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Abstract Predicting which species will become

invasive in each country or region before they arrive

is necessary to devise and implement measures for

minimising the costs of biological invasions. Meta-

phorically, this is keeping one step ahead of invasive

species. A structured and systematic approach for

screening large numbers of species and identifying

those likely to become invasive is proposed in this

paper. The Pest Screening and Targeting (PeST)

framework integrates heterogeneous information and

data on species biogeography, biotic and abiotic

factors to first determine a preliminary risk index,

then uses this index to identify species for a second,

more detailed, risk evaluation process to provide a

final ranking. Using the PeST framework, 97 species

of plant-parasitic nematodes were evaluated for their

biosecurity risks to Australia. The species identified as

greatest risks included both previously unrecognised

and currently-recognised species. The former included

Heterodera zeae, Meloidogyne graminicola, M. en-

terolobii, M. chitwoodi and Scutellonema bradys,

while the latter included Bursaphelenchus xylophilus,

Ditylenchus destructor, Globodera pallida, Hetero-

dera glycines and H. filipjevi. Of the ten criteria used

in the PeST framework, emerging pest status, patho-

genicity, host range and species biogeography most

strongly influenced overall risk. The PeST framework

also identified species where research to fill in critical

knowledge gaps will be most beneficial (e.g. Globo-

dera tabacum, Heterodera cajani, H. filipjevi, Melo-

idogyne ethiopica, Pratylenchus fallax and P.

sudanensis). Where data were available, the informa-

tion and associated metadata gathered for the PeST

framework can be used to guide biosecurity decision

making; determine species which require pre border

certification and target sampling at the borders.

Keywords PeST framework � Risk prioritization �
Screening tool � Plant pathogens � Emerging pests �
Plant-parasitic nematodes

Electronic supplementary material The online version of
this article (doi:10.1007/s10530-014-0776-0) contains supple-
mentary material, which is available to authorized users.

S. K. Singh (&) � M. Hodda

CSIRO Ecosystem Sciences, Canberra, ACT 2601,

Australia

e-mail: s11000363@yahoo.com

S. K. Singh � G. J. Ash

Graham Centre for Agricultural Innovation (an alliance

between Charles Sturt University and the NSW

Department of Primary Industries), Wagga Wagga,

NSW 2678, Australia

S. K. Singh

Cooperative Research Centre for Plant Biosecurity, Bruce,

ACT 2617, Australia

S. K. Singh � M. Hodda

CSIRO Biosecurity Flagship, Canberra, ACT 2601,

Australia

123

Biol Invasions (2015) 17:1069–1086

DOI 10.1007/s10530-014-0776-0

Author's personal copy

http://dx.doi.org/10.1007/s10530-014-0776-0


Introduction

Pest risk assessments are a basic part of biosecurity

and are used to estimate the probability of any pest

entering some geographic locality on a particular

commodity or by a certain pathway, then establishing,

and finally causing damage (FAO-ISPM-11 2013;

FAO 2007a, b). Considerable time and resources are

often required for detailed risk assessments because

extensive data collection and consolidation are

needed. Detailed risk assessments are feasible for a

small subset of all known species as there are many

more potential threats to plants than can be assessed

using such procedures. Therefore, an assessment

procedure allowing many species to be assessed

relatively quickly with readily available information

will be valuable to prioritise which species warrant

more detailed assessments. Standardised and objective

methods offer the best prospects for this, but practical

methods have yet to be developed for plant pathogens.

Despite considerable work improving risk assessment

methodology, determining potentially invasive exotic

species remains a complex and difficult task (Andersen

et al. 2004a, b; Devorshak 2012; MacLeod et al. 2010;

Stohlgren and Schnase 2006). Numerous factors con-

tribute in myriad combinations towards the risks from

exotic species, including: the abiotic properties of an

environment; the biotic characteristics of species and

ecosystems; the propagule pressure; the levels of

economic development; and the trade volumes, modes

and routes, together with the characteristics of the

networks goods travel through (Barney and Whitlow

2008; Caley et al. 2006; Catford et al. 2009; Hayes 2003;

Hulme et al. 2008; Lodge et al. 2006; Perrings et al.

2005; Pyšek et al. 2010; Roura-Pascual et al. 2011;

Yemshanov et al. 2012). Furthermore, there are often

high levels of uncertainty in many of these factors, which

affect perception and estimates of risks (Liu et al. 2011a,

b). Some of these factors (e.g. propagule pressure, trade

and transportation networks) are also dynamic; hence the

risks from exotic species can change over time (Venette

et al. 2010). Incorporating all or most of these factors so

that risks can be fully understood and evaluated requires

synthesis of concepts and knowledge from many

different sources involving multiple stakeholders such

as academia, governments, industry and community

(Devorshak 2012).

Screening tools are necessary to initially systemat-

ically evaluate large numbers of exotic species and

determine which species should be analysed more

comprehensively (Daehler and Strong 1993; Sahlin

et al. 2011; Sutherland et al. 2008). Having a screening

system which identifies potentially invasive species is

preferable and over allowing entry of every species

and reacting when species become invasive (Keller

and Springborn 2014; Leung et al. 2002; Wittenberg

and Cock 2001). Such tools can save both time and

resources (Daehler and Strong 1993). The weed risk

assessment (WRA; Pheloung et al. 1999) and fish

invasiveness scoring kit (FISK; Copp et al. 2005) are

two widely used screening tools which have been

modified for use in many different countries (Gordon

et al. 2008; Vilizzi and Copp 2012). Both of these tools

use a semi-quantitative approach to score plant or fish

species against a set of questions based on their

biogeography, biology and ecology. These methods

have been used effectively to evaluate plant or fish

species imports respectively, and decide whether to

accept, reject or further evaluate import of any

particular species.

