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Summary  

The plant parasitic nematodes (PPN) Heterodera zeae, Hirschmanniella oryzae and 

Meloidogyne graminicola, are economically important pests of major grain crops. Each of these 

species is still absent from the majority of countries, so there is great concern about their spread. 

However, the areas particularly at risk of invasion and the potential global distributions of these 

nematode pests are yet to be identified. This paper identifies these areas, together with the main 

factors that could facilitate establishment in new areas using CLIMEX models. Parameterised 

using published studies of species phenology and global species distributions, the models 

correctly identified the areas invaded recently by M. graminicola and H. zeae. The vast majority 

of the areas of the world under wheat, rice and maize were identified as suitable for the 

nematodes. The nematodes are not yet established in many of these areas, suggesting that 

biosecurity measures may be particularly warranted to prevent the spread of these species to the 

new suitable areas identified. Intensive cropping systems under irrigation were identified as 

being at much greater risk than rain-fed cropping systems. The potential detrimental effects from A
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introduction and local spread of plant-parasitic nematodes in irrigation water could undermine 

suggested potential gains from using irrigation to increase world food production and meet 

increasing demand. These results mean that biosecurity measures for plant-parasitic nematodes 

are justified.  
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1 | Introduction 

 

The world’s staple food crops of wheat, rice and maize are not attacked by all their 

potential pests and diseases in most areas in which they are grown (Bebber et al., 2014). Of all 

the known pests and diseases of wheat, rice and maize, an average of less than 22% are present 

in each of the country’s growing the crops: 78% are not present. Entry of any of these many 

exotic pests could result in substantial costs from loss of trade opportunities, crop losses, or 

additional preventative measures required to prevent crop losses. Biosecurity measures are 

therefore widely implemented as a primary and effective measure to prevent or slow the spread 

of pests and pathogens into new areas (Cook et al., 2011; Sharma et al., 2008; Sikes et al., 2018). 

There are numerous exotic pests and pathogens for every country and biosecurity measures 

cannot be implemented for all of them (Singh et al., 2015). Prioritization is necessary, and 

predicting whether an exotic pest species will establish in an area is a useful first step in deciding 

whether further investigation or quarantine measures should be pursued. 
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To estimate the likelihoods of a species establishing in new locations, a range of bioclimatic 

modelling techniques are available, each with its own strengths and limitations (Elith et al., 

2006; Eyre et al., 2012; Guisan et al., 2006; Guisan & Zimmermann, 2000; Venette et al., 2010). 

These models fall into two main types: correlative and mechanistic. Correlative models correlate 

known occurrence records with various abiotic and biotic factors, and mechanistic models use 

physiological or other limitations in tolerance from laboratory or field experiments to estimate 

climatic favourability for a species (Kearney et al., 2008; Kumar et al., 2014; Sutherst & Bourne, 

2009). However there can be issues with both approaches. Correlative Species Distribution 

Models (SDM) are straightforward and use simple data, but may be unreliable when 

extrapolating to novel situations, for example during climatic change or biological invasions 

(Kriticos and Randall, 2001; Sutherst and Bourne, 2009; Webber et al., 2011). Strictly 

mechanistic models e.g. (Kearney et al., 2008), can be time-consuming to build, and demand 

data on species responses that are frequently unavailable, such as temperature dependence of 

physiological processes, growth rates and mortality. While they can be projected into novel 

climatic situations with more confidence than SDMs, they may overlook significant ecological 

interactions (Eyre et al., 2012; Kriticos et al., 2012a; Mokany & Ferrier, 2011).  

Semi-mechanistic integrated approaches, combining the advantages of both types of SDM, have 

therefore been developed for projecting species distributions into new areas for biosecurity risk 

analysis (Sutherst, 2014). Semi-mechanistic SDM have been used to predict the potential 

distributions—and hence biosecurity risks—of many types of organisms across many different 

climates and cropping systems. CLIMEX is a widely used semi-mechanistic climatic niche 

modelling programme that integrates information on observed experimental responses of a 

species to climate variables, its phenology and its known distribution to project its potential 
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distribution and growth phenology (Sutherst & Maywald, 1985). CLIMEX models have been 

used for a range of organisms (plants, insects, fungi) and under a range of different scenarios 

(e.g. current and future climate scenarios and modified cropping systems) while assessing the 

biosecurity risks from species (MacLeod et al., 2002; Stephens et al., 2007; Sutherst et al., 

2004). 

