

Asmus, G. L., Inomoto, M. M., & Cargnin, R. A. (2008). Cover crops for reniform nematode 
suppression in cotton: greenhouse and field evaluations. Tropical Plant Pathology, 33(2), 85–
89. https://doi.org/10.1590/S1982-56762008000200001  

Banerjee, S., & van der Heijden, M. G. A. (2023). Soil microbiomes and one health. Nature Reviews 
Microbiology, 21(1), 6-20. https://doi.org/10.1038/s41579-022-00779-w  

Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiversity and ecosystem functioning. 
Nature, 515(7528), 505-511. https://doi.org/10.1038/nature13855  

Bebber, D. P., Holmes, T., & Gurr, S. J. (2014). The global spread of crop pests and pathogens. Global 
Ecology and Biogeography, 23(12), 1398-1407.  

Berliner, J., Ganguly, A. K., Kamra, A., Sirohi, A., & Vp, D. (2023). Effect of elevated carbon dioxide on 
population growth of root-knot nematode, Meloidogyne incognita in tomato. Indian 
Phytopathology, 76(1), 309-315. https://doi.org/10.1007/s42360-022-00584-8  

Bongiorno, G., Bodenhausen, N., Bunemann, E. K., Brussaard, L., Geisen, S., Mader, P., Quist, C. W., 
Walser, J. C., & de Goede, R. G. M. (2019). Reduced tillage, but not organic matter input, 
increased nematode diversity and food web stability in European long-term field 
experiments. Molecular Ecology, 28(22), 4987-5005. https://doi.org/10.1111/mec.15270  

Bradford, J. B., Schlaepfer, D. R., Lauenroth, W. K., Palmquist, K. A., Chambers, J. C., Maestas, J. D., & 
Campbell, S. B. (2019). Climate-Driven Shifts in Soil Temperature and Moisture Regimes 
Suggest Opportunities to Enhance Assessments of Dryland Resilience and Resistance. 
Frontiers in Ecology and Evolution, 7. https://doi.org/10.3389/fevo.2019.00358  

Bristol, D., Hassan, K., Blankinship, J. C., & Nielsen, U. N. (2023). Responses of nematode abundances 
to increased and reduced rainfall under field conditions: A meta-analysis. Ecosphere, 14(1), 
e4364. https://doi.org/10.1002/ecs2.4364  

Bünemann, E. K., Bongiorno, G., Bai, Z., Creamer, R. E., De Deyn, G., de Goede, R., Fleskens, L., 
Geissen, V., Kuyper, T. W., Mäder, P., Pulleman, M., Sukkel, W., van Groenigen, J. W., & 
Brussaard, L. (2018). Soil quality – A critical review. Soil Biology and Biochemistry, 120, 105-
125. https://doi.org/10.1016/j.soilbio.2018.01.030  

Carta, L. K., Handoo, Z. A., Li, S., Kantor, M., Bauchan, G., McCann, D., Gabriel, C. K., Yu, Q., Reed, S., 
Koch, J., Martin, D., & Burke, D. J. (2020). Beech leaf disease symptoms caused by newly 
recognized nematode subspecies Litylenchus crenatae mccannii (Anguinata) described from 
Fagus grandifolia in North America. Forest Pathology, 50(2), e12580. 
https://doi.org/10.1111/efp.12580  

Castagnone-Sereno, P., Danchin, E. G. J., Perfus-Barbeoch, L., & Abad, P. (2013). Diversity and 
Evolution of Root-Knot Nematodes, Genus Meloidogyne: New Insights from the Genomic Era. 
Annual Review of Phytopathology, 51(1), null. https://doi.org/10.1146/annurev-phyto-
082712-102300  

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1038/nbt.1482
https://doi.org/10.21273/HORTSCI.31.1.147
https://doi.org/10.1094/pdis-08-20-1778-re
https://doi.org/10.1590/S1982-56762008000200001
https://doi.org/10.1038/s41579-022-00779-w
https://doi.org/10.1038/nature13855
https://doi.org/10.1007/s42360-022-00584-8
https://doi.org/10.1111/mec.15270
https://doi.org/10.3389/fevo.2019.00358
https://doi.org/10.1002/ecs2.4364
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1111/efp.12580
https://doi.org/10.1146/annurev-phyto-082712-102300
https://doi.org/10.1146/annurev-phyto-082712-102300


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

14 
 

Cohen, S. P., & Leach, J. E. (2020). High temperature-induced plant disease susceptibility: more than 
the sum of its parts. Current Opinion in Plant Biology, 56, 235-241. 
https://doi.org/10.1016/j.pbi.2020.02.008  

Colagiero, M., & Ciancio, A. (2011). Climate changes and nematodes: Expected effects and 
perspectives for plant protection. Redia, 94, 113-118. 
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
84863927571&partnerID=40&md5=c6d3594a80c0a171a60ec125b181eb8c  

Colagiero, M., & Ciancio, A. (2012). Climate changes and nematodes: expected effects and 
perspectives for plant protection. Redia, 94, 113-118.  