Unlike plants and fish imports, most plant pests/

pathogens are not deliberately imported, but arrive

‘uninvited’ as contaminants via numerous potential

pathways (Bacon et al. 2012; Hulme 2009; Hulme

et al. 2008; McNeill et al. 2011). The European Plant

Protection Organization (EPPO) has developed a

computer assisted pest risk analysis (CAPRA) for

evaluation of plant pathogens/pest species (EPPO

2011). The CAPRA has four modules and requires

answers for several questions on the biology and

ecology of a pest species to categorise the risks and

decide whether a full risk assessment is necessary

(EPPO 2011). However the CAPRA framework

analyses one species at a time and does not simulta-

neously screen multiple species. Numerous plant

pests/pathogens need to be prioritised for targeting

sampling, choosing methods and requiring pre-border

certification (i.e. declaration as free from harmful pest

species). The tools mentioned above are thus inade-

quate for effectively screening and targeting poten-

tially invasive plant pathogens, and a new tool is

needed.

This paper describes and applies an integrated

framework for screening and targeting multiple pest

species for detailed biosecurity risk assessment: the

Pest Screening and Targeting (PeST) framework. First,

we explain how the PeST framework design integrates

qualitative, quantitative and semi-quantitative
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methods and review the rationale for the assessment

criteria chosen. Then, we demonstrate the use of the

PeST framework in screening the biosecurity risks

from plant-parasitic nematode (PPN) species to Aus-

tralia: these are the same examples as used in three

previous investigations which provide some data for

the current study (Singh et al. 2013a, b, 2014). We

explain how the framework could also be used for

other groups of pests and geographical locations. The

PeST framework follows the International Standards

for Phytosanitary Measures (ISPM) and should

strengthen biosecurity systems by dealing effectively

with the cryptic, small and difficult-to-detect plant

pathogens which currently impose considerable chal-

lenges to prioritizing, devising and implementing

biosecurity measures (Ferris et al. 2003; Okabe et al.

2012; Rajan 2006; Schrader and Unger 2003).

Methods

Selection of species

Ninety-seven economically important species, exotic

and likely to establish in Australia, were selected from

a database of the 250 PPN species of potential

phytosanitary importance globally (Singh et al.

2013a). The species likelihood of establishment was

determined from a study (Singh et al. 2014) modelling

their global distribution using self organising map

(SOM). The SOM model analyses the global distribu-

tion of a large numbers of species for patterns in

species distribution and based on species assemblages,

determines the likelihood of each species establishing

in any given country or region. For detailed descrip-

tion and use of SOM models, readers are referred to

Paini et al. (2010), Singh et al. (2014) and Worner and

Gevrey (2006).

Formulation of multi-criteria evaluation scheme

The criteria for evaluating biosecurity risks from PPN

species were determined based on an expert opinion

survey and literature review. The experts were mem-

bers of the Australasian Association of Nematologists,

who were surveyed via an emailed questionnaire

asking the most important characteristics for evaluat-

ing biosecurity risks from exotic PPN. Ten nematol-

ogists working in Australia and New Zealand

participated in the survey and each person nominated

several criteria. Collation of these expert opinions

yielded ten criteria for evaluating the biosecurity risks

from PPN (Table 1).

These ten criteria were critically analysed by

carrying out a literature review and further refined

by defining a scoring scheme for each and assigning

weights based on their relative importance (Electronic

supplementary information). Of the ten criteria, bio-

geographical match was assigned the greatest weight

(0.2) because it included the likelihood of establish-

ment, which was consistently rated as important by the

experts. Furthermore, likelihood of establishment can

be estimated for most species objectively and quan-

titatively by modelling species distributions (Guisan

and Zimmermann 2000; Pearce and Boyce 2006).

Pathway diversity, species survival adaptations, path-

ogenicity, host range breadth, emerging pest status,

ease of species identification and uncertainty due to

knowledge base, were all rated as of lesser but equal

importance by the experts and generally do not have

objective measures as readily available as biogeo-

graphical match. Because these measures were less

objective and certain, and assessed as of lesser

importance by the experts, each of these criteria were

assigned a weight of 0.1. Disease complexes and

pathotypes were assigned the lowest weight of 0.05.

These criteria were rated lowest by the experts, are

applicable to some species only, and are the most

difficult to define. Authorities are divided on whether

pathotypes exist for some species, and there are quite

divergent definitions for other species, which affect

their distribution and hence risks. Altogether the

weights sum to 1.

For each species, biogeographic information was

obtained from an earlier study (Singh et al. 2014) and

the likelihoods of species establishment values for

Australia from the SOM model were used as scores.

For the other nine criteria, information was gathered

from published literature. Peer-reviewed literature and

credible sources such as government and scientific

reports were used as data sources. A score was

assigned for each according to the evaluation scheme

described in electronic supplementary information.

When assigning scores, if there are exceptions, an

expert may assign higher or lower values than those

described in the scheme and provide reasons for

assigning the score. The scores for each species were

recorded in a spreadsheet linked to a profile page
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documenting the reasons and references used (refer to

electronic supplementary information). A conceptual

representation of the PeST framework using a three

stage approach is given in Fig. 1. The selection of

species in stage one, SOM analysis of species distri-

butions in stage two, and evaluation of species using

Table 1 Multi-criteria scheme for evaluating species biosecurity risks

Criterion Reasons for choosing criterion based on expert opinion survey

responses and literature review

Biogeographical match—refers to similarities in climate, abiotic

and biotic conditions between two regions

There are patterns in the distribution of species defined by

anthropogenic movement, biological and ecological

adaptations of a species. The likelihood of exotic pest species

establishing in foreign locations can be estimated using species

distribution models

Pathway diversity—means available for transportation and

introduction of a species

The means available for the introduction of a species is an

important contributor to the chances of a species being moved

and eventually arriving to a location away from its native range

Species survival adaptations—biotic mechanisms/characteristics

of egg, juvenile or adult stages to survive

Species with specialised adaptations to cope with biotic and

abiotic stresses are more likely to survive transit and also

persist in a new environment which may aid in their adaptation,

persistence and establishment of a self propagating population

Pathogenicity—the ability of a species to cause disease The economic and environmental impacts of a pathogenic