CLIMEX models have been applied to few Plant-Parasitic Nematodes (PPN) (Boag et al., 1997; 

Yeates et al., 1998). This is despite PPN being major threats to cereal production, with yield 

losses of 50% or more recorded under field conditions (Nicol et al., 2011), and the risk of losses 

increasing if the parasite load of PPN increases through new exotics becoming established 

(Greco and Inserra, 2008). Changing climatic conditions may further exacerbate these risks from 

PPN (Boag et al., 1991; Neilson & Boag, 1996). 

This paper reports the results of CLIMEX modelling for three of the major nematode pests and 

biosecurity risks for staple cereals: Heterodera zeae; Hirschmanniella oryzae; and Meloidogyne 

graminicola, which affect maize, rice, and wheat respectively. Heterodera zeae, commonly 

known as corn cyst nematode, causes yield losses of up to 73% on corn, its main host and can 

occur on several other crop and weed hosts (Krusberg et al., 1997). Meloidogyne graminicola is 

commonly known as rice root-knot nematode; however has a broad host range including wheat, 

oat, barley, sugarcane, other crops and weeds. It is a major pest of rice and causes yield losses of 

up to 73% (Soriano & Reversat, 2003). Hirschmanniella oryzae also known as rice root 

nematode, causes yield losses of up to 39% in rice and parasitizes several other crop and weed 

hosts (Babatola & Bridge, 1979). The areas suitable for establishment of each of these three 

nematodes are determined, and their biosecurity risks estimated by comparing the projected 

distributions with their current global distribution and the locations of host crop cultivation. 
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2 | Methods 

 

2.1 | Current species distributions and geo-referencing of records 

Precise locations of all recorded occurrences worldwide for H. zeae, H. oryzae and M. 

graminicola were obtained from the primary peer-reviewed literature obtained from searching 

species names in the Web of Science, Google Scholar and CABI databases. Distribution maps 

showing records at national or state level were not used because of the range of climates that 

may be experienced within an individual country. 

For each place that each species was reported, the locality name(s) and as much metadata about 

the locality were extracted from the primary source. Metadata included height above sea level, 

distance to nearest town or city, river or irrigation area. Google Earth® was used to identify 

locality names and locations were estimated using metadata extracted from the hybrid Google 

Earth satellite image map. Coordinates were extracted, plotted as a shape file using DIVA GIS 

(Hijmans et al., 2005) and imported into CLIMEX. A total of 243, 481 and 306 coordinates from 

around the globe were used for H. zeae, H. oryzae and M. graminicola respectively (shown as 

points in Figures 1–3). 

After running the CLIMEX models, the most recent reports of H. zeae, and M. graminicola from 

new locations were obtained and compared with the model projections. These reports appeared 

after the CLIMEX models were developed, and are completely independent of the data used 

during the development phase. The records were: H. zeae from China (Wu et al., 2017); and M. 

graminicola from Madagascar (Chapuis et al., 2016), China (Song et al., 2017; Tian et al., 2017; 
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Wang et al., 2017) and Italy (Fanelli et al., 2017). There were no published records of H. oryzae 

from new locations since the development of the CLIMEX models. 

 

2.2 | Predicting potential species distributions 

Potential distributions were generated using the semi-mechanistic climatic niche 

modelling programme CLIMEX (Sutherst & Maywald, 1985; Sutherst et al., 2007). CLIMEX 

integrates information on observed experimental responses of a species to climate variables, its 

phenology and its known distribution. Temperature and soil moisture were included because they 

are known to affect the lifecycles (survival and growth) of many PPN and their hosts (Bakonyi & 

Nagy, 2000; Griffin et al., 1996; McSorley, 2003). Other ecological conditions known to 

influence where nematode species can or cannot survive and hence their geographical 

distributions were also included where available (Freckman & Caswell, 1985). 

Within the CLIMEX model, the climatic preferences of each species were used to calculate 

location specific weekly and annual indices describing eco-climatic suitability, growth and 

stresses. These preferences were then compared with the spatial long-term average 

meteorological dataset using the ‘CliMond 10 1975H’ dataset (Kriticos et al., 2012b) and the 

‘Compare Locations’ model in CLIMEX (Air temperature is used in the CliMond Dataset 

because no global soil temperature dataset is available.). The favourability of areas is indicated 

by an Annual Growth Index (GIA) and Eco-climatic Index (EI) in CLIMEX, with values over 40 

taken to indicate very favourable conditions, and values below 5 indicating unfavourable 

conditions for persistence. 