Collett, R. L., Rashidifard, M., Marais, M., Daneel, M., & Fourie, H. (2024). Insights into the life-cycle 
development of Meloidogyne enterolobii, M. incognita and M. javanica on tomato, soybean 
and maize. European Journal of Plant Pathology, 168(1), 137-146. 
https://doi.org/10.1007/s10658-023-02741-9  

Creamer, R. E., Barel, J. M., Bongiorno, G., & Zwetsloot, M. J. (2022). The life of soils: Integrating the 
who and how of multifunctionality. Soil Biology and Biochemistry, 166, 108561. 
https://doi.org/10.1016/j.soilbio.2022.108561  

Decraemer, W., & Hunt, D. J. (2006). Structure and classification. In R. N. Perry, & M. Moens (Eds.), 
Plant Nematology (pp. 3-32). CAB International. 
https://doi.org/10.1079/9781845930561.0003  

Delcour, I., Spanoghe, P., & Uyttendaele, M. (2015). Literature review: Impact of climate change on 
pesticide use. Food Research International, 68, 7-15. 
https://doi.org/10.1016/j.foodres.2014.09.030  

Desaeger, J., Sikora, R. A., & Molendijk, L. P. G. (2021). Outlook: a vision of the future of integrated 
nematode management. In R. A. Sikora, J. Desaeger, & L. P. G. Molendijk (Eds.), Integrated 
nematode management: state-of-the-art and visions for the future (pp. 475-483). CAB 
International. https://doi.org/10.1079/9781789247541.0065  

Desaeger, J., Wram, C., & Zasada, I. (2020). New reduced-risk agricultural nematicides - rationale and 
review. Journal of Nematology, 52(1), 1-16. https://doi.org/10.21307/jofnem-2020-091  

Dutta, T. K., & Phani, V. (2023). The pervasive impact of global climate change on plant-nematode 
interaction continuum. Frontiers in Plant Science, 14. 
https://doi.org/10.3389/fpls.2023.1143889  

Ewing, C. J., Hausman, C. E., Pogacnik, J., Slot, J., & Bonello, P. (2019). Beech leaf disease: An 
emerging forest epidemic. Forest Pathology, 49(2), e12488. 
https://doi.org/10.1111/efp.12488  

Fleming, T. R., McGowan, N. E., Maule, A. G., & Fleming, C. C. (2016). Prevalence and diversity of 
plant parasitic nematodes in Northern Ireland grassland and cereals, and the influence of 
soils and rainfall. Plant Pathology, 65(9), 1539-1550. https://doi.org/10.1111/ppa.12525  

Franco, A. L. C., Gherardi, L. A., de Tomasel, C. M., Andriuzzi, W. S., Ankrom, K. E., Shaw, E. A., Bach, 
E. M., Sala, O. E., & Wall, D. H. (2019). Drought suppresses soil predators and promotes root 
herbivores in mesic, but not in xeric grasslands. Proceedings of the National Academy of 
Sciences, 116(26), 12883-12888. https://doi.org/10.1073/pnas.1900572116  

Freitas, L. G., Mitchell, D. J., & Dickson, D. W. (1997). Temperature Effects on the Attachment of 
Pasteuria penetrans Endospores to Meloidogyne arenaria Race 1. Journal of Nematology, 
29(4), 547-555.  

Gaberthüel, M., Slaats, B., & Goll, M. (2021). What does it take to develop a nematicide today and for 
the future? In R. A. Sikora, J. Desaeger, & L. P. G. Molendijk (Eds.), Integrated nematode 
management: state-of-the-art and visions for the future (pp. 439-445). CABI. 
https://doi.org/10.1079/9781789247541.0061  

