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Definitions 

As often as possible, we have chosen to align our language and definitions of particular words 

and concepts with those outlined by the FAO throughout their International Standards for 

Phytosanitary Measures documents [1] [2-4] (especially those defined within ISPM No. 5, the 

Glossary of Phytosanitary Terms [5]), and with the descriptors and language of Blackburn et al. 

[6] and Hawkins et al. [7]. With this in mind, we have transcribed here key definitions and our 

modifications of such definitions for clarity and ease for the reader. 

Area: “An officially defined country, part of a country or all or parts of several 

countries” [5]. 

Area freedom: This terminology is often used in Australia as a synonym for the concept of 

proving a “pest free area”. 

Exotic: An organism that has been introduced into an area beyond their natural range. 

They may also be referred to by the terms alien, non-native or introduced. 

Host: Plant species “capable, under natural conditions, of sustaining a specific pest or 

other organism” [5]. 

Native: An organism existing within its natural range, where the species has evolved 

and existed for a long period of time. May also be referred to as indigenous. 

Pest free area: “An area in which a specific pest does not occur as demonstrated by scientific 

evidence and in which, where appropriate, this condition is being officially 

maintained” [5]. 

Pest status: Presence or absence and denotation of exotic or native status for the pest, in 

reference to the area being assessed. This may be “determined using expert 

judgement on the basis of current and historical pest records and other 

information” [5] . 
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Plant pest: “Any species, strain or biotype of plant, animal or pathogenic agent injurious to 

plants or plant products” [5]. This includes insects and other arthropods, 

molluscs, pathogens and weeds, at differing levels of taxonomic complexity 

(e.g. a pathogen with or without its vector). 
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Introduction 1 

Agricultural stakeholders need a common set of metrics to evaluate plant pest impacts, to 2 

facilitate transparency and harmonisation of pest management and prioritisation across spatial 3 

scales and jurisdictions. Here, and in the accompanying main manuscript, we propose a 4 

generalised, metricised and common framework for quantifying and comparing the impacts of 5 

pest species in a plant production and plant biosecurity context – a Plant Pest Impact Metric 6 

System (PPIMS). We focus specifically here on plant production and trade metrics, which are 7 

predominantly economic, socio-political and management related. Our ultimate goal is to 8 

empower decision makers with an improved assessment of plant pest impacts, to assist in risk 9 

communication and resource allocation (Figure S1). The framework defines and classifies the 10 

socio-economic impacts of plant pests. It can be applied to both alien and native; historical, 11 

current and potential pests for the full range of plant production systems (inclusive of 12 

horticulture, field crops, pastures and forestry). 13 

 14 

Figure S1. Simplified diagram of the Plant Pest Impact Metric System (PPIMS) 15 
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It must be stressed at the outset that PPIMS is not a risk assessment, and its output alone 16 

should not be used to assign the overall risk that a pest may pose to any given plant production 17 

system, province or nation, or the priority that should be attached to the control or management 18 

of any given pest. At its very basest utility, PPIMS is a communication tool, providing plant 19 

biosecurity and agricultural stakeholders with the opportunity to discuss issues of a pest’s impact 20 

using the same tool, providing common ground and a consistent framework for assessing and 21 

assigning consequences to any given pest. We envisage PPIMS will be most useful in 22 

contributing towards consequences assessments within pest risk assessments globally. It is 23 

designed to be another tool in the risk assessment toolbox, rather than replace the toolbox itself. 24 

That said, the comparative scores generated by PPIMS could be applied in a risk prediction and 25 

prioritisation process, moderated by the assessor for their own purposes. These assessors can 26 

then incorporate the required contextual information that is not incorporated by PPIMS within 27 

their own pest risk assessment and management protocols and processes. 28 

To derive maximum benefit from PPIMS, the system should be applied in a consistent and 29 

comparable manner across different assessments. Here we present guidelines for utilising 30 

PPIMS, that is analogous to, and draws heavily upon, the framework and guidelines of the 31 

proposed IUCN Environmental Impact Classification for Alien Taxa (EICAT) scheme [7]. The 32 

document that follows describes how to make an assessment using our proposed system 33 

through three key steps:  34 

1. Define pest scenario 35 

2. Assign a classification for each metric 36 

3. Review and score 37 

The document includes detailed guidelines for each metric, how to apply the system at differing 38 

spatiotemporal scales, how the metrics may be integrated and scored effectively and how 39 

PPIMS outputs may be used within a plant biosecurity and risk assessment context. 40 

  41 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

3 

 Define pest scenario 42 

Taxonomic and geographic scope of the pest scenario needs clarification at the outset of any 43 

assessment. Pest and host details (including common and scientific names), the area and time 44 

period over which the pest is being assessed, name of the assessor(s) and any other clarifying 45 

notes should be recorded at a minimum (Figure S2). Documentation to justify the assessment 46 

and provide relevant information about the pest and its impacts assists also with future risk 47 

assessment and risk management strategies, as well as with transparency [7]. The limitations of 48 

the described pest scenario (or scenarios) will then be used to scale all metrics appropriately. All 49 

pests, whether native or alien, and at differing levels of taxonomic complexity (e.g. a pathogen 50 

with or without its vector), can be evaluated with our system, under different pest scenarios (e.g. 51 

impacts over varied time periods and/or in different areas/under different cropping regimes). This 52 

allows for comparisons across spatial (e.g. state/provinces cf. national assessments), temporal 53 

(e.g. initial five year incursion period cf. 10 years after incursion) and political (e.g. industry cf. 54 

government) boundaries. 55 

 56 

Figure S2. Example pest scenario details for an assessment of kiwifruit canker impacts in 57 

New Zealand (extracted from Table S29) 58 

  59 
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1.1 Pest details 60 

For the purposes of the PPIMS a pest is considered to be “Any species, strain or biotype of 61 

plant, animal or pathogenic agent injurious to plants or plant products” [5]. This includes insects 62 

and other arthropods, molluscs, pathogens and invasive plants, at differing levels of taxonomic 63 

complexity (e.g. a pathogen with or without its vector). 64 

Pest documentation should include taxonomy, with a minimum of the scientific name of the 65 

pest(s), common name(s), taxonomic group (i.e. insect, mite, snail, bacteria, virus, fungus, 66 

oomycete or weed), and pest status in the area being assessed (i.e. exotic, native, unknown). 67 

Assessors may also choose to include authority details (of the scientific name), synonymy 68 

(particularly important when the species has undergone a significant taxonomic revision or the 69 

species name has often been misapplied), infra-specific details if relevant (e.g. subspecies, 70 

forma speciales for some fungi), higher taxonomy details (Kingdom, Phylum, Class, Order and 71 

Family), common names in other languages (often available via the CABI Crop Protection 72 

Compendium) and any other important taxonomic notes such as recent taxonomic revisions and 73 

taxonomic doubts surrounding the species in relation to species complexes etc. 74 

1.2 Host details 75 

A host is considered to be a plant species “capable, under natural conditions, of sustaining a 76 

specific pest or other organism” [5]. For the purposes of PPIMS this may include field crops or 77 

forestry industry purposes. 78 

Host documentation should include, at a minimum, the common name of the host(s) being 79 

assessed. Assessors may also choose to include, similar to that recommended for pest details 80 

(section 1.1), additional host taxonomic detail, including scientific name, synonymy, infra-specific 81 

details (e.g. cultivars or specific breeding lines) and any other important or relevant notes related 82 

to the host species (e.g. resistant to certain pathogens, high value cultivar etc). 83 
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1.3 Area details 84 

The area is defined as an overall spatial boundary considered for each assessment or for 85 

several pest assessments to allow for comparison at the same spatial (and often spatio-86 

temporal) scale. The area may range from a small spatial area, such as an individual farm or 87 

growing region, to the entire cropping area of a particular crop (e.g. tomato) or industry (e.g. 88 

forestry), and to larger scales of local government, provincial, national or regional boundaries. 89 

For example, the Australian government may wish to compare and prioritise the pests across the 90 

entirety of Australian cropping regions to make informed choices at a national level, while 91 

provincial state governments in Australia may only assess the risk to the cropping areas within 92 

their boundaries and industries may choose to assess risks in different growing regions, rather 93 

than at these coarser provincial or national scales, allowing for the assessment of impact to be 94 

relevant to their categorisation and prioritisation needs. Multiple assessments may also be 95 

undertaken for the same pest at different spatial scales (e.g. citrus canker impacts in the state of 96 

Queensland compared with impacts at the national level in Australia; Table S30 and Table S31), 97 

allowing for clearer discrimination of pest impacts and priorities across vast spatial scales and 98 

potentially empowering plant biosecurity stakeholders to allocate resources to particular pest 99 

problems in a more robust and defensible manner. 100 

1.4 Time period 101 

While a general assessment could be made, exclusive of temporal boundaries, it is 102 

recommended that a time period for the assessment (or assessments when making 103 

comparisons) be decided upon at the outset of the assessment. Depending on the nature of the 104 

pest scenario, the time period could range from weeks or months, to a few years or even 105 

decades.  106 

1.4.1 Past pest scenarios 107 

Common past (or historical) pest scenarios may comprise: 108 

Incursion scenarios: assessing the initial impacts of a pest following detection in a new area. 109 

Time periods may (a) be selected arbitrarily and defined by a set period of years. Typically we 110 
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would expect this time period to encompass the first one to five years following pest detection 111 

(e.g. five years in the case of the kiwifruit canker example in New Zealand in Table S29), or (b) 112 

be defined by the period of time from detection of the pest through to when a decision is made to 113 

cease official emergency responses and/or eradication efforts. For example, the Myrtle rust 114 

(Austropuccinia psidii, syn. Puccinia psidii sensu lato) incursion scenario in Australia could be 115 

interpreted as being as short as only eight months (detected 23 April 2010, official emergency 116 

response ceased 22 December 2010) [8]. 117 

Eradication scenarios: assessing the spatially and temporally confined impacts of non-118 

persistent pests. Time periods would likely encompass the period of time from initial pest 119 

detection through to successful eradication, which would incorporate the generally accepted two 120 

year surveillance period in which the area was found to be free of the pest (e.g. citrus canker in 121 

central Queensland; Table S30 and Table S31) [9]. Of course, this surveillance time period may 122 

be longer depending upon the biology of the pest and limitations set by the decision makers (see 123 

b3.net.nz/gerda [10] for a wide range of global pest eradication examples). In the case of poorly 124 

establishing pests, where the pest has not persisted within the area in the absence of 125 

eradication efforts this period of time may be quite extended, as proof of pest free status is 126 

particularly difficult to prove (e.g. Potato cyst nematode in Western Australia [11]). Some pests 127 

can be incredibly difficult to gather the required data to prove eradication. For example, the 128 

forest pest the lesser auger beetle Heterobostrychus aequalis has not been detected in Australia 129 

since the 1960s, suggesting either that it may have not established permanently or it is difficult to 130 

detect [12]. However, without investing in a costly and lengthy surveillance program proof of a 131 

lack of establishment and/or eradication is difficult to establish. 132 

Established or naturalised scenario: this is a period of time which is longer than that of the 133 

incursion scenario for that pest, and considers the longer term or continuing management of the 134 

pest being assessed. Such an assessment may or may not include the initial incursion period. 135 

This is likely to be years or decades, but will most likely be useful if only focusing on impacts for 136 

five to ten year time periods, in order to scale economic metrics usefully. In an Australian context 137 

http://b3.net.nz/gerda
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this could include or assess independently the transition to management period, in order to 138 

understand the impact of research and funding support during this period. 139 

1.4.2 Current pest scenarios 140 

In the case of current pest scenarios, we still recommend setting at least the last year to five-141 

year period over which the assessment is made. A generalized assessment could be made, but 142 

the scaling of all the following metrics may be difficult to interpret. In most cases, you will be 143 

limited by the crop value and cropping area data which may be only available for certain time 144 

periods and areas. 145 

1.4.3 Potential pest scenarios 146 

In the case of potential pest scenarios, where an assessment of imagined impacts in the case 147 

of a breach of biosecurity and introduction of a new pest on a cropping system, province or 148 

nation is undertaken, it is recommended to proceed with caution. Proxies will need to be made, 149 

and should be based on the most current crop value and area data, unless forward predictions 150 

or modelling is available to fill this gap. In most cases, it may be prudent to make potential pest 151 

assessments which exclude particular metrics which may be problematic in this space (see 152 

Table S26 - Guidelines for which metrics to answer for a range of common pest scenarios). That 153 

said, the example potential pest assessment made by Australian Department of Agriculture and 154 

Water Resources (DAWR) staff for Brown Marmorated Stink Bug (BMSB) in the supplementary 155 

interactive metric table (Supplementary Information S2, Tab S2.15) did manage to assess many 156 

more metrics than may ordinarily be assessed.  157 

1.5 Assessors 158 

Names and associations of all assessors should be listed here. Contact details could also be 159 

included to allow for further transparency and to allow stakeholders to engage with assessors as 160 

necessary. 161 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

8 

1.6 Date assessed 162 

Date of assessment, which includes the year of assessment and preferably the month of 163 

assessment (particularly important in the case of assessments made for eradication or incursion 164 

periods), should be included. This allows stakeholders to gauge how recently an assessment 165 

has been made, whether the most up-to-date information has been used and/or if the pest needs 166 

an updated assessment. 167 

1.7 Notes 168 

Assessors may keep any relevant notes in this section of the pest scenario documentation. This 169 

may include additional notes to clarify that the time period assessed covers an initial or longer-170 

term pest response or is a potential assessment and include caveats around assumptions made 171 

overall throughout the assessment, and any other interesting or pertinent information about the 172 

pest or pest scenario (e.g. that the pest has a limited or wide distribution, which may explain why 173 

an assessment is or isn’t been made at a particular scale or for a particular reason). 174 
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 Assign classification for each metric 175 

2.1 Class magnitude delineation 176 

Each metric is designed to be delineated into one of five clearly defined classes, ranging from 177 

minimal concern to massive (sensu Hawkins et al. [7]) (Figure S3). Each class increment is 178 

designed to indicate, where possible, exponentially increasing levels of impact (Figure S4). 179 

Differences were calculated so that the numerical range size of each of the classes within each 180 

metric usually increased at least twice or thrice that of the preceding numerical range, or by a 181 

magnitude of order (i.e. ten, one hundred or a thousand times) difference. This is intended to 182 

smooth differences arising as a result of uncertainty in the data (epistemic, linguistic or 183 

otherwise), making it quicker and easier for assessors to conduct an analysis. 184 

In the event that assessors have insufficient evidence to assess and make a judgement on a 185 

particular metric, we recommend that this metric is categorised as data deficient (DD), as 186 

suggested by Blackburn et al. [6] (Figure S3). We have additionally included a designation for 187 

those metrics which are not evaluated (NE), as they are not applicable to the pest scenario in 188 

question (Figure S3). This is particularly relevant for those pest species that have been 189 

established for some time and for which the data on primary response is either unavailable or 190 

unimportant. Similarly, in the case of new incursions where there is little data about the long-191 

term response impacts, some metrics may be classified as NE or DD, depending on the data 192 

available at that time. Further advice on which metrics should be answered under different 193 

general pest scenarios is given in Table S26. 194 

2.2 Metric criteria and classification guidelines 195 

A summary of all of the metrics and codes associated with the proposed scoring system are 196 

presented in Table S1 (Table 1 in the main manuscript), with summaries of this table presented 197 

with each of these metrics throughout the guidelines’ text here. Metrics are identified throughout 198 

these guidelines by using capitals for the first word and italics. Disruptor metrics are further 199 

identified with an asterisk (*). 200 
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 201 

Figure S3. Plant pest impacts metric system categories and the relationship between 202 

them (modified from Hawkins et al. [7]) 203 

 204 

 205 

Figure S4. Simplified graphical representation of how each metric, in this case Maximum 206 

area affected, is incrementally scaled exponentially 207 
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Table S1. Impact metric criteria for assigning plant pests of production systems to different classes of impact magnitude. Metrics are 208 

assigned to one of four key metric types: spatiotemporal, market-driven, primary response and mid- to long-term response. Disruptor metrics are 209 

identified in italics and with an asterisk (*).210 

 Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

A Distribution a Isolated/rare or only 
present under specific 
conditions 

Local only Local to provincial Multi-provincial to 
national 

National to 
regional/global 

B Maximum area 
affected b 

≤ 1 % > 1 - 10 % > 10 - 50% > 50 - 90 % > 90 % 

C Frequency Not common, ≤ 10 % 
of all cropping years 

Irregular, > 10 - 30 % 
of all cropping years 

Frequent, > 30 - 70 % 
of all cropping years 

Regular, > 70 - 100 % 
of all cropping years. 
Seasonal/site specific 

Regular, all years. Not 
seasonal/site specific 

D *Reversibility Temporary, ≤ 1 year Temporary, > 1 - 5 
years 

Temporary, > 5 - 15 
years 

Ongoing, crop 
substitution possible 

Ongoing, crop 
substitution not 
possible 

Market-driven 

E *Host crop value c ≤ 0.01 % >0.01 - 0.1 % > 0.1 - 1 % > 1 - 10 % > 10 % 

F1 *Market access d No change Minor markets 
restricted, ≤ 5 % 

Moderate markets 
restricted, > 5 - 20 % 

Major markets 
restricted, > 20 - 50 % 

All major markets 
restricted, > 50 % 

F2  Alternate market 
availability d 

No change Available, minor sized 
markets restricted 

Available, minor & 
moderate restricted 

All restricted All closed 

F3  Loss of pest free 
status c 

No loss ≤ 10 % > 10 - 50 % > 50 - < 100 % Total loss 

F4  Market access 
treatments e 

No change Available, require 
≤ 1 % change 

Available, require 
> 1 - 10 % change 

Available, > 10 % 
change 

No viable options 

G1 Crop price discount f No change ≤ 0.5 % > 0.5 - 2 % > 2 - 5 % > 5 % 

G2  Quality loss g No change ≤ 0.1 % > 0.1 - 1 % > 1 - 10 % > 25 % 

211 
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Table S1. Impact metric criteria for assigning plant pests of production systems to different classes of impact magnitude. Metrics are 212 

assigned to key components of a pest scenario. Disruptor metrics are identified in italics and with an asterisk (*) (cont.). 213 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Primary response 

H Primary response 
investment c 

No cost ≤ 0.01 % > 0.01 - 0.1 % > 0.1 - 1 % > 1 % 

I Yield loss – primary 
response h 

No loss ≤ 5 % > 5 - 20 % > 20 - 50% > 50 % 

J Primary response 
success i 

Successful. Spread 
rate ≤ 0.1 km/year 

Successful. Spread 
rate < 0.1 - 1 km/year 

Failure. Spread rate 
> 1 - 10 km/year 

Failure. Spread rate 
> 10 - 100 km/year 

Failure. Spread rate 
> 100 km/year 

Mid- to long-term response 

K1 Economic injury 
level (EIL; if known) 

Pest density below EIL 
by > 50 % 

Pest density below EIL 
by ≤ 50 - 10 % 

Pest density more or 
less than EIL by 
± 10 % 

Pest density above 
EIL by ≥ 10 - 50 % 

Pest density above 
EIL by > 50% 

K2  Control costs j No change ≤ 1 % increase > 1 - 10 % increase > 10 - 50 % increase > 50 % increase  

K3  Yield reduction 
despite control h 

≤ 0.5 % > 0.5 - 3 % > 3 - 12 % > 12 - 25 % > 25 % 

L1 *Feasibility of 
management k 

Not necessary Rarely required Effectively managed at 
present 

Feasible strategies 
available 

No feasible strategies 
available 

L2  Cultivar loss No loss ≤ 25 % > 25 - 50 % > 50 - 75 % and/or 
loss of some cultivars 
with significant 
investments l 

>75% and/or loss of all 
cultivars with 
significant investments 

l 

L3  Cultivar recovery New cultivars not 
necessary 

New cultivars available 
immediately 

New cultivars available 
in ≤ 1 year 

Breeding underway, 
cultivars available in 
> 1 - 10 years 

No cultivars available 
or expected to be bred 
for > 10 years 

214 
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Table S1. Impact metric criteria for assigning plant pests of production systems to different classes of impact magnitude. Metrics are 215 

assigned to key components of a pest scenario. Disruptor metrics are identified in italics and with an asterisk (*) (cont.). 216 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics 

a Boundaries as defined by the international standard for country codes and their subdivisions [13] or by the governments (provincial or national) or 
industry bodies of the affected area 

b Percent of potential host crops affected 

c Percent of the total national plant industry value that the combined value of affected crops represent for the given area 

d Percent total market share closed to crop products/requesting altered market access requirements 

e Percent changes to production timelines, procedures and/or machinery 

f Percent change in prevailing price of affected crop(s)/crop products 

g Percent reduction in quality of affected crop(s) and crop products 

h Yield loss as a direct result of the particular pest or pest complex being assessed for the crop(s)/industry being assessed 

i Measure of success of eradication and containment efforts. Spread rates as defined in the global eradication database (GERDA) [10] 

j Change in producer costs or input demands in response to pest 

k Modified from van Klinken et al. [14] 

l Significant investments as defined by the affected industry, including Research and Development and Intellectual Property 

217 
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2.2.1 Spatiotemporal 218 

Impacts of pest species can vary greatly across space and time (see Ricciardi et al. [15] and 219 

references therein), as a result of (but not limited to) pest biology, environmental variability in 220 

habitat suitability and vulnerability, seasonality and weather fluctuations, changing agricultural 221 

practices, and level of synchrony between pest arrivals and deployment of detection resources 222 

[16, 17]. Four metrics were identified that fell primarily into the spatiotemporal metric type 223 

category: Distribution, Maximum area affected, Frequency and *Reversibility (Table S2). 224 

Table S2. Spatiotemporal impact metric criteria for PPIMS 225 

Metric Minimal 
Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

A Distribution a Isolated/rare 
or only 
present under 
specific 
conditions 

Local only Local to 
provincial 

Multi-
provincial to 
national 

National to 
regional/globa
l 

B Maximum area 
affected b 

≤ 1 % > 1 - 10 % > 10 - 50% > 50 - 90 % > 90 % 

C Frequency Not common, 
≤ 10 % of all 
cropping 
years 

Irregular, 
> 10 - 30 % of 
all cropping 
years 

Frequent, 
> 30 - 70 % of 
all cropping 
years 

Regular, 
> 70 - 100 % 
of all cropping 
years. 
Seasonal/site 
specific 

Regular, all 
years. Not 
seasonal/site 
specific 

D *Reversibility Temporary, 
≤ 1 year 

Temporary, 
> 1 - 5 years 

Temporary, 
> 5 - 15 years 

Ongoing, crop 
substitution 
possible 

Ongoing, crop 
substitution 
not possible 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics. 226 

a Boundaries as defined by the international standard for country codes and their subdivisions 227 
[13] or by the governments (provincial or national) or industry bodies of the affected area 228 

b Percent of potential host crops affected 229 
  230 
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2.2.1.1 Metric A - Distribution 231 

Distribution describes the geographic range of the pest, based on political boundaries such as 232 

states or provinces, and is a largely qualitative metric, which may be influenced by the socio-233 

political nature of the area affected. Local, provincial and regional boundaries are recognised as 234 

flexible in their interpretation, though we do suggest boundaries are those recognised 235 

internationally for countries and their subdivisions [13] or clearly defined by governments 236 

(provincial or national) or industry bodies of the affected areas (e.g. geographical levels as 237 

defined by the Australian Department of Agriculture and Water Resources [18, 19]) (Table S3). 238 

Under the minimal class, site-specific conditions refer to cropping conditions such as protected 239 

cropping within polyhouses and glasshouses, where protection from abiotic factors (most notably 240 

weather) favours plant growth, and may either hamper or favour pest reproduction and/or 241 

damage. Local scale within the minimal and minor classes could be used to describe local 242 

government areas such as Brisbane City in Queensland, Australia or regions within a state or 243 

province, such as the Marlborough region in the South Island of New Zealand. The provincial 244 

scale within the moderate class is designed to recognise larger state or provincial boundaries, 245 

such as New South Wales in Australia or the North Island of New Zealand. Major distribution of 246 

the pest is recognised as causing impacts at a national scale, which in the case of Australia may 247 

be more than one or two affected states. Massive distribution is designed to incorporate those 248 

pests affecting a region such as the Pacific Islands, the entirety of Europe, or the globe. In the 249 

case of a country such as Australia, which is both a nation and a continent, distribution 250 

throughout more than three states may be interpreted as having a massive distribution. By 251 

contrast, in Europe where many small countries with similar environments share contiguous 252 

borders, distribution measures may be adjusted to reflect similar distribution sizes in other parts 253 

of the world, with multiple countries potentially encompassing major or massive classes.254 
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Table S3. Metric A - Distribution classification criteria and examples 255 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

Distribution a Isolated/rare or only 
present under specific 
conditions 

Local only Local to provincial Multi-provincial to 
national 

National to 
regional/global 

e.g. modified 
Australian DAWR 
geographic areas 

[18, 19] 

Sub-local 
only within protected 
cropping/ greenhouses 
within local area 

Local 
“An aggregate of 
households or 
enterprises (a rural 
community, a town or a 
local government 
area).” 