 

2.3 | Irrigation 
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Maize, rice and wheat are all frequently grown under irrigation, so separate models were 

developed for each crop under irrigation, which included top-up water applied when 

precipitation is too low to meet plant needs. The top up was therefore calculated as the water that 

would meet global average values for plant needs for each crop. This was 2 mm day
-1

 when 

weekly precipitation was less than 30 mm for maize and H. zeae (Brouwer et al., 1989), 5 mm 

day
-1

 when weekly precipitation was less than 35 mm for rice and H. oryzae, and 3 mm day
-1

 

when weekly precipitation was less than 35mm for rice and M. graminicola. 

 

2.4 | Comparison of nematode distributions with host crop growing areas 

The main crop host production area maps for maize, rice and wheat were obtained from a 

published global model (You et al., 2012) and layered over the projected distributions for H. 

zeae, H. oryzae and M. graminicola using the analysis function in DIVA GIS (Hijmans et al., 

2005). Composite suitability maps were generated by union of the EI values under natural 

rainfall and irrigation scenarios (Yonow et al., 2017). 

 

3 | Results 

 

The fitted climatic parameters used for each species are summarized in Table 1. 

All three PPN species were far from saturating their potential distribution ranges (Figures 1–3). 

On a national level, the three species were absent from 60–87% of the countries identified as 

favorable (Tables 2–4). Within many of the countries where the species were present, they had 

limited distributions, and could potentially spread into many more areas (Figures 1–3). 
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Under irrigated farming, each of the three nematode species were predicted to survive in many 

more areas, and survived better within their existing distribution, with higher growth (GIA) and 

eco-climatic (EI) scores. With irrigation, the areas most favourable to each species were outside 

the presumed native geographical ranges. Details for each species follow. 

 

3.1 | Heterodera zeae 

The locations identified as best suiting H. zeae were southern India, Thailand, Indonesia 

and the Nile river delta area in Egypt (Figure 1). All these areas had high EI and GIA indices, 

indicating that the species could persist and grow well. Substantial areas of Africa, Asia and 

South America where the nematode is not currently found, were also identified as highly 

suitable, with high indices for the nematode (Figure 1). A few locations in Europe, North 

America and Oceania were also identified as highly favourable (Figure 1). 

All the above areas had conditions identified as more favorable than some parts of the native 

range, such as Sindh in south-eastern Pakistan and northern India. Sindh and northern India were 

suitable for the nematode, but considerably less favourable than southern India, with Growth 

Indices in the range of 6 to 13. Large areas of Europe, central Asia and the Middle East were also 

suitable but less favourable (Figure 1). There were only isolated records of the species occurring 

in some of these places (Figure 1). After the model was completed, a new occurrence of H. zeae 

was recorded at Laibin, Guanxi, China (Wu et al., 2017) in an area identified as suitable. 

Within the suitable areas predicted, H. zeae could complete its lifecycle all year in the tropics, 

while in the subtropics and temperate areas only the summer months were suitable for its 

survival. 
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The vast majority of credible records for the presence of H. zeae were within the areas identified 

as suitable. Most fit the distribution without irrigation, but there were a few exceptions, including 

records of H. zeae from high altitude areas in Kashmir of northern Pakistan, and the Nile river 

delta of Egypt. These areas only fit the model with irrigation included. Other areas where 

irrigation increased favourability included countries in Europe and North America (Table 2). 

With irrigation, the areas identified as most suitable for H. zeae were away from the majority of 

records for the species, and its presumed geographic origin (northern India). 

 

3.2 | Hirschmanniella oryzae 

Large areas of Asia, the Asia-Pacific region, South America, Central America and Africa 

were identified as suitable for H. oryzae (Figure 2). Within these areas, most records were from 

Asia, the probable origin of the species. There were fewer records from South America, North 

America and Africa, where the species was introduced. In particular, many areas of Central and 

South America, Africa and the Asia-Pacific regions where the nematode is not currently found, 

were identified as highly suitable for this species (Table 3). 

Areas of lesser favourability included most of Mexico and the USA, southern Africa, Australia 

and parts of southern Europe (Figure 2). There are currently only isolated records of the species 

occurring in some of these areas. There are more records from the less favourable areas in 

northern Asia near Beijing in China and Hokkaido in Japan, which are close to the probable 

centre of origin for the species. 

Cold and dry stress limited the modelled distributions in most of the less favourable locations. In 

tropical areas H. oryzae had the potential to complete its lifecycle all year, but in subtropical and 

temperate areas the summer months were optimal for its survival. 
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All the 481 distribution records fell within the projected distribution of H. oryzae using the 5 mm 

day
-1

 top-up irrigation scenario. Without irrigation, the favourability of areas decreased and a 

few marginally favourable areas were no longer habitable. Most current records for the species, 

and the presumed geographic origin of the species, were towards the edge of the most suitable 

areas with irrigation (Figure 2). 