species depend on their aggressiveness towards their host. The

more aggressive a pathogen is; the greater are the chances it

will adversely affect its host and in doing so also affect the

yield of the host and also indirectly impact other organisms

dependent on the same host

Host range breadth—refers to species association (ecto-parasite,

endo-parasite or semi-endo parasite) with the number of plant

species and plant families

Pathogenic species capable of parasitising and reproducing on a

wide range of plant hosts have better chances of finding a

suitable host in a new range than species with a narrow host

range. The only exception is species which parasitise

cosmopolitan hosts which are widely cultivated

Emerging pest status—recent spread into new areas and changes

in pathogenicity such as ability to overcome host plant

resistance or parasitism of new plant hosts

Species able to overcome host defences can be used as a proxy

for underlying genetic and phenotypic capacity to co-evolve

and adapt. This combined with evidence of recent spread is a

good indicator for species with expanding ranges

Ease of species identification—tools available and the expertise

required to identify a species

Species identification is crucial for precise assessment of

biosecurity risks. The ability to accurately identify a species

can impact on the measures used to prevent their entry. If a

species is misidentified, then the biosecurity risks are also

likely to be misrepresented. Hence a measure of the skills

required to identify a species indicates the practical challenges

Uncertainty due to knowledge base—refers to the number of

studies, objectives and breath of information available on a

species as a proxy for uncertainty

The lack of information on a species is a major challenge to

assessing the biosecurity risks. By quantifying the available

information on a species, we can estimate the uncertainty

associated with a species

Pathotypes—defined as members of a species which are further

distinguishable on the basis of host reaction but not recognized

as separate species

Pathotypes of a species can have different levels of

aggressiveness and impacts. Where countries do not have

specific pathotypes, the biosecurity risks from exotic

pathotypes can be assessed

Disease complexes—refers to the ability of species to act

synergistically with other plant pathogens such as fungi,

bacteria and viruses to cause disease to plants

Species able to interact with other pathogenic species can have

impacts which are difficult to attribute to a particular pathogen.

Due to the complex interactions, such diseases are also difficult

to manage as multiple species need to be controlled

A detailed version of the evaluation scheme and guidance on scoring for each criterion is presented in the electronic supplementary

information
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multi-criteria scheme in stage three, are all iterative

processes and as new information becomes available,

species profiles can be updated.

Statistical methods

The scores for each criterion and its weight were

combined using weighted averages to obtain an

overall risk index from a species. The likelihood that

an event will occur, multiplied by the consequence of

the event if it does occur, is a standard approach used

for risk assessments (Daehler and Virtue 2010;

Kumschick and Richardson 2013). However, the

likelihood and the consequence component are both

dependent on complex interaction of several different

contributing factors thus we use an alternative multi-

criteria scoring scheme and combine the scores using a

weighted average approach to estimate risk.

Hence, risk index = likelihood of species estab-

lishment * 0.2 ? pathways * 0.1 ? survival adapta-

tions * 0.1 ? pathogenicity * 0.1 ? host range * 0.1 ?

emerging pest status * 0.1 ? species identifica-

tion * 0.1 ? uncertainty due to knowledge base * 0.1 ?

pathotypes * 0.05 ? disease complex * 0.05.

Spearman’s correlation coefficient was then used to

statistically compare the interrelationships between

each criterion and the overall risk. The tests were

conducted in R (R Development Core Team 2010)

using the ‘‘pspearman’’ package (Savicky 2009).

Results

Overall risk indices ranged from 0.64 to 0.30

(Table 2). The ten top-ranked exotic PPN species for

Australia had risk indices from 0.64 to 0.62 and were

Heterodera zeae, Meloidogyne graminicola, Meloi-

dogyne enterolobii, Heterodera filipjevi, Ditylenchus

destructor, Scutellonema bradys, Heterodera gly-

cines, Globodera pallida, Bursaphelenchus xylophilus

and Meloidogyne chitwoodi. Cyst (Heterodera spp.)

and root-knot (Meloidogyne spp.) nematodes were by

far the genera with the most high-ranked species, with

three species each in the top 10 in addition to 11 and 9

species, respectively, in the top 50 (Fig. 2). Compared

to taxonomic richness for PPN genera most had only a

few species with high scores except for Meloidogyne,

Heterodera, Globodera and Pratylenchus which had

relatively greater number of species.

The variation in scores for each criterion is

described by the standard deviation and distribution

of scores in Table 3 and scatter plots of all scores is

Stage 1: Qualitative method
(Selection of species, formulation of assessment criteria and weights)
A. Systematic selection of species of phytosanitary importance
B. Expert opinion -open ended questionnaire used to determine assessment 
criteria and weights
C. Literature review -evaluation of criteria and weights
Iterate and update following peer-review and new information

Stage 2: Quantitative method (Biogeography)
Analysis of pest distribution data using Self Organising Map (SOM) 
The SOM index based on species assemblages and biogeography is 
used to rank and prioritise species for further analysis. Iterate and 
update following changes in species distributions.

Stage 3: Semi-quantitative method 
(Species biology and ecology)

Expert evaluation of published information using the following 10 
criteria and scores combined using weighted averages. 
Risk index= SOM index from stage 2 *(0.2) + Pathogenicity* (0.1) + 
Host range* (0.1) + Disease complex *(0.05) + Pathotypes*(0.05) + 
Emerging pest status*(0.1) + Species identification*(0.1) + Uncertainty 
due to knowledge base*(0.1) + Pathways*(0.1) + Survival
adaptations*(0.1)
Iterate and update following peer-review and new information

Database management 
system hosting all 

information from all three 
stages

Experts

Fig. 1 Conceptual representation of the PeST framework. Circular arrows represent iteration to accommodate changes as a result of

peer-review or new information (Stages 1 and 3), and changes in species distribution (Stage 2)
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Table 2 PPN species rankings based on overall risk index