District 
“A geographically or 
geopolitically 
associated collection of 
aggregates (i.e. 
recognised chapter of a 
state or territory, such 
as ‘Far North 
Queensland’).”  

Regional 
“A geographically or 
geopolitically 
associated collection of 
districts in a geographic 
area (generally a state 
or territory, although 
there may be 
exceptions with larger 
states such as Western 
Australia).”  

National 
Australia wide 
(Australian mainland 
states and territories 
and Tasmania).  

e.g. Khapra beetle 
Trogoderma granarium 
Single house 
Western Australia, AU 
2007 [20] 

Citrus canker 
Xanthomonas citri 
subsp. citri 
Citrus 
Emerald, Queensland, 
AU 
2004 - 2009 [9]  
(Table S30) 

Grape phylloxera 
Daktulosphaira vitifoliae 
Yarra valley, Victoria, 
AU 
Maroondah Phylloxera 
Infested Zone (PIZ) 
[21, 22] 

Tomato potato psyllid 
Bactericera cockerelli 
Solanaceous 
horticulture, e.g. 
tomato, potato, chilli. 
Some non-host crops 
also. 
Western Australia, AU 
2017-present [23-25] 

Root lesion nematode 
Pratylenchus thornei 
Wheat 
AU-wide 
[26] (Tab S2.10) 

a Boundaries as defined by the international standard for country codes and their subdivisions [13] or by the governments (provincial or national) or 256 
industry bodies of the affected area 257 
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2.2.1.2 Metric B - Maximum area affected 258 

Maximum area affected is the percent area of the assessed host(s) affected by the pest within 259 

the geographic region to which the analysis is being applied (Table S4). For pests that affect 260 

multiple hosts it will be the sum of host areas, unless the analysis is being restricted to a subset 261 

of those hosts. Notably, this differs from the range size measure, R, described by Parker et al. 262 

[27], which is recorded as a measure of total area occupied in metres squared. It is not 263 

measured in discrete terms, such as metres squared or hectares, specifically because plant 264 

pests cannot generally occur and reproduce where their hosts do not. Therefore, it is important 265 

to consider spatial distribution of a pest based on the distribution of host crop(s). 266 

Indices for each of the classes were calibrated to indicate an order of magnitude difference 267 

between each class. They were based on the incidence of pathogens as a proportion of the 268 

wheat and barley crop areas affected when disease develops in the Grains Research and 269 

Development Corporation (GRDC) regions of Australia, as reported by Murray and Brennan [26, 270 

28] (Table S4). 271 

 272 
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Table S4. Metric B - Maximum area affected classification criteria and examples 273 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

Maximum area affected a ≤ 1 % > 1 - 10 % > 10 - 50% > 50 - 90 % > 90 % 

e.g. Maximum areas of wheat cropping in Australia affected by plant pathogens. Classifications are based upon the incidence of pathogens as a 
proportion of wheat crop areas affected when disease develops in GRDC regions of Australia, as reported by Murray and Brennan [26]. Map 
graphic from ABARES [29]. 

Australia-wide Seed gall nematode 
Anguina tritici 
8.8 % 

Ergot 
Claviceps purpurea 
7 % 

Septoria blotch 
Phaeosphaeria 
nodorum 
43.8 % 

Stripe rust 
Puccinia striiformis 
72.7 % 

 

GRDC North Seed gall nematode 
A. tritici 
< 0.1 % 

Ergot 
C. purpurea 
9.8 % 

Septoria blotch 
P.  nodorum 
23.3 % 

Stripe rust 
P. striiformis 
79.2 % 

 

GRDC South Seed gall nematode 
A. tritici 
0.2 % 

Septoria blotch 
P. nodorum 
4.3 % 

Ergot 
C. purpurea 
10.1 % 

Stripe rust 
P. striiformis 
80.7 % 

 

GRDC West  Ergot 
C. purpurea 
1.9 % 

Seed gall nematode 
A. tritici 
23.1 % 

Stripe rust 
P. striiformis 
60.2 % 

Septoria blotch 
P.  nodorum 
100 % 

a Percent of potential host crops affected 274 
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2.2.1.3 Metric C - Frequency  275 

Frequency refers to how often the pest reaches large enough population size to cause 276 

discernible damage. This may be a measure of pest outbreaks and/or a measure of how often 277 

pest pressure is above the economic injury level (see Metric K1 Economic injury level below). 278 

The metric combines the percent of cropping years when impacts occur, and for the highest 279 

impact class, whether those impacts occur under seasonal and/or site-specific conditions. 280 

Pests which are known to have high levels of pest pressure year-round are considered to cause 281 

massive impacts, as they are likely to require more intensive and/or sustained management 282 

efforts. The frequency of damaging events, inclusive of pest and biological invasions, has been 283 

shown to be inversely proportional to their magnitude [30, 31]. Therefore, it is likely that the 284 

impact of a pest will be overestimated if only assessed in an outbreak year, which may be of low 285 

frequency. Assessors should therefore aim to record both the frequency and magnitude of the 286 

effect of a pest. This may be captured through a singular or combined measure of metrics such 287 

as yield loss (Yield loss – primary response and/or Yield reduction despite control), Control costs 288 

or Primary response investment, over a number of years, in order to provide a balanced 289 

assessment of the actual impact of the pest over time. 290 

Indices for each of the magnitude classes were calibrated to indicate an order of magnitude 291 

difference between each class. They were based on the incidence of pathogens as a proportion 292 

of the years when they cause disease in wheat and barley crops in the Grains Research and 293 

Development Corporation (GRDC) regions of Australia, as reported by Murray and Brennan [26, 294 

28] (Table S5).295 
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Table S5. Metric C - Frequency classification criteria and examples 296 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

Frequency Not common, ≤ 10 % 
of all cropping years 

Irregular, > 10 - 30 % 
of all cropping years 

Frequent, > 30 - 70 % 
of all cropping years 

Regular, > 70 - 100 % 
of all cropping years. 
Seasonal/site specific 

Regular, all years. Not 
seasonal/site specific 

e.g. Frequency of plant pathogen disease development in wheat cropping in Australia. Classifications are based upon the incidence of pathogens 
as a proportion of the years when they cause disease in wheat crops in the GRDC regions of Australia, as reported by Murray and Brennan [26] 
Map graphic from ABARES [29]. 

Australia-
wide 

Bipolaris leaf spot 
Cochliobolus sativus 
6.3 % 

 Ring spot 
Pyrenophora 
semeniperda 
38 % 

Crown Rot 
Fusarium 
pseudograminearum 
72.8 % 

 

GRDC North Ring spot 
P. semeniperda 
< 0.1 % 

Bipolaris leaf spot 
C. sativus 
20 % 

 Crown Rot 
F. pseudograminearum 
99.3 % 

 

GRDC South Bipolaris leaf spot 
Cochliobolus sativus 
5.8 % 

 Ring spot 
P. semeniperda 
69.7 % 

Crown Rot 
F. pseudograminearum 
81.2 % 

 

GRDC West Bipolaris leaf spot 
Cochliobolus sativus 
< 0.1 % 

Ring spot 
P. semeniperda 
20 % 

Crown Rot 
F. pseudograminearum 
49.8 % 

  

297 
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2.2.1.4 Metric D - *Reversibility 298 

*Reversibility is a measure of how quickly a pest can be eradicated or reduced to a manageable 299 

population, or impacts can be avoided through crop substitution. It is identified as a disruptor 300 

metric as persistent pests with wide host ranges can severely limit future cropping options, with 301 

serious implications for other metrics such as Loss of pest free status and *Feasibility of 302 

management. 303 

*Reversibility is classified as minimal concern to moderate for pests where impact was 304 

temporary, up to 15 years (Table S6). The figures for years to eradication were selected 305 

arbitrarily and based on the eradication times of a range of pests, as recorded in the Global 306 

Eradication Database (GERDA) [10] and through discussions with plant biosecurity practitioners. 307 

*Reversibility is classed as major if impacts were not reversible, but the pest host range was 308 

restricted so crops could be substituted. For example, Panama disease, Fusarium oxysporum 309 

f.sp. cubense ‘Tropical Race 4’ strain (Foc TR4), which is primarily host restricted to bananas 310 

(Musa spp.). Though Foc TR4 can infect some common weed species, it is not known to infect 311 

any other economically important crop species [32]. Finally, *Reversibility is classed as massive 312 

if the pest’s host range meant options for crop substitution are limited, such as is the case with 313 

Ralstonia pseudosolanacearum (which encompasses the previously recognised phylotypes I 314 

and III of R. solanacearum [33]), which can attack many commercially important crops [34, 35]. 315 

R. pseudosolanacearum is capable of infecting hundreds of species in more than 50 plant 316 

families (including commercially important families such as the Solanaceae, Zingerberaceae and 317 

Fabaceae) [34, 35]. Both of these pathogens are able to survive extended periods in agricultural 318 

fields due to their ability to survive as endophytes, saprotrophs or by forming resistant survival 319 

structures in the soil [36, 37], making their impacts ongoing. Similarly, the broad host range 320 

bacterium Xylella fastidiosa would also likely fall into the massive class (Table S6), given that it 321 

has been impossible to eradicate in its endemic range of the USA and has a host range of more 322 

than 350 species from 75 plant families [38, 39]. 323 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

22 

It is important to remember for this metric (as for many of the other metrics) that assigning a 324 

classification for *Reversibility is entirely dependent upon the particular pest scenario defined by 325 

the assessor(s) at the outset of any given assessment (see Step 1 of these guidelines). For 326 

example, while pest free status (syn. “area freedom”) was established for the potato cyst 327 

nematode (PCN; Globodera rostochiensis) in Western Australia in 2010 [11] following an initial 328 

detection near Perth in 1986 [40], this pest has not been eradicated in Victoria since its initial 329 

detection near Melbourne in 1991 [41] and is still actively being managed and contained as 330 

much as possible [42] (Table S6). This results in two pest scenarios for the same pest species 331 

falling into different *Reversibility classes. 332 

Furthermore, the first two pests given as examples in Table S6 for the minimal concern, minor 333 

and moderate classes would likely have much higher classifications if their pest scenarios were 334 

located in areas of denser or higher crop values for their host species. For example, the khapra 335 

beetle, Trogoderma granarium, was detected in a single house in a suburban area close to Perth 336 

in Western Australia [20], far from the main wheat growing area of the state. Had this detection 337 

occurred (or were it to ever occur – in a potential pest scenario) in a similar urban situation within 338 

the wheat belt of Western Australia we would expect that it would most definitely have fallen into 339 

a higher *Reversibility class, as the beetle could spread much more readily and would likely 340 

engage greater temporal and economic resources to eradicate (this would also become clear 341 

when assessing the Maximum area affected, primary response and mid- to long-term response 342 

metrics).  343 

Similarly, the eradication of citrus canker (caused by Xanthomonas. citri subsp. citri) in Central 344 

Queensland in the mid-2000s [9] was partly successful due to the isolated nature of the 345 

incursion from other valuable citrus growing regions in Australia and weather and climatic 346 

conditions which were not conducive to long-distance natural spread and establishment of the 347 

bacterium [9]. Again, should an incursion of X. citri subsp. citri occur within a citrus growing 348 

region with suitable climate and weather conditions conducive to greater disease incidence and 349 

spread it would likely be far harder to eradicate and therefore be classed in a higher 350 

*Reversibility class. 351 
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Table S6. Metric D – *Reversibility classification criteria and examples 352 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

*Reversibility Temporary, ≤ 1 year Temporary, > 1 - 5 years Temporary, > 5 - 15 
years 

Ongoing, crop 
substitution possible 

Ongoing, crop 
substitution not possible 

e.g. Khapra beetle 
Trogoderma granarium 
Wheat 
Western Australia, AU 
2007 [20] 

Citrus canker 
Xanthomonas citri 
subsp. citri 
Citrus 
Queensland, AU 
2004 - 2009 [9]  
(Table S30) 

Potato cyst nematode 
(PCN) 
Globodera rostochiensis 
Potato 
Western Australia, AU 
1986 - 2010 [10, 11] 

Panama disease  
Fusarium oxysporum 
f.sp. cubense ‘Tropical 
Race 4’ 
Banana 
Darwin, AU 
1997 - present [10] 
30+ years in soil [37] 

Bacterial wilt 
Ralstonia 
pseudosolanacearum 
Tomato, potato, ginger 
etc.  
Global  
Ongoing [34, 35] 

    PCN 
G. rostochiensis 
Potato 
Victoria, AU 
1991 - present [41, 42]  

Pierce’s disease 
Xylella fastidiosa 
Grape 
North America 
Endemic, 1892 - present 
[39] 

e.g. Eradication periods for insect pests in New Zealand 

 Queensland fruit fly 
Bactrocera tryoni 
Feb - Dec 2015 [10, 43] 

Fall webworm 
Hyphantria cunea 
2003 - 2006 [44] 

Painted apple moth 
Teia anartoides 
1999 - 2006 [44] 

Clover root weevil 
Sitona lepidus 
1996 - present [45, 46] 

 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics 353 
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2.2.2 Market-driven 354 

The presence of pests can affect access to international and domestic markets. Market-driven 355 

metrics are therefore among some of the most important and disruptive metrics, due to their 356 

economic importance and susceptibility to socio-cultural and political influences. Should demand 357 

for a particular plant product or crop fall in the marketplace, the economic incentives to produce 358 

the crop are reduced and farmers may choose to lose the entire crop rather than take it to 359 

market at a loss, especially if it is already under significant pest pressure. 360 

Seven metrics were identified as primarily market access metric types (Table S7), *Host crop 361 

value, as well as six other metrics nested under two broad groups: *Market access, with 362 

Alternate market availability, Loss of pest free status and Market access treatments nested; and 363 

Crop price discount, with Quality loss nested. Designations of market size used in our system 364 

were calculated from the proportion market share of New Zealand horticulture export markets 365 

[47-49]. 366 

  367 
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Table S7. Market-driven impact metric criteria for PPIMS 368 

Metric Minimal 
Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

E *Host crop 
value a 

≤ 0.01 % >0.01 - 0.1 % > 0.1 - 1 % > 1 - 10 % > 10 % 

F1 *Market 
access b 

No change Minor 
markets 
restricted, 
≤ 5 % 

Moderate 
markets 
restricted, 
> 5 - 20 % 

Major 
markets 
restricted, 
> 20 - 50 % 

All major 
markets 
restricted, 
> 50 % 

F2 Alternate 
market 
availability b 

No change Available, 
minor sized 
markets 
restricted 

Available, 
minor & 
moderate 
restricted 

All restricted All closed 

F3 Loss of pest 
free status a 

No loss ≤ 10 % > 10 - 50 % > 50 -
< 100 % 

Total loss 

F4 Market 
access 
treatments c 

No change Available, 
require ≤ 1 % 
change 

Available, 
require 
> 1 - 10 % 
change 

Available, 
> 10 % 
change 

No viable 
options 

G1 Crop price 
discount d 

No change ≤ 5 % > 5 - 20 % > 20 - 50 % > 50 % 

G2 Quality loss e No change ≤ 0.1 % > 0.1 - 1 % > 1 - 10 % > 25 % 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics. 369 

a Percent of the total national plant industry value that the combined value of affected crops 370 
represents for the given area 371 

b Percent total market share closed to crop products/requesting altered market access 372 
requirements 373 

c Percent changes to production timelines, procedures and/or machinery 374 

d Percent change in prevailing price of affected crop(s)/crop products 375 

e Percent reduction in quality of affected crop(s) and crop products 376 
  377 
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2.2.2.1 Metric E - *Host crop value 378 

*Host crop value is the percent of the total plant industry value that is affected by the pest. It is a 379 

measure of the comparative value of the affected crop(s) with all other plant crops which are 380 

produced within the pre-defined geographic area (e.g. state or national plant industry value) or 381 

for the industry being assessed (e.g. vegetables, grains). It is a primarily economic metric type, 382 

heavily influenced by global supply and demand conditions. Under these global market 383 

conditions, high productivity in major production centres around the world can increase supply 384 

and drive prices down on a regular basis (e.g. fluctuating global prices of sugar, wheat and 385 

coffee), and vice versa. It is also a highly socio-politically influenced disruptor metric due to crop 386 

value being so heavily influenced by market demand, which can change rapidly in response to 387 

consumer (and political) needs, wants or fears. 388 

Indices for each of the classes were calibrated to indicate an order of magnitude difference 389 

between each class from the percent value of key crops in Australia, using three year gross 390 

value product averages of crops for the period 2010 - 2013 from Australia [50-52] and New 391 

Zealand farm gate and production values for a similar period of time [53] (Table S8). Gross 392 

dollar values for the area being assessed should be used if available to calculate the figures for 393 

the pest scenario being assessed. It is recommended that an up to date *Host crop value 394 

datasheet be kept by assessors using PPIMS regularly, to save time and effort when calculating 395 

this metric. For Australia and New Zealand, we would recommend the resources used to 396 

calibrate *Host crop value – the Australian Bureau of Statistics (ABAS) annual “Value of 397 

agricultural commodities produced” (www.abs.gov.au, e.g. [50-52]) for Australian and Australian 398 

state crop values and the New Zealand Institute of Economic Research (NZIER) calculations of 399 

plant species value technical paper [53] for New Zealand crop values. 400 

*Host crop value can be extremely informative from both an economic and political stand point. 401 

Quite quickly one can see which plant industries may be key to engage with to inform effective 402 

plant biosecurity, and how significantly this can change at a provincial, national and international 403 

level (Table S8). For example, within Australia, wheat will likely always be an important crop 404 

across the country, allowing for allocation of resources towards pests of this crop at a national 405 

http://www.abs.gov.au/
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level, while a state such as Queensland may need to invest more state funding into a pest of 406 

sugar cane, given that it is of limited value Australia wide and in other states such as Western 407 

Australia. Similarly, enacting biosecurity measures against pests of kiwifruit is likely to be far 408 

more important for New Zealand than Australia, while pests of olives may be of greater concern 409 

to Australia. 410 

 411 
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Table S8. Metric E – *Host crop value classification criteria and examples 412 

Metric 
Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

*Host crop value a ≤ 0.01 % >0.01 - 0.1 % > 0.1 - 1 % > 1 - 10 % > 10 % 

e.g. Local values of each crop as a proportion of total value of crops for the period 2015 - 2016, excluding forestry, calculated from ABS data [50]. 

Australia-wide  Apricots 
0.08 % 

Capsicums 
0.37 % 

Sugar cane 
4.96 % 

Bananas 
1.45 % 

Wheat 
22.51 % 

Queensland Apricots 
< 0.01 % 

Capsicums 
0.84 % 

 Bananas 
6.75 % 

Wheat 
6.46 % 

Sugar cane 
22.46 % 

Western 
Australia 

 

Apricots 
< 0.01 % 

Sugar cane 
< 0.01 % 

Bananas 
0.03 % 

Capsicums 
0.23 % 

 Wheat 
45.05 % 

e.g. Three year gross value product averages of crops for the period 2010 - 2013 from Australia [50-52] and New Zealand farm gate and 
production values for a similar period of time [53], were used to calculate the values of these examples. 

 Australia Kiwifruit 
< 0.01 % 

 

 Pears 
0.50 % 

Olives 
0.77 % 

 

Pinus spp. 
2.78 % 

 

Wheat 
28.24 % 

 

New Zealand Olives 
< 0.01 % 

 

Pears 
0.01 % 

 

Wheat 
0.70 % 

 

Kiwifruit 
2.17 % 

 

Pinus spp. 
24.38 % 

 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics. 413 

a Percent of the total national plant industry value that the combined value of affected crops represents for the given area 414 
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2.2.2.2 Metric F1 – *Market access 415 

*Market access refers to changes in export conditions and trade in response to a pest being 416 

present. It is identified as a disruptor metric due to the capacity of some pests to cause 417 

immediate or severe trade restrictions and/or market closures. This may be in direct contrast to a 418 

pest’s direct on-farm economic impact due to crop losses. For example, karnal bunt of wheat, 419 

caused by the pathogen Tilletia indica, is considered by many to have minimal impact on crop 420 

yield and quality loss [54], but would be expected to severely restrict grain exports from Australia 421 

if it were to become established [55] through impacts on grain quality and marketability (Table 422 

S9). This would result in it being classed as a moderate to massive impact for the market access 423 

metric (depending on the state of trade relations at that time) (see Table S9). In this case, the 424 

lower classifications of crop yield and quality loss metrics would be outweighed by the larger 425 

magnitude of this disruptor metric classification. 426 

Designations of market size used in our system were calculated from the proportion market 427 

share of New Zealand horticulture export markets [47-49], due to availability of this data, and 428 

validated for application in a broader context through discussions with industry and pest risk 429 

practitioners. Importance and relative size of markets are a guide, and may alternatively be 430 

defined by the industries or agricultural/trade departments affected. Minor markets are defined 431 

as having ≤ 5 % market share, moderate sized markets > 5 - 20 % market share and major size 432 

markets > 20 % share. 433 

Like many other metrics, *Market access can fluctuate over time, and in many cases, we would 434 

expect the classification of this metric to reduce over time as producers and international 435 

markets respond and adapt to pest incursions. For example, assessment of the kiwifruit canker 436 

(Pseudomonas syringae pv. actinidiae; Psa) pest scenarios in New Zealand over different 437 

periods of time demonstrates this, as *Market access was classed as a moderate impact in the 438 

initial period of the incursion, but this reduced to a minor impact within the next three years (see 439 

Table S28 and Table S29, and the bacterial case studies in section 0). 440 
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Pests classed as being of minimal concern for *Market access would include common globally 441 

distributed pests and pathogens such as crown rot (Fusarium pseudogramineaurm), while those 442 

at the other end of the spectrum would include pests that are disruptive or are likely to 443 

considerably disrupt market access such as tomato potato psyllid (TPP; Bactericera cockerelli) 444 

in Western Australia and fruit flies (Table S9). In the case of the tomato potato psyllid, all 445 

domestic exports out of Western Australia were affected by the incursion for both host and non-446 

host crops which may be contaminated [25], yet local markets which a lot of fresh fruit would be 447 

marketed to would have remained largely unaffected [23, 24]. Organic producers were likely 448 

affected even more by market access restrictions, as they were unable to spray to export their 449 

produce (this would also be captured in the Market access treatments metric below; Table S12). 450 

In regards to fruit flies (referring here to many species, typically in the genera Bactrocera and 451 

including Bactrocera tryoni and Ceratitis capitate) they are regularly listed as controlled pests in 452 

the Manual of Importing Country Requirements database, MICoR [56] in Australia and are the 453 

focus of a nationwide strategy to assist management and secure market access as they affect 454 

almost all fruit markets, both domestically and internationally [57]. 455 

 456 
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Table S9. Metric F1 – *Market-access classification criteria and examples 457 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

*Market access a No change Minor markets 
restricted, ≤ 5 % 

Moderate markets 
restricted, > 5 - 20 % 

Major markets 
restricted, > 20 - 50 % 

All major markets 
restricted, > 50 % 

e.g. Crown rot 
Fusarium 
pseudograminearum 
Wheat 
Global 
Unlikely to affect trade 
of grain 

Kiwifruit canker 
Pseudomonas syringae 
pv. actinidiae  
Kiwifruit 
NZ 
2010 - 2015 
(Table S29) 

Kiwifruit canker 
P. syringae pv. 
actinidiae  
Kiwifruit 
NZ 
2010 - 2012 
(Table S28) 

Tomato potato psyllid 
Bactericera cockerelli 
Solanaceous 
horticulture, e.g. tomato, 
potato, chilli. Some non-
host crops also. 
Western Australia, AU 
2017-present [23-25] 

Fruit flies 
e.g. Bactrocera tryoni, 
Ceratitis capitata 
Horticulture – many fruit 
crops 
Endemic to AU, though 
both species invasive 
outside of native range  
[56, 57]. 

e.g.   Karnal bunt 
Tilletia indica 
Wheat 
AU/NZ 
Assessment of potential impact 