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1016/j.pbi.2020.02.008
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84863927571&partnerID=40&md5=c6d3594a80c0a171a60ec125b181eb8c
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84863927571&partnerID=40&md5=c6d3594a80c0a171a60ec125b181eb8c
https://doi.org/10.1007/s10658-023-02741-9
https://doi.org/10.1016/j.soilbio.2022.108561
https://doi.org/10.1079/9781845930561.0003
https://doi.org/10.1016/j.foodres.2014.09.030
https://doi.org/10.1079/9781789247541.0065
https://doi.org/10.21307/jofnem-2020-091
https://doi.org/10.3389/fpls.2023.1143889
https://doi.org/10.1111/efp.12488
https://doi.org/10.1111/ppa.12525
https://doi.org/10.1073/pnas.1900572116
https://doi.org/10.1079/9781789247541.0061


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

15 
 

Gamon, A., & Lenne, N. (2012). Meloidogyne chitwoodi and Meloidogyne fallax in France: initial 
management experiences. EPPO Bulletin, 42(1), 122-126. https://doi.org/10.1111/j.1365-
2338.2012.02529.x  

Gendron St-Marseille, A.-F., Bourgeois, G., Brodeur, J., & Mimee, B. (2019). Simulating the impacts of 
climate change on soybean cyst nematode and the distribution of soybean. Agricultural and 
Forest Meteorology, 264, 178-187. https://doi.org/10.1016/j.agrformet.2018.10.008  

Ghini, R., Hamada, E., Pedro Júnior, M. J., Marengo, J. A., & Gonçalves, R. R. d. V. (2008). Risk analysis 
of climate change on coffee nematodes and leaf miner in Brazil. Pesquisa agropecuária 
brasileira, 43, 187-194. https://doi.org/10.1590/S0100-204X2008000200005  

Giblin-Davis, R. M., Davies, K. A., Morris, K., & Thomas, W. K. (2003). Evolution of Parasitism in Insect-
transmitted Plant Nematodes. Journal of Nematology, 35(2), 133-141. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2620625/pdf/133.pdf  

Giller, K. E., Hijbeek, R., Andersson, J. A., & Sumberg, J. (2021). Regenerative Agriculture: An 
agronomic perspective. Outlook on Agriculture, 50(1), 13-25. 
https://doi.org/10.1177/0030727021998063  

Hajihassani, A., Tenuta, M., & Gulden, R. H. (2017). Influence of Temperature on Development and 
Reproduction of Ditylenchus weischeri and D. dipsaci on Yellow Pea. Plant Disease, 101(2), 
297-305. https://doi.org/10.1094/pdis-04-16-0479-re  

Harvey, J. A., Tougeron, K., Gols, R., Heinen, R., Abarca, M., Abram, P. K., Basset, Y., Berg, M., Boggs, 
C., Brodeur, J., Cardoso, P., de Boer, J. G., De Snoo, G. R., Deacon, C., Dell, J. E., Desneux, N., 
Dillon, M. E., Duffy, G. A., Dyer, L. A., Ellers, J., Espíndola, A., Fordyce, J., Forister, M. L., 
Fukushima, C., Gage, M. J. G., García-Robledo, C., Gely, C., Gobbi, M., Hallmann, C., Hance, T., 
Harte, J., Hochkirch, A., Hof, C., Hoffmann, A. A., Kingsolver, J. G., Lamarre, G. P. A., Laurance, 
W. F., Lavandero, B., Leather, S. R., Lehmann, P., Le Lann, C., López-Uribe, M. M., Ma, C.-S., 
Ma, G., Moiroux, J., Monticelli, L., Nice, C., Ode, P. J., Pincebourde, S., Ripple, W. J., Rowe, M., 
Samways, M. J., Sentis, A., Shah, A. A., Stork, N., Terblanche, J. S., Thakur, M. P., Thomas, M. 
B., Tylianakis, J. M., Van Baaren, J., Van de Pol, M., Van der Putten, W. H., Van Dyck, H., 
Verberk, W. C. E. P., Wagner, D. L., Weisser, W. W., Wetzel, W. C., Woods, H. A., Wyckhuys, 
K. A. G., & Chown, S. L. (2023). Scientists' warning on climate change and insects. Ecological 
Monographs, 93(1), e1553. https://doi.org/10.1002/ecm.1553  

Holterman, M., Schratzberger, M., & Helder, J. (2019). Nematodes as evolutionary commuters 
between marine, freshwater and terrestrial habitats. Biological Journal of the Linnean 
Society, 128(3), 756-767. https://doi.org/10.1093/biolinnean/blz107  

Jansson, J. K., & Hofmockel, K. S. (2020). Soil microbiomes and climate change. Nature Reviews 
Microbiology, 18(1), 35-46. https://doi.org/10.1038/s41579-019-0265-7  