Top 50 speciesa Risk index Species ranked 51–97 Risk index

Heterodera zeae 0.642916 Bursaphelenchus mucronatus 0.458422

Meloidogyne graminicola 0.641942 Paratrichodorus nanus 0.451096

Meloidogyne enterolobii 0.636768 Paratrichodorus tunisiensis 0.446946

Heterodera filipjevi 0.634186 Aphelenchoides arachidis 0.446097

Ditylenchus destructor 0.633022 Meloidogyne coffeicola 0.44481

Scutellonema bradys 0.631584 Bursaphelenchus cocophilus 0.44346

Heterodera glycines 0.631558 Punctodera punctata 0.443446

Globodera pallida 0.624176 Heterodera daverti 0.440138

Bursaphelenchus xylophilus 0.62028 Rotylenchulus macrodoratus 0.438966

Meloidogyne chitwoodi 0.61692 Quinisulcius acutus 0.438028

Nacobbus aberrans 0.587502 Meloidogyne brevicauda 0.437686

Scutellonema clathricaudatum 0.576794 Meloidogyne acronea 0.436102

Heterodera latipons 0.56405 Meloidogyne arabicida 0.435061

Zygotylenchus guevarai 0.556906 Helicotylenchus microcephalus 0.434808

Pratylenchus sudanensis 0.554614 Hirschmanniella spinicaudata 0.428058

Globodera tabacum 0.553758 Xiphinema bricolensis 0.427234

Heterodera cajani 0.55264 Punctodera matadoresnsis 0.424224

Hoplolaimus indicus 0.550256 Trichodorus cedarus 0.4214

Trichodorus primitivus 0.547706 Meloidogyne salasi 0.421188

Hirschmanniella oryzae 0.534228 Meloidogyne oryzae 0.421103

Paratrichodorus teres 0.526376 Meloidogyne africana 0.420124

Meloidogyne paranaensis 0.52607 Tylenchorhynchus cylindricus 0.419674

Meloidogyne ethiopica 0.525276 Hemicycliophora poranga 0.418226

Pratylenchus fallax 0.521548 Pratylenchus convallariae 0.41527

Xiphinema diversicaudatum 0.520542 Xiphinema ifacolum 0.406242

Heterodera goettingiana 0.514686 Merlinius microdorus 0.404414

Paratrichodorus allius 0.514426 Tylenchulus palustris 0.403006

Ditylenchus gigas 0.513233 Radopholus citri 0.401102

Pratylenchus delattrei 0.512634 Hirschmanniella imamuri 0.400324

Hoplolaimus columbus 0.50726 Anguina agropyri 0.39869

Meloidogyne artiellia 0.50695 Heterodera hordecalis 0.387299

Tylenchorhynchus nudus 0.495762 Aphelenchoides sacchari 0.383484

Heterodera sacchari 0.493664 Helicotylenchus vulgaris 0.382212

Bitylenchus vulgaris 0.493512 Tylenchorhynchus agri 0.381658

Trichodorus similis 0.486336 Longidorus pisi 0.373804

Pratylenchus mediterraneus 0.486326 Anguina graminis 0.372307

Heterodera ciceri 0.485562 Ditylenchus medicaginis 0.362432

Paratylenchus minutus 0.48075 Longidorus attenuatus 0.360266

Hemicriconemoides litchi 0.476236 Longidorus martini 0.35844

Tylenchorhynchus brassicae 0.474602 Longidorus leptocephalus 0.357629

Meloidogyne indica 0.470698 Dolichodorus heterocephalus 0.355698

Meloidogyne minor 0.470369 Longidorus macrosoma 0.349692

Meloidogyne partityla 0.470074 Subanguina hyparrheniae 0.348347

Heterodera oryzae 0.468658 Hemicycliophora similis 0.346018
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given in Fig. 3. The criteria with significant correla-

tions are indicated in Table 4. Generally species with

scores greater than 0.5 for the emerging pest status,

pathogenicity and host range had relatively higher risk

scores (Fig. 3). The criteria with the strongest positive

correlations to the risk index were emerging pest status

(q = 0.80) and pathogenicity (q = 0.77). The top

ranked species Heterodera zeae, Meloidogyne gra-

minicola and M. enterolobii were all classified as

emerging pests. Most of the other criteria also had

significant positive correlations to the risk index, but

with lower correlation coefficients. In descending

order of coefficients they were: emerging pest sta-

tus [ pathogenicity [ host range [ SOM index [
disease complexes [ pathways [ pathotypes [

survival adaptations (Table 4). The criterion of

uncertainty due to knowledge base was negatively

correlated to the risk index, while the criterion on

species identification did not have a significant

correlation (Table 4).

There are similarities and differences in the ranked

list of PPN produced by the PeST framework and the

current high-priority pest (HPP) list for Australia (Plant

Health Australia 2013). Five of the six top-ranked

species were not on the HPP list: Heterodera zeae,

Meloidogyne graminicola, Meloidogyne enterolobii,

Dityelenchus destructor and Scutellonema bradys.

However, most of the HPP list ranked in the top 15 in

our analysis: Heterodera filipjevi (4th), H. glycines

(7th), Globodera pallida (8th), Bursaphelenchus

0

0.2

0.4

0.6

0.8

1 Risk index range

0

2

4

6

8

10

12

PPN Genus

Number of species

Fig. 2 Risk index range and number of species per PPN genus. Based on the top 50 species listed in Table 2

Table 2 continuedTop 50 speciesa Risk index Species ranked 51–97 Risk index

Heterodera carotae 0.466634 Hirschmanniella miticausa 0.335061

Xiphinema californicum 0.464756 Ibipora lineatus 0.316406

Heterodera oryzicola 0.462512 Ditylenchus weischeri 0.305096

Scutellonema unum 0.460102

Ditylenchus angustus 0.460064

Hirschmanniella gracilis 0.45936

a PPN species indicated in bold are already on the high priority pest list for Australia (Plant Health Australia 2013)
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xylophilus (9th), H. latipons (13th). Of the species on the

HPP list, only H. carotae was not near the top of the

rankings. Some species currently not on the HPP list for

Australia were ranked as posing risks greater than some

of the species on the HPP list: these included Meloido-

gyne chitwoodi, Nacobbus aberrans, Scutellonema

clathricaudatum, Zygotylenchus guevarai and Praty-

lenchus sudanensis (Table 2).