 

3.3 | Meloidogyne graminicola 

The areas identified as most suitable for M. graminicola were similar to those identified 

for H. oryzae; including large areas of south-east Asia, the Asia-Pacific region, South America, 

Central America and Africa (Figure 3). The north-east coast of Australia was also highly 

favourable.  

Within the most favourable areas, most records of occurrence were from south-east Asia and 

Bangladesh, with large areas of the Asia-Pacific, Africa, Australia, South and Central America 

identified as suitable, but with no or very few records of occurrence (Table 4). 

Areas of lesser favourability included most of Mexico and the USA, southern and northern 

Africa, southern Europe, the middle-east, central Asia, eastern China, Japan and south-east 

Australia (Figure 3). Out of all these places, M. graminicola has been reported as occurring only 

in southern Africa. M. graminicola could complete its lifecycle all year in tropical countries, 

with only the summer months optimal for survival in the subtropics and temperate areas. 

All 306 distribution records for M. graminicola fell within the projected distribution under the 3 

mm day
-1

 irrigation scenario. Without irrigation smaller areas were favourable. For instance, 

without irrigation in Australia, much of Western Australia and the Northern Territory were only 

marginally favourable. The areas identified as most suitable for M. graminicola with irrigation 
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were away from the majority of records for the species, which were from northern India, Nepal, 

southern India and Sri Lanka. New records of M. graminicola in China, Madagascar and Italy, 

which appeared since developing the model; generally fell within areas identified as favourable 

(Figure 3). 

The recorded and potential distributions could not be compared with the native range because the 

native range of M. graminicola is uncertain. The species was first described from southern USA, 

is most closely related genetically to other Meloidogyne species from there, and has been found 

on many native grasses from the same region, all of which imply a likely origin in the southern 

USA (Fanelli et al., 2017; Golden & Birchfield, 1965). However, its widespread distribution and 

many plant hosts in Asia suggests an alternative native range (Besnard et al., 2019; Golden & 

Birchfield, 1968; Manser, 1968). 

 

4 | Discussion 

 

The potential distributions for H. zeae, H. oryzae and M. graminicola, were all identified 

as far wider than their current recorded distributions. Similar results were recorded for virus 

vector nematodes Longirdorus, Paratrichodorus and Xiphinema which had a much wider 

potential distribution than their known distributions (Boag et al., 1997, Yeates et al., 1998). Plant 

pests and pathogens other than nematodes have also been observed to occur in far less than their 

entire potential ranges (Bebber et al., 2014). If important nematode pests of crop plants are 

currently absent from most of the areas they could survive well in, then biosecurity measures are 

warranted to prevent their entry to new areas (Banks et al., 2018). Maintaining pest-free status at 

national or sub-national levels may avoid direct crop losses, expensive eradication measures, and 
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ongoing costs of pest monitoring, control or post-harvest disinfestation treatments (Wittenberg & 

Cock, 2001). In addition pest-free status is advantageous when negotiating trade opportunities 

(Cook & Fraser, 2008).  

These PPN may be even more damaging in areas of potential range expansion which have more 

favorable conditions than their native range. Many of the favorable areas identified could support 

several generations of the nematodes per year which may allow rapid increase in abundance and 

severe damage to host crops (Singh et al., 2013). The lack of natural enemies in newly occupied 

locations may compound the detrimental effects of newly-arrived nematode pests, as is the case 

with invasions by many other types of organisms (Roy et al., 2011; Williamson, 1996). PPN also 

interact with other bacterial and fungal plant pathogens which may further exacerbate crop losses 

(Sikora et al., 2018). The lack of natural enemies may also extend the climatic conditions under 

which a species can occur (Keane & Crawley, 2002).  

Furthermore, PPN once introduced can be further spread locally by irrigation water (Baxter et 

al., 2013; Hugo & Malan, 2010; LaMondia, 2014; Roccuzzo & Ciancio, 1991). H. oryzae and M. 

graminicola are capable of surviving water logged conditions thus favoring their spread with 

irrigation water (Bridge & Page, 1982; Mathur & Prasad, 1973). H. zeae produces cysts which 

can survive harsh conditions including drought, fallow, overwintering and flooding (Krusberg & 

Sardanelli, 1989).  