Jones, J. T., Haegeman, A., Danchin, E. G., Gaur, H. S., Helder, J., Jones, M. G., Kikuchi, T., Manzanilla-
Lopez, R., Palomares-Rius, J. E., Wesemael, W. M., & Perry, R. N. (2013). Top 10 plant-
parasitic nematodes in molecular plant pathology. Mol Plant Pathol, 14(9), 946-961. 
https://doi.org/10.1111/mpp.12057  

Jones, L. M., Koehler, A. K., Trnka, M., Balek, J., Challinor, A. J., Atkinson, H. J., & Urwin, P. E. (2017a). 
Climate change is predicted to alter the current pest status of Globodera pallida and 
G. rostochiensis in the United Kingdom. Global Change Biology, 23(11), 4497-4507. 
https://doi.org/10.1111/gcb.13676  

Jones, L. M., Koehler, A. K., Trnka, M., Balek, J., Challinor, A. J., Atkinson, H. J., & Urwin, P. E. (2017b). 
Climate change is predicted to alter the current pest status of Globodera pallida and 
G. rostochiensis in the United Kingdom. Global Change Biology 23(11), 4497-4507. 
https://doi.org/10.1111/gcb.13676  

Kanzaki, N., Ichihara, Y., Aikawa, T., Ekino, T., & Masuya, H. (2019). Litylenchus crenatae n. sp. 
(Tylenchomorpha: Anguinidae), a leaf gall nematode parasitising Fagus crenata Blume. 
Nematology, 21(1), 5-22. https://doi.org/https://doi.org/10.1163/15685411-00003190  

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1111/j.1365-2338.2012.02529.x
https://doi.org/10.1111/j.1365-2338.2012.02529.x
https://doi.org/10.1016/j.agrformet.2018.10.008
https://doi.org/10.1590/S0100-204X2008000200005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2620625/pdf/133.pdf
https://doi.org/10.1177/0030727021998063
https://doi.org/10.1094/pdis-04-16-0479-re
https://doi.org/10.1002/ecm.1553
https://doi.org/10.1093/biolinnean/blz107
https://doi.org/10.1038/s41579-019-0265-7
https://doi.org/10.1111/mpp.12057
https://doi.org/10.1111/gcb.13676
https://doi.org/10.1111/gcb.13676
https://doi.org/https:/doi.org/10.1163/15685411-00003190


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

16 
 

Khanal, C., & Harshman, D. (2022). Evaluation of summer cover crops for host suitability of 
Meloidogyne enterolobii. Crop Protection, 151, 105821. 
https://doi.org/10.1016/j.cropro.2021.105821  

Khanal, C., & Land, J. (2023). Study on two nematode species suggests climate change will inflict 
greater crop damage. Scientific Reports, 13(1), 14185. https://doi.org/10.1038/s41598-023-
41466-x  

Kopittke, P. M., Menzies, N. W., Wang, P., McKenna, B. A., & Lombi, E. (2019). Soil and the 
intensification of agriculture for global food security. Environment International, 132, 
105078. https://doi.org/10.1016/j.envint.2019.105078  

Lal, R. (2020). Regenerative agriculture for food and climate. Journal of Soil and Water Conservation, 
75(5), 123A-124A. https://doi.org/10.2489/jswc.2020.0620A  

Lamichhane, J. R., Barzman, M., Booij, K., Boonekamp, P., Desneux, N., Huber, L., Kudsk, P., Langrell, 
S. R., Ratnadass, A., & Ricci, P. (2015). Robust cropping systems to tackle pests under climate 
change. A review. Agronomy for Sustainable Development, 35, 443-459.  

Leach, M., Agudelo, P., & Gerard, P. (2009). Effect of Temperature on the Embryogenesis of 
Geographic Populations of Rotylenchulus reniformis. Journal of Nematology, 41(1), 23-27.  

Lesk, C., Rowhani, P., & Ramankutty, N. (2016). Influence of extreme weather disasters on global 
crop production. Nature, 529(7584), 84-87. https://doi.org/10.1038/nature16467  

Li, G.-H., & Zhang, K.-Q. (2023). Natural nematicidal metabolites and advances in their biocontrol 
capacity on plant parasitic nematodes [10.1039/D2NP00074A]. Natural Product Reports. 
https://doi.org/10.1039/D2NP00074A  

Li, H., Xing, L., Liu, X., Pu, Y., Yang, Y., & Fu, Y. (2022). Potential impact of climate change on the 
distribution of the pinewood nematode Bursaphelenchus xylophilus in Chongqing, China. 
Pakistan Journal of Zoology, 54, 809-816.  