Summary on PPN assessed using PeST framework

Over a third of all species (34 % from 14 genera), were

classified as emerging pests (i.e. with criterion scores

greater than 0.50 (Fig. 3); after assessing information

on damage reports from new areas or increased

pathogenicity or ability to overcome host plant

resistance). More than three-quarters of species

(86 % from 28 genera with criterion scores greater

than 0.50) were also known to cause economically

significant damage in areas where they had been

recorded. More than half the species (51 % from 20

genera) could form disease complexes with other soil

microorganisms such as bacteria and fungi or acted as

vectors of viruses, and nearly two thirds (65 % from

25 genera) also had wide host ranges or cosmopolitan

host species. When assessed for pathways, more than

three-quarters of species (78 % from 22 genera) were

associated directly with traded produce (e.g. tubers,

rhizomes or with propagative material such as seeds,

nursery stock, ornamental, bonsai plants): hypotheti-

cally, any PPN inhabiting soil could be carried via soil

as a contaminant but there were few published

interception records for such a pathway. Nearly half

of the PPN species assessed (47 % from 13 genera)

had adaptations to survive in soil or with their host

plant as endoparasites, or as semi-endoparasites for

several months, and some for many years in cysts, or in

a quiescent state. Rapid species identification proto-

cols not needing taxonomic expertise were only

available for 18 % of species (six genera), but for

most species (82 % from 29 genera), specialist

taxonomic expertise was required for their identifica-

tion: about a third (32 % from 19 genera) did not have

any published genetic sequence information available

in GenBank. Only a small percentage of species (13 %

from six genera) had pathotypes, but all these species

had high risk indices and were ranked highly overall

(see below): none had rapid identification protocols

for pathotypes available. Species identification had a

significant positive correlation (q = 0.41) to ‘uncer-

tainty due to knowledge base’.

For the criterion of uncertainty in knowledge, no

species was investigated in depth as an invasive

species, so all species had general uncertainty scores

greater than 0.50 (Fig. 3). Because there are few

studies of nematodes as invasive species, the number

of other studies, their objectives and breath of

information (i.e. knowledge base) on a species were

used as proxies for estimating general uncertainty.

This knowledge base on PPN species was highly

variable, with both geographic and taxonomic biases.

The well-known and economically-important species

recorded from countries with nematological expertise

(e.g. Bursaphelenchus xylophilus, Globodera pallida,

Table 3 Variation and distribution of scores for plant-parasitic nematodes assessed using PeST framework

Criteria Mean score SD Min Max Score distribution proportion of species (N = 97)

0–0.2 0.21–0.4 0.41–0.6 0.61–0.8 0.81–1

Biogeographical match 0.198092 0.128244 0.02 0.64 56 32 8 1 0

Pathway diversity 0.624742 0.101068 0.4 0.8 0 3 59 35 0

Species survival adaptations 0.572165 0.144415 0.3 0.8 0 16 55 26 0

Pathogenicity 0.640206 0.167494 0.3 0.9 0 14 31 44 8

Host range breadth 0.526804 0.160413 0.1 0.8 4 30 39 24 0

Emerging pest status 0.296907 0.270206 0 0.9 37 27 22 9 2

Ease of species identification 0.656701 0.109836 0.4 0.9 0 3 41 52 1

Uncertainty due to knowledge base 0.716495 0.110567 0.5 0.9 0 0 27 57 13

Pathotypes 0.106186 0.231307 0 0.8 78 6 7 6 0

Disease complexes 0.416495 0.259679 0 0.8 20 28 29 20 0

Risk 0.469154 0.082569 0.3 0.64 0 22 65 10 0
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Heterodera glycines) were the best studied of all PPN,

but still lacked much of the knowledge or data

necessary for predicting threat, and so had scores

above zero for this criterion. PPN species not well

known (i.e. present in localised areas and not yet

widespread e.g. Paratylenchus minutus, Meloidogyne

indica, Scutellonema unum) were relatively less

studied and had relatively higher scores on general

uncertainty. Comparison of the scores for uncertainty

against the overall risk index was used to determine

species where research to fill in critical knowledge

gaps will be most beneficial. For example Globodera

tabacum, Heterodera cajani, H. filipjevi, Meloidogyne

ethiopica, Pratylenchus fallax and P. sudanensis had

Fig. 3 Scatter plot of scores for 97 plant-parasitic nematode

species assessed using PeST framework. Bioge biogeographical

match, Pgen pathogenicity, Host host range breadth, Dise

disease complexes, Ptyp pathotypes, Emer emerging pest status,

Sp.ID ease of species identification, Uncert uncertainty due to

knowledge base, Pway pathway diversity, Surv species survival

adaptations, Risk risk index (calculated using weighted average

of ten criteria)
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risk index in the range of 0.52–0.63 and also had high

uncertainty with criterion scores over 0.60 and lacked

basic information required for biosecurity risk analysis

thus are good candidates for further research.

Discussion

Plant-parasitic nematodes

Plant-parasitic nematode species from the genera

Meloidogyne, Heterodera, Ditylenchus, Globodera

and Bursaphelenchus, of greatest concern to Australia,

are also among the most important groups of nematodes

(Jones et al. 2013; Nicol et al. 2011). The highest rated

species have recently spread into new areas or are

relatively widespread and damage economically impor-

tant crops. Some PPN such as Heterodera glycines

Globodera pallida and Bursaphelenchus xylophilus are

well known invasive species (Singh et al. 2013b).