Under irrigation scenario, greater areas were favourable for the establishment of H. zeae, H. 

oryzae and M. graminicola. Modified cropping systems such as irrigation and glasshouse 

conditions, often favour the survival of both the crop and its associated pests. For instance in 

temperate countries, Meloidogyne spp. are mainly established under glasshouse conditions and is 

a major pest of high value crops (Wesemael et al., 2011). The areas of modified cropping 
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systems, including irrigation, greenhouses or fertilization, are increasing as agriculture intensifies 

(Tilman et al., 2011). Such modifications should be included in biosecurity risk assessments (den 

Nijs et al., 2004; Gamon & Lenne, 2012). While the current study projections are based on the 

current climatic conditions, future distribution of PPN species may change under a changing 

climate scenario (Boag et al., 1991; Colagiero & Ciancio, 2011; Fleming et al., 2016; Yeates et 

al., 1998). 

The need for biosecurity measures against nematodes is also justified by their substantial 

potential for movement. Since the models were constructed in 2015, new records of H. zeae in 

China and M. graminicola in China, Italy, and Madagascar have appeared, representing likely 

new, recent introductions (Chapuis et al., 2016; Fanelli et al., 2017; Song et al., 2017; Tian et al., 

2017; Wang et al., 2017; Wu et al., 2017). Although the pathways and sources of these 

introductions are not clear, several pathways have been identified for nematode movement, all of 

which are increasing in their potential to move pests to new locations (Singh et al., 2013). PPN 

were identified on plant produce being traded between countries (Banks et al., 2018), but further 

research on the routes and pathways of nematode introductions is still needed. Such research 

could help to target biosecurity measures. 

In considering the biosecurity risks of H. zeae, H. oryzae and M. graminicola and other PPN, 

host ranges should also be considered because they can further increase risk. Where climatic 

conditions are favourable, establishment may be further aided by the presence of alternative crop 

and weed hosts (Abd-Elbary et al., 2012; MacGowan & Langdon, 1989; Ringer et al., 1987; 

Soriano & Reversat, 2003). Heterodera zeae has many hosts in the plant family Poaceae (Ringer 

et al., 1987; Srivastava & Jaiswal, 2011). Hirschmanniella oryzae mainly occurs on rice, but also 

has hosts from other plant families (Abd-Elbary et al., 2012). M. graminicola has a wide range of 
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hosts including vegetable crops, banana and weeds, in addition to rice and wheat (Rich et al., 

2009; Zhou et al., 2014). Detailed consideration of potential hosts and their distribution is 

beyond the scope of this paper: lists of plant hosts of nematodes and damage estimates are 

available elsewhere (Ferris, 2018). 

Of the three PPN species considered in the present paper, H. oryzae has the widest current 

distribution, followed by M. graminicola and H. zeae. This is not surprising as both H. oryzae 

and M. graminicola are major pests of rice which is often grown by transplanting seedlings, and 

infected transplanting stock is one of the most common means of introduction to uninfested areas 

(Bridge, 1996; Lehman, 1994). Transnational spread may involve a number of pathways 

involving soil or packaging (e.g. rice straw) (Singh et al., 2013). In addition to local spread in 

irrigation water, dispersal of H. zeae is aided by its survival for long periods in the absence of 

hosts. Viability for 3 to7 years under transit conditions has been observed (Aalders et al., 2017). 

It is possible that H. zeae, H. oryzae and M. graminicola are present in areas where they have not 

been reported in widely-available literature because reports are mostly from places where there is 

significant economic damage and not from places where damage is minimal (i.e. areas of low 

favourability where populations are small). Lack of reports can also be associated with non-

recognition because there are few diagnosticians that can recognize nematode species in many 

areas of the world. Incomplete species distribution data are particularly characteristic for 

nematodes due to dwindling taxonomic expertise and lack of thorough surveys (Coomans, 2002; 

De Waele & Elsen, 2007). CLIMEX models can be advantageous in situations with incomplete 

species distribution and phenology data as species preferences can be inferred based on both 

their known distributions and biological information (Sutherst, 2014). 
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Field observations on lifecycles of H. zeae, H. oryzae and M. graminicola demonstrated the 

veracity of the model predictions. Nematode lifecycles are dependent on temperature and host 

availability and all three nematode species have short lifecycle of approximately 21-35 days 

(Bridge & Page, 1982; Hutzell & Krusberg, 1990; Krakas, 2004). The summer months were 

predicted as most favourable for the survival of all three species in subtropical and temperate 

areas, which is consistent with field observations of peak abundances of H. zeae on maize during 

the warmer months in Egypt and India (Aruna & Siddiqui, 1997; Ismail et al., 1993), highest 

abundances of H. oryzae in rice fields during the summer months in China, Japan, Egypt, 

Myanmar and India (Korayem, 1993; Maung et al., 2012; Ramakrishnan, 1995; Sato et al., 1970; 

Youqing et al., 1997), and high abundances of M. graminicola in rice fields in summer in 

Myanmar, Bangladesh and India (Dabur et al., 2004; Rahman, 1990; Win et al., 2011). Often the 

optimum periods for nematode survival are synchronised with those for growth of the host 

plant(s), but this is not always the case (Neher, 2010; Norton, 1978). 