Li, Z., Tao, J., & Zong, S. (2022). Cold tolerance in pinewood nematode Bursaphelenchus xylophilus 
promoted multiple invasion events in mid-temperate zone of China. Forests, 13(7), 1100.  

Luambano, N. D., Manzanilla-López, R. H., Kimenju, J. W., Powers, S. J., Narla, R. D., Wanjohi, W. J., & 
Kerry, B. R. (2015). Effect of temperature, pH, carbon and nitrogen ratios on the parasitic 
activity of Pochonia chlamydosporia on Meloidogyne incognita. Biological Control, 80, 23-29. 
https://doi.org/10.1016/j.biocontrol.2014.09.003  

Marra, R. E., & LaMondia, J. A. (2020). First Report of Beech Leaf Disease, Caused by the Foliar 
Nematode, Litylenchus crenatae mccannii, on American Beech (Fagus grandifolia) in 
Connecticut. Plant Disease, 104(9), 2527. https://doi.org/10.1094/pdis-02-20-0442-pdn  

Mota, M. M., & Vieira, P. R. (2008). Pine Wilt Disease: A Worldwide Threat to Forest Ecosystems. 
Springer.  

Nethi, S., & Prasad, J. S. (2012). Plant – Nematode Interactions: Consequences of Climate Change. In 
B. Venkateswarlu, A. K. Shanker, C. Shanker, & M. Maheswari (Eds.), Crop Stress and its 
Management: Perspectives and Strategies (pp. 547-564). Springer Netherlands. 
https://doi.org/10.1007/978-94-007-2220-0_17  

NRCS. (2023). Soil Health. United States Department of Agriculture. 
https://www.nrcs.usda.gov/conservation-basics/natural-resource-concerns/soils/soil-health 

Ouyang, X., Chen, A., Li, Y., Han, X., & Lin, H. (2022). Predicting the Potential Distribution of Pine Wilt 
Disease in China under Climate Change. Insects, 13(12), 1147. https://www.mdpi.com/2075-
4450/13/12/1147  

Pan, S., Peng, D.-l., Li, Y.-m., Chen, Z.-j., Zhai, Y.-y., Liu, C., & Hong, B. (2023). Potential global 
distribution of the guava root-knot nematode Meloidogyne enterolobii under different 
climate change scenarios using MaxEnt ecological niche modeling. Journal of Integrative 
Agriculture, 22(7), 2138-2150. https://doi.org/10.1016/j.jia.2023.06.022  

Perry, R. N., & Moens, M. (2011). Survival of parasitic nematodes outside the host. In R. N. Perry, & D. 
A.Wharton, (Eds.), Survival of parasitic nematodes outside the host (pp. 1-27). CAB 
International. https://doi.org/10.1079/9781845936877.0001  

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1016/j.cropro.2021.105821
https://doi.org/10.1038/s41598-023-41466-x
https://doi.org/10.1038/s41598-023-41466-x
https://doi.org/10.1016/j.envint.2019.105078
https://doi.org/10.2489/jswc.2020.0620A
https://doi.org/10.1038/nature16467
https://doi.org/10.1039/D2NP00074A
https://doi.org/10.1016/j.biocontrol.2014.09.003
https://doi.org/10.1094/pdis-02-20-0442-pdn
https://doi.org/10.1007/978-94-007-2220-0_17
https://www.nrcs.usda.gov/conservation-basics/natural-resource-concerns/soils/soil-health
https://www.mdpi.com/2075-4450/13/12/1147
https://www.mdpi.com/2075-4450/13/12/1147
https://doi.org/10.1016/j.jia.2023.06.022
https://doi.org/10.1079/9781845936877.0001


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

17 
 

Poinar, G. (2014). Evolutionary History of Terrestrial Pathogens and Endoparasites as Revealed in 
Fossils and Subfossils. Advances in Biology, 2014, 181353. 
https://doi.org/10.1155/2014/181353  

Pollok, J. R., Johnson, C. S., Eisenback, J., Reed, T. D., & Adamo, N. (2023). Effect of Soil Temperature 
on Reproduction of Root-knot Nematodes in Flue-cured Tobacco with Homozygous and/or 
Resistance Genes. Journal of Nematology, 55(1). https://doi.org/10.2478/jofnem-2023-0032  

Puissant, J., Villenave, C., Chauvin, C., Plassard, C., Blanchart, E., & Trap, J. (2021). Quantification of 
the global impact of agricultural practices on soil nematodes: A meta-analysis. Soil Biology 
and Biochemistry, 161, 108383. https://doi.org/10.1016/j.soilbio.2021.108383  