Meanwhile the lowest rated PPN species mostly have a

narrow host range, infect less economically important

crops, and or little is known about their damage

potential. PPN species which have spread into new

areas (emerging pests), also had high scores for

pathogenicity, pathways survival adaptations and host

range resulting in higher overall risk score; suggesting

multiple factors and characteristics contribute towards

their success in new locations. Studies of taxa other than

nematodes have also suggested that previous invasion

success is a good indicator of future invaders (Daehler

and Carino 2000; Daehler and Strong 1993; Hayes and

Barry 2008; Kolar and Lodge 2001; Mack et al. 2002;

Marchetti et al. 2004; Philibert et al. 2011; Ricciardi

and Rasmussen 1998). This hypothesis is yet to be

tested for PPN.

The pathogenicity of PPN species contributed

strongly to the risk index. This criterion was based

on current recorded levels of damage to host plants (as

distinct from increase in damage as for emerging pest

status, above). Of course, pathogenicity in an existing

range does not necessarily equate exactly to pathoge-

nicity and impacts in a new area because pathogenicity

in any particular situation is based on a complex

interaction between the particular nematode, host

plant(s), edaphic factors and the environment (Acosta

1982; Griffin 1996; Trudgill 1991). Hence, although

pathogenicity in existing areas is a worthwhile crite-

rion, additional information on host range, likelihoods

of establishment (SOM index), disease complexes and

existence of pathotypes, as used together in the PeST

framework, offer better estimation of the risk from a

species than any criterion on its own. Additional

information, such as the distribution of suitable

host(s) and models forecasting economic and envi-

ronmental impacts of a species, improve estimates of

pathogenicity in potentially invaded areas even more,

but require considerable time and effort to collect or

formulate, and so are incorporated in the more detailed

risk assessment stage (Baker et al. 2012; Cook et al.

2011; Emery et al. 2003; Hodda and Cook 2009;

Kumschick et al. 2012; Schaad et al. 2006).

Table 4 Spearman’s correlation values for criteria used in PeST framework

Bioge Pgen Host Dise Ptyp Emer Sp.ID Uncert Pway Surv Risk

Bioge 1

Pgen 0.24* 1

Host 0.43* 0.50* 1

Dise 0.22* 0.59* 0.35* 1

Ptyp 0.28* 0.36* 0.12 0.23* 1

Emer 0.38* 0.68* 0.39* 0.36* 0.43* 1

Sp.ID -0.14 -0.16 -0.06 -0.06 -0.08 -0.15 1

Uncert -0.29* -0.53* -0.29* -0.43* -0.23* -0.40* 0.41* 1

Pway 0.06 0.43* 0.32* 0.18 0.15 0.33* 0.03 0.01 1

Surv -0.04 0.34* 0.02 0.08 0.36* 0.32* 0.21* -0.15 0.42* 1

Risk 0.55* 0.77* 0.63* 0.55* 0.47* 0.80* 0.08 -0.34* 0.51* 0.46* 1

Bioge biogeographical match, Host host range breadth, Ptyp pathotypes, Pgen pathogenicity, Emer emerging pest status, Pway

pathway diversity, Surv survival adaptations, Sp.ID ease of species identification, Uncert uncertainty due to knowledge base

* Indicates significant correlation at 95 % confidence
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The likelihood of species establishment (SOM

index) despite being given the greatest weight out of

all criteria did not have the strongest correlation to the

risk scores. The SOM analysis utilises species pre-

sence and absence data to determine the likelihoods of

species establishment. Patchy species distribution and

data poor regions in dataset represent an inherent

limitation to the use of likelihoods of establishment as

an indicator of risk (Morin et al. 2013; Singh et al.

2014) and was the main reason for including multi-

criteria evaluation in the PeST framework. The species

ranks based on likelihoods of establishment differed

from the species ranks based on risk scores from the

PeST evaluation. For example, Heterodera zeae

ranked 25th and 1st based on likelihood of establish-

ment and overall risk index respectively. After con-

sidering additional information on recent spread of H.

zeae into new areas, its potential to cause damage and

its survival adaptations; the change in rank is

justifiable.

Pathways were another major positive contributor

to the overall risk. Pathways have been associated with

invasive success of exotic species in taxa other than

PPN (Pyšek et al. 2011; Wilson et al. 2009). Reports of

interceptions are reasonably common (Grousset et al.

2012), and association with many pathways should

therefore be a good estimator of potential to be moved

either in direct association with produce, packaging

material etc., or with contaminants such as soil.

However, the association of a species with a pathway

does not necessarily mean that the species-pathway

association will be a route for an invasion. Successful

PPN invasions are rarely traceable to a specific event

or pathway. Introduction via contaminants was rated

as contributing less to overall risk than established

pathways even though some known PPN invasions

may have resulted from contaminants (Ferris et al.

2003; Okabe et al. 2012). PPN associated as contam-

inants received lower scores because fewer substrates

and smaller amounts of contaminant materials are

involved. Transmission may also be more intermittent

than on directly traded materials. Partly balancing this

is the fact that contaminants—principally soil in the

case of PPN—may be transported in many ways, for

example on footwear, clothing, machinery, with seeds

and plant products etc. (Lal and Lal 2006; McNeill

et al. 2011). A mixture of PPN species including

poorly known or even species new to science can be

encountered in a single pathway (Singh et al. 2013b),

thus prioritization of pathways similar to those used

for ballast water risk assessments (Hayes 1998;

Molnar et al. 2008) may be useful complement to

species based risk assessments.

Species with better survival adaptations pose

greater risks than those without: cyst-forming nema-

todes from the genera Globodera, Heterodera and

Punctodera survive long periods in cysts without

hosts; species from Aphelenchoides, Bursaphelen-

chus, Ditylenchus and Subanguina can enter crypto-

biosis enabling them to survive for several months;

and. endoparasitic and semi-endoparasitic nematodes

in the genera Meloidogyne, Pratylenchus, Nacobbus,

Rotylenchulus, Scutellonema and Zygotylenchus can

survive transit in bare rooted plant materials. Data for

all these species and genera come from field studies

rather than nematodes in transit. Actual survival

periods vary depending on life stage (Womersley

et al. 1998), so which stage—egg, adult or juvenile—is

associated with a particular pathway is important to

assess the risks (Singh et al. 2013b). Furthermore,

survival in transit may differ from that in field soils,

but experimental data on this is not available for most

PPN. Nonetheless survival of PPN in transit is a very

real possibility considering the evidence of live PPN

extracted from intercepted material (Lal and Lal 2006;

Plumas et al. 2002; Tenente et al. 1996). Information

on survival periods in transit is a potentially important

data gap which requires further research. The linkage

of survival adaptations and pathways was evident in

the positive correlation between the two criteria.