 

   Many key grains trading partners have karnal bunt already. 
Therefore, open political discourse is key to open markets, and this may 
vary widely, leading to a wide array of potential magnitudes of impact for 
this metric. 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics. 458 

a Percent total market share closed to crop products/requesting altered market access requirements 459 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

32 

2.2.2.2.1 Metric F2 – Alternate market availability 460 

Alternate market availability extends the idea of market access to identify whether alternate 461 

markets are open to trade of the crop or crop product, when trade with original markets become 462 

restricted. Access to alternate markets can significantly ameliorate the effects of primary market 463 

restrictions, though price discounting may be experienced (captured within the crop/crop product 464 

price discount metric). 465 

As per all market-driven metrics designations of market size were calculated from the proportion 466 

market share of New Zealand horticulture export markets [47-49]. Minor markets are defined as 467 

having ≤ 5 % market share, moderate sized markets > 5 - 20 % market share and major size 468 

markets > 20 % share. 469 

Again, common pathogens such as Fusarium pseudograminearum would be considered to have 470 

a classification of minimal concern for Alternate market availability, while the karnal bunt 471 

pathogen T. indica would likely be classed as having a moderate impact and fruit flies as having 472 

a major impact (see section 2.2.2.2 Metric F1 – *Market access and Table S9 for further detail 473 

on these pests) (Table S10). Classifications may change depending on the crop product being 474 

assessed. For example, the assessors of the kiwifruit canker pest scenario in Table S28 475 

(summarised in Table S27 and Table 2 of the main manuscript) noted that while fruit products 476 

experienced a minor impact for this metric, nursery stock was more restricted and massive 477 

impacts were experienced (Table S10). This was due to the primary spread pathway of the 478 

bacterium being linked to nursery stock, but as this is not a high proportion of the total crop value 479 

for the industry the overall classification remained minor. 480 

 481 
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Table S10. Metric F2 – Alternate market availability classification criteria and examples 482 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

Alternate market 
availability a 

No change Available, minor sized 
markets restricted 

Available, minor & 
moderate restricted 

All restricted All closed 

e.g. Crown rot 
F. pseudograminearum 
Wheat 
Global 

Kiwifruit canker 
Pseudomonas syringae 
pv. actinidiae  
Kiwifruit - Fruit 
NZ 
2010-2012 
(Table S28)  

Karnal bunt 
Tilletia indica 
Wheat 
AU/NZ 
Assessment of potential 
impact  
(Table S9) 

Fruit flies 
e.g. Bactrocera tryoni, 
Ceratitis capitata 
Horticulture – many fruit 
crops 
Endemic to AU, though 
both species invasive 
outside of native range  
[56, 57] 

Kiwifruit canker 
P. syringae pv. 
actinidiae  
Kiwifruit – Nursery stock 
NZ 
2010-2012 
(Table S28)  

a Percent total market share closed to crop products/requesting altered market access requirements 483 

 484 
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2.2.2.2.2 Metric F3 – Loss of pest free status 485 

Pest free status is a highly politicised concept which forms a core component of the World Trade 486 

Organisation (WTO) Sanitary and Phytosanitary (SPS) agreement [57] (syn. “area freedom” in 487 

Australia and New Zealand). A “pest free area” is defined as “an area in which a specific pest 488 

does not occur as demonstrated by scientific evidence and in which, where appropriate, this 489 

condition is being officially maintained” [28]. Loss of pest free status is measured as the percent 490 

value of the cropping area that loses pest free status as a result of the pest being present in the 491 

country. Indices for each of the classes were selected arbitrarily, and validated through 492 

discussions with pest risk assessment and biosecurity economics experts (Table S11). 493 

Pest free status can be difficult to prove, though recent advances have been made by 494 

demonstrating pest freedom through regular and targeted surveillance strategies in areas 495 

considered to have a high potential likelihood of both pest introduction and establishment. For 496 

example, New South Wales Department of Primary Industries, in partnership with Citrus 497 

Australia, have initiated an active urban surveillance program for emergency plant pests of 498 

citrus, in order to validate pest freedom and ensure continued market access for New South 499 

Wales citrus growers [58]. Similarly, Western Australia established pest free status (syn. “area 500 

freedom”) for the potato cyst nematode (PCN; G. rostochiensis) in 2010 following extensive 501 

survey and diagnostic efforts [11]. 502 

Like many of the other metrics, pest classifications may change depending on particular pest 503 

scenario being assessed. For example, the Australia citrus canker eradication of 2004 to 2009 504 

when assessed only at an Australia-wide scale would only be considered to be of minor impact 505 

classification for Loss of pest free status, while this would be a larger moderate impact at the 506 

provincial scale of Queensland (see section 0, Table S30 and Table S31) (Table S11). 507 
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Table S11. Metric F3 – Loss of pest free status classification criteria and examples 508 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

Loss of pest free 
status a 

No loss ≤ 10 % > 10 - 50 % > 50 - < 100 % Total loss 

e.g. Crown rot 
Fusarium 
pseudograminearum 
Wheat 
Global 

Citrus canker 
Xanthomonas citri 
subsp. citri 
Citrus 
AU-wide 
2004 - 2009 [9]  
(Table S31) 
 

Citrus canker 
X. citri subsp. citri 
Citrus 
Queensland, AU 
2004 - 2009 [9]  
(Table S30) 

Queensland fruit fly 
Bactrocera tryoni, 
Horticulture – many fruit 
crops 
Endemic to AU, though 
both species invasive 
outside of native range 
[56, 57]. 

Kiwifruit canker 
Pseudomonas syringae 
pv. actinidiae  
Kiwifruit 
NZ 
2010-present  
(Table S28 and Table 
S29) 

a Percent of the total national plant industry value that the combined value of affected crops represents for the given area509 
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2.2.2.2.3 Metric F4 – Market access treatments 510 

Market access treatments refers to changes in existing pest or disease control measures to 511 

guarantee market access. These measures must be agreed to by the importing country and may 512 

include cultural practices (e.g. hygiene, physical separation of packing sheds from contamination 513 

sources), physical treatments (e.g. cold or heat), controlled atmosphere treatment/storage, 514 

chemical disinfestation treatments and/or systems approach protocols (if more than one 515 

independent risk mitigation measure is used) [4]. They are designed to reduce the risk of pest 516 

contamination when preparing a product for export. The classes, from no changes in market 517 

access treatments being required to no viable options being available that are cost-effective and 518 

acceptable to the importing country (Table S12), were developed and validated through 519 

discussions with experts in market access disinfestation protocols.  520 

Market access treatments can change frequently, as is reflected in the market access databases 521 

and websites many countries maintain to assist exporters to meet both the requirements of the 522 

exporting and importing country’s quarantine requirements, and apply appropriate market 523 

access treatments [56, 59-61]. Changes may result for a range of reasons [62], including 524 

withdrawal of phytosanitary treatment protocols [61] and additional requirements for affected 525 

crops following pest incursions [63]. They may need to be reviewed and altered in cases where 526 

previously approved treatments become unacceptable for marketing, health or environmental 527 

reasons, where pests become less susceptible or resistant to current treatments or where a new 528 

pest incursion requires new treatments [62]. For example, although methyl bromide has been 529 

phased out globally for most of its uses, quarantine and pre-shipment (QPS) uses are currently 530 

exempt during this phase out under the Montreal Protocol [64]. Nevertheless, some regions such 531 

as Europe have banned all uses of methyl bromide, including those used for QPS, seriously 532 

restricting and altering market access treatments for these markets. 533 

Market access to databases and websites exist in many countries to assist exporters to meet 534 

both the requirements of the exporting country and the importing country quarantine 535 

requirements [56, 59-61]. The updating of such websites and databases reflects the fluid nature 536 

of this metric, with withdrawn phytosanitary treatment protocols [61] and additional requirements 537 
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for affected crops following pest incursions [63] reflected online. Please note that while Market 538 

access treatments has been nested under Market access due to its direct effect on *Market 539 

access, Alternate market availability and managing/ameliorating Loss of pest free status, it is 540 

likely to interact with many mid- to long-term response management metrics also, as the 541 

delineation between field pest management and market access treatments may be difficult to 542 

define. 543 

Classification for Market access treatments for a particular pest can be quite varied depending 544 

on the pest scenario being assessed. This is easily seen by comparing some different 545 

assessments for the kiwifruit canker pathogen P. syringae pv. actinidiae which was found to vary 546 

from minor to massive impact classifications due to temporal and crop product differences when 547 

taking products to market (see Table S28 and Table S29, and the case studies in section 0) 548 

(Table S12). 549 

 550 
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Table S12. Metric F4 – Market-access treatments classification criteria and examples 551 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

Market access 
treatments a 

No change Available, require ≤ 1 % 
change 

Available, require 
> 1 - 10 % change 

Available, > 10 % 
change 

No viable options 

e.g. Crown Rot 
Fusarium 
pseudograminearum 
Globally widespread 
pathogen 

  Fruit flies 
e.g. Bactrocera tryoni, 
Ceratitis capitata 
Horticulture – many fruit 
crops 
Endemic to AU, though 
both species invasive 
outside of native range 
[56, 57]. 

Potato cyst nematode 
(PCN) 
Globodera rostochiensis 
Potato 
Victoria, AU 
1991 - present  
[41, 42] 

e.g. Market access treatment different classifications for kiwifruit canker pathogen Pseudomonas syringae pv. actinidiae (Psa) under different pest 
scenarios. Key differences highlighted in bold script. 

  Fruit only & 
All kiwifruit products 
NZ 
2010 - 2015 
(Table S28 and Table 
S29) 

All kiwifruit products 
 
NZ 
2010 - 2012 
(Table S28). 

 Budwood 
 
NZ 
2010 - 2012 
(Table S28) 

a Percent total market share closed to crop products/requesting altered market access requirements 552 
 553 
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2.2.2.3 Metric G1 – Crop price discount 554 

Crop (or crop product) price discount refers to a percent change in the prevailing price of the 555 

crop as a result of pest damage and/or presence. Indices for each of the classes for both crop 556 

price discount and quality loss are modified from price discounts applied as a result of differing 557 

levels of quality loss for wheat and barley [26, 28] (Table S13). While PPIMS refers to percent 558 

quality change (a quantitative measure), the metric system could easily be adapted to qualitative 559 

levels of quality such as those in the wheat and barley industries, where grain may be graded to 560 

general-purpose, feed grade or farm grades (see Murray and Brennan [26, 28]). 561 

As some commodities differ in their price elasticity due to market demand and the subsequent 562 

effects on supply and demand, those with inelastic prices (i.e. crops for which farm gate prices 563 

are not likely to change depending on demand and for which a farmer can expect the same 564 

income on a continuous basis) would fall into the minimal concern classification for this metric, 565 

while elastic priced crops would fall into the higher classes. For example, during the kiwifruit 566 

canker outbreak in New Zealand prices for kiwifruit actually went up, demonstrating increased 567 

demand and an inelastic price of this crop at the time (Table S13). In turn, this then helped to 568 

moderate the negative impact of direct yield losses at the time for those farmers who were 569 

managing the pest but still producing some saleable product. These countering impacts may be 570 

felt inequitably amongst producers within and industry, however, and should be taken into 571 

consideration by decision makers at the time. For example, restrictions on sale and movement of 572 

potatoes from Victoria due to potato cyst nematode has had a major impact on prices (Table 573 

S13; Tab S2.11 in the interactive metric table supplementary material [41, 42]). For the purposes 574 

of PPIMS this is an additional risk management step not covered by our classification system, 575 

though this data may be captured in the process of conducting an assessment. 576 

Classifications may change depending upon the nature of the assessment being undertaken. 577 

For example, weather conditions and the cultivar under production are known to significantly 578 

affect the potential impact of fusarium head blight (FHB; Fusarium graminearum) on wheat 579 

prices (Table S13). Prices are discounted in the presence of FHB through downgrading of kernel 580 
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quality, as the pathogen reduces grain, seed health and vigour for replanting, as well as through 581 

potential contamination with mycotoxins [65, 66]. 582 

 583 
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Table S13. Metric G1 – Crop price discount classification criteria and examples 584 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

Crop price discount a No change ≤ 0.5 % > 0.5 - 2 % > 2 - 5 % > 5 % 

e.g. Crop price discounts of barley caused by plant pathogens in Australia. Classifications are based upon the potential (^) and present quality 
costs of barley diseases in GRDC regions of Australia, as reported by Murray and Brennan [28]. Map graphic from ABARES [29]. 

Australia-
wide 

Ring spot 
Pyrenophora 
semeniperda 
0 % 

 Net blotch - net form 
Pyrenophora teres f.sp. 
teres 
0.8 % 

^Leaf rust 
Puccinia hordei 
2.7 % 

^Net blotch - spot form 
P. teres f.sp. maculata 
6.6 % 

GRDC North Ring spot 
P. semeniperda 
0 % 

Net blotch - net form 
P. teres f.sp. teres 
1.4 % 

^Leaf rust 
P. hordei 
0.8 % 

Net blotch - net form 
P. teres f.sp. teres 
2.7 % 
^Net blotch - spot form 
P. teres f.sp. maculata 
4.8 % 

 

GRDC South Ring spot 
P. semeniperda 
0 % 

Net blotch - net form 
P. teres f.sp. teres 
0.2 % 

 ^Leaf rust 
P. hordei 
3.3 % 

^Net blotch - spot form 
P. teres f.sp. maculata 
7.5 % 

GRDC West Ring spot 
P. semeniperda 
0 % 

 Net blotch - net form 
P. teres f.sp. teres 
1.4 % 

^Leaf rust 
P. hordei 
2.2 % 

^Net blotch - spot form 
P. teres f.sp. maculata 
5.46 % 

e.g. Kiwifruit canker 
Pseudomonas 
syringae pv. actinidiae  
Kiwifruit 
NZ 
2010-present (Table 
S28 and Table S29) 

Fusarium head blight 
(FHB) 
Fusarium graminearum 
Wheat 
USA [65, 66] 

 Potato cyst nematode 
(PCN) 
Globodera 
rostochiensis 
Potato 
Victoria, AU 
1991 - present [41, 42] 

 

a Percent change in prevailing price of affected crop(s)/crop products585 
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2.2.2.3.1 Metric G2 – Quality loss 586 

Quality loss is a percent reduction of cosmetic, physical or food safety properties. Reductions in 587 

produce quality often has a serious impact on commodity prices and consumer-driven market 588 

access. Where quantitative measures cannot be made, the metric system could easily be 589 

adapted to a qualitative measure, such as those in the wheat and barley industries where grain 590 

may be downgraded from being fit for human consumption down to animal feed (see Murray and 591 

Brennan [26, 28]). 592 

At its simplest, Quality loss may refer to cosmetic blemishes which are unacceptable to a 593 

discerning public, such as those caused by the apple scab pathogen Venturia inaequalis [67] 594 

(Table S14). Food manufacturers also reject produce due to reduced marketability, as happens 595 

with the rejection of processing potatoes in New Zealand when the zebra chip pathogen 596 

Candidatus Liberibacter solanacearum (CLso) infects more than 1.5 to 2 % of tubers [68] (Table 597 

S14). Similarly, loss of structural components and integrity of a product, such as a reduced 598 

proportion of wheat germ in wheat grains due to stored grain insect pest infestations [69] or 599 

pathogen infection (e.g. F. graminearum [65, 66]), also results in quality loss. In terms of food 600 

safety, quality may also be affected by the presence of microbial toxins which will not be 601 

accepted for food or animal feed above predefined limits [65, 66, 70]. 602 

 603 
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Table S14. Metric G2 – Quality loss classification criteria and examples 604 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Market-driven 

Quality loss a No change ≤ 0.1 % > 0.1 - 1 % > 1 - 10 % > 25 % 

e.g. Kiwifruit canker 
Pseudomonas syringae 
pv. actinidiae  
Kiwifruit 
NZ 
2010-present  
(Table S28 and Table 
S29) 

 Apple scab 
Venturia inaequalis 
Australia 
Present [67] 

Zebra chip 
Candidatus Liberibacter 
solanacearum (CLso) 
New Zealand 
1.5-2% tubers  
[68] (Tab S2.5) 

Ergot 
Claviceps purpurea 
Potential assessment - 
wet weather year 
Australia 
Mycotoxins > accepted 
international 
contamination levels 
[70] 

a Percent reduction in quality of affected crop(s) and crop products605 
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2.2.3 Primary response 606 

The primary response phase occurs shortly after an incursion event, and most commonly 607 

consists of eradication and/or containment efforts. This period may end as a result of a 608 

successful eradication or due to a pest moving into a longer-term management phase. Three 609 

metrics were identified as primary response metrics: Primary response investment, Yield loss 610 

and Primary response success (Table S15). 611 

Table S15. Primary response impact metric criteria for PPIMS 612 

Metric Minimal 
Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Primary response 

H Primary 
response 
investment a 

No cost ≤ 0.01 % > 0.01 - 0.1 % > 0.1 - 1 % > 1 % 

I Yield loss – 
primary 
response b 

No loss ≤ 5 % > 5 - 20 % > 20 - 50% > 50 % 

J Primary 
response 
success c 

Successful. 
Spread rate 
≤ 0.1 km/year 

Successful. 
Spread rate 
< 0.1 - 1 km/ 
year 

Failure. 
Spread rate 
> 1 - 10 km/ 
year 

Failure. Spread 
rate 
> 10 - 100 km/ 
year 

Failure. 
Spread rate 
> 100 km/ 
year 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics. 613 

a Percent of the total national plant industry value that the combined value of affected crops 614 
represents for the given area 615 

b Yield loss as a direct result of the particular pest or pest complex being assessed for the 616 
crop(s)/industry being assessed 617 

c Measure of success of eradication and containment efforts. Spread rates as defined in the 618 
global eradication database (GERDA) [10] 619 
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2.2.3.1 Metric H – Primary response investment 620 

The Primary response investment metric is a percent measure of the cost of a response in 621 

relation to the value of the affected industry. It is designed to capture the initial economic 622 

investment of the affected farmer, industry or departmental authority when managing a new 623 

pest. The massive class figure of > 1 % of the value of the affected industry was calculated from 624 

a two-year period of eradication costs and initial management investments for Pseudomonas 625 

syringae pv. actinidiae (Psa), following an incursion into the New Zealand kiwifruit industry in 626 

2010 [71] (Table S28), as this is regarded as one of the most costly plant pest primary 627 

responses in recent times. Lower classes were then calibrated by order of magnitude differences 628 

against this figure (Table S16). 629 

Primary response investment can change drastically depending upon the pest scenario being 630 

assessed. For example, in the case of the kiwifruit canker incursion response in New Zealand 631 

this metric was classified as having a lower impact as costs were defrayed over a larger period 632 

of time and initial response investments were adjusted (Table S16, Table S28, Table S29 and 633 

section 0). Similarly, the Primary response investment was of a lower classification when citrus 634 

canker was assessed over a larger area of the citrus industry in Australia (Table S16, Table S30, 635 

Table S31 and section 0). 636 

 637 
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Table S16. Metric H - Primary response investment classification criteria and examples 638 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Primary response 

Primary response 
investment a 

No cost ≤ 0.01 % > 0.01 - 0.1 % > 0.1 - 1 % > 1 % 

e.g. Kiwifruit canker, Pseudomonas syringae pv. actinidiae (Psa) under different pest scenarios. Key differences highlighted in bold script. 

    Kiwifruit 
NZ 
2010 - 2015 
(Table S29) 

Kiwifruit 
NZ 
2010 - 2012 
(Table S28) 

e.g. Citrus canker, Xanthomonas citri subsp. citri under different pest scenarios. Key differences highlighted in bold script. 

    Citrus 
AU only 
2004 - 2009  
0.9 % [9] (Table S31) 

Citrus 
Queensland, AU 
2004 - 2009  
3.2 %. [9] (Table S30) 

e.g. Pests and diseases of vegetables in New Zealand. See interactive metric table in supplementary material for associated expert assessments. 

e.g.  Potato Virus YN (PVYN) 
Potato 
NZ 
1990 - 2014 
(Tab S2.13) 

 Zucchini yellow mosaic 
virus (ZYMV) 
North Island, NZ 
1993 - 2003 
(Tab S2.12) 

Zebra chip complex 
Tomato potato psyllid 
Bactericera cockerelli &  
Candidatus Liberibacter 
solanacearum 
(TPP-CLso) 
Tomato, potato, 
tamarillo, capsicum, 
sweet peppers & 
eggplant 
NZ 
2006 - 2016 
(Tab S2.5) 

a Percent of the total national plant industry value that the combined value of affected crops represents for the given area 639 
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2.2.3.2 Metric I – Yield loss - primary response 640 

Yield loss as a result of (or concurrent with) primary response measures are defined as percent 641 

yield loss for affected crops within the area being assessed. Classification criteria were 642 

calibrated initially against a massive class of 100 %, where all host material is destroyed in an 643 

attempt to eradicate a pest. For example, both successful eradication programs for citrus canker 644 

in Australia, in the Northern Territory in the early 20th century [72] and in Queensland in the early 645 

21st century [9], adopted this strategy (Table S17). This was then moderated to a figure of 50 % 646 

following discussions with industry representatives and pest risk assessment practitioners. 647 

Lower classes were then calibrated against this figure, incorporating exponential differences 648 

between them. 649 

Classifications of Yield loss - primary response are likely to change considerably depending on 650 

the pest scenario being assessed, especially when pests are assessed at different geographic 651 

scales and for different cultivars or time periods. For example, the eradication of citrus canker 652 

(X. subsp. citri) in Central Queensland in the mid-2000s [9] would be classified as a moderate to 653 

major impact if assessed at the state level of Queensland, compared to a classification of minor 654 

to moderate impact if assessed at the national scale of Australia (Table S17, Table S30, Table 655 

S31 and section 0). Then, as mentioned above the 100% eradication effort in the Northern 656 

Territory in the early 20th century would then be considered to be of massive impact and the 657 

single orchard eradication near Darwin in 1991 would only be of minor impact where an 658 

assessment is made for the provincial area of the Northern Territory (Table S17). Similarly, 659 

depending on the time period and crop being considered, the impact of kiwifruit canker 660 

(P. syringae pv. syringae) in New Zealand for Yield loss – primary response changes 661 

considerably, ranging from moderate to massive impacts (Table S17). 662 

.663 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

48 

Table S17. Metric I – Yield loss – primary response classification criteria and examples 664 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Primary response 

Yield loss – primary 
response a 

No loss ≤ 5 % > 5 - 20 % > 20 - 50% > 50 % 

e.g. Citrus canker, Xanthomonas citri subsp. citri under different pest scenarios in Australia. Key differences highlighted in bold script. 

  Citrus 
Single orchard near 
Darwin 
Northern Territory 
1991 [72] 

Citrus 
AU only 
2004 - 2009  
0.9 % [9]  
(Table S31) 
Citrus 
Queensland, AU 
2004 - 2009  
3.2 %. [9] 
(Table S30) 

 Citrus 
Northern Territory 
1912 - 1925 
100% [72] 

e.g. Kiwifruit canker, Pseudomonas syringae pv. actinidiae (Psa) under different pest scenarios in New Zealand. Key differences highlighted in bold 
script. 