The seasonal growth patterns of plant-parasitic nematodes can have important implications for 

post-border biosecurity, for example in timing nematode surveys for maximum effectiveness in 

detecting their targets. Early detection can be important in the success of eradication campaigns 

(Hodda et al., 2008), but nematode populations may take some time to increase to detectable 

levels after their arrival in a new location (Banks et al., 2012). In tropical areas, H. zeae, H. 

oryzae and M. graminicola could be surveyed at any time of the year but in the temperate areas, 

the optimum time for surveying is from October to April in the southern hemisphere and May to 

September in the northern hemisphere. 
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Table 1. Climatic parameters for H. oryzae, H. zeae and M. graminicola, as used in CLIMEX model. 

Feature Description
1
 CLIMEX 

parameter 

H. zeae H. oryzae M. graminicola 

 

Soil Moisture Lower soil moisture threshold SM0 0.10 0.20 0.10 

 Lower optimal soil moisture  SM1 0.20 0.60 0.30 

 Upper optimal soil moisture  SM2 1.00 2.00 1.50 

 Upper soil moisture threshold  SM3 1.50 2.50 2.50 

Temperature Lower temperature threshold (°C)  DV0 15 8 8 

 Lower optimal temperature (°C)  DV1 28 27 26 

 Upper optimal temperature (°C)  DV2 33 32 30 

 Upper temperature threshold (°C)  DV3 40 38 36 

Cold stress Cold stress temperature threshold average (°C)  TTCSA 8 8 7 

 Cold stress accumulation rate average (week
-1

)  THCSA -0.00070 -0.00025 -0.00100 

Heat stress Heat stress temperature threshold (°C) TTHS 40 38 36 

 Heat stress accumulation rate (week
-1

)  THHS 0.001 0.001 0.001 

Dry stress Soil moisture dry stress threshold  SMDS 0.10 0.15 0.10 

 Dry stress accumulation rate (week
-1

) HDS -0.001 -0.005 -0.001 

Wet stress Soil moisture wet stress threshold  SMWS 1.5 Not used Not used 

 Wet stress accumulation rate  HWS 0.005 Not used Not used 
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Day degree Temperature threshold used to calculate degree 

days for cold stress (°C) 

DVCS 

 

15 8 8 

 Temperature threshold used to calculate degree 

days for heat stress (°C) 

DVHS 40 38 36 

 Annual heat sum threshold (°C-days) PDD 450 580 400 
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Table 2. Current and potential worldwide distribution of Heterodera zeae by country, listed in order of climatic suitability. 

Continent H. zeae Current worldwide 

distribution
1
 

Potential additional distribution 

without irrigation 
2 

Potential additional distribution with 

irrigation 
2 

Asia Afghanistan, China, India, 

Indonesia, Nepal, Pakistan, 

Thailand. 

Vietnam, Iran, Oman, Philippines, Israel, 

South Yemen, Lebanon, Cambodia, Myanmar, 

Turkey, Turkmenistan, United Arab Emirates. 

Armenia, Bahrain, Bangladesh, Iraq, Jordan, 

Kazakhstan, Kuwait, Laos, Malaysia, Russia, 

Sri Lanka, Syria. 

Africa Egypt. Kenya, Ghana, Somalia, Madagascar, 

Tanzania, Benin, Togo, Eritrea, Mozambique, 

Ethiopia, Swaziland, Angola, Mauritania, 

Nigeria, South Africa, Libya, Zimbabwe, 

Sierra Leone, Cote d' Ivoire. 

Algeria, Angola, Botswana, Cameroon, 

Central Africa, Chad, Congo, Djibouti, Gabon, 

Guinea, Malawi, Mali, Morocco, Namibia, 

Niger, Senegal,Sudan, Togo, Tunisia, Uganda, 

Zaire, Zambia. 

Central 

America and 

Caribbean 

Absent or not recorded. México, Curacao, West Indies, Haiti, Jamaica, 

Panama, Dominican Republic, Trinidad and 

Tobago, Puerto Rico, Cuba, Barbados. 

Guatemala, El Salvador, Martinique. 