Nevertheless, the correlation was far from perfect, and

data available can vary substantially in both quantity

and sources, so including both independently seem

advisable.

Correct species identification is essential for the

risk assessment and biosecurity decision making

process (Petter et al. 2008). The species identity is

the tag used for all the information on a species (Mayr

and Ashlock 1991). In the biosecurity context, this

means whether the species is exotic to the region of

interest or not, its risk profile and the appropriate

biosecurity measures are all dependent on the species

identity. An example is where biosecurity responses to

an incursion can be quite different depending on the

species identification (Carnegie and Cooper 2011;

Elith et al. 2012). The capability and expertise

required for accurately identifying species need to be

factored into risk estimation because species which are
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difficult to identify are also the most poorly studied.

(Here, difficult to identify meant requiring specialist

taxonomic expertise and lacking molecular informa-

tion for rapid diagnostics.) The association between

species identification and general uncertainty was

shown by the positive correlation between the species

identification criterion and the knowledge base crite-

rion. Indeed, scores for these criteria could be

compared to the overall risk index to prioritise species

for further research aimed at reducing the uncertainty

and developing the diagnostic tools most needed.

Species with high general uncertainties had rela-

tively lower overall risk indices than well-studied

species with less uncertainty. The risks from species

with little information (or high uncertainty) are the

least predictable. Combined with geographic and

taxonomic biases, lack of information and uncertainty

limit estimation of risks (Pyšek et al. 2008; Venette

et al. 2010). This applies to many risk assessment

methods for alien species (Baker et al. 2008; Dahl-

strom et al. 2011; Leung et al. 2012) whereas the PeST

framework explicitly recognizes species with high

general uncertainty to avoid underestimation of bio-

security risks. The economic importance of a species,

the species distribution, and the residence or avail-

ability of nematological expertise are all underlying

factors which influence how well a PPN species has

been studied (Singh et al. 2013a), so species with high

uncertainty may need some evaluation by experts

before exclusion from detailed analysis. Species with

the highest uncertainty may also be targets for further

research.

PeST framework features and usability

The general requirements for a pest screening system

to predict potential invaders as outlined in Mack et al.

(2002) and Daehler et al. (2004) are:

• scientifically justifiable components;

• a logical framework that incorporates factors

important in the invasion process (based on critical

observations, experimentation or both);

• transparency of the processes leading to the

outcome;

• a process open to peer-review; and

• minimum use of subjective opinions such that

assessments are repeatable and lead to the same

conclusion.

The PeST framework satisfies these requirements

using a three stage approach to screen and prioritise

exotic species in a coherent way. Below we discuss

how each of these requirements is achieved.

All three stages in the PeST framework are clearly

documented and retraceable, thus providing transpar-

ency necessary for biosecurity risk assessments under

ISPM. In the first stage of the PeST framework,

species of potential phytosanitary importance glob-

ally, are selected and the scientific reasons for

screening are documented (Singh et al. 2013a). The

selection of species is an iterative process and as new

information becomes available, it may be necessary to

add or remove species from the initial list of species. A

systematic selection of species also ensures that

species are not overlooked. The data sources included

peer-reviewed articles and databases; CABI abstracts,

Web of Knowledge and CABI crop protection com-

pendium, CABI invasive species compendium and the

EPPO plant quarantine data retrieval system, which

are publicly accessible thus transparent. These

resources are used universally for invasive species

research by scientists and policy makers (Bayliss et al.

2012).

The inclusion of a global pest list (in stage one) and

SOM analysis of global distribution dataset (in stage

two of PeST framework), allow its application across

geographies and species. The SOM index provides a

reliable preliminary estimate of biosecurity risk from a

species to any country or region (Morin et al. 2013;

Paini et al. 2010, 2011; Worner and Gevrey 2006).

Using a quantitative measure (SOM index) for prior-

itizing species minimises subjectivity, avoids bias due

to expert opinion, and is a rapid means of ranking a

large number of species (Paini et al. 2010). The SOM

analysis also offers flexibility to select the region of

interest for further analysis in stage three. Any other

country or region in the dataset could be selected

instead of Australia for further analysis.

Review of the literature and expert opinion are

often used to estimate the characteristics of invasive

species for incorporation in the prediction of future

invaders (Copp et al. 2005; Daehler et al. 2004; Mack

et al. 2002; Pheloung et al. 1999). Biological charac-

teristics can be difficult to measure on quantitative,

comparable scales, but the third stage of PeST

framework overcomes this by using weighted aver-

ages to integrate the SOM index with semi-quantita-

tive scores from the other nine criteria. Using this
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method both biotic and abiotic factors important in the

invasion process can be included.

The framework allowed incorporation of expert

opinion in two ways: first, when it was used to assign

weights to the assessment criteria consistently across

all species and reflecting their relative importance; and

second, when expert judgement was used to assign

scores for each species. The PeST framework sets

conditions for scoring each criterion that guide

different assessors to score consistently between 0

and 1 for each criterion. In addition, the reasons for

assigning a score is documented as part of the process,

thus becoming available for reference later and also

open to peer-review. This use of numerical quantita-

tive or semi-quantitative scores assists in refining

assessments of risks, even those involving great

complexity and uncertainty (MacDiarmid and Pharo

2003; North 1995). These features of the framework

should facilitate more precise conclusions than those

reached after qualitative reasoning alone.