   Kiwifruit - all 
NZ 
2010 - 2015 
(Table S29) 

Kiwifruit - all 
NZ 
2010 - 2012 
(Table S28) 

Kiwifruit - ‘Hort16A’ 
NZ 
2010 - 2012 
(Table S28) [73] 

a Yield loss as a direct result of the particular pest or pest complex being assessed for the crop(s)/industry being assessed 665 
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2.2.3.3 Metric J – Primary response success 666 

Primary response success identifies to what degree eradication or containment efforts have 667 

been successful, first as a binary success/failure measure, which is then delineated further by 668 

how quickly the pest continues to spread (Table S18). Spread rates are as those defined in the 669 

Global Eradication Database (GERDA) [10], and are used to delineate the classes where 670 

eradication efforts have failed (i.e. from the minor class upwards). Rate of spread of a pest is 671 

likely to be determined and confounded by pest biology, pathway characteristics and pest 672 

interactions with the host [74, 75]. Most notably, human mediated spread is often associated 673 

with faster spread than the organism might be able to achieve naturally (e.g. zebra chip 674 

complex, Tomato potato psyllid Bactericera cockerelli and Candidatus Liberibacter 675 

solanacearum (TPP-CLso), Table S18 [76]) .This is easily captured within this metric, particularly 676 

if assessors record relevant meta-data (see examples in Table S18), and can be used to 677 

potentially identify effective pathway management strategies. 678 

.679 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

50 

Table S18. Metric J – Primary response success classification criteria and examples 680 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Primary response 

Primary response 
success i 

Successful. Spread rate 
≤ 0.1 km/year 

Successful. Spread rate 
< 0.1 - 1 km/year 

Failure. Spread rate 
> 1 - 10 km/year 

Failure. Spread rate 
> 10 - 100 km/year 

Failure. Spread rate 
> 100 km/year 

e.g. Khapra beetle 
Trogoderma granarium 
Western Australia, AU 
2007 
Successful single house 
eradication 

Citrus canker 
Xanthomonas citri 
subsp. citri 
Citrus 
Queensland, AU 
2004 - 2009  
Successful eradication 
[9] (Table S30 and 
Table S31) 

Potato cyst nematode 
(PCN) 
Globodera rostochiensis 
Potato 
Victoria, AU 
1991 - present  
Long-term/site 
eradication still planned 
[41, 42] 

Sirex wood wasp 
Sirex noctilio 
Pinus spp. 
AU  
Ongoing management, 
spreading ~30-40 km/yr 
[77] (Tab S2.14) 

Zebra chip complex 
Tomato potato psyllid 
Bactericera cockerelli &  
Candidatus Liberibacter 
solanacearum 
(TPP-CLso) 
Tomato, potato, 
tamarillo, capsicum, 
sweet pepper & 
eggplant 
NZ 
2006 - 2016 
Human mediated spread 
through nursery trade 
[76] (Tab S2.5) 

a Measure of success of eradication and containment efforts. Spread rates as defined in the global eradication database (GERDA) [10] 681 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

51 

2.2.4 Mid to long-term response 682 

The following metrics are applicable to well-established pests, or those pests transitioning from a 683 

primary response phase into longer term management. Metrics were grouped under Economic 684 

injury level (EIL), which incorporates Control costs, and Yield reduction despite control, and 685 

*Feasibility of management, which incorporates measures of Cultivar loss and Cultivar recovery. 686 

Table S19. Mid- to long-term response impact metric criteria for PPIMS 687 

Metric Minimal 
Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Mid- to long-term response 

K1 Economic 
injury level 
(EIL) 

Pest density 
below EIL by 
> 50 % 

Pest density 
below EIL by 
≤ 50 - 10 % 

Pest density 
more or less 
than EIL by 
± 10 % 

Pest density 
above EIL by 
≥ 10 - 50 % 

Pest density 
above EIL by 
> 50% 

K2 Control 
costs a 

No change ≤ 1 % 
increase 

> 1 - 10 % 
increase 

> 10 - 50 % 
increase 

> 50 % 
increase  

K3 Yield 
reduction 
despite 
control b 

≤ 0.5 % > 0.5 - 3 % > 3 - 12 % > 12 - 25 % > 25 % 

L1 *Feasibility of 
management c 

Not 
necessary 

Rarely 
required 

Effectively 
managed at 
present 

Feasible 
strategies 
available 

No feasible 
strategies 
available 

L2 Cultivar loss No loss ≤ 25 % > 25 - 50 % > 50 - 75 % 
and/or loss of 
some 
cultivars with 
significant 
investments l 

>75% and/or 
loss of all 
cultivars with 
significant 
investments l 

L3 Cultivar 
recovery 

New cultivars 
not necessary 

New cultivars 
available 
immediately 

New cultivars 
available in 
≤ 1 year 

Breeding 
underway, 
cultivars 
available in 
> 1 - 10 years 

No cultivars 
available or 
expected to 
be bred for 
> 10 years 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics. 688 

a Change in producer costs or input demands in response to pest 689 

b Yield loss as a direct result of the particular pest or pest complex being assessed for the 690 
crop(s)/industry being assessed 691 

c Modified from van Klinken et al. [14] 692 
  693 
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2.2.4.1 Metric K1 – Economic injury level 694 

Economic injury level is a measure of how much the pest density differs proportionally from the 695 

economic injury level (EIL) (if known). Classes were determined using expert knowledge from 696 

biosecurity economists and plant industry representatives (Table S1). We suggest that the 697 

current pest incidence is calculated as a proportion of the EIL, in order to assign it to an 698 

appropriate class. For example, 2000 nematodes/kg of soil is the accepted threshold density for 699 

the root lesion nematode Pratylenchus thornei in Australian wheat fields [78]. From this figure, 700 

numerical boundaries for each of the classes can be calculated (Table S1). To our knowledge, 701 

this is the first application of the EIL in this manner and will likely require further research to 702 

improve numerical guidelines. 703 

The EIL is an important concept in integrated pest management (IPM), integrating biology and 704 

economic theory to support a scientific approach to low-input and cost-effective crop protection 705 

[62, 79]. It is defined as the lowest pest population density that will cause economic damage 706 

[80]. The EIL is strongly linked to socio-political influences as it can be directly related to the 707 

socially-driven market demand for cosmetically flawless, low residue produce. This is likely to 708 

decrease acceptable thresholds of pest damage and chemical residues, complicating integrated 709 

management strategies [62]. Therefore, it is important that this metric is considered in relation to 710 

its cross interactions with both market-driven and management metrics. The EIL is not to be 711 

confused with the Economic Threshold (ET), which is an extension of the EIL concept to assist 712 

with practical implementation of the theory. The ET sets a recommended pest density threshold 713 

below the EIL, at which the farmer is advised to implement control strategies (see Hunt et al. [81] 714 

for a discussion about ETs and their relationship with the EIL).  715 

Control costs and Yield reduction despite control are core components when calculating the EIL 716 

[82], and are therefore nested within Economic injury level in our metric system. *Host crop 717 

value is likewise a core component of EIL [82], but it was grouped with market-driven metrics in 718 

order to reflect not only its strong dependence on fluctuating market prices and product 719 

demands, but also in order to effectively discriminate those pest scenarios which do not 720 

progress to longer term pest management. 721 
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Table S20. Metric K1 – Alternate market availability classification criteria and examples 722 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Mid- to long-term response 

Economic injury level 
(EIL; if known) 

Pest density below EIL 
by > 50 % 

Pest density below EIL 
by ≤ 50 - 10 % 

Pest density more or 
less than EIL by ± 10 % 

Pest density above EIL 
by ≥ 10 - 50 % 

Pest density above EIL 
by > 50% 

e.g. Pratylenchus thornei density class ranges of nematodes/kg, as calculated from accepted threshold density of 2000 
nematodes/kg in Australian wheat fields, as defined by Whish and Thompson [78]. 

 0 - 1500  1500 - 1080 1080 – 2020 2020 - 3000 >3000 

 723 
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2.2.4.1.1 Metric K2 – Control costs 724 

Control costs is a measure of the proportional cost of control measures (be they cultural, 725 

biological or chemical) used to manage the pest to an acceptable level, but excluding eradication 726 

efforts (accounted for in Primary response investment). This proportion is measured as a 727 

percent value of control cost(s) compared to the total crop or plant industry value, depending 728 

upon the nature of the assessment (Table S20). Indices for each of the magnitude classes were 729 

inferred from the cost of management of wheat, barley and field pea pathogens in Australia [26, 730 

28, 83], and reflect a relative change to producer costs or input demands in response to a pest. 731 

Control costs can vary from no change for the impact class of minimal concern, where changes 732 

in current control methods are not required as they may be in place the pest which are already 733 

being managed in parallel to the pest scenario being assessed through to a greater than 50% 734 

increase in control costs due to the presence of the pest (e.g. see Table S20). 735 

 736 
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Table S21. Metric K2 – Control costs classification criteria and examples 737 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Mid- to long-term response 

Control costs a No change ≤ 1 % increase > 1 - 10 % increase > 10 - 50 % increase > 50 % increase  

e.g. Collar rot 
Rhizoctonia spp. 
Brassica crops 
Global 
Most effective control 
methods cultural and 
likely in place for a range 
of pests and pathogens, 
not just Rhizoctonia spp., 
so unlikely to result in 
additional costs. 
[84] 
 
Aphids (some) 
Aphididae 
Horticulture & grains 
Where insecticide sprays 
for control are effectively 
the same as those 
already being used 

Onion white rot 
Sclerotium cepivorum 
Onion & garlic 
NZ 
At least 4 fungicide 
applications required 
each season, occasional 
seed treatment and 
sanitation of machinery 
to remove contaminated 
soil 
(Tab S2.6) 

Root lesion nematode 
Pratylenchus thornei 
Wheat 
AU 
As calculated from 
Murray and Brennan  
[26] (Tab S2.10) 

Zebra chip complex 
Tomato potato psyllid 
Bactericera cockerelli &  
Candidatus Liberibacter 
solanacearum 
(TPP-CLso) 
Tomato, potato, 
tamarillo, capsicum, 
sweet pepper & eggplant 
NZ 
2006 - 2016 
Costs of insecticide 
regimes has increased 
significantly as effective 
products are more 
expensive and more 
applications have been 
required. Local scouting 
and crop monitoring 
costs also increased 
(Tab S2.5) 

Potato cyst nematode 
(PCN) 
Globodera rostochiensis 
Potato 
UK 
Current 
Testing and 
management costs are 
very large, often more 
than the value of the 
crop 
[85] 

a Change in producer costs or input demands in response to pest 738 
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2.2.4.1.2 Metric K3 – Yield reduction despite control 739 

The Yield reduction despite control metric is a measure of the yield loss which occurs despite 740 

control measures being put in place. Our metric differs from the original Stern et al. [80] 741 

interpretation of yield loss, as we take a measure following control measures being 742 

implemented, not before. Classes were modified from the potential annual yield losses and 743 

disease severity classes defined by Murray and Brennan for diseases of barley and wheat in 744 

Australia [26, 28] (Table S22). 745 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

57 

Table S22. Metric K3 - Yield reduction despite control classification criteria and examples 746 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Spatiotemporal 

Yield reduction despite 
control a 

≤ 0.5 % > 0.5 - 3 % > 3 - 12 % > 12 - 25 % > 25 % 

e.g. Yield reductions despite control caused by plant pathogens in wheat cropping in Australia. Classifications are based upon present average 
annual yield losses caused by wheat pathogens in grain production areas in Australia, as reported by Murray and Brennan [26] Map graphic from 
ABARES [29]. 

Australia-
wide 

Seed gall nematode 
Anguina tritici 
< 0.1 % 

 Yellow spot 
Pyrenophora tritici-
repentis 
3.5 % 

  

GRDC North Seed gall nematode 
A. tritici 
< 0.1 % 

 Yellow spot 
P. tritici-repentis 
6 % 

  

GRDC South Seed gall nematode 
A. tritici 
< 0.1 % 

Yellow spot 
P. tritici-repentis 
1 % 

   

GRDC West Seed gall nematode 
A. tritici 
< 0.1 % 

 Yellow spot 
P. tritici-repentis 
4.3 % 

  

a Yield loss as a direct result of the particular pest or pest complex being assessed for the crop(s)/industry being assessed747 
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2.2.4.2 Metric L1 – *Feasibility of management 748 

*Feasibility of management is a qualitative measure of how easily the pest can be managed. It is 749 

a disruptor metric as management is considered to be key to reducing plant pest impacts (and 750 

often applied as a secondary screen on pest risk and impact, e.g. Baker et al. [86]). The 751 

terminology used to define each of the classes is modified from the van Klinken et al. [14] 752 

assessment of invasive weed impacts in Australian rangelands. Significant barriers to uptake 753 

and adoption, mentioned in the major class, may include novel pesticide or fungicide 754 

registration, or retraining/up-skilling of staff to meet new requirements. 755 

Cultivar loss and Cultivar recovery are nested within *Feasibility of management as they are 756 

specific, stand-alone management metrics which can independently and interactively impact 757 

overall feasibility of management efforts. 758 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

59 

Table S23. Metric L1 – *Feasibility of management classification criteria and examples 759 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Mid- to long-term response 

*Feasibility of 
management a 

Not necessary Rarely required Effectively managed at 
present 

Feasible strategies 
available 

No feasible strategies 
available 

e.g. Collar rot 
Rhizoctonia spp. 
Brassica crops 
Global 
Most effective control 
methods are cultural and 
likely in place for a range 
of pests and pathogens 
already, not just 
Rhizoctonia spp., so 
likely already being 
managed for in most 
pest scenarios. 
[84] 

Fusarium head blight 
(FHB) 
Fusarium graminearum 
Wheat 
AU 
Outbreaks only under 
severe weather 
conditions, so rarely 
requires control. 
[87] 

Races of wheat rusts 
such as wheat stem rust, 
Puccinia graminis f. sp. 
tiritci (Pgt), wheat leaf 
rust, P. triticina, and 
stripe rust P. striiformis f. 
sp. tritici (Pst) 
Wheat 
AU 
Long-term surveys of 
pathogen populations 
have underpinned 
sustained control of rust 
diseases, primarily by 
informing the 
deployment of resistant 
cultivars and other 
management resources 
[88] 

Mediterranean fruit fly 

Ceratitis capitata 

Horticulture 

Western Australia, AU 

Older pesticides no 
longer registered, so 

need to register new 
pesticide(s) and explore 
novel control methods 
such as sterile insect 
technique (SIT) 
[89, 90] 

Myrtle rust 
Austropuccinia psidii 
Myrtaceaous horticulture 
and forestry 
AU and NZ 
While small scale 
protection of high value 
assets with registered 
fungicides and cultural 
isolation methods may 
be possible, large scale 
management is 
practically impossible. 

* Disruptor metric, likely to influence overall classification by at least twice that of other metrics 760 

a Modified from van Klinken et al. [14] 761 
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2.2.4.2.1 Metric L2 – Cultivar loss 762 

Cultivar loss refers to percent losses of (predominantly) marketable cultivars, which may be 763 

“lost” or rendered less profitable due to susceptibility to a pest, through extinction or reduction of 764 

productivity. The metric is designed in particular to recognise the value of significant investments 765 

in research and development or intellectual property for certain cultivars, as defined by the 766 

affected industry. The importance of such cultivars is reflected in the descriptions of the major 767 

and massive classes, which consider either some or all cultivars being “lost” respectively (Table 768 

S24). This “loss” effectively results into that cultivar or cultivars being removed from production 769 

due to poor returns on investment following a pest incursion and ensuing yield and market 770 

impacts (captured by other metrics within PPIMS). As an example, New Zealand kiwifruit 771 

growers invested heavily in the gold kiwifruit cultivar, Actinidia chinensis ‘Hort16A’, which is 772 

highly susceptible to the bacterial pathogen P. syringae pv. actinidiae (Psa) [71]. These growers 773 

lost almost all of their production between 2010 and 2016 due to the incursion of Psa at this time 774 

(Table S28 and Table S29). 775 

The indices around the percent loss of marketable cultivars were decided arbitrarily, and are 776 

likely to change in relation to each affected industry and/or crop, should assessors choose to 777 

improve upon the metric system and/or adapt it to their own needs (sensu the EPPO decision 778 

support scheme for quarantine pests [91] for crop yield and quality loss). 779 
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Table S24. Metric L2 – Cultivar loss classification criteria and examples 780 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Mid- to long-term response 

Cultivar loss No loss ≤ 25 % > 25 - 50 % > 50 - 75 % and/or loss 
of some cultivars with 
significant investments a 

>75% and/or loss of all 
cultivars with significant 
investments a 

e.g. Crown rot 
Fusarium 
pseudograminearum 
Wheat 
Global 
Susceptible cultivars still 
grown [92] 

 Cultivars of wheat with 
resistance to rusts such 
as wheat stem rust, 
Puccinia graminis f. sp. 
tiritci (Pgt), wheat leaf 
rust, P. triticina, and 
stripe rust P. striiformis f. 
sp. tritici (Pst) 
Wheat 
AU 
Resistant cultivars can 
be overcome in the field 
as pathogen populations 
adapt and change [88] 

Kiwifruit canker 
Pseudomonas syringae 
pv. actinidiae (Psa) 
Kiwifruit – ‘Hort16A’ 
NZ 
2010-present  
Loss of gold kiwifruit cv. 
‘Hort16A’ from the 
market as it was highly 
susceptible to the 
prevalent strain of Psa 
(Table S28 and Table 
S29) 

 

a Significant investment as defined by the affected industry, including Research and Development and Intellectual Property 781 
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2.2.4.2.2 Metric L3 – Cultivar recovery 782 

Cultivar recovery refers to how quickly an industry may be able to deploy marketable and 783 

resistant/tolerant cultivars to ensure production continues, despite the presence of the pest. 784 

Years to “recover”, identify or breed marketable cultivar(s) were decided arbitrarily, and, similar 785 

to Cultivar loss, are likely to change in relation to each affected industry and/or crop. It may also 786 

be necessary to consider how long the crop will take to reach maturity and bear produce when 787 

assessing this metric. For example, a new cultivar of an annual crop such as wheat will be much 788 

quicker and easier to deploy than a disease resistant rootstock for a grapevine or citrus pest. 789 

In some situations, existing cultivars that are tolerant of a new pest or disease may be adopted 790 

widely, if they are available, following a pest incursion. Pre-emptive breeding exists within 791 

horticultural crops such as kiwifruit and apples, particularly to provide new products for an 792 

increasingly discerning market, and occasionally these cultivars also confer greater pest or 793 

disease resistance or tolerance. For example, a variety of gold kiwifruit in pre-release trials 794 

(Gold3, marketed as Zespri® SunGold kiwifruit) that was tolerant of the kiwifruit canker pathogen 795 

Psa was widely and rapidly adopted to replace the susceptible A. chinensis ‘Hort16A’ following 796 

the New Zealand Psa incursion, and was key in assisting the gold kiwifruit section of the industry 797 

to recover (Table S25, Table S28 and Table S29). 798 

Pre-emptive breeding is a key component in protecting the grains industry in Australia, where 799 

cultivars that are resistant or tolerant to a particular pest are bred before the pest is present in a 800 

particular cropping area [93]. Therefore, it would be expected that the majority of known wheat 801 

pests, including high-risk exotic pests, fall into the moderate class due to this proactive pre-802 

emptive methodology (Table S25). The reason we would consider this to most likely be of 803 

moderate, and not of minimal concern or minor impact, is due to the limited number of pest 804 

resistance/tolerance breeding programs the grains industry can invest in at any one time, based 805 

upon financial constraints and cost benefit analyses [93]. However, cultivars of wheat which are 806 

considered to be broadly tolerant to Fusarium pseudograminearum are more readily available so 807 

we would consider that in a crown rot pest scenario this metric would have a minor impact 808 

(Table S25). 809 
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Similarly, disease-free/high health seed propagation programs for the potato industries in 810 

Australia (e.g. Australian Seed Potato Industry Certification Authority, AuSPICA, previously 811 

known as the Victorian Certified Seed Potato Authority, ViCSPA) and New Zealand (NZ Seed 812 

Potato Certification Authority), are likely to assist in moderation of the long-term impacts of major 813 

pests such as Potato Cyst Nematode (Globodera spp.) and aphid transmitted viruses such as 814 

Potato virus Y, respectively.815 
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Table S25. Metric L3 – Cultivar recovery classification criteria and examples 816 

Metric Minimal Concern 
(MC = 0) 

Minor 
(MN = 1) 

Moderate 
(MO = 2) 

Major 
(MR = 3) 

Massive 
(MV = 4) 

Mid- to long-term response 

Cultivar recovery New cultivars not 
necessary 

New cultivars available 
immediately 

New cultivars available 
in ≤ 1 year 

Breeding underway, 
cultivars available in 
> 1 - 10 years 

No cultivars available or 
expected to be bred for 
> 10 years 

e.g.  Crown rot 
Fusarium 
pseudograminearum 
Wheat 
Global 
Cultivars with a level of 
tolerance and/or 
resistance available, but 
not immune [92] 

Cultivars of wheat with 
resistance to rusts such 
as wheat stem rust, 
Puccinia graminis f. sp. 
tiritci (Pgt), wheat leaf 
rust, P. triticina, and 
stripe rust P. striiformis 
f. sp. tritici (Pst) 
Wheat 
AU 
Resistant cultivars can 
be deployed or pre-
deployed as necessary 
based upon results of 
long-term surveys of 
pathogen populations 
[88] 

Kiwifruit canker 
Pseudomonas syringae 
pv. actinidiae (Psa) 
Kiwifruit 
NZ 
2010-present  
Psa tolerant gold 
cultivar was co-
incidentally available in 
pre-production. 
However, multiplication 
to general production 
took several years  
(Table S28 and Table 
S29) 

 

 817 
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 Review, score & final assessment 818 

Classification systems are limited in their usefulness by the inability to consistently integrate 819 

various metrics into a single element, precluding meaningful inter- and intra-specific comparison 820 

[94]. Many amalgamation methods exist (see Makowski and Mittinty [95], Heikkilä [96] and 821 

references therein), including basic methods of highest recorded impact [6], addition and/or 822 

multiplication [27, 97]. They may or may not include expert elicitation (as endorsed by the risk 823 

assessment guidance tools of the IPPC [1]), weighting for influential variables [98], integrated 824 

decision support [99] and standardisation of different measures [94]. No standardised method or 825 

best practice has been developed and applied broadly to date [100]. 826 

Identification and weighting of influential variables can be particularly important when capturing a 827 

truthful, robust and transparent overall measure of pest impact. Leung et al. [17] advocate 828 

identification of influential variables through analysis of collinearity and sensitivity, which may be 829 

attainable if the problem is clearly defined and largely quantified. However, pest risk 830 

assessments and the management of pests are dominated by largely qualitatively measured 831 

socio-economic and socio-political values, leading to unwieldy mixed quantitative and qualitative 832 

analyses. Integrated decision support approaches such as Deliberative Multi-Criteria Evaluations 833 

(DMCE) may be a better methodology, as they offer a platform for stakeholders to interact and 834 

make trade-off decisions between multiple goals based on social learning and deliberation, and 835 

can be easily integrated with ecological economic modelling (see Liu et al. [99]). Kumschick et 836 

al. [98] advocate a similar prioritisation framework, which weights outputs both by the relative 837 

importance of the variables and a measure of practitioner confidence in expert impact rating. As 838 

a minimum, it is important to have some measure of weighted variables when assessing plant 839 

pests, to account for the socio-cultural and political values which may differ greatly in their 840 

importance over time. 841 

  842 
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3.1 Scoring system 843 

We propose a mixed additive/proportional procedure, weighted to favour our disruptor metrics 844 

(Box S1). The method is capable of handling piecemeal and disparate data inputs, to give a 845 

measure of impact in the face of high uncertainty. To facilitate development of the scoring 846 

system and allow for rapid interpretation of different components of impact, metrics were 847 

assigned to five metric groups: disruptor, spatiotemporal, market-driven, primary response and 848 

mid- to long-term management. Nested metrics are averaged, with equal weighting to all 849 

metrics, to present a singular score. This effectively results in 12 scores, rather than twenty (the 850 

total number of metrics). Disruptor metrics are accounted for both within the disruptor and their 851 

relevant metric group, in order to account for their greater influence on the realised impact of a 852 

pest by at least twice that of non-disruptor metrics. 853 

Each metric class is assigned to a rank of zero to four, to indicate the increasing level of impact 854 

for each class: minimal concern (0), minor (1), moderate (2), major (3) and massive (4). These 855 

scores are then averaged across the number of metrics answered, accounting for nested 856 

metrics, so there is no direct disadvantage or negative bias toward data deficient or non-857 

evaluated metrics, and the results presented as a proportion for each metric group. An overall 858 

score is calculated by taking the average of the disruptor group score and the 12 metric scores 859 

(remaining after nested metrics are grouped as mentioned above; see S2 and S3 Appendices 860 

for worked examples and equations), effectively weighting the score to a higher or lower score in 861 

the disruptor group. These proportions are then assigned an overall impact classification of 862 

negligible (0), low (> 0 - 0.25), moderate (> 0.25 - 0.50), high (> 0.50 - 0.75) and extreme 863 

(> 0.75). Standardised risk assessment terminology is adopted for these overall impact 864 

classifications in order to assist integration of the measures with existing pest risk assessment 865 

frameworks [101].866 
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Box S1. Scoring system. See Table S1 for metric coding (A-L3). 867 

Where AM = arithmetic mean. Calculated only from answered metrics and scaled accordingly. 868 