Rafaluk-Mohr, C., Ashby, B., Dahan, D. A., & King, K. C. (2018). Mutual fitness benefits arise during 
coevolution in a nematode-defensive microbe model. Evolution Letters, 2(3), 246-256. 
https://doi.org/10.1002/evl3.58  

Raj, A., Jhariya, M. K., Khan, N., Banerjee, A., & Meena, R. S. (2021). Ecological Intensification for 
Sustainable Development. In M. K. Jhariya, R. S. Meena, & A. Banerjee (Eds.), Ecological 
Intensification of Natural Resources for Sustainable Agriculture (pp. 137-170). Springer 
Singapore. https://doi.org/10.1007/978-981-33-4203-3_5  

Rashidifard, M., Marais, M., Daneel, M. S., & Fourie, H. (2019). Reproductive potential of South 
African thermophilic Meloidogyne populations, with special reference to Meloidogyne 
enterolobii. Nematology, 21, 913-921. https://doi.org/10.1163/15685411-00003263  

Renčo, M., Adámek, M., Jílková, V., & Devetter, M. (2022). Post-Fire Recovery of Soil Nematode 
Communities Depends on Fire Severity. Diversity, 14(12), 1116. 
https://www.mdpi.com/1424-2818/14/12/1116  

Sapir, A. (2021). Why are nematodes so successful extremophiles? Communicative & Integrative 
Biology, 14(1), 24-26. https://doi.org/10.1080/19420889.2021.1884343  

Sharma, P., Singh, A., Singh Kahlon, C., Singh Brar, A., Grover, K. K., Dia, M., & Steiner, R. L. (2018). 
The role of cover crops towards sustainable soil health and agriculture—a review paper. 
American Journal of Plant Sciences, 9, 1935-1195.  

Sheppard, A. W., Gillespie, I., Hirsch, M., & Begley, C. (2011). Biosecurity and sustainability within the 
growing global bioeconomy. Current Opinion in Environmental Sustainability, 3(1-2), 4-10. 
https://doi.org/10.1016/j.cosust.2010.12.011  

Siebert, J., Ciobanu, M., Schädler, M., & Eisenhauer, N. (2020). Climate change and land use induce 
functional shifts in soil nematode communities. Oecologia, 192(1), 281-294. 
https://doi.org/10.1007/s00442-019-04560-4  

Sikora, R. A., Coyne, D., Hallmann, J., & Timper, P. (2018). Plant parasitic nematodes in subtropical 
and tropical agriculture. CAB International. https://doi.org/10.1079/9781786391247.000  

Sikora, R. A., Helder, J., Molendijk, L. P. G., Desaeger, J., Eves-van den Akker, S., & Mahlein, A. K. 
(2023). Integrated Nematode Management in a World in Transition: Constraints, Policy, 
Processes, and Technologies for the Future. Annual Review of Phytopathology, 61(1), 209-
230. https://doi.org/10.1146/annurev-phyto-021622-113058  

Sikora, R. A., Padgham, J., & Desaeger, J. (2021). The unpredictability of adapting integrated 
nematode management to climate variability. In Integrated nematode management: state-
of-the-art and visions for the future (pp. 463-471). 
https://doi.org/10.1079/9781789247541.0064  

Singh, S. K., Kriticos, D. J., Ota, N., & Hodda, M. (2022). Potential distribution and biosecurity risks 
from three economically important plant-parasitic nematodes. Annals of Applied Biology, 
180(3), 371-382. https://doi.org/10.1111/aab.12739  

Singh, S. K., Paini, D. R., Ash, G. J., & Hodda, M. (2014). Prioritising plant-parasitic nematode species 
biosecurity risks using self organising maps. Biological invasions, 16, 1515-1530.  

Skendžić, S., Zovko, M., Živković, I. P., Lešić, V., & Lemić, D. (2021). The impact of climate change on 
agricultural insect pests. Insects, 12(5), 440.  

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1155/2014/181353
https://doi.org/10.2478/jofnem-2023-0032
https://doi.org/10.1016/j.soilbio.2021.108383
https://doi.org/10.1002/evl3.58
https://doi.org/10.1007/978-981-33-4203-3_5
https://doi.org/10.1163/15685411-00003263
https://www.mdpi.com/1424-2818/14/12/1116
https://doi.org/10.1080/19420889.2021.1884343
https://doi.org/10.1016/j.cosust.2010.12.011
https://doi.org/10.1007/s00442-019-04560-4
https://doi.org/10.1079/9781786391247.000
https://doi.org/10.1146/annurev-phyto-021622-113058
https://doi.org/10.1079/9781789247541.0064
https://doi.org/10.1111/aab.12739


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

18 
 

Song, D., Pan, K., Tariq, A., Sun, F., Li, Z., Sun, X., Zhang, L., Olusanya, O. A., & Wu, X. (2017). Large-
scale patterns of distribution and diversity of terrestrial nematodes. Applied Soil Ecology, 
114, 161-169.  