The PeST framework also incorporates heteroge-

neous data and diverse expertise. Generally, these

features improve the assessment quality, efficiency

and predictive capability (Holt et al. 2012; Munns

et al. 2003; Suter et al. 2003). Integration of multiple

components for assessing the risks from alien species

was also recommended in a review of over 300 pest

risk assessments (Leung et al. 2012). Ideally the PeST

framework should be used with multiple assessors, but

when not available, a single assessor can be used (as

was the case in this study). The scores from multiple

experts can be combined either using simple averages

or weighted averages when the expertise of assessors

are highly variable (Hammitt and Zhang 2013).

Weighted averages, as used here, avoid extreme

scores for one criterion leading to either underestima-

tion or overestimation of the overall risks (Holt et al.

2006; Zhu et al. 2000). Also weighted averages allow

explicit definition of the contribution of each criterion

to the overall score (Holt 2006).

The multi-criteria in the PeST framework are

designed to prevent false positives (benign sp. which

score high) and false negatives (invasive sp. which

score low). When evaluating literature on the species

biology and ecology during the scoring process,

invasive species get a higher score and benign species

get a lower score. All known invasive species (e.g.

Bursaphelenchus xylophilus, Heterodera glycines and

Globodera pallida) received relatively high scores

([0.6) and are true positives. None of the known

invasive species had a low score in our analysis.

However it is difficult to determine false negatives

noting that only a few PPN have been investigated as

invasive species (Singh et al. 2013b). Risks change

over time and iterative evaluations are necessary to

determine any changes in species behaviour. Species

currently benign and having a low score could become

invasive in future.

The WRA model (Pheloung et al. 1999) and FISK

model (Copp et al. 2005) are two other examples of

pest screening systems which have been adopted

internationally for screening potential invasive spe-

cies. Both of these screening systems were designed

mainly for evaluating intentional import requests. By

comparison, the PeST framework is designed for

species which are not imported intentionally and can

be well-known pests or poorly known. The WRA and

FISK models provide score thresholds for deciding

whether to accept or reject or further evaluate

deliberate importation.

The PeST framework does not propose score

thresholds for high, medium and low risk species

because detailed and context specific risk assessment

is necessary before species can be categorised. For

example a species which has not been studied well

and has a high level of uncertainty, even with a low

score will need further expert evaluation before being

categorised as low risk. The overall risk scores have

not been evaluated for prediction of invasive status of

species either and further validation of the model

using known invasive and non-invasive PPN in

Australia is required. Score thresholds for screening

systems need to be calibrated using different taxa and

geographical locations and supported by sensitivity

analysis (Kumschick and Richardson 2013). Calibra-

tion of the PeST framework is necessary before score

thresholds for high, medium and low risk species can

be proposed. In addition, whether any of the factors

and biological characteristics evaluated in the frame-

work are predictive of future invaders, is yet to be

tested.

The PeST framework differs from the WRA and

FISK models in several other ways. It systematically

selects numerous species for screening instead of

targeting particular species selected after import

requests. It uses a quantitative estimate (the SOM

index) for the suitability of a species for a particular

region instead of a semi-quantitative estimate based
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on biogeography. Other models (Bomford 2008)

also use quantitative values for likelihood of species

establishment in risk assessments, however PeST

framework is first to integrate a multiple species

modelling approach using SOM. PeST framework

uses weights based on relative importance of the

different criteria to combine scores and calculate an

overall risk index. Finally, it uses a consistent

scoring scale between 0 and 1 for all criteria instead

of variable scoring scales between criteria or ques-

tions as in WRA and FISK. All these features make

it more suitable for the highly uncertain situation in

biosecurity risk assessments for plant pests and

diseases.

Compared to CAPRA (EPPO 2011), the PeST

framework also assesses information on the biology

and ecology of a species. However for biogeograph-

ical match, PeST incorporates quantitative likelihood

of species establishment (SOM index) and uses a semi

quantitative weighted multi-criteria scheme to deter-

mine a quantitative overall risk index to rank and

prioritise multiple species simultaneously. The PeST

framework is not equivalent to a detailed risk assess-

ment as it is designed to assess multiple species and

identify species for detailed risk analysis. Meanwhile

the CAPRA framework is designed to assess one

species at a time and when a full risk assessment is

necessary, CAPRA can be used to conduct a detailed

risk assessment. This is a major difference from the

PeST framework.

The PeST framework can be used by biosecurity

decision makers to determine if certification measures

are necessary for species with high scores. Prior

knowledge of species likely to become invasive can be

used to train inspection staff on how and where to look

for these potentially invasive species thereby increas-

ing the chances of interception and preventing their

entry. When a species from the list is intercepted, the

information and scores from the PeST framework can

be used as a quick reference by assessor to inform

biosecurity decision making. The species prioritiza-

tions can be used to reassess the current quarantine

lists and determine if the list need updating. For

species with the highest scores, pathways can be

identified and further prioritised for targeted sampling.

The evaluation also identifies gaps in our knowledge

of particular species and can be used to guide research

efforts to reduce knowledge gaps.

Recommendations and future use of PeST

framework

The PeST framework provides the means to document

and organise information and data as well as analysing

multiple species using a consistent framework. It also

has the advantage that, once compiled for a particular

group of organisms, the list of species and their global

distributions become a comprehensive resource that can

be used for future risk analyses and updated as needed.

The species list can also be amended in response to

feedback from peer review, as new information

becomes available, or as new species are recognised.

The design allows for integration of feedback in all

three stages. Indeed, we suggest that the information

and data are organised using a database management

system so that it can be updated easily. Risk assess-

ments are frequently iterative, so hosting the framework

on a database system also facilitates iterative improve-

ments (Emery et al. 2003). Having the data on a single

database can also make the process transparent and

accessible to multiple stakeholders, including those

working on risk analysis (e.g. academic and research

organisations) as well as risk managers (e.g. diagnos-

ticians, biosecurity officers, industry and policy mak-

ers). The framework is also aligned with the ISPM pest

risk assessment processes so that species profiles

compiled using the PeST framework can be used in

later, more detailed risk assessment and risk manage-

ment stages. All these characteristics should make the

PeST framework maximally desirable for use on plant

pathogens in biosecurity situations.
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