Europe Greece, Portugal. Spain, Italy. Bulgaria, Croatia, France, Hungary, Romania. 

North America USA (Maryland, Virginia). Hawaii, States in USA: (Texas, Florida). Greater parts of USA: (New Mexico, Arizona, 

Oklahoma, Kansas, Colorado, Utah, South 

Dakota, California, Nebraska). 

Oceania Absent or not recorded. Papua - New Guinea, Australia, Tahiti, New 

Caledonia. 

Greater parts of Western Australia, Northern 

Territory, Queensland, Victoria and New 

South Wales. 

South America Absent or not recorded. Colombia, Brazil, Venezuela, Ecuador, 

Argentina. 

Bolivia, Chile, French Guyana, Uruguay 

Paraguay, Peru. 
1 
Countries where native are listed in bold, for current distribution, countries are listed in alphabetical order, while for potential distribution; countries are listed in 

descending order of Eco-climatic index values.  
2
 Only countries with highly-favourable Eco-climatic Index (>40) listed. 
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Table 3. Current and potential worldwide distribution of Hirschmanniella oryzae. 

Continent H. oryzae Current 

worldwide 

distribution 
1 

Potential additional distribution 

without irrigation 
2 

Potential additional distribution with 

Irrigation 
2 

Asia Bangladesh, China, India, 

Indonesia, Iran, Japan, 

Malaysia, Myanmar, Nepal, 

Pakistan, Philippines, 

Singapore, South Korea, Sri 

Lanka, Taiwan, Thailand, 

Vietnam. 

Cambodia, Laos, East Timor, Israel, Lebanon, 

Iran, Turkey, Oman. 

 

Mongolia, Afghanistan, Kazakhstan, Jordan, 

Syria, Northern China, Southern Russia. 

 

Africa Cote d’Ivoire, Egypt, 

Gambia, Ghana, Guinea, 

Madagascar, Mauritania, 

Niger, Nigeria, Senegal, 

Sierra Leone. 

Kenya, Democratic Republic of 

Congo, Tanzania, Congo, 

Cameroon, Gabon, Benin, 

Mozambique, Central African 

Republic, Uganda, Chad, South 

Africa, Togo. 

Libya, Eritrea, Ethiopia, Tunisia, Algeria, 

Malawi, Mali, Morocco, Namibia, Yemen, 

Oman, Somalia. 

Central America and 

Caribbean 

 

Costa Rica, El Salvador. West Indies, Cuba, Mexico, Panama, 

Barbados, St. Lucia, Guatemala; Puerto Rico, 

Trinidad and Tobago, Curacao.  

Haiti, Jamaica, Martinique. 

 

Europe Portugal.  Greece, Spain, Italy. Belarus, France, Belgium, Bulgaria, Croatia, 

Czech Republic, Poland, Romania, Germany, 

Denmark, Netherlands, United Kingdom, 

Hungary.  

North America USA (Arkansas, Florida, 

Louisiana, Texas). 

Hawaii, States in USA: (Alabama, Georgia, 

South Carolina, Mississippi, North Carolina). 

Canada, Greater parts of USA: (California, 

Colorado, Ohio, Idaho, Utah, South Dakota, 

Michigan, Oregon).  

Oceania  Absent or not recorded. Tahiti, Vanuatu, Cook Islands, Fiji, 

New Caledonia, Western Samoa, 

Australia. 

New Zealand (North Island), Greater parts of 

Western Australia, Queensland and New 

South Wales.  

South America Argentina, Brazil, Guyana, 

Venezuela.  

Colombia, Surinam, Peru, Ecuador, Paraguay, 

Uruguay, Bolivia.  

Chile, Dominican Republic, Panama.  

1 
China seems to be the probable native range for H. oryzae; for current distribution, countries are listed in alphabetical order, while for potential distribution; 

countries are listed in descending order of Eco-climatic index values. 
2
 Only countries with highly-favourable Eco-climatic Index (>40) listed. 
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Table 4. Current and potential worldwide distribution of Meloidogyne graminicola. 

Continent M. graminicola Current 

worldwide distribution 
1 

Potential additional distribution without 

Irrigation 
2 

Potential additional distribution 

with irrigation 
2 

Asia Bangladesh, China, India, 

Indonesia, Laos, Malaysia, 

Myanmar, Nepal, Pakistan, 

Philippines, Singapore, Sri 

Lanka, Thailand, Vietnam. 

Cambodia, Israel, Taiwan, Lebanon, Oman, 

Iran, Turkey, Japan. 

 

Afghanistan, Armenia, Uzbekistan, Bahrain, 

Jordan, Kazakhstan. 