Stevnbak, K., Maraldo, K., Georgieva, S., Bjørnlund, L., Beier, C., Schmidt, I. K., & Christensen, S. 
(2012). Suppression of soil decomposers and promotion of long-lived, root herbivorous 
nematodes by climate change. European Journal of Soil Biology, 52, 1-7. 
https://doi.org/10.1016/j.ejsobi.2012.04.001  

Sticht, C., Schrader, S., Giesemann, A., & Weigel, H.-J. (2009). Sensitivity of nematode feeding types 
in arable soil to free air CO2 enrichment (FACE) is crop specific. Pedobiologia, 52(5), 337-349. 
https://doi.org/10.1016/j.pedobi.2008.12.001  

Sünnemann, M., Beugnon, R., Breitkreuz, C., Buscot, F., Cesarz, S., Jones, A., Lehmann, A., Lochner, 
A., Orgiazzi, A., Reitz, T., Rillig, M. C., Schädler, M., Smith, L. C., Zeuner, A., Guerra, C. A., & 
Eisenhauer, N. (2023). Climate change and cropland management compromise soil integrity 
and multifunctionality. Communications Earth & Environment, 4(1), 394. 
https://doi.org/10.1038/s43247-023-01047-2  

Sutherst, R. W., Constable, F., Finlay, K. J., Harrington, R., Luck, J., & Zalucki, M. P. (2011). Adapting to 
crop pest and pathogen risks under a changing climate [Review]. Wiley Interdisciplinary 
Reviews-Climate Change, 2(2), 220-237. https://doi.org/10.1002/wcc.102  

Thierfelder, C., Baudron, F., Setimela, P., Nyagumbo, I., Mupangwa, W., Mhlanga, B., Lee, N., & 
Gérard, B. (2018). Complementary practices supporting conservation agriculture in southern 
Africa. A review. Agronomy for Sustainable Development, 38(2), 16. 
https://doi.org/10.1007/s13593-018-0492-8  

Timper, P. (2014). Conserving and Enhancing Biological Control of Nematodes. Journal of 
Nematology, 46(2), 75-89.  

Timper, P., Strickland, T. C., & Jagdale, G. B. (2021). Biological suppression of the root-knot nematode 
Meloidogyne incognita following winter cover crops in conservation tillage cotton. Biological 
Control, 155, 104525. https://doi.org/10.1016/j.biocontrol.2020.104525  

Tittonell, P. (2014). Ecological intensification of agriculture—sustainable by nature. Current Opinion 
in Environmental Sustainability, 8, 53-61. https://doi.org/10.1016/j.cosust.2014.08.006  

Triantaphyllou, A. C. (1973). Environmental Sex Differentiation of Nematodes in Relation to Pest 
Management. Annual Review of Phytopathology, 11(1), 441-462. 
https://doi.org/10.1146/annurev.py.11.090173.002301  

Trivedi, P., Batista, B. D., Bazany, K. E., & Singh, B. K. (2022). Plant–microbiome interactions under a 
changing world: responses, consequences and perspectives. New Phytologist, 234(6), 1951-
1959. https://doi.org/10.1111/nph.18016  

[Record #1623 is using a reference type undefined in this output style.] 
Tully, K. L., & McAskill, C. (2020). Promoting soil health in organically managed systems: a review. 

Organic Agriculture, 10(3), 339-358. https://doi.org/10.1007/s13165-019-00275-1  
Velásquez, A. C., Castroverde, C. D. M., & He, S. Y. (2018). Plant–Pathogen Warfare under Changing 

Climate Conditions. Current Biology, 28(10), R619-R634. 
https://doi.org/10.1016/j.cub.2018.03.054  

Velloso, J. A., Maquilan, M. A. D., Campos, V. P., Brito, J. A., & Dickson, D. W. (2022). Temperature 
Effects on Development of Meloidogyne enterolobii and M. floridensis. Journal of 
Nematology, 54(1), 20220013. https://doi.org/10.2478/jofnem-2022-0013  

Vicente, C., Espada, M., Vieira, P., & Mota, M. (2012). Pine Wilt Disease: a threat to European 
forestry. European Journal of Plant Pathology, 133(1), 89-99. 
https://doi.org/10.1007/s10658-011-9924-x  

Wesemael, W. M. L., Viaene, N., & Moens, M. (2011). Root-knot nematodes (Meloidogyne spp.) in 
Europe. Nematology, 13, 3-16. https://doi.org/10.1163/138855410x526831  

Wezel, A., Herren, B. G., Kerr, R. B., Barrios, E., Gonçalves, A. L. R., & Sinclair, F. (2020). Agroecological 
principles and elements and their implications for transitioning to sustainable food systems. 