Step 1. Average nested metrics 869 

�̅� =  
1

𝑛
 ∑ 𝐹𝑖

𝑛

𝑖=1

      �̅� =  
1

𝑛
 ∑ 𝐺𝑖

𝑛

𝑖=1

     �̅� =  
1

𝑛
 ∑ 𝐾𝑖

𝑛

𝑖=1

     �̅� =  
1

𝑛
 ∑ 𝐿𝑖

𝑛

𝑖=1

 870 

Step 2. Average all metrics 871 

𝑚𝑒𝑡𝑟𝑖𝑐𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =  
1

𝑛
 (𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + �̅� + �̅� + 𝐻 + 𝐼 + 𝐽 + �̅� + �̅�) 872 

Step 3. Average all disruptors 873 

𝑑𝑖𝑠𝑟𝑢𝑝𝑡𝑜𝑟𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =  
1

𝑛
 (𝐷 + 𝐸 + �̅� + �̅�) 874 

Step 4. Average all metrics and all disruptors 875 

𝑎𝑙𝑙̅̅̅̅ =  
1

𝑛
 (𝑚𝑒𝑡𝑟𝑖𝑐𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑑𝑖𝑠𝑟𝑢𝑝𝑡𝑜𝑟𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 876 

Step 5. Calculate final score 877 

Final score =
𝑎𝑙𝑙̅̅ ̅̅

4
  878 

 879 

3.1.1 Disruptor metrics 880 

Host crop value, market access, feasibility of management and reversibility were identified as 881 

disruptor metrics. Disruptor metrics are those likely to influence overall impact classification by at 882 

least twofold, compared with other metrics. They are identified throughout the document with an 883 

asterisk (*). They were selected by the authors based on their collective expertise in plant 884 

biosecurity and risk assessment, literature analysis, and validated through discussions with pest 885 

risk practitioners.  886 
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3.1.2 Nested metrics 887 

Metrics identified as strongly influencing or interacting with one another have been nested 888 

(identified by the inset of the metric below the “primary” metric in Table S1), in an attempt to 889 

avoid double-counting and pseudo-replication in the final integrative analysis. 890 

3.2 Dealing with uncertainty 891 

We propose that score uncertainty is represented as a measure of the proportion of metrics 892 

recorded as data deficient (DD), exclusive of the double-counting of disruptor metrics and 893 

evaluation of nested metrics. That is, as a proportion of the 20 original metrics, minus any 894 

metrics which were not evaluated (NE). This could also be calculated as a proportion which 895 

accounts for the nested metrics, but in this case,  we believe a proportion of all twenty metrics 896 

gives a more accurate assessment of data deficiency (see supplementary material 2, interactive 897 

metric tables, for comparisons). Ideally, as expert input quality, data sources and assessment 898 

skill improve, this measure of uncertainty can be reduced with successive assessments. 899 

3.2.1 Metric confidence score 900 

In addition to the score uncertainty, one can also account for the uncertainty in the classifications 901 

of those metrics that have been answered, hereafter referred to as the metric confidence score 902 

to distinguish it from the score uncertainty per se. As mentioned previously, class boundaries 903 

were defined with stepwise or order of magnitude differences, with the aim of reducing 904 

uncertainty and increasing the rate at which assessors can undertake an assessment. We 905 

propose here that assessors use the measures of metric confidence as described by MacLeod 906 

[102] (as cited in Blackburn et al. [6]) and Hawkins et al. [7], based on standard approaches 907 

used by the Intergovernmental Panel on Climate Change (IPCC) [103] and EPPO [104, 105].  908 

This confidence score reflects the practitioner’s confidence in the availability and reliability of 909 

evidence, the type of data used to make the assessment, the spatial scale over which the data 910 

were recorded, and whether or not the evidence is contradictory [7]. It is categorised into three 911 

levels: high (~ 90 % chance of the given score being correct), medium (~ 65 - 75% chance), and 912 
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low (~ 35 % chance) [7], and can be done for each metric individually or for the assessment 913 

overall. 914 

3.3 Compare/prioritise 915 

A final optional component of any assessment can involve comparison of multiple pests within a 916 

plant industry or jurisdictional area, with subsequent capability to use this comparison to 917 

prioritize pests for management or policy interventions. In this case, all such assessments being 918 

compared should be assessed at the same baseline pest scenario (i.e. at the same spatial, 919 

temporal and industry value scales, as outlined in Step 1, section Step 1). For example, the 920 

vegetable industry may choose to assess pests across only its portfolio of crops at a provincial 921 

or national level, while a national department of agriculture may choose to assess the full 922 

portfolio of pests for the entire nation across all crops, and potentially even the environment. 923 

These assessments will likely yield very different impact categories for a range of pests, with 924 

different applications at the industry and national crop protection levels.  Providing the assessors 925 

have kept structured notes and adhered to the direction of these guidelines however, there is 926 

opportunity to then compare these two comparative lists to allow for greater transparency and 927 

harmonisation across these institutional and jurisdictional boundaries.928 
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Applying PPIMS 930 

PPIMS is designed to be as flexible in application and interpretation as possible, allowing the 931 

stakeholder to modify and apply the methodology as they see fit. Our guidelines are just that, a 932 

guide, and are not meant to be prescriptive. To derive maximum utility of the method assessors 933 

should strive to adhere to these guidelines, and/or engage with other stakeholders to ensure that 934 

the way in which they utilise PPIMS is logical and comprehensible to others. At the very least, 935 

assessors should keep clear documentation of how they have applied PPIMS and the reasons 936 

they have made their decision(s) for each metric – at its heart PPIMS is a communication tool, 937 

providing the common ground to open up conversations about risks and impacts of a range of 938 

pests across a range of spatio-temporal and jurisdictional scales. 939 

Here we provide some guidelines around which metrics are most likely to be answered under 940 

different general pest scenarios, how we calibrated and validated PPIMS through application to 941 

example pest scenarios and further detail on four of these pest scenarios. Additional pest 942 

scenario assessments and additional detail on the many different scoring systems which could 943 

be used is included in a range of interactive assessments supplied in Supplementary 2. 944 

Which metrics to answer for different general pest scenarios 945 

There are some general rules for which metrics will easily apply under a range of common 946 

spatio-temporal pest scenarios, which are given in Table S26. The temporal nature of these 947 

general pest scenarios are explained in Step 1, section 1.4. This list is not exhaustive, and each 948 

assessor should use their own judgement when deciding whether to use or exclude a metric or 949 

group of metrics. For example, for the majority of future or potential pest scenarios assessors 950 

may choose to exclude metrics such as distribution and maximum area, given that it is not yet 951 

known where the pest may enter the area at risk, and this may change the estimation of impact 952 

significantly (e.g. if a pest is detected on a shipping container in a tropical port when the pest in 953 

questions is a temperate pest of a crop that grows in dry, inland areas, compared to it being 954 

detected on a transport vehicle in that temperate, dry area). 955 
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Table S26. Guidelines for which metrics to answer for a range of common pest scenarios 956 

and rapid assessments. Ticks (✓) indicate a metric that should be answered if sufficient data 957 

are available (i.e. not data deficient, DD), tildes (~) indicate metrics that may be difficult to 958 

answer or questionable to include in an assessment, and crosses (X) indicate metrics that are 959 

extremely unlikely or impossible to answer for that scenario. 960 
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Maximum area affected ✓ ✓ ✓ ✓ ✓ ~ X 

Frequency ✓ ✓ ✓ ✓ ✓ ~ X 

*Reversibility ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
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*Host crop value ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

*Market access ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Alternate market ✓ ✓ ✓ ✓ ✓ ✓ X 

Loss of pest free status ✓ ✓ ✓ ✓ ✓ ✓ X 

Treatments ✓ ✓ ✓ ✓ ✓ ✓ X 

Price discount ✓ ✓ ✓ ✓ ✓ ✓ X 

Quality loss ✓ ✓ ✓ ✓ ✓ ✓ X 
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Investment ✓ ✓ ~ X ✓ ~ X 

Yield loss ✓ ✓ ~ X ✓ ~ X 

Success ✓ ✓ ~ X ✓ ~ X 
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Economic injury level (EIL) ~ X ✓ ✓ ✓ ~ X 

Control costs X X ✓ ✓ ✓ ~ X 

Yield reduction X X ✓ ✓ ✓ ~ X 

*Feasibility of management ✓ X ✓ ✓ ✓ ~ ✓ 

Cultivar loss ✓ ~ ✓ ✓ ✓ ~ X 

Cultivar recovery ✓ ~ ✓ ✓ ✓ ~ X 

 961 

Rapid assessment 962 

In the event that assessor(s) wish to make a rapid assessment, we suggest that only the 963 

disruptor metrics are assessed, given their likely influence on the overall assessment (Table 964 

S26). Rapid assessments can then be complemented later on by more comprehensive 965 
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assessments, but may allow assessor(s) to make a preliminary assessment which may be of 966 

great value to provide perhaps a timely response or a preliminary process to prioritise in which 967 

order to assess a large number of pests in question. 968 

System calibration/validation 969 

Basic calibration/validation was conducted of the metric system through assessment of key pest 970 

scenario case studies at a range of temporal (preliminary response vs. mid-term response for 971 

the kiwifruit canker response in New Zealand; Table S27, Table S28 and Table S29), spatial 972 

(regional vs. national for citrus canker eradication in Australia; Table S27, Table S30 and Table 973 

S31), taxonomic group (bacteria and insects) and taxonomic complexity scales (vector alone vs. 974 

vector and pathogen complexes levels), amongst others (see interactive metric table in 975 

supplementary material S2).  976 

Under assessment of different temporal and spatial conditions for pest scenarios (Table S27), 977 

our metric system was able to reflect the influence of time and adaptive management in reducing 978 

pest impact in the case of Psa in New Zealand, with reduction of pest impact when assessed 979 

over a larger time period (Table S28 and S29), as well as discriminating between the importance 980 

of a pest scenario at different spatial scales, with citrus canker having a greater impact at the 981 

provincial level of Queensland (Table S30), than at the national Australian scale (Table S31). 982 

The system is also able to capture differing levels of assessor knowledge and uncertainty, as 983 

reflected in the assessments of citrus canker (Tables S30 and S31), which were conducted 984 

independently and have differing rates of DD and NE assignment to different variables. The 985 

system also accurately reflects when a successful eradication has been conducted, as the mid- 986 

to long-term management group of metrics are no longer relevant, as shown by the NE 987 

designation for the citrus canker examples (Table S27). This additionally assisted with 988 

calibration of the system, as host crop value could technically nest below the EIL metric. 989 

However, to accurately reflect situations such as successful containment and eradication, it was 990 

decided to move this metric to within the market-driven metric group. 991 
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Preliminary calibration/validation of the scoring system was also undertaken (S3 Appendix), to 992 

assist with the selection of the score amalgamation method presented here in section 3.1. 993 

Amalgamation methods and scoring systems are highly complex, and we suggest a primary best 994 

practice here, though further work to identify the most accurate and robust method should form a 995 

large component of future work. 996 

Bacterial pest case studies 997 

As a means of a preliminary and iterative calibration/validation, the metric system was applied to 998 

a number of case studies, involving bacteria, fungi, insects, nematodes and viruses that 999 

represented both horticultural and forestry pests, under both current and future scenarios (see 1000 

interactive metric table, supplementary material 2). Two of the bacterial case studies are detailed 1001 

here to demonstrate how assessments can change over time (kiwifruit canker in New Zealand) 1002 

and space (citrus canker in Australia) (Table S27).1003 
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Table S27. Exotic plant bacteria impacts – Spatiotemporal fluctuations (identified in bold). 1004 

Pest scenario Temporal scale change Spatial scale discrimination 

Pest Pseudomonas syringae pv. 
actinidiae (Bacteria) 

Xanthomonas citri subsp. citri 
(Bacteria) 

Host(s) Actinidia deliciosa, Green kiwifruit, 
less susceptible; 

A. chinensis ‘Hort16A’, Gold 
kiwifruit, highly susceptible 

Citrus spp., including mandarin, 
orange, lemons, lime and grapefruit, 

of varying susceptibilities 

Area North Island, New Zealand Queensland, 
Australia 

Australia 

Time period 2010 - 2012 2010 - 2015 2004 - 2009 

Reference Table S28 Table S29 Table S30 Table S31 

Impact class 
(score) a: 

High 
(0.705) 

High 
(0.674) 

Moderate 
(0.465) 

Moderate 
(0.426) 

Uncertainty (DD) 0.00 0.05 0.23 0.21 

Confidence Medium Medium Medium Medium 

Metric Classification b 

Disruptor c 0.625 0.625 0.500 0.500 

Spatiotemporal 0.938 0.938 0.375 0.250 

Distribution MV MV MN MN 

Maximum area 
affected 

MV MV MO MN 

Frequency MV MV MO MO 

*Reversibility MR MR MN MN 

Market-driven 0.458 0.396 0.438 0.458 

*Host crop value MR MR MR MR 

*Market access MO MN MN DD 

Alternate market 
availability 

MO MN DD MC 

Loss of pest free 
status 

MV MV MO MN 

Market access 
treatments 

MO MN NE MN 

Crop price discount MC MC DD DD 

Quality loss MC MC DD DD 

Primary response 0.917 0.750 0.500 0.417 

Primary response 
investment 

MV MR MV MR 

Yield loss – primary 
response 

MR MO MO MO 

1005 
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Table S27 Exotic plant bacteria impacts – Spatiotemporal fluctuations (identified in bold) 1006 

(cont.). 1007 

Metric Classification b 

Primary response 
success 

MV MV MC MC 

Mid to long-term 
management 

0.750 0.750 NE NE 

EIL NE DD NE NE 
 

Control costs NE MO NE NE 

Yield reduction 
despite control 

NE MV NE NE 

*Feasibility of 
management 

MR MR NE NE 

Cultivar loss MR MR NE NE 

Cultivar recovery MR MR NE NE 

a See section 3.1 Scoring system 
b Minimal concern (MC) = 0, Minor (MN) = 1, Moderate (MO) = 2, Major (MR) = 3 and Massive 
(MV) = 4. NE = Not Evaluated. DD = Data Deficient 
c As calculated from Disruptor metrics, identified in italics and with an asterisk (*) 

 1008 

  1009 
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Kiwifruit Canker – Pseudomonas syringae pv. actinidiae (Psa) – New Zealand 1010 

Pseudomonas syringae pv. actinidiae (Psa) is the cause of kiwifruit canker disease. It is a 1011 

bacterial pathogen of global importance to kiwifruit production [106]. Since first being detected in 1012 

Japan in the late 1980s [107], the pathogen has spread to almost all major kiwifruit growing 1013 

regions, where it seriously limits production of gold kiwifruit and impacts growers substantially 1014 

[106]. Symptoms of the disease vary from serious cane die-back and vine death, to less serious 1015 

leaf spotting and flower wilts, accompanied by flower and bud drop [108]. Gold kiwifruit cultivars 1016 

(especially A. chinensis ‘Hort16A’) are more susceptible to the pathogen than the cultivars of the 1017 

classic green kiwifruit (A. deliciosa) [109]. 1018 

Kiwifruit is a major horticultural sector in New Zealand, accounting for more than 2% of the total 1019 

plant production value [53]. Psa had been of increasing concern as an emerging threat to the 1020 

industry since its rapid spread in the period 2008 - 2010 across Europe [110, 111]. The 1021 

bacterium was first detected in New Zealand in late 2010, infecting both gold (A. chinensis 1022 

‘Hort16A’) and green (A. deliciosa ‘Hayward’) kiwifruit plants [71], and had spread to all kiwifruit 1023 

growing regions on the North Island of the country by 2012 [112, 113]. It has had a massive 1024 

impact on the gold cultivar ‘Hort16A’ in New Zealand, with destruction of entire diseased 1025 

canopies and vines [73], which accounted for 30% of the export kiwifruit value in New Zealand at 1026 

that time [114]. In 2012, the cost of Psa to the New Zealand kiwifruit industry was estimated to 1027 

be approximately $126 million [73], with loss of market access for all kiwifruit nursery stock 1028 

(Table S28). Large government and industry investments were made to contain and destroy 1029 

heavily infected vines during the initial response period, which we define as covering 2010 - 1030 

2012 (Tables S27 and S28). 1031 

In 2012, the rapid and wide adoption of Psa tolerant kiwifruit varieties [114] revitalised the 1032 

industry and empowered growers to continue profitable production and make an effective 1033 

transition to a long term management strategy for the pathogen. This, in concert with improved 1034 

and locally adapted management strategies [106] and the discounting of initial incursion costs 1035 

over time (Table S27), resulted in the overall impact of the pathogen reducing over time (Table 1036 

1). Recent evolution of copper resistance in Psa in New Zealand [115] could prove problematic 1037 
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in relation to  *Feasibility of management in the coming years , which could increase the 1038 

magnitude of this metric and potentially the overall impact score above that assessed for the 1039 

period of 2010–2015 (Table S29). This case study demonstrates that our metric system is able 1040 

to reflect the influence of time and adaptive management in reducing pest impact in the case of 1041 

Psa in New Zealand, with a reduction of pest impact when assessed over a larger time period 1042 

(Tables S27, S28 and S29). The case study was also used to assist with calibration and 1043 

validation of three metrics: Primary response investment, Cultivar loss and Cultivar recovery 1044 

(see Step 2.2).1045 
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Table S28. Kiwifruit Canker – New Zealand – 2010-2012 1046 

Pest scenario HIGH (0.705; DD = 0.00; MEDIUM) ^ 

Pest: Kiwifruit canker; Pseudomonas syringae pv. actinidiae (Psa) (Bacteria) – Exotic 

Host(s): Kiwifruit 

Area: New Zealand 

Time period: 2010-2012 

Assessor(s): Joy Tyson, David Logan, Lisa Jamieson – Plant and Food Research New 
Zealand 

Notes: This assessment focuses on the primary response period 

Metric Class a Decision notes Score 

Disruptor b 0.625 

Spatiotemporal 0.938 

Distribution MV  4 

Maximum area 
affected 

MV  4 

Frequency MV  4 

*Reversibility MR Impact ongoing 3 

Market-driven 0.458 

*Host crop value MR 245 M, 2-3% 3 

*Market access MO Immediate loss of access to all countries for Actinidia 
nursery stock from New Zealand. 
Psa was already present in major growing regions of Italy, 
France, China and Chile 

2 

Alternate market 
availability 

MO ? Capture initial closing markets 2 

Loss of pest free 
status 

MV  4 

 
Market access 
treatments 

MO More change needed initially? 2 

Crop price discount MC  0 

Quality loss MC  0 

Primary response 0.917 

Primary response 
investment 

MV Containment measures. 
Destruction of heavily infected vines. 
Large investment in research. 

4 

Yield loss – primary 
response 

MR ? Expect more loss as gold pushed out. Likely higher than 
this in those first two years 

3 

Primary response 
success 

MV MPI and the kiwifruit industry tried to contain Psa to the 
incursion site/area (Te Puke); these containment 
measures failed. 
Spread to all growing regions by 2012 

4 

1047 
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Table S28 Kiwifruit Canker – New Zealand – 2010-2012 (cont.) 1048 

Metric Class a Decision notes Score 

Mid to long-term management 0.750 

EIL NE  - 

Control costs NE Removal of heavily infected vines. 
Large amounts of copper fungicide applied. 

- 

Yield reduction 
despite control 

NE  - 

*Feasibility of 
management 

MR  3 

Cultivar loss MR  3 
 

Cultivar recovery MR  3 

^ First term in all caps and italics is the overall classification of the pest (Negligible, low, 1049 
moderate, high or extreme impact), derived from the average proportion of all twenty metrics 1050 
which is listed as the first number in parentheses; DD = Data Deficient; the final word in 1051 
parentheses is a measure of assessor confidence in the assessment (low, moderate or high). 1052 

a Minimal concern (MC) = 0, Minor (MN) = 1, Moderate (MO) = 2, Major (MR) = 3 and Massive 1053 
(MV) = 4. NE = Not Evaluated. DD = Data Deficient 1054 

b As calculated from Disruptor metrics, identified with an asterisk (*) 1055 

  1056 
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Table S29. Kiwifruit Canker – New Zealand – 2010-2015 1057 

Pest scenario HIGH (0.674; DD = 0.05; MEDIUM) ^ 

Pest: Kiwifruit canker; Pseudomonas syringae pv. actinidiae (Psa) (Bacteria) – Exotic 

Host(s): Kiwifruit 

Area: New Zealand 

Time period: 2010-2015 

Assessor(s): Joy Tyson, David Logan, Lisa Jamieson – Plant and Food Research New 
Zealand 

Notes: This assessment focuses on the entire period that the pathogen has been 
present in New Zealand (at the time of assessment), from primary to longer term 
response. 
Pathogen has a worldwide distribution. 

Metric Class a Decision notes Score 

Disruptor b 0.625 

Spatiotemporal 0.938 

Distribution MV Worldwide, in most kiwifruit producing countries now 
[110] 
Nationwide in NZ also 
Major, I would question Massive as Kiwifruit not grown 
on commercial scale on South Island 
Could survive in cold, based on potential distribution 

4 

Maximum area 
affected 

MV Most kiwifruit regions in New Zealand now affected 
All but one location 

4 

Frequency MV Occurs in all years 4 

*Reversibility MR Cannot be eradicated 
No change to reversibility – the new cultivars are more 
tolerant, but no way near resistant, and still require 
heavy control. 

3 

Market-driven 0.396 

*Host crop value MR 245 M, 2-3% 3 

*Market access MN Fruit exports remained unaffected, however, movement 
of nursery stock (i.e. bud wood, seeds, tissue cultured 
plants) is halted. 
Affects for Fruit ML 
For other MV 

1 

Alternate market 
availability 

MN Shift to only fruit market 
Fruit – n/a 
Other - MV 

1 

Loss of pest free 
status 

MV  4 

 
Market access 
treatments 

MN No treatment needed for fruit. No viable treatment 
options exist yet for bud wood. 
MI – Fruit 
MV – Other, bud wood etc. 

1 

1058 
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Table S29 Kiwifruit Canker – New Zealand – 2010-2015 (cont.) 1059 

Metric Class a Decision notes Score 

Crop price discount MC Price went up, which moderated yield loss 0 

Quality loss MC No change in the quality of exported fruit. 0 

Primary response 0.750 

Primary response 
investment 

MR There is still a huge ongoing investment in research and 
breeding for tolerance, and by growers changing to the 
new cultivars. 

3 

Yield loss – primary 
response 

MO Export earnings (fruit) dropped from $1,045 million in 
2012 to $962 million in 2013 [49] 
Yield losses, even if higher were moderated by price in 
the marketplace 
Recovery of fields with less susceptible varieties –see 
reversibility 
Almost complete removal of the gold kiwifruit cultivar 
‘Hort16A’. 

2 

Primary response 
success 

MV Psa spread to almost all kiwifruit regions in New 
Zealand, despite containment efforts 
Human mediated spread 

4 

Mid to long-term management 0.750 

EIL DD  - 

Control costs MO Bactericides (copper, streptomycin), cultural control 
(pruning out symptoms), removal/replacement of heavily 
infected vines, disposal of vine debris, sanitation of 
implements and machinery 
Zespri – orchard production, Beth Kidd/Shane Max 
At least MO, moderate 

2 

Yield reduction 
despite control 

MV? From above, more overall.  30%? 2012-2014 4 

*Feasibility of 
management 

MR The application of large amounts of copper cannot be 
continued long-term. Copper resistance detected in Psa 
by 2014 [115]. Streptomycin was registered for use on 
kiwifruit after the incursion, but Psa is already showing 
resistance. Research into alternative control methods is 
ongoing. 
Had to register new pesticides 
Significant barrier = pesticide registration 
- -> likely MV in future years 

3 

Cultivar loss MR The gold kiwifruit, Actinidia chinensis ‘Hort16A’, was the 
predominant cultivar at the time of the incursion. This 
cultivar is almost totally gone. There are only a couple of 
acres left, up in Kerikeri (far North) – all under covered 
growing systems. 

3 

 
Cultivar recovery MR Although a more tolerant cultivar was co-incidentally 

available, from the multiplication stage through to 
general production took several years. 