Africa Madagascar, South Africa. Kenya, Democratic Republic of Congo, 

Ghana, Congo, Cameroon, Gabon, 

Mozambique, Benin, Cote d' Ivoire, Tanzania, 

Uganda, Equatorial Guinea, Chad, Nigeria, 

Togo, Angola, Somalia, Ethiopia. 

Zambia, Zimbabwe, Tunisia, Sudan, Libya, 

Mali, Malawi, Morocco. 

Central America and 

Caribbean 

Absent or not recorded. West Indies, Barbados, Cuba, Mexico, 

Guatemala, Panama, Costa Rica, Puerto Rico, 

Jamaica, Martinique, St. Lucia, Trinidad and 

Tobago, Haiti. 

El Salvador, Curacao, Dominican Republic. 

Europe Italy. Spain, Greece, Portugal, Albania, Croatia, 

France, Monaco, Bulgaria, Macedonia, 

Romania, Serbia, Croatia. 

Austria, Belarus, Belgium, Czech Republic, 

Hungary, Germany, Netherlands, Norway, 

Poland, Switzerland, Ukraine, United 

Kingdom. 

North America USA (Georgia, Louisiana, 

Mississippi). 

Hawaii, Canada; States in USA: (Florida, 

Louisiana, Texas, Georgia, Mississippi, North 

Carolina, South Carolina, California, 

Arkansas, Virginia, Tennessee). 

States in USA: (Nebraska, Ohio, New York, 

Colorado, Kansas, Idaho, Utah). 

Oceania Absent or not recorded. New Caledonia, Vanuatu, Cook Islands, 

Western Samoa, Papua New Guinea, Tahiti, 

Fiji, Australia, New Zealand. 

Greater parts of Western Australia, 

Queensland and New South Wales. 

South America Brazil, Columbia, Ecuador. Guyana, Peru, Venezuela, French Guyana, 

Surinam, Bolivia, Argentina, Paraguay, 

Uruguay, Chile. 

Greater parts in Peru, Panama, Argentina and 

Chile. 

 
1
 The native range for M. graminicola is not known; for current distribution, countries are listed in alphabetical order, while for potential distribution; countries 

are listed in descending order of Eco-climatic index values. 
2
 Only countries with highly-favourable Eco-climatic Index (>40) listed. 
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Figure legends 

Figure 1 Current and projected global distribution of Heterodera zeae (Composite natural rainfall and 2 mm day-1 top-up irrigation 

scenario). 

Footnote: Blue dots indicate places where Heterodera zeae is present; shades represent the projected eco-climatic index (EI) on a scale 

1 – 98 where yellow represents areas with low EI while red represents areas with high EI. 

 

Figure 2 Current and projected global distribution of Hirschmanniella oryzae (Composite natural rainfall and 5mm/day top-up 

irrigation scenario). 

Footnote: Blue dots indicate places where Hirschmanniella oryzae is present; shades represent the projected eco-climatic index (EI) 

on a scale 1–100 where yellow represents areas with low EI while red represents areas with high EI. 

 

Figure 3 Current and projected global distribution of Meloidogyne graminicola (Composite natural rainfall and 3mm day-1 top-up 

irrigation scenario). 

Footnote: Blue dots indicate places where Meloidogyne graminicola is present; shades represent the projected eco-climatic index (EI) 

on a scale 1 – 100 where yellow represents areas with low EI while red represents areas with high EI. 
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 Figure 1 Current and projected global distribution of Heterodera zeae (Composite natural rainfall and 2 mm day-1 top-up irrigation 

scenario). 

 

 

Footnote: Blue dots indicate places where Heterodera zeae is present; shades represent the projected eco-climatic index (EI) on a scale 

1 – 98 where yellow represents areas with low EI while red represents areas with high EI. 
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Figure 2 Current and projected global distribution of Hirschmanniella oryzae (Composite natural rainfall and 5mm/day top-up 

irrigation scenario). 

 

Footnote: Blue dots indicate places where Hirschmanniella oryzae is present; shades represent the projected eco-climatic index (EI) 

on a scale 1 – 100 where yellow represents areas with low EI while red represents areas with high EI. 
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Figure 3 Current and projected global distribution of Meloidogyne graminicola (Composite natural rainfall and 3mm day-1 top-up 

irrigation scenario). 

 

Footnote: Blue dots indicate places where Meloidogyne graminicola is present; shades represent the projected eco-climatic index (EI) 

on a scale 1 – 100 where yellow represents areas with low EI while red represents areas with high EI. 
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