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1016/j.ejsobi.2012.04.001
https://doi.org/10.1016/j.pedobi.2008.12.001
https://doi.org/10.1038/s43247-023-01047-2
https://doi.org/10.1002/wcc.102
https://doi.org/10.1007/s13593-018-0492-8
https://doi.org/10.1016/j.biocontrol.2020.104525
https://doi.org/10.1016/j.cosust.2014.08.006
https://doi.org/10.1146/annurev.py.11.090173.002301
https://doi.org/10.1111/nph.18016
https://doi.org/10.1007/s13165-019-00275-1
https://doi.org/10.1016/j.cub.2018.03.054
https://doi.org/10.2478/jofnem-2022-0013
https://doi.org/10.1007/s10658-011-9924-x
https://doi.org/10.1163/138855410x526831


Rashidifard M, Singh S, Du Preez G, Ashrafi, S. (2025). Impact of climate change on plant nematodes 
and disease complexes. In: Khan MR (ed) Nematode disease complexes in Agricultural Crops CABI 
International 341-363. https://doi.org/10.1079/9781800625228.0016  
 

19 
 

A review. Agronomy for Sustainable Development, 40(6), 40. 
https://doi.org/10.1007/s13593-020-00646-z  

Wharton, D. A. (1995). Cold tolerance strategies in nematodes. Biological Reviews, 70(1), 161-185. 
https://doi.org/10.1111/j.1469-185X.1995.tb01442.x  

Wharton, D. A. (2004). Survival strategies. Nematode behaviour. CABI Publishing, Wallingford, UK, 
371-400.  

Wheeler, T., & von Braun, J. (2013). Climate Change Impacts on Global Food Security. Science, 
341(6145), 508-513. https://doi.org/10.1126/science.1239402  

Wilschut, R. A., & Geisen, S. (2021). Nematodes as drivers of plant performance in natural systems. 
Trends in Plant Science, 26(3), 237-247. https://doi.org/10.1016/j.tplants.2020.10.006  

Yeates, G. W., Boag, B., Evans, K. A., & Neilson, R. (1998). Impact of climatic changes on the 
distribution of Paratrichodorus minor (Nematoda: Trichodoridae) as estimated using 
'CLIMEX'. Nematologica, 44(3), 293-301.  

Zasada, I. A., Kitner, M., Wram, C., Wade, N., Ingham, R. E., Hafez, S., Mojtahedi, H., Chavoshi, S., & 
Hammack, N. (2019). Trends in Occurrence, Distribution, and Population Densities of Plant-
Parasitic Nematodes in the Pacific Northwest of the United States from 2012 to 2016. Plant 
Health Progress, 20(1), 20-28. https://doi.org/10.1094/php-11-18-0077-rs  

Zhou, J., Wu, J., Huang, J., Sheng, X., Dou, X., & Lu, M. (2022). A synthesis of soil nematode responses 
to global change factors. Soil Biology and Biochemistry, 165, 108538. 
https://doi.org/10.1016/j.soilbio.2021.108538  

Zwetsloot, M. J., Van Leeuwen, J., Hemerik, L., Martens, H., Simó Josa, I., Van de Broek, M., Debeljak, 
M., Rutgers, M., Sandén, T., Wall, D. P., Jones, A., & Creamer, R. E. (2021). Soil 
multifunctionality: Synergies and trade-offs across European climatic zones and land uses. 
European Journal of Soil Science, 72(4), 1640-1654. https://doi.org/10.1111/ejss.13051  

 

https://doi.org/10.1079/9781800625228.0016
https://doi.org/10.1007/s13593-020-00646-z
https://doi.org/10.1111/j.1469-185X.1995.tb01442.x
https://doi.org/10.1126/science.1239402
https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.1094/php-11-18-0077-rs
https://doi.org/10.1016/j.soilbio.2021.108538
https://doi.org/10.1111/ejss.13051