3 

1060 
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Table S29. Kiwifruit Canker – New Zealand – 2010-2015 (cont.) 1061 

Metric Class a Decision notes Score 

^ First term in all caps and italics is the overall classification of the pest (Negligible, low, 
moderate, high or extreme impact), derived from the average proportion of all twenty metrics 
which is listed as the first number in parentheses; DD = Data Deficient; the final word in 
parentheses is a measure of assessor confidence in the assessment (low, moderate or high). 

a Minimal concern (MC) = 0, Minor (MN) = 1, Moderate (MO) = 2, Major (MR) = 3 and Massive 
(MV) = 4. NE = Not Evaluated. DD = Data Deficient 

b As calculated from Disruptor metrics, identified with an asterisk (*) 

 1062 

  1063 
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Citrus Canker – Xanthomonas citri subsp. citri – Australia 1064 

Xanthomonas citri subsp. citri is a bacterial pathogen that causes citrus canker disease. This 1065 

pathogen is of global importance to citrus production [116]. Originating in tropical areas of Asia 1066 

[116], the pathogen has spread to almost all major citrus growing regions, where it causes 1067 

serious economic losses and impacts on trade [9, 116, 117]. Cankerous, raised lesions on fruit 1068 

and stems are typical of the disease, and are often accompanied by water soaked lesions with 1069 

yellow halos on leaf tissue [9, 116]. The pathogen has a wide host range within the family 1070 

Rutaceae, including many commercial citrus varieties and root stocks with varying 1071 

susceptibilities, with grapefruit (Citrus paradisi), limes (C. aurantifolia), trifoliate orange (Poncirus 1072 

trifoliata) and their hybrids amongst those most highly susceptible [116]. 1073 

Citrus is a highly valuable horticultural crop in Australia, accounting for more than 1.5% of all 1074 

plant production value [50] [51, 52], and is considered a high priority pest by the citrus industry 1075 

[118]. The bacterium has been detected and eradicated at least twice in Australia [119], in the 1076 

Northern Territory in the early 20th century [72] and in Queensland in the early 21st century [9]. 1077 

Both eradications adopted a scorched earth policy, which provided the basis for selecting the 1078 

classification criteria for the Yield loss – primary response metric (see section 2.2.3.2 above for 1079 

further detail). The latter incursion, detected in 2004, is the focus of this case study (Tables S27, 1080 

S30 and S31) and subsequent eradication was estimated to have a net benefit of approximately 1081 

AU$70 million for the state of Queensland alone [9]. However, the Queensland citrus industry 1082 

represents only a small proportion of total national production area and value, which in 2017 was 1083 

estimated to be worth just around 1 % [120]. The assessments made using our metric system 1084 

could discriminate between pest scenarios at different spatial scales, with citrus canker having a 1085 

greater impact at the provincial level of Queensland (Tables S27 and S30), than at the national 1086 

Australian scale (Tables S27 and S31). This was largely due to the order of magnitude 1087 

difference in Maximum area affected, which then had roll-on effects to other metrics. For 1088 

example, proportional areas and costs were defrayed, and therefore reduced in magnitude, 1089 

when assessed at the national level for metrics such as Loss of pest free status and Primary 1090 

response investment. The system also accurately reflects when a successful eradication has 1091 
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been conducted, as the mid- to long-term management group of metrics are no longer relevant, 1092 

as shown by the NE designation for both the citrus canker examples (Table S27). This result 1093 

also helped to calibrate the system, as *Host crop value could technically nest below the EIL 1094 

metric. However, to accurately reflect situations such as successful containment and eradication, 1095 

we decided to move this metric to within the market-driven metric group (see Step 2.2). 1096 

  1097 
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Table S30. Citrus Canker – Queensland, Australia – 2004-2009 1098 

Pest scenario MODERATE (0.479; DD = 0.23; Medium) ^ 

Pest: Citrus canker; Xanthomonas citri subsp. citri (Bacteria) – Exotic 

Host(s): Citrus spp., including mandarins, oranges, lemons, limes and grapefruit, varying 
susceptibilities 

Area: Queensland, Australia 

Time period: 2004-2009 

Assessor(s): Kylie Ireland – CSIRO Australia & Mandy Christopher – Department of 
Agriculture and Fisheries Queensland 

Notes: Incursion - Emerald, central Queensland, Australia 

Metric Class a Decision notes Score 

Disruptor b 0.500 

Spatiotemporal 0.375 

Distribution MN Delimited to the incursion property. There were 3 
properties affected overall, but the entire Emerald citrus 
planting was destroyed 

1 

Maximum area 
affected 

MO Emerald = approx. 25% of Qld production area. 
Calculated initially at 3.87% from 139ha of IP property 
[9], 3,590 ha production in Qld (from Citrus AU website: 
http://www.citrusaustralia.com.au/ Accessed 9th August 
2016), but moderated by being 25% of Qld production 
[121] as the whole region was affected by the 
quarantine. 

2 

Frequency MO  2 

*Reversibility MN Eradicated within 4.5 years (for full clearance, with 2 
years of clean survey?) 

1 

Market-driven 0.563 

*Host crop value MR ~3 %. = $111.76/$3703.6m per year  
(Qld 22% National Value of $508M in 2002/03 
[121])/Total Qld crops) 
Emerald citrus alone would be ~0.75%. (25% of 22% 
National Value of $508M in 2002/03 [121])/Total Qld 
crops  = $27.94m/$3703.6m per year  
Gross revenue per year could have been as high as 
$70.8M/year [121], but this is not farm gate and 
therefore not comparable with other crop values. 

3 

*Market access MN Short term impact on all of Queensland, stopped export 
and interstate trade for some weeks, but over the five-
year period, very little change. 

1 

 
Alternate market 
availability 

DD Perhaps true for a portion of the southern Queensland 
market. 
No movement allowed outside of Emerald.  Don’t think 
there is a juice factory in Emerald.  Not required long 
term, since eradicated and impact on market access 
was short term, so could be NE 

- 

1099 
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Table S30. Citrus Canker – Queensland, Australia – 2004-2009 (cont.) 1100 

Metric Class a Decision notes Score 

 Loss of pest free 
status 

MO Emerald region – 25% of Qld production. 
Post Jan 2009, not applicable due to successful 
eradication 

2 

Market access 
treatments 

NE Eradication effort successful - 

Crop price discount DD  - 

Quality loss DD  - 

Primary response 0.500 

Primary response 
investment 

MV 3.19%. $3.56M per year / $111.76M per year 4 

Yield loss – primary 
response 

MO 100% loss in Emerald for first few years, where Emerald 
is 25% of Qld industry 

2 

Primary response 
success 

MC  0 

Mid to long-term management NE 

EIL NE  - 

Control costs NE  - 

Yield reduction 
despite control 

NE  - 

*Feasibility of 
management 

NE Eradicated - 

Cultivar loss NE  - 

Cultivar recovery NE  - 

^ First term in all caps and italics is the overall classification of the pest (Negligible, low, 
moderate, high or extreme impact), derived from the average proportion of all twenty metrics 
which is listed as the first number in parentheses; DD = Data Deficient; the final word in 
parentheses is a measure of assessor confidence in the assessment (low, moderate or high). 

a Minimal concern (MC) = 0, Minor (MN) = 1, Moderate (MO) = 2, Major (MR) = 3 and Massive 
(MV) = 4. NE = Not Evaluated. DD = Data Deficient 

b As calculated from Disruptor metrics, identified with an asterisk (*) 

 

  1101 
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Table S31. Citrus Canker – Australia – 2004-2009 1102 

Pest scenario MODERATE (0.426; DD = 0.21; Medium) ^ 

Pest: Citrus canker; Xanthomonas citri subsp. citri (Bacteria) – Exotic 

Host(s): Citrus spp., including mandarin, orange, lemons, lime and grapefruit, varying 
susceptibilities 

Area: Australia 

Time period: 2004-2009 

Assessor(s): Rod Turner, Victoria Ludowici – Plant Health Australia 

Notes: Incursion - Emerald, central Queensland, Australia 
See Gambley et al. [9] 

Metric Class a Decision notes Score 

Disruptor b 0.500 

Spatiotemporal 0.25 

Distribution MN Delimited to the incursion property 1 

Maximum area 
affected 

MC Emerald production quite small (approx. 15% citrus 
production area in Qld, and this was outside the 
Central Burnett region which has most of this) 
Approx. 0.5% of AU production. Calculated from 139ha 
of IP property [9], 28,000 ha production in AU (from 
Citrus AU website: http://www.citrusaustralia.com.au/ 
Accessed 9th August 2016).  

0 

Frequency MO May be “MN”, reliant on suitable weather events. 
Overhead irrigation increased spread 
Max “MR” under irrigation conditions 

2 

*Reversibility MN ? General –where does 2 yr come from? 1 

Market-driven 0.458 

*Host crop value MR ~1.6% for 2010 – 2011 used as proxy   
Qld now listed as 1% on PHA website [120], but likely 
not up to date. There were greater production values at 
the onset of the incursion, and the industry is in 
recovery in this region. 

3 

*Market access DD 
 

Interstate market access was restricted, not sure of 
market value, but also 100% host destruction, so no 
product to on-sell from Qld, but were other markets 
affected? 

- 

Alternate market 
availability 

MC Can go to juicing? 0 

Loss of pest free 
status 

MN ? 1 

Market access 
treatments 

MN See alt. market 1 

Crop price discount DD  - 
 

Quality loss DD Juicing? - 

1103 
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Table S31. Citrus Canker – Australia – 2004-2009 (cont.) 1104 

Metric Class a Decision notes Score 

Primary response 0.417 

Primary response 
investment 

MR 3.56M/yr (from Gambley [9], $17.8M/5 years) / 400M/yr 
industry value = 0.89% 

3 

Yield loss – primary 
response 

MO Maybe “MR”? or “MN” Depends on size/value of 
industry in Qld as compared nationally 

2 

Primary response 
success 

MC  0 

Mid to long-term management NE 

EIL NE  - 

Control costs NE  - 
 

Yield reduction 
despite control 

NE  - 

*Feasibility of 
management 

NE Eradicated - 

Cultivar loss NE  - 

Cultivar recovery NE  - 

^ First term in all caps and italics is the overall classification of the pest (Negligible, low, 
moderate, high or extreme impact), derived from the average proportion of all twenty metrics 
which is listed as the first number in parentheses; DD = Data Deficient; the final word in 
parentheses is a measure of assessor confidence in the assessment (low, moderate or high). 

a Minimal concern (MC) = 0, Minor (MN) = 1, Moderate (MO) = 2, Major (MR) = 3 and Massive 
(MV) = 4. NE = Not Evaluated. DD = Data Deficient 

b As calculated from Disruptor metrics, identified with an asterisk (*) 
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Challenges 1108 

Lack of consistent & quantitative methodology 1109 

Consistent methodology is critical for the harmonisation of pest risk prioritisation. While 1110 

standardised crop loss assessment methods were developed for plant pests in the late 1960s 1111 

and early 1970s [122], and standardised pest risk analysis guidelines by the mid-2000s [3], a 1112 

formal classification system of pest impacts and magnitudes has never been properly developed 1113 

[123]. Nation-states and industry bodies continue to develop their own, individually applicable 1114 

systems of pest risk assessment, prioritisation and analysis for their own purposes (see Heikkilä 1115 

[96], Essl et al. [124] and references therein). Many of these are reliant on qualitative expert 1116 

elicitation [125-127]. While methods of expert elicitation have improved drastically in recent 1117 

years [128], many agree that a consistent, more quantitative approach would be a key step 1118 

forward [17, 129]. 1119 

While qualitative assessments are broadly adopted by many pest risk assessment agencies, it is 1120 

argued they may not be robust enough to stand up to international scrutiny and are not easily 1121 

replicable among different jurisdictions. Qualitative assessments remain attractive and salient 1122 

however, as they can deliver within the resource, knowledge and time limitations experienced by 1123 

decision makers. On the other hand, quantitative approaches are likely to provide a more 1124 

transparent and objective assessment that may be more defensible when settling trade disputes 1125 

with other countries [129]. This may not be entirely true however, especially given that in some 1126 

cases quantitative analyses have not been successful in supporting a country’s position on an 1127 

import risk analysis when trade disputes are being mediated by the WTO. 1128 

For example, Australia’s use of semi-quantitative risk assessments for the import risk analysis 1129 

(IRA) of apples from New Zealand in 2006 was heavily criticised and did not assist in upholding 1130 

Australia’s IRA requirements [130, 131]. The WTO panel was not convinced by the scientific 1131 

quality of the IRA, including around issues of the assumptions and qualifications expressed for 1132 

the quantitative analysis, and found in favour of the New Zealand position given that there was 1133 
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not sufficient support in the scientific evidence presented in the IRA to support the restrictive 1134 

importation requirements outlined by Australia [132]. Whether this was wholly due to 1135 

scientifically unjustified methodology [131], particularly the use of semi-quantitative methods, or 1136 

due to the misinterpretation of the risk assessment process [130], is still a matter of contention. 1137 

Nevertheless, the damage to the reputation of quantitative methods has likely been done and 1138 

many practitioners are wary of such methods as a result. This is especially relevant given that 1139 

development of these methods may be expensive to implement in terms of both time and 1140 

money, and that adequately trained staff are not always held within the appropriate department 1141 

to conduct such analyses on a regular basis. Ultimately, impact assessments will require a mix 1142 

of quantitative and qualitative approaches, with the exact balance of the two being case-specific 1143 

[129]. 1144 

Paucity of data 1145 

Central to the development of consistent and quantitative methodology is access to data. 1146 

Unfortunately, there have been limited efforts to standardise, collect and curate data related to 1147 

plant pest impacts, in either agro- or environmental ecosystems. Nor have there been any 1148 

consistent efforts to place such data on easily accessible data portals, to allow for replication 1149 

and extension of prior studies. While the use of data sharing platforms such as GenBank for 1150 

DNE sequences (www.ncbi.nlm.nih.gov/genbank/) and Dryad (datadryad.org/) for research data, 1151 

are increasingly key components of the publication process, non-genomic platforms are by no 1152 

means commonplace yet. Where pest specific databases such the Global Eradication and 1153 

Response Database (GERDA; b3.net.nz/gerda/index.php) and Delivering Alien Invasive Species 1154 

in Countries for Europe (DAISIE; www.europe-aliens.org) exist, their long-term duration and 1155 

management are often uncertain as long-term funding arrangements and agreement of 1156 

responsibilities remain unresolved. Despite this, the importance of such databases is evident 1157 

through their integration into risk analysis and prioritisation efforts of both academics and policy 1158 

practitioners alike. DAISIE has been particularly successful, with more than 30 academic articles 1159 

from Europe and abroad referencing the database since its inception in 2006 (Web of Science 1160 

search: DAISIE, English-language articles and reviews). Continued support of such databases 1161 
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and the development of data curation and sharing frameworks and platforms will be crucial in 1162 

supporting future invasion biology research and pest risk assessments. These should be 1163 

capable of dealing with issues of privacy, taxonomic uncertainty and knowledge gaps, with long 1164 

term funding and responsibility agreements to ensure legacy. 1165 

In addition to difficulties with data access, access to (preferably comparable) data and studies on 1166 

a range of impact classifications (i.e. negligible/minimal through to massive impact) is crucial to 1167 

understanding the mechanistic, biological trait and socio-economic/political drivers of pest 1168 

impact. Unfortunately, data on failed and low level impact invasion events are usually not 1169 

available [133], despite the recognition that many invasive pests are arguably innocuous and/or 1170 

likely to cause minimal impacts [30, 134, 135]. This lack of data could be due to insufficient 1171 

interest in such species, which may indicate low impact, or simply that the data has not yet been 1172 

published [136-138], in which case potentially high impact pest species are being overlooked 1173 

when prioritising pest management efforts as they cannot be assessed in the broader scheme of 1174 

impact categories and an understanding of traits and pathways which may confer greater 1175 

likelihood of having higher impact. Broadening research efforts to capture these impacts of 1176 

negligible and low impact species, and highlighting their importance when trying to understand 1177 

high impact species and to identify predictive traits and characteristics, should assist with 1178 

bridging this knowledge gap. 1179 

Consensus 1180 

Gaining consensus when assigning pest impacts across spatial, jurisdictional, agro-ecological 1181 

and stakeholder boundaries is likely to be difficult. Industry, government and society 1182 

stakeholders are likely to have divergent interests on any one issue. A small region with large 1183 

investment in a particular industry may assign high priority to a pest which affects that industry, 1184 

but this may be a lower priority at a higher jurisdictional level as pests and management actions 1185 

must be prioritised based on the national interest. In this regard, methods such as DMCE [99] 1186 

may play a key role, not only in integrating different measures of impact (as noted above), but 1187 

also in integrating and moderating different and competing interests and opinions to come to a 1188 
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consensus for application of policies and management outcomes. These approaches may have 1189 

better success and socio-political buy-in as they have laid a foundation of consensus and mutual 1190 

understanding. 1191 

Environmental and Socioeconomic Impacts 1192 

Plant pest impacts are complex, with the primarily economic metrics presented here in PPIMS 1193 

often confounded and magnified by a range of environmental and socio-economic impacts also 1194 

caused by the pest in question. Many generalised conceptual frameworks for defining and 1195 

classifying pest impacts have been developed in the invasion biology literature, chiefly focusing 1196 

on qualitative assessments of the environmental impacts of invasive alien species [139]. The 1197 

most notable of these frameworks, by Blackburn et al. [6], is a standardised, largely qualitative 1198 

method of classification, that assigns species to their highest recorded level of deleterious 1199 

environmental impact. This framework is known as the Environmental Impact Classification for 1200 

Alien Taxa (EICAT) [7]. However, it is limited by a lack of criteria for socio-economic and trade 1201 

impacts, which are largely prevalent in plant production systems. A recent complementary 1202 

framework developed by Bacher et al. [140], the SocioEconomic Impact Classification of Alien 1203 

Taxa (SEICAT), partly addresses this gap by exploring the magnitude of invasive species 1204 

impacts on human well-being, based on the capability approach from welfare economics 1205 

(effectively a measure of the change in peoples’ activities as a common metric for evaluating 1206 

impacts on well-being, at similar scales to that of the EICAT framework). 1207 

For assessors with an interest in accounting for environmental and socio-economic impacts in a 1208 

structured and internationally consistent manner we suggest that they consider utilising and 1209 

adapting the EICAT [7] and SEICAT [140] frameworks to these purposes. We consider them to 1210 

be complementary to PPIMS, and valuable additions to the plant biosecurity toolbox. 1211 

  1212 
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Discussion & Conclusions 1213 

The plant pest classification system proposed here lays the foundation for a standardised 1214 

method to evaluate, compare and potentially predict the magnitudes of pest impacts in plant 1215 

production systems. It classifies pests across taxonomic and spatiotemporal boundaries, 1216 

enabling assessors to make useful comparisons across several plant pests at any one time. Our 1217 

work demonstrates the value of integrating plant protection science with invasion biology, to 1218 

derive a comprehensive measure of pest impact in agroecosystems that can be utilised by all 1219 

plant biosecurity stakeholders. This integration has effectively allowed us to develop a 1220 

classification system that overcomes a lack of standardised impact and crop loss methodologies 1221 

within plant biosecurity. 1222 

We recommend that plant pest impact assessments are: 1223 

(a) scaled to clearly defined spatiotemporal and taxonomic aspects of a pest scenario, 1224 

(b) focused on production specific metrics (largely economic and management, while making 1225 

use of established environmental and emerging socio-cultural impact systems for these 1226 

additional value sets), 1227 

(c) weighted to, and recognise, “disruptor” metrics,  1228 

(d) based on semi-quantitative classes (or quantitative, if possible), with predominantly 1229 

numerical boundaries which indicate an increase in impact effect by an order of magnitude or 1230 

exponential difference, and,  1231 

(e) scored to allow for relative comparisons of the overall effects of different plant pests and 1232 

pest scenarios. 1233 

Through a thorough review of the literature and iterative feedback with plant industry 1234 

representatives and pest risk assessment practitioners we were able to parameterise most 1235 

metrics (18/20; Table S1) with numerical indices, for example, percentage change, kilometres of 1236 

spread, years to eradication. Where numerical guidelines are stated in other systems (e.g. 1237 

section 6.01 in EPPO Standard PM 5/3(5) [91]), they are not provided within a classified metric 1238 
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framework such as what we present here. While that is understandable given the uncertainty 1239 

around setting numerical boundaries for different crops and growing conditions, as discussed by 1240 

EPPO [91],  a lack of standardised boundaries across the whole of plant production or even 1241 

within key crops or industries, prevents meaningful comparison among assessments. Thus, 1242 

similar to Hewitt et al. [136], we propose a mix of numerical and qualitative guidelines to assess 1243 

pest impacts. We argue that the inclusion of numerical boundaries contributes to a much more 1244 

transparent and robust metric system. This means that overall assessments are less likely to be 1245 

limited by the quality of available data when classified within broad categories such as those laid 1246 

out in our classification criteria. Additionally, the system is capable of being further refined to 1247 

provide more meaningful scoring and amalgamation methods. 1248 

Preliminary application of this metric system to our proposed scoring systems indicates that the 1249 

methods are able to discriminate among differing levels of impact experienced at different 1250 

taxonomic, spatial and temporal scales (Table S27, Supplementary Material S2). Concerns 1251 

about transparency and arbitrariness of aggregation methods based upon semi-quantitative 1252 

scalar metrics [141, 142] are ameliorated somewhat by our use of numerically derived 1253 

boundaries and could be further improved by the application of conditional probabilities [100]. 1254 

Similar to the majority of other prioritisation schemes for plant pests [96], we applied an additive 1255 

proportional method, weighted toward disruptor metrics. While multiplicative approaches have 1256 

been shown to outperform additive approaches in amalgamation of metrics in pest risk 1257 

assessment scoring systems [95], sequential multiplication of probabilities is only appropriate for 1258 

a sequence of events, all of which are prerequisite for the final outcome to occur [100]. The 1259 

metrics we identify contribute independently to the overall impact category and multiplication of 1260 

any of the minimal concern categories (scored as 0) would incorrectly result in an overall 1261 

classification of no impact. At the same time, we wanted to capture the fact that the minimal 1262 

concern category would most probably warrant little to no biosecurity investment, particularly 1263 

when compared with the impacts of other pests. Therefore, we chose to begin our scale at zero, 1264 

rather than one. Our use of means of each metric and nested metric group may be problematic 1265 

as it could make the scores more alike between organisms and may overestimate low risk and 1266 
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underestimate high risk pests [100]. Further testing of our proposed metric classification and 1267 

scoring system through evaluation of a larger range of pests with broadly agreed upon levels of 1268 

impact, sensitivity and collinearity analyses to identify influential metrics, incorporation of 1269 

conditional probabilities as suggested by Holt [100] and evaluation of different amalgamation 1270 

methods (see S3 Appendix), will assist with determining the strength of the current metrics and 1271 

generating more accurate assessments in the future. 1272 

We have shown through application of the system to classifying Australian (citrus canker) and 1273 

New Zealand (Psa) case studies that our system can discriminate between species known to 1274 

have different impacts across both space and time (Table S4). As expected, the citrus canker 1275 

incursion into Australia in 2004 was scored as having a greater impact in Queensland alone, 1276 

while the impact of Psa on the kiwifruit industry in New Zealand has reduced from the initial 1277 

response to longer term response periods (Table S27). The amalgamation method we present 1278 

could be improved by engaging in a mixed DMCE (sensu Liu et al. [99]) and weighting 1279 

framework approach (sensu Kumschick et al. [98]), whereby the metrics themselves (not the 1280 

individual pest species) are validated, calibrated and weighted through expert assessment and 1281 

elicitation. By utilising these methods to validate the methodology, resources can then be freed 1282 

up to allow for many more species to be assessed in a consistent and defensible manner by 1283 

pest risk assessors, without the need for constant expert input. 1284 

A standardised and common plant pest metric system, such as that presented here, provides a 1285 

critical foundation to support harmonised pest risk prioritisation. Our metric system is a stand-1286 

alone tool that can be integrated to improve impact assessments within currently used risk 1287 

assessment and prioritisation frameworks. While it does not address all of the key challenges 1288 

when determining pest impact (see section Challenges section above), if applied by the full suite 1289 

of agricultural and plant biosecurity stakeholders, it has the power to transform relationships and 1290 

harmonise pest management across multiple spatiotemporal scales and jurisdictions. Such 1291 

integration should result in fair and transparent allocation of resources in a timely manner and 1292 

improve cross-disciplinary and cross-sectoral understanding of priorities. Our work demonstrates 1293 

the value of integrating plant protection science with invasion biology, to derive a comprehensive 1294 
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measure of pest impact in agroecosystems that can be utilised by all plant biosecurity 1295 

stakeholders.1296 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

99 

References 1297 

1. FAO. International Standards for Phytosanitary Measures. Rome, Italy: Secretariat of the 1298 

International Plant Protection Convention. Food and Agriculture Organisation of the United 1299 

Nations; 2006. 1300 

2. FAO. ISPM No. 4. Requirements for the Establishment of Pest Free Areas. In: 1301 

Convention SotIPP, editor. Rome, Italy: Food and Agriculture Organisation of the United 1302 

Nations; 1995. 1303 

3. FAO. ISPM No. 11. International Standards for Phytosanitary Measures. Pest risk 1304 

analysis for quarantine pests, including analysis of environmental risks and living modified 1305 

organisms. Rome, Italy: Secretariat of the International Plant Protection Convention, Food and 1306 

Agriculture Organisation of the United Nations; 2005. 1307 

4. FAO. ISPM No. 14. International Standards for Phytosanitary Measures. The use of 1308 

integrated measures in a systems approach for pest risk management. Rome, Italy. Available at: 1309 

http://www.fao.org/3/a-y4221e.pdf Accessed 3 December 2018: Secretariat of the International 1310 

Plant Protection Convention, Food and Agriculture Organisation of the United Nations; 2016. 1311 

5. FAO. ISPM No. 5. Glossary of Phytosanitary Terms. In: Convention SotIPP, editor. 1312 

Rome, Italy: Food and Agriculture Organisation of the United Nations; 2007. 1313 

6. Blackburn TM, Essl F, Evans T, Hulme PE, Jeschke JM, Kuhn I, et al. A unified 1314 

classification of alien species based on the magnitude of their environmental impacts. PLoS Biol. 1315 

2014;12(5):e1001850. doi: 10.1371/journal.pbio.1001850. PubMed PMID: 1316 

WOS:000336969200001. 1317 

7. Hawkins CL, Bacher S, Essl F, Hulme PE, Jeschke JM, Kuhn I, et al. Framework and 1318 

guidelines for implementing the proposed IUCN Environmental Impact Classification for Alien 1319 

Taxa (EICAT). Divers Distrib. 2015;21(11):1360-3. doi: 10.1111/ddi.12379. PubMed PMID: 1320 

WOS:000362795700009. 1321 

http://www.fao.org/3/a-y4221e.pdf


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

100 

8. Carnegie AJ, Cooper K. Emergency response to the incursion of an exotic myrtaceous 1322 

rust in Australia. Australasian Plant Pathology. 2011;40(4):346-59. doi: 10.1007/s13313-011-1323 

0066-6. 1324 

9. Gambley CF, Miles AK, Ramsden M, Doogan V, Thomas JE, Parmenter K, et al. The 1325 

distribution and spread of citrus canker in Emerald, Australia. Australasian Plant Pathology. 1326 

2009;38(6):547-57. doi: 10.1071/ap09043. PubMed PMID: WOS:000270866400001. 1327 

10. Kean JM, Suckling DM, Sullivan NJ, Tobin PC, Stringer LD, Lee DC, et al. Global 1328 

eradication and response database (GERDA). Available at: http://b3.net.nz/gerda Accessed 5 1329 

October 20182018. 1330 

11. Collins S, Vanstone V, Zhang X. PCN “Area Freedom” for WA: Evaluation of the current 1331 

status of Potato Cyst Nematode (Globodera rostochiensis) in Western Australia. Final report for 1332 

project PT04004 & MT04000 (March 2010). Available at: http://b3.net.nz/gerda/refs/580.pdf  1333 

Accessed 5 October 2018: Horticulture Australia Limited; 2010. 1334 

12. Wylie FR, Peters BC. Lesser auger beetle Heterobostrychus aequalis (Coleoptera: 1335 

Bostrichidae) in Australia: absent or elusive? Austral Entomology. 2016;55(3):330-3. doi: 1336 

10.1111/aen.12189. PubMed PMID: WOS:000383377600014. 1337 

13. Country codes - ISO 3166 [Internet]. International Organization for Standardization. 2016 1338 

[cited 15th of January 2016]. 1339 

14. van Klinken RD, Panetta FD, Coutts SR. Are high-impact species predictable? An 1340 

analysis of naturalised grasses in northern Australia. PLoS One. 2013;8(7):e68678. doi: 1341 

10.1371/journal.pone.0068678. PubMed PMID: 23874718; PubMed Central PMCID: 1342 

PMC3706395. 1343 

15. Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL. Progress toward understanding the 1344 

ecological impacts of nonnative species. Ecol Monogr. 2013;83(3):263-82. doi: 10.1890/13-1345 

0183.1. PubMed PMID: WOS:000322113400001. 1346 

http://b3.net.nz/gerda
http://b3.net.nz/gerda/refs/580.pdf


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

101 

16. Caley P, Ingram R, De Barro P. Entry of exotic insects into Australia: does border 1347 

interception count match incursion risk? Biol Invasions. 2015;17(4):1087-94. doi: 1348 

10.1007/s10530-014-0777-z. PubMed PMID: CCC:000351197300009. 1349 

17. Leung B, Roura-Pascual N, Bacher S, Heikkila J, Brotons L, Burgman MA, et al. 1350 

TEASIng apart alien species risk assessments: a framework for best practices. Ecol Lett. 1351 

2012;15(12):1475-93. doi: 10.1111/ele.12003. PubMed PMID: 23020170. 1352 

18. Department of Agriculture‚ Fisheries and Forestry. Final import risk analysis report for the 1353 

importation of fresh decrowned pineapple (Ananas comosus (L.) Merr.) fruit from Malaysia. 1354 

Canberra. Available at: 1355 

http://www.agriculture.gov.au/Style%20Library/Images/DAFF/__data/assets/pdffile/0007/2233571356 

3/Final-IRA-Malaysian-pineapples.pdf  Accessed 3 December 2018: Department of Agriculture, 1357 

Fisheries and Forestry; 2012. 1358 

19. Department of Agriculture‚ Fisheries and Forestry. Final import risk analysis report for 1359 

fresh ginger from Fiji. Canberra. Available at: http://www.agriculture.gov.au/biosecurity/risk-1360 

analysis/memos/2013/ba2013-03-final-ira-ginger-fiji  Accessed 3 December 2018: Department of 1361 

Agriculture, Fisheries and Forestry; 2013. 1362 

20. Emery RE, Chami M, Garel N, Kostas E, Hardie DC, editors. The use of hand-held 1363 

computers (PDAs) to audit and validate eradication of a post-border detection of khapra beetle, 1364 

Trogoderma granarium, in Western Australia. 10th International Working Conference on Stored 1365 

Product Protection 27 June to 2 July 2010; 2010; Estoril, Portugal: Julius Kühn-Institut. 1366 

21. Eads L. Phylloxera spread detected in Australia’s Yarra Valley. Available at: 1367 

https://www.thedrinksbusiness.com/2017/05/phylloxera-spread-detected-in-south-australias-1368 

yarra-valley/  Accessed 26 October 2018: the drinks business; 2017. 1369 

22. Agriculture Victoria. Grape phylloxera. Available at: 1370 

http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-mites/grape-1371 

http://www.agriculture.gov.au/Style%20Library/Images/DAFF/__data/assets/pdffile/0007/2233573/Final-IRA-Malaysian-pineapples.pdf
http://www.agriculture.gov.au/Style%20Library/Images/DAFF/__data/assets/pdffile/0007/2233573/Final-IRA-Malaysian-pineapples.pdf
http://www.agriculture.gov.au/biosecurity/risk-analysis/memos/2013/ba2013-03-final-ira-ginger-fiji
http://www.agriculture.gov.au/biosecurity/risk-analysis/memos/2013/ba2013-03-final-ira-ginger-fiji
https://www.thedrinksbusiness.com/2017/05/phylloxera-spread-detected-in-south-australias-yarra-valley/
https://www.thedrinksbusiness.com/2017/05/phylloxera-spread-detected-in-south-australias-yarra-valley/
http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-mites/grape-phylloxera


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

102 

phylloxera  Accessed 26 October 2018: Victoria State Government Department of Economic 1372 

Development, Jobs, Transport and Resources; 2017. 1373 

23. Department of Primary Industries and Regional Development. Tomato potato psyllid 1374 

interstate trade/market access information Available at: https://www.agric.wa.gov.au/tpp/tomato-1375 

potato-psyllid-interstate-trademarket-access-information  Accessed 14 June 2019: Government 1376 

of Western Australia Department of Primary Industries and Regional Development; 2018. 1377 

24. Commonwealth of Australia. National pest and disease outbreaks. Current responses to 1378 

outbreaks. Tomato potato psyllid 2018 [cited 2019 14 June]. Available from: 1379 

http://www.outbreak.gov.au/current-responses-to-outbreaks/tomato-potato-psyllid. 1380 

25. Prendergast J, Mochan K, Logan T, Daly J. West Australian farmers have lost millions 1381 

one year on from tomato potato psyllid outbreak. Available at: 1382 

http://www.abc.net.au/news/rural/2018-02-28/wa-farmers-reflect-tomato-potato-psyllid-one-year-1383 

on/9489388  Accessed 10 October 2018: ABC Rural; 2018. 1384 

26. Murray GM, Brennan JP. Estimating disease losses to the Australian wheat industry. 1385 

Australasian Plant Pathology. 2009;38(6):558-70. doi: 10.1071/ap09053. PubMed PMID: 1386 

WOS:000270866400002. 1387 

27. Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM, et al. 1388 

Impact: toward a framework for understanding the ecological effects of invaders. Biol Invasions. 1389 

1999;1(1):3-19. doi: 10.1023/a:1010034312781. PubMed PMID: ZOOREC:ZOOR13600028295. 1390 

28. Murray GM, Brennan JP. Estimating disease losses to the Australian barley industry. 1391 

Australasian Plant Pathology. 2010;39(1):85-96. doi: 10.1071/ap09064. PubMed PMID: 1392 

WOS:000272742000011. 1393 

29. ABARES. Grain farms. Available at:  http://www.agriculture.gov.au/abares/research-1394 

topics/surveys/grains#references  Accessed 2 October 2018: Australian Government 1395 

Department of Agriculture and Water Resources; 2018. 1396 

http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-mites/grape-phylloxera
https://www.agric.wa.gov.au/tpp/tomato-potato-psyllid-interstate-trademarket-access-information
https://www.agric.wa.gov.au/tpp/tomato-potato-psyllid-interstate-trademarket-access-information
http://www.outbreak.gov.au/current-responses-to-outbreaks/tomato-potato-psyllid
http://www.abc.net.au/news/rural/2018-02-28/wa-farmers-reflect-tomato-potato-psyllid-one-year-on/9489388
http://www.abc.net.au/news/rural/2018-02-28/wa-farmers-reflect-tomato-potato-psyllid-one-year-on/9489388
http://www.agriculture.gov.au/abares/research-topics/surveys/grains#references
http://www.agriculture.gov.au/abares/research-topics/surveys/grains#references


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

103 

30. Williamson M, Fitter A. The varying success of invaders. Ecology. 1996;77(6):1661-6. 1397 

doi: 10.2307/2265769. 1398 

31. Ricciardi A, Palmer ME, Yan ND. Should biological invasions be managed as natural 1399 

disasters? BioScience. 2011;61(4):312-7. doi: 10.1525/bio.2011.61.4.11. 1400 

32. Hennessy C, Walduck G, Daly A, Padovan A. Weed hosts of Fusarium oxysporum f. sp 1401 

cubense tropical race 4 in northern Australia. Australasian Plant Pathology. 2005;34(1):115-7. 1402 

doi: 10.1071/ap04091. PubMed PMID: WOS:000227839000018. 1403 

33. Safni I, Cleenwerck I, De Vos P, Fegan M, Sly L, Kappler U. Polyphasic taxonomic 1404 

revision of the Ralstonia solanacearum species complex: proposal to emend the descriptions of 1405 

Ralstonia solanacearum and Ralstonia syzygii and reclassify current R. syzygii strains as 1406 

Ralstonia syzygii subsp. syzygii subsp. nov., R. solanacearum phylotype IV strains as Ralstonia 1407 

syzygii subsp. indonesiensis subsp. nov., banana blood disease bacterium strains as Ralstonia 1408 

syzygii subsp. celebesensis subsp. nov. and R. solanacearum phylotype I and III strains as 1409 

Ralstonia pseudosolanacearum sp. nov. Int J Syst Evol Microbiol. 2014;64(9):3087-103. doi: 1410 

doi:10.1099/ijs.0.066712-0. 1411 

34. Hayward AC. The hosts of Pseudomonas solanacearum. In: Hayward AC, Hartman GL, 1412 

editors. Bacterial wilt: the disease and its causative agent, Pseudomonas solanacearum. 1413 

Wallingford, UK: CAB International; 1994. 1414 

35. Kelman A. The bacterial wilt caused by Pseudomonas solanacearum: A literature review 1415 

and bibliography. North Carolina Agricultural Experiment Station Technical Bulletin. 1953;99. 1416 

36. Wang JF, Lin CH. Integrated management of tomato bacterial wilt. Taiwan: AVRDC – 1417 

The World Vegetable Centre; 2005. 1418 

37. Ploetz RC. Panama disease: a classic and destructive disease of banana. Plant Health 1419 

Progress. 2000;doi:10.1094/PHP-2000-1204-01-HM. 1420 



Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

104 

38. European Food Safety Authority. Update of a database of host plants of Xylella 1421 

fastidiosa: 20 November 2015. EFSA Journal. 2016;14(2):4378. doi: 10.2903/j.efsa.2016.4378. 1422 

39. Sicard A, Zeilinger AR, Vanhove M, Schartel TE, Beal DJ, Daugherty MP, et al. Xylella 1423 

fastidiosa: Insights into an emerging plant pathogen. In: Leach JE, Lindow SE, editors. Annual 1424 

Review of Phytopathology, Vol 56. Annual Review of Phytopathology. 56. Palo Alto: Annual 1425 

Reviews; 2018. p. 181-202. 1426 

40. Stanton JM. First record of potato cyst nematode Globodera rostochiensis in Australia. 1427 

Australasian Plant Pathology. 1986;15(4):87-. doi: 10.1071/app9860087. PubMed PMID: 1428 

BCI:BCI198733119857. 1429 

41. Guy GL, Woodward J, Hinch JM. Globodera rostochiensis and possibly G. pallida in 1430 

Australia. J Nematol. 1992;24(4):594. 1431 

42. Agriculture Victoria. Potato cyst nematode. Available at: 1432 

http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-1433 

mites/potato-cyst-nematode  Accessed 8 October 2018: Victoria State Government Department 1434 

of Economic Development, Jobs, Transport and Resources (DEDJTR); 2017. 1435 

43. MPI. Fruit fly eradicated from Auckland and restrictions lifted. Ministry for Primary 1436 

Industries press release, 4 December 2015. . Available at: https://www.mpi.govt.nz/news-and-1437 

resources/media-releases/fruit-fly-eradicated-from-auckland-and-restrictions-lifted/  Accessed 5 1438 

October 2018: Ministry for Primary Industries New Zealand; 2015. 1439 

44. Brockerhoff EG, Liebhold AM, Richardson B, Suckling DM. Eradication of invasive forest 1440 

insects: concepts, methods, costs and benefits. New Zealand Journal of Forestry Science. 1441 

2010;40(Suppl. S):S117-S36. PubMed PMID: BIOSIS:PREV201000230017. 1442 

45. Baddeley C. Evaluating the potential impacts of invasive species. Presentation to the 1443 

Australian Agricultural and Resource Economics Society 51st Annual Conference, Queenstown, 1444 

http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-mites/potato-cyst-nematode
http://agriculture.vic.gov.au/agriculture/pests-diseases-and-weeds/pest-insects-and-mites/potato-cyst-nematode
https://www.mpi.govt.nz/news-and-resources/media-releases/fruit-fly-eradicated-from-auckland-and-restrictions-lifted/
https://www.mpi.govt.nz/news-and-resources/media-releases/fruit-fly-eradicated-from-auckland-and-restrictions-lifted/


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

105 

13 February 2007 [PowerPoint]. Available at: http://www.nimmo-1445 

bell.co.nz/conferencedocs/Presentation%201.ppt#256,1  Accessed 5 October 20182007. 1446 

46. Goldson SL, Bourdot GW, Brockerhoff EG, Byrom AE, Clout MN, McGlone MS, et al. 1447 

New Zealand pest management: current and future challenges. J R Soc N Z. 2015;45(1):31-58. 1448 

doi: 10.1080/03036758.2014.1000343. PubMed PMID: WOS:000353491000003. 1449 

47. Aitken AG, Hewett EW. Fresh Facts. Available at: www.freshfacts.co.nz. Accessed 20 1450 

April 2017: The New Zealand Institute for Plant & Food Research; 2014. 1451 

48. Aitken AG, Hewett EW. Fresh Facts. Available at: www.freshfacts.co.nz. Accessed 20 1452 

April 2017: The New Zealand Institute for Plant & Food Research; 2012. 1453 

49. Aitken AG, Hewett EW. Fresh Facts. Available at: www.freshfacts.co.nz. Accessed 20 1454 

April 2017: The New Zealand Institute for Plant & Food Research; 2013. 1455 

50. Value of agricultural commodities produced, Australia, 2013-14 [Internet]. Australian 1456 

Bureau of Statistics. 2015 [cited 15th of January 2016]. 1457 

51. Value of agricultural commodities produced, Australia, 2012-2013 [Internet]. Australian 1458 

Bureau of Statistics. 2014 [cited 15th of January 2016]. 1459 

52. Value of agricultural commodities produced, Australia, 2011-12 [Internet]. Australian 1460 

Bureau of Statistics. 2013 [cited 15th of January 2016]. 1461 

53. NZIER. How valuable is that plant species? Application of a method for enumerating the 1462 

contribution of selected plant species to New Zealand's GDP. MPI Technical Paper No: 2016/62. 1463 

Available at: https://www.fisheries.govt.nz/dmsdocument/14527/direct  Accessed 25 October 1464 

2019: New Zealand Institute of Economic Research; 2016. 1465 

54. Bonde MR, Peterson GL, Schaad NW, Smilanick JL. Karnal bunt of wheat. Plant Dis. 1466 

1997;81(12):1370-7. doi: 10.1094/PDIS.1997.81.12.1370. 1467 

http://www.nimmo-bell.co.nz/conferencedocs/Presentation%201.ppt#256,1
http://www.nimmo-bell.co.nz/conferencedocs/Presentation%201.ppt#256,1
file:///C:/Users/ire013/Documents/Manuscripts/2015%20PRAFHIS/Impact%20paper/www.freshfacts.co.nz
file:///C:/Users/ire013/Documents/Manuscripts/2015%20PRAFHIS/Impact%20paper/www.freshfacts.co.nz
file:///C:/Users/ire013/Documents/Manuscripts/2015%20PRAFHIS/Impact%20paper/www.freshfacts.co.nz
https://www.fisheries.govt.nz/dmsdocument/14527/direct


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

106 

55. Murray GM, Brennan JP. The risk to Australia from Tilletia indica, the cause of Karnal 1468 

bunt of wheat. Australasian Plant Pathology. 1998;27(4):212-25. doi: 10.1071/ap98024. PubMed 1469 

PMID: WOS:000078000100002. 1470 

56. Department of Agriculture and Water Resources. Manual of Importing Country 1471 

Requirements (MICoR). Available at: http://micor.agriculture.gov.au. Accessed 20 April 2017: 1472 

Australian Government Department of Agriculture and Water Resources; 2016. 1473 

57. Plant Health Australia. Draft National Fruit Fly Strategy. Deakin, ACT. Available at: 1474 

http://www.planthealthaustralia.com.au/wp-content/uploads/2012/12/Draft-National-Fruit-Fly-1475 

Strategy-Mar-2008.pdf  Accessed 10 October 2018: Plant Health Australia; 2008. 1476 

58. NSW DPI. Citrus surveillance in the city. Plant Biosecurity News January 2016. 2016. 1477 

59. MPI. Exporting. Available at: http://www.mpi.govt.nz/exporting/ Accessed 19 May 2016: 1478 

Ministry for Primary Industries New Zealand; 2016. 1479 

60. USDA APHIS. Plant Health Export Services. Available at: 1480 

http://www.mpi.govt.nz/exporting/ Accessed 19 May 2016: United States Department of 1481 

Agriculture Animal and Plant Health Inspection Service; 2016. 1482 

61. EPPO. PM10 - Phytosanitary Treatments. EPPO Global Database. Available at: 1483 

https://gd.eppo.int/standards/PM10/ Accessed 20 April 2017: European and Mediterranean Plant 1484 

Protection Organization (EPPO); 2016. 1485 

62. Castle SJ, Goodell PB, Palumbo JC. Implementing principles of the integrated control 1486 

concept 50 years later—current challenges in IPM for arthropod pests. Pest Manage Sci. 1487 

2009;65(12):1263-4. doi: 10.1002/ps.1862. 1488 

63. MPI. Tomatoes (loose) to Australia – extra requirements. Available at: 1489 

http://www.mpi.govt.nz/exporting/food/fruit-and-vegetables/steps-to-exporting-fresh-1490 

fruit/tomatoes-to-australia-extra-requirements/ Accessed 19 May 2016: Ministry for Primary 1491 

Industries New Zealand; 2016. 1492 

http://micor.agriculture.gov.au/
http://www.planthealthaustralia.com.au/wp-content/uploads/2012/12/Draft-National-Fruit-Fly-Strategy-Mar-2008.pdf
http://www.planthealthaustralia.com.au/wp-content/uploads/2012/12/Draft-National-Fruit-Fly-Strategy-Mar-2008.pdf
http://www.mpi.govt.nz/exporting/
http://www.mpi.govt.nz/exporting/
https://gd.eppo.int/standards/PM10/
http://www.mpi.govt.nz/exporting/food/fruit-and-vegetables/steps-to-exporting-fresh-fruit/tomatoes-to-australia-extra-requirements/
http://www.mpi.govt.nz/exporting/food/fruit-and-vegetables/steps-to-exporting-fresh-fruit/tomatoes-to-australia-extra-requirements/


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

107 

64. UNEP. Handbook for the Montréal Protocol on substances that deplete the ozone layer. 1493 

Ninth edition. Control measures. Article 2H Paragraph 6. Available at: 1494 

http://ozone.unep.org/en/handbook-montreal-protocol-substances-deplete-ozone-layer/3  1495 

Accessed 14 June 2016: Ozone Secretariat, United Nations Environment Programme; 2012. 1496 

65. Goswami RA, Kistler HC. Heading for disaster: Fusarium graminearum on cereal crops. 1497 

Mol Plant Pathol. 2004;5(6):515-25. doi: doi:10.1111/j.1364-3703.2004.00252.x. 1498 

66. Windels CE. Economic and social impacts of Fusarium head blight: changing farms and 1499 

rural communities in the northern great plains. Phytopathology. 2000;90(1):17-21. doi: 1500 

10.1094/PHYTO.2000.90.1.17. 1501 

67. Cooke T, Persley D, House S, editors. Diseases of Fruit Crops in Australia. Collingwood, 1502 

Victoria: CSIRO Publishing; 2009. 1503 

68. Vereijssen J, Barnes AM, Berry NA, Drayton GM, Fletcher JD, Jacobs JME, et al. The 1504 

rise and rise of Bactericera cockerelli in potato crops in Canterbury. New Zealand Plant 1505 

Protection. 2015;68:85-90. PubMed PMID: BIOSIS:PREV201500618374. 1506 

69. Madrid FJ, Sinha RN. Feeding damage of three stored-product moths (Lepidoptera, 1507 

Pyralidae) on wheat. J Econ Entomol. 1982;75(6):1017-20. doi: doi.org/10.1093/jee/75.6.1017. 1508 

70. Binder EM, Tan LM, Chin LJ, Handl J, Richard J. Worldwide occurrence of mycotoxins in 1509 

commodities, feeds and feed ingredients. Anim Feed Sci Technol. 2007;137(3-4):265-82. doi: 1510 

10.1016/j.anifeedsci.2007.06.005. PubMed PMID: WOS:000249473500005. 1511 

71. Everett KR, Taylor RK, Romberg MK, Rees-George J, Fullerton RA, Vanneste JL, et al. 1512 

First report of Pseudomonas syringae pv. actinidiae causing kiwifruit bacterial canker in New 1513 

Zealand. Australasian Plant Disease Notes. 2011;6(1):67-71. doi: 10.1007/s13314-011-0023-9. 1514 

72. Broadbent P, Fahy PC, Gillings MR, Bradley JK, Barnes D. Asiatic citrus canker detected 1515 

in a pummelo orchard in Northern Australia. Plant Dis. 1992;76(8):824-9. doi: 10.1094/PD-76-1516 

0824. PubMed PMID: WOS:A1992JF53500015. 1517 

http://ozone.unep.org/en/handbook-montreal-protocol-substances-deplete-ozone-layer/3


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

108 

73. Froud KJ, Cogger N, Beresford RM. Relationships between kiwifruit bacterial canker 1518 

disease and kiwifruit productivity. New Zealand Plant Protection. 2014;67:34-40. 1519 

74. Liebhold AM, Berec L, Brockerhoff EG, Epanchin-Niell RS, Hastings A, Herms DA, et al. 1520 

Eradication of invading insect populations: from concepts to applications. In: Berenbaum MR, 1521 

editor. Annual Review of Entomology, Vol 61. Annual Review of Entomology. 612016. p. 335-52. 1522 

75. Sosnowski MR, Fletcher JD, Daly AM, Rodoni BC, Viljanen-Rollinson SLH. Techniques 1523 

for the treatment, removal and disposal of host material during programmes for plant pathogen 1524 

eradication. Plant Pathol. 2009;58(4):621-35. doi: 10.1111/j.1365-3059.2009.02042.x. PubMed 1525 

PMID: WOS:000268807400001. 1526 

76. Teulon DAJ, Workman PJ, Thomas KL, Nielsen MC. Bactericera cockerelli: incursion, 1527 

dispersal and current distribution on vegetable crops in New Zealand. New Zealand Plant 1528 

Protection. 2009;62:136-44. 1529 

77. Carnegie AJ, Matsuki M, Haugen DA, Hurley BP, Ahumada R, Klasmer P, et al. 1530 

Predicting the potential distribution of Sirex noctilio (Hymenoptera : Siricidae), a significant exotic 1531 

pest of Pinus plantations. Annals of Forest Science. 2006;63(2):119-28. doi: 1532 

10.1051/forest:2005104. PubMed PMID: ISI:000236003000002. 1533 

78. Whish J, Thompson J. How long does it take to reduce Pratylenchus thornei (Root lesion 1534 

nematode) population in the soil? Available at: https://grdc.com.au/resources-and-1535 

publications/grdc-update-papers/tab-content/grdc-update-papers/2016/02/how-long-does-it-take-1536 

to-reduce-pratylenchus-thornei-populations-in-the-soil  Accessed 3 October 2018: Grains 1537 

Research and Development Corporation; 2016. 1538 

79. Poston FL, Pedigo LP, Welch SM. Economic injury levels: reality and practicality. Bulletin 1539 

of the Entomological Society of America. 1983;29(1):49-53. PubMed PMID: CABI:19840510323. 1540 

80. Stern VM, Smith RF, van den Bosch F, Hagen KS. The integrated control concept. 1541 

Hilgardia. 1959;29:81 – 101. 1542 

https://grdc.com.au/resources-and-publications/grdc-update-papers/tab-content/grdc-update-papers/2016/02/how-long-does-it-take-to-reduce-pratylenchus-thornei-populations-in-the-soil
https://grdc.com.au/resources-and-publications/grdc-update-papers/tab-content/grdc-update-papers/2016/02/how-long-does-it-take-to-reduce-pratylenchus-thornei-populations-in-the-soil
https://grdc.com.au/resources-and-publications/grdc-update-papers/tab-content/grdc-update-papers/2016/02/how-long-does-it-take-to-reduce-pratylenchus-thornei-populations-in-the-soil


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

109 

81. Hunt TE, Wright RJ, Hein GL, editors. Economic thresholds for today's commodity 1543 

values. UNL Crop Production Clinics; 2009: Available at: 1544 

http://cropwatch.unl.edu/documents/Economic%20Thresholds.pdf. Accessed 20 April 2017. 1545 

82. Stone JD, Pedigo LP. Development and economic injury level of green cloverworm on 1546 

soybean in Iowa. J Econ Entomol. 1972;65(1):197-&. doi: 10.1093/jee/65.1.197 PubMed PMID: 1547 

WOS:A1972L623500060. 1548 

83. Murray GM, Brennan JP. The current and potential costs from diseases of pulse crops in 1549 

Australia. Kingston, ACT, Australia. Available at: https://grdc.com.au/resources-and-1550 

publications/all-publications/publications/2012/06/the-current-and-potential-costs-from-diseases-1551 

of-pulse-crops-in-australia Accessed 3 December 2018: Grains Research and Development 1552 

Corporation (GRDC), 2012. 1553 

84. Persley DM, Cooke T, House S, editors. Diseases of vegetable crops in Australia. 1554 

Collingwood, Victoria: CSIRO Publishing; 2010. 1555 

85. Evans K, Barker ADP. Economies in nematode management from precision agriculture 1556 

limitations and possibilities. In: Cook RC, Hunt DJ, editors. Proceeding of the Fourth 1557 

International Congress of Nematology. Nematology Monographs and Perspectives. 22004. p. 1558 

23-32. 1559 

86. Baker RHA, Anderson H, Bishop S, MacLeod A, Parkinson N, Tuffen MG. The UK Plant 1560 

Health Risk Register: a tool for prioritizing actions. EPPO Bulletin. 2014;44(2):187-94. doi: 1561 

10.1111/epp.12130. 1562 

87. Obanor F, Neate S, Simpfendorfer S, Sabburg R, Wilson P, Chakraborty S. Fusarium 1563 

graminearum and Fusarium pseudograminearum caused the 2010 head blight epidemics in 1564 

Australia. Plant Pathol. 2013;62(1):79-91. doi: doi:10.1111/j.1365-3059.2012.02615.x. 1565 

http://cropwatch.unl.edu/documents/Economic%20Thresholds.pdf
https://grdc.com.au/resources-and-publications/all-publications/publications/2012/06/the-current-and-potential-costs-from-diseases-of-pulse-crops-in-australia
https://grdc.com.au/resources-and-publications/all-publications/publications/2012/06/the-current-and-potential-costs-from-diseases-of-pulse-crops-in-australia
https://grdc.com.au/resources-and-publications/all-publications/publications/2012/06/the-current-and-potential-costs-from-diseases-of-pulse-crops-in-australia


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

110 

88. Park RF. Long term surveys of pathogen populations underpin sustained control of the 1566 

rust diseases of wheat in Australia. Journal and Proceedings of the Royal Society of New South 1567 

Wales. 2015;148(Part 1):15-27. PubMed PMID: BIOSIS:PREV201500574777. 1568 

89. Dominiak BC, Ekman JH. The rise and demise of control options for fruit fly in Australia. 1569 

Crop Protect. 2013;51:57-67. doi: 10.1016/j.cropro.2013.04.006. PubMed PMID: 1570 

WOS:000322209800009. 1571 

90. Dias NP, Zotti MJ, Montoya P, Carvalho IR, Nava DE. Fruit fly management research: A 1572 

systematic review of monitoring and control tactics in the world. Crop Protect. 2018;112:187-1573 

200. doi: 10.1016/j.cropro.2018.05.019. PubMed PMID: WOS:000440961000025. 1574 

91. EPPO. Decision support scheme for quarantine pests. EPPO Standard PM 5/3(5). 1575 

Available at: http://archives.eppo.int/EPPOStandards/PM5_PRA/PRA_scheme_2011.pdf 1576 

Accessed 20 April 2017: European and Mediterranean Plant Protection Organization; 2011. 1577 

92. Liu CJ, Ogbonnaya FC. Resistance to Fusarium crown rot in wheat and barley: a review. 1578 

Plant Breeding. 2015;134(4):365-72. doi: 10.1111/pbr.12274. PubMed PMID: 1579 

WOS:000359064000001. 1580 

93. White B, Day C, Christopher M, van Klinken R. Should we invest now in cereal pre-1581 

breeding for biosecurity threats? Working Paper 1605. Crawley, Australia. Available at: 1582 

http://ageconsearch.umn.edu/bitstream/236736/2/WP1605_White%20Day%20et%20al_Should1583 

%20we%20invest%20in%20cereal%20pre-breeding.pdf Accessed 3 December 2018: School of 1584 

Agriculture and Resource Economics, University of Western Australia; 2016. 1585 

94. Barney JN, Tekiela DR, Dollete ESJ, Tomasek BJ. What is the "real" impact of invasive 1586 

plant species? Front Ecol Environ. 2013;11(6):322-9. doi: 10.1890/120120. PubMed PMID: 1587 

WOS:000323249100015. 1588 

http://archives.eppo.int/EPPOStandards/PM5_PRA/PRA_scheme_2011.pdf
http://ageconsearch.umn.edu/bitstream/236736/2/WP1605_White%20Day%20et%20al_Should%20we%20invest%20in%20cereal%20pre-breeding.pdf
http://ageconsearch.umn.edu/bitstream/236736/2/WP1605_White%20Day%20et%20al_Should%20we%20invest%20in%20cereal%20pre-breeding.pdf


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

111 

95. Makowski D, Mittinty MN. Comparison of scoring systems for invasive pests using ROC 1589 

analysis and monte carlo simulations. Risk Anal. 2010;30(6):906-15. doi: 10.1111/j.1539-1590 

6924.2010.01393.x. 1591 

96. Heikkilä J. A review of risk prioritisation schemes of pathogens, pests and weeds: 1592 

principles and practices. Agricultural and Food Science. 2011;20(1):15-28. PubMed PMID: 1593 

WOS:000288862000002. 1594 

97. Nentwig W, Kuehnel E, Bacher S. A generic impact scoring system applied to alien 1595 

mammals in Europe. Conserv Biol. 2010;24(1):302-11. doi: 10.1111/j.1523-1739.2009.01289.x. 1596 

PubMed PMID: WOS:000273686700036. 1597 

98. Kumschick S, Bacher S, Dawson W, Heikkilä J, Sendek A, Pluess T, et al. A conceptual 1598 

framework for prioritization of invasive alien species for management according to their impact. 1599 

NeoBiota. 2012;15:69-100. doi: 10.3897/neobiota.15.3323. 1600 

99. Liu S, Hurley M, Lowell KE, Siddique ABM, Diggle A, Cook DC. An integrated decision-1601 

support approach in prioritizing risks of non-indigenous species in the face of high uncertainty. 1602 

Ecol Econ. 2011;70(11):1924-30. doi: 10.1016/j.ecolecon.2011.05.021. PubMed PMID: 1603 

WOS:000298266200014. 1604 

100. Holt J. Score averaging for alien species risk assessment: A probabilistic alternative. J 1605 

Environ Manage. 2006;81(1):58-62. doi: http://dx.doi.org/10.1016/j.jenvman.2005.09.018. 1606 

101. Ojaveer H, Galil BS, Campbell ML, Carlton JT, Canning-Clode J, Cook EJ, et al. 1607 

Classification of non-indigenous species based on their impacts: considerations for application in 1608 

marine management. PLoS Biol. 2015;13(4):e1002130. doi: 10.1371/journal.pbio.1002130. 1609 

102. MacLeod A. Guidance regarding the use of the confidence rating (modified from the 1610 

EPPO pest risk assessment decision support scheme). CAPRA, version 2.74. Associated with: 1611 

Griessinger D, Suffert M, Brunel S, Petter F (2012) CAPRA: the EPPO Computer Assisted PRA 1612 

scheme*. EPPO Bulletin 42: 42-47. doi:10.1111/j.1365-2338.2012.02541.x. 2011. 1613 

http://dx.doi.org/10.1016/j.jenvman.2005.09.018


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

112 

103. Mastrandrea MD, Field CB, Stocker TF, Edenhofer O, Ebi KL, Frame DJ, et al. Guidance 1614 

note for lead authors of the IPCC Fifth Assessment Report on consistent treatment of 1615 

uncertainties. Geneva. Available at: http://www.ipcc.ch/pdf/supporting-material/uncertainty-1616 

guidance-note.pdf. Accessed 19 April 2016. : Intergovernmental Panel on Climate Change 1617 

(IPPC); 2010. 1618 

104. Holt J, Leach AW, Knight JD, Griessinger D, MacLeod A, van der Gaag DJ, et al. Tools 1619 

for visualizing and integrating pest risk assessment ratings and uncertainties*. EPPO Bulletin. 1620 

2012;42(1):35-41. doi: 10.1111/j.1365-2338.2012.02548.x. 1621 

105. Kenis M, Bacher S, Baker RHA, Branquart E, Brunel S, Holt J, et al. New protocols to 1622 

assess the environmental impact of pests in the EPPO decision-support scheme for pest risk 1623 

analysis. EPPO Bulletin. 2012;42(1):21-7. doi: 10.1111/epp.2527. PubMed PMID: 1624 

BIOSIS:PREV201200395610. 1625 

106. Vanneste JL. Recent progress on detecting, understanding and controlling 1626 

Pseudomonas syringae pv. actinidiae: a short review. New Zealand Plant Protection. 1627 

2013;66:170-7. 1628 

107. Takikawa Y, Serizawa S, Ichikawa T, Tsuyumu S, Goto M. Pseudomonas syringae 1629 

pathovar actinidiae. New pathovar the causal bacterium of canker of kiwifruit in Japan. Ann 1630 

Phytopathol Soc Japan. 1989;55(4):437-44. PubMed PMID: BCI:BCI199089089486. 1631 

108. Serizawa S, Ichikawa T, Takikawa Y, Tsuyumu S, Goto M. Occurrence of bacterial 1632 

canker of kiwifruit in Japan: description of symptoms, isolation of the pathogen and screening of 1633 

bactericides. Japanese Journal of Phytopathology. 1989;55(4):427-36. doi: 1634 

10.3186/jjphytopath.55.427. 1635 

109. Froud KJ, Everett KR, Tyson JL, Beresford RM, Cogger N. Review of the risk factors 1636 

associated with kiwifruit bacterial canker caused by Pseudomonas syringae pv. actinidiae. New 1637 

Zealand Plant Protection. 2015;68:313-27. 1638 

http://www.ipcc.ch/pdf/supporting-material/uncertainty-guidance-note.pdf
http://www.ipcc.ch/pdf/supporting-material/uncertainty-guidance-note.pdf


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

113 

110. Scortichini M, Marcelletti S, Ferrante P, Petriccione M, Firrao G. Pseudomonas syringae 1639 

pv. actinidiae: a re-emerging, multi-faceted, pandemic pathogen. Mol Plant Pathol. 1640 

2012;13(7):631-40. doi: 10.1111/j.1364-3703.2012.00788.x. PubMed PMID: 1641 

WOS:000306896400001. 1642 

111. Vanneste JL. Pseudomonas syringae pv. actinidiae (Psa): a threat to the New Zealand 1643 

and global kiwifruit industry. N Z J Crop Hortic Sci. 2012;40(4):265-7. doi: 1644 

10.1080/01140671.2012.736084. 1645 

112. Vanneste JL, Yu J, Cornish DA, Tanner DJ, Windner R, Chapman JR, et al. 1646 

Identification, Virulence, and Distribution of Two Biovars of Pseudomonas syringae pv. actinidiae 1647 

in New Zealand. Plant Dis. 2013;97(6):708-19. doi: 10.1094/PDIS-07-12-0700-RE. 1648 

113. Cunty A, Poliakoff F, Rivoal C, Cesbron S, Fischer-Le Saux M, Lemaire C, et al. 1649 

Characterization of Pseudomonas syringae pv. actinidiae (Psa) isolated from France and 1650 

assignment of Psa biovar 4 to a de novo pathovar: Pseudomonas syringae pv. actinidifoliorum 1651 

pv. nov. Plant Pathol. 2015;64(3):582-96. doi: 10.1111/ppa.12297. 1652 

114. Greer G, Saunders C. The costs of Psa-V to the New Zealand kiwifruit industry and the 1653 

wider community. Lincoln. Available at: http://www.kvh.org.nz/vdb/document/91146 Accessed 3 1654 

December 2018: Lincoln University, Agribusiness and Economics Research Unit; 2012. 1655 

115. Colombi E, Straub C, Künzel S, Templeton MD, McCann HC, Rainey PB. Evolution of 1656 

copper resistance in the kiwifruit pathogen Pseudomonas syringae pv. actinidiae through 1657 

acquisition of integrative conjugative elements and plasmids. Environ Microbiol. 2017;19(2):819-1658 

32. doi: 10.1111/1462-2920.13662. 1659 

116. Das AK. Citrus canker – a review. Journal of Applied Horticulture. 2003;5(1):52-60. 1660 

117. Gottwald TR, Graham JH, Schubert TS. Citrus Canker: The Pathogen and Its Impact. 1661 

Plant Health Progress. 2002. doi: 10.1094/php-2002-0812-01-rv. 1662 

http://www.kvh.org.nz/vdb/document/91146


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

114 

118. Plant Health Australia. Industry Biosecurity Plan for the Citrus Industry (Version 3.0 – 1663 

July 2015). Plant Health Australia: Canberra, ACT; 2004. 1664 

119. Commonwealth of Australia. National pest and disease outbreaks. Current responses to 1665 

outbreaks. Citrus canker 2019 [cited 2019 25 October]. Available from: 1666 

https://www.outbreak.gov.au/current-responses-to-outbreaks/citrus-canker. 1667 

120. Plant Health Australia. Citrus. Available at: 1668 

http://www.planthealthaustralia.com.au/industries/citrus/  Accessed 30 June 20172017. 1669 

121. Senate Rural and Regional Affairs and Transport Legislation Committee. Chapter Four. 1670 

Impact of citrus canker on the Australian citrus industry.  The administration by the Department 1671 

of Agriculture, Fisheries and Forestry of the citrus canker outbreak. Available at: 1672 

http://www.aph.gov.au/Parliamentary_Business/Committees/Senate/Rural_and_Regional_Affair1673 

s_and_Transport/Completed_inquiries/2004-07/citrus_canker/report/c04 Accessed 5 July 2017. 1674 

Canberra: Senate Printing Unit, Department of the Senate, Parliament House; 2006. 1675 

122. Chiarappa L, editor. Crop loss assessment methods. FAO manual on the evaluation and 1676 

prevention of losses by pests, diseases and weeds. Farnham Royal, UK: Commonwealth 1677 

Agricultural Bureaux (CAB); 1971. 1678 

123. Binns MR, Nyrop JP, van der Werf W. Sampling and monitoring in crop protection. The 1679 

theoretical basis for developing practical decision guides. Wallingford: CABI Publishing; 2000. 1680 

284 pp. p. 1681 

124. Essl F, Nehring S, Klingenstein F, Milasowszky N, Nowack C, Rabitsch W. Review of risk 1682 

assessment systems of IAS in Europe and introducing the German-Austrian Black List 1683 

Information System (GABLIS). J Nat Conserv. 2011;19(6):339-50. doi: 1684 

10.1016/j.jnc.2011.08.005. PubMed PMID: WOS:000297153900003. 1685 

125. McDonald CM, Newfield MJ, Kluza D, Reed C. Using expert knowledge to estimate risk 1686 

priorities: an organism ranking tool. In: Beresford RM, Froud KJ, Kean JM, Worner SP, editors. 1687 

https://www.outbreak.gov.au/current-responses-to-outbreaks/citrus-canker
http://www.planthealthaustralia.com.au/industries/citrus/
http://www.aph.gov.au/Parliamentary_Business/Committees/Senate/Rural_and_Regional_Affairs_and_Transport/Completed_inquiries/2004-07/citrus_canker/report/c04
http://www.aph.gov.au/Parliamentary_Business/Committees/Senate/Rural_and_Regional_Affairs_and_Transport/Completed_inquiries/2004-07/citrus_canker/report/c04


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

115 

The Plant Protection Data Toolbox. Auckland: New Zealand Plant Protection Society; 2015. p. 1688 

83-91. 1689 

126. Australian Government Department of Agriculture‚ Fisheries and Forestry. Import Risk 1690 

Analysis Handbook 2011. Canberra: Australian Government Department of Agriculture‚ 1691 

Fisheries and Forestry; 2011. 1692 

127. PHA PHA. Pest risk assessment for use in industry biosecurity plans. Available at: 1693 

http://www.planthealthaustralia.com.au/wp-content/uploads/2013/07/Pest-risk-assessment-for-1694 

IBPs-July-2013.pdf Accessed 21 April 2016: Plant Health Australia; 2013. 1695 

128. Sutherland WJ, Burgman MA. Use experts wisely. Nature. 2015;526(7573):317-8. 1696 

PubMed PMID: CCC:000362730200017. 1697 

129. Soliman T, Mounts MCM, Lansink A, van der Werf W. Quantitative economic impact 1698 

assessment of invasive plant pests: What does it require and when is it worth the effort? Crop 1699 

Protect. 2015;69:9-17. doi: 10.1016/j.cropro.2014.11.011. PubMed PMID: 1700 

WOS:000349271700002. 1701 

130. Schropp SAB. Commentary on the appellate body report in Australia-apples (DS367): 1702 

judicial review in the face of uncertainty. World Trade Review. 2012;11(2):171-221. doi: 1703 

10.1017/s1474745611000516. PubMed PMID: WOS:000302367600003. 1704 

131. Wintle BC, Cleeland B. Interpreting risk in international trade. J Risk Res. 1705 

2012;15(3):293-312. doi: 10.1080/13669877.2011.646292. PubMed PMID: 1706 

WOS:000302096100005. 1707 

132. WTO. Australia – measures affecting the importation of apples from New Zealand. 1708 

Report of the Appellate Body. WT/DS367/AB/R. Geneva: World Trade Organisation; 2010. 1709 

133. Rejmanek M, Richardson DM. What attributes make some plant species more invasive? 1710 

Ecology. 1996;77(6):1655-61. doi: 10.2307/2265768. PubMed PMID: WOS:A1996VE19800003. 1711 

http://www.planthealthaustralia.com.au/wp-content/uploads/2013/07/Pest-risk-assessment-for-IBPs-July-2013.pdf
http://www.planthealthaustralia.com.au/wp-content/uploads/2013/07/Pest-risk-assessment-for-IBPs-July-2013.pdf


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

116 

134. Sailer RI. Our immigrant insect fauna. Bulletin of the Entomological Society of America. 1712 

1978;24(1):3-11. PubMed PMID: ZOOREC:ZOOR11500018605. 1713 

135. Aukema JE, McCullough DG, Holle BV, Liebhold AM, Britton K, Frankel SJ. Historical 1714 

accumulation of nonindigenous forest pests in the continental United States. BioScience. 1715 

2010;60(11):886-97. doi: 10.1525/bio.2010.60.11.5. 1716 

136. Hewitt C, Campbell M, Coutts A, Dahlstrom A, Shields D, Valentine J. Species biofouling 1717 

risk assessment. Commissioned by the Department of Agriculture, Fisheries and Forestry 1718 

(DAFF). Available at:  1719 

http://www.agriculture.gov.au/SiteCollectionDocuments/animal-plant/pests-diseases/marine-1720 

pests/biofouling-consult/species-biofouling-risk-assessment.pdf. Accessed 6 August 2015.2011. 1721 

137. Dickersin KAY, Min Y-I. Publication bias: the problem that won't go away. Ann N Y Acad 1722 

Sci. 1993;703(1):135-48. doi: 10.1111/j.1749-6632.1993.tb26343.x. 1723 

138. Jennions MD, Mǿller AP. Publication bias in ecology and evolution: an empirical 1724 

assessment using the ‘trim and fill’ method. Biological Reviews. 2002;77(2):211-22. doi: 1725 

10.1017/S1464793101005875. 1726 

139. Kumschick S, Gaertner M, Vilà M, Essl F, Jeschke JM, Pyšek P, et al. Ecological impacts 1727 

of alien species: quantification, scope, caveats, and recommendations. BioScience. 1728 

2015;65(1):55-63. doi: 10.1093/biosci/biu193. PubMed PMID: WOS:000347418200009. 1729 

140. Bacher S, Blackburn TM, Essl F, Genovesi P, Heikkilä J, Jeschke JM, et al. Socio-1730 

economic impact classification of alien taxa (SEICAT). Methods in Ecology and Evolution. 1731 

2018;9(1):159-68. doi: 10.1111/2041-210X.12844. 1732 

141. Murray N. Import Risk Analysis: Animals and Animal Products. Wellington: Biosecurity 1733 

Authority, Ministry of Agriculture and Forestry New Zealand; 2002. 1734 

http://www.agriculture.gov.au/SiteCollectionDocuments/animal-plant/pests-diseases/marine-pests/biofouling-consult/species-biofouling-risk-assessment.pdf
http://www.agriculture.gov.au/SiteCollectionDocuments/animal-plant/pests-diseases/marine-pests/biofouling-consult/species-biofouling-risk-assessment.pdf


Plant pest impact metric system (PPIMS) – Guidelines  Ireland et al. 

117 

142. McKenzie J, Simpson H, Langstaff I. Development of methodology to prioritise wildlife 1735 

pathogens for surveillance. Preventive Veterinary Medicine. 2007;81(1-3):194-210. doi: 1736 

10.1016/j.prevetmed.2007.04.003. PubMed PMID: WOS:000248470300013. 1737 

 1738 


