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Summary
Whereas standard risk assessment mod-
els express risk as a function of likeli-
hood and consequences, the Australian
weed risk assessment (WRA) system
expresses risk as a single score based
on the answers to 49 questions, with
no explicit differentiation of likelihood
and consequences. We identified WRA
questions that most closely reflect like-
lihood of spread and those that reflect
consequences of spread (impacts) to de-
termine whether explicit consideration
of likelihood and consequences could re-
duce WRA mis-classifications or provide
insights into why species may be mis-
classified. Data from a previously pub-
lished test of the Australian WRA system
in Hawai‘i were reanalysed. As expected,
most major weeds had high scores for
both likelihood and consequences com-
ponents of risk, while both scores tend-
ed to be low for non-weeds. Major and
minor weeds did not differ in terms of
consequence scores, but major weeds av-
eraged higher likelihood scores. A com-
posite score obtained by multiplying
likelihood and consequences was better
at identifying weeds than the original
WRA score while correctly identifying
non-weeds at the same rate as the origi-
nal WRA score. Explicit consideration of
likelihood and consequences is a promis-
ing approach to improve WRA, but ques-
tions remain about non-independence of
these components.
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Introduction

A standard approach to risk assessment is
to estimate the likelihood (L) that an event
will occur and the consequences (C) of that
event if it does occur (Bowden et al. 2001).
Likelihood is a probability whereas con-
sequences are expressed as a magnitude.
Each can be estimated quantitatively or
semi-quantitatively. A risk assessment
score (R) is then obtained by multiplying
the likelihood by the consequences (R =L
x C) (Bowden et al. 2001). R is a quantity
or index on which policy decisions may
be enacted. For example, in weed risk

assessment (WRA), plants that have R-
values above a specific threshold may be
denied entry at the border because they
are deemed as having high potential to
become weeds.

Richardson et al. (2000) sought to stand-
ardize definitions in plant invasions and
defined weeds as ‘plants (not necessarily
non-native) that grow in sites where they
are not wanted and which usually have
detectable, negative economic, environ-
mental and/or social effects’. These un-
desirable effects are synonymous with the
term “impacts’, which in turn equates to
‘consequences’ in the language of risk. In
this paper we focus specifically on intro-
duced (non-native) weeds, as most WRA
systems are designed and implemented
to prevent weed introductions. To frame
WRA within a standard risk model, we
define consequences (C) as the magnitude
of impacts that may occur if an introduced
plant successfully spreads beyond deliber-
ate plantings or beyond the point of ac-
cidental introduction (if not deliberately
planted).

Likelihood (L) of the consequences is
then defined as the likelihood that the
plant will be introduced and spread. For
proposed or deliberate introductions, the
plant is certain to be introduced, so we
consider only the likelihood of spread or
naturalization (Pysek et al. 2004) after in-
troduction multiplied by the consequenc-
es, as an index for assessing weed risk.
Spread alone does not confer weed status.

The Australian WRA (Pheloung ef al.
1999) is used to assess proposed plant in-
troductions to Australia, and it is increas-
ingly being tested for use in other parts
of the world including the Bonin Islands,
Japan (Kato et al. 2006), Hawai’i and other
Pacific Islands (Daehler and Carino 2000,
Daehler et al. 2004), the Czech Republic
(Kfivdnek and Pysek 2006), and Florida,
USA (Gordon et al. 2008). This system
consists of 49 questions in sections cov-
ering domestication/cultivation, climate
and distribution, weed history, undesir-
able traits, plant type, reproduction, dis-
persal mechanisms and persistence, each
of which contributes to the WRA score.
Question scores are summed, with a score

>6 indicating a species has high risk of be-
coming a weed. In Australia, such plants
are denied entry. Although separate WRA
scores can be determined for risk of be-
coming an agricultural weed, environ-
mental weed, or nuisance weed (Pheloung
et al. 1999), the scoring system does not ex-
plicitly distinguish or separate likelihood
and consequence components of risk.

There are at least two reasons to assess
risk explicitly as a function of likelihood
and consequences. First, R =L x Cis a
widely accepted standard for assessing
risk among all sorts of regulatory and safe-
ty programs ranging from occupational
health (Sadhra and Rampal 1999) to crime
prevention (Fennelly 2004). Furthermore,
the World Trade Organization also speci-
fies that risk assessment for biological com-
modities should include likelihood and
consequences components (World Trade
Organization 2007). Our second interest in
assessing risk in terms of L and C is that it
could yield new insights into differences
between weeds and non-weeds, or be-
tween major weeds and minor weeds. For
example, we hypothesized that separation
of L and C components would allow clear
differentiation of major and minor weeds
(Figure 1), and that expressing risk as L x
C could help improve WRA accuracy.

Materials and methods

Classifying WRA questions

The 49 questions of the Australian WRA
were classified as either relating primarily
to likelihood of spread or consequences of
spread (impacts) (Table 1). The likelihood
questions could have yielded a score rang-
ing from —26 to 36, whereas the questions
relating to consequences could have yield-
ed a score ranging from —1 to 21. Based on
these upper and lower bounds, likelihood
and consequences scores were standard-
ized so that each could range from 0 to 10.

Comparison of original and modified
WRA scoring

Previous results based on the Australian
WRA (Daehler et al. 2004) were reana-
lysed after separating the likelihood and
consequences components of the WRA.
The data consisted of WRAs for 172 spe-
cies that had been present in Hawai‘i for
at least 50 years. Each species was inde-
pendently rated by experts based on the
species” actual behaviour in Hawai‘i (ma-
jor pest, minor pest or not a pest). WRA
results were compared with expert ratings
to judge accuracy of the WRA. We con-
sider the term “pest’, as used in the original
analysis (Daehler et al. 2004) to be synony-
mous with our use of “weed’ in the present
paper, as both are defined by undesirable
impacts.

Discriminant analysis
To compare the overall ability of the origi-
nal WRA scoring and our modified scoring



Table 1. Australian WRA questions and their designation as primarily

contributing to likelihood spread (L) or consequences (C).

Question Category
1.01 Is the species highly domesticated? If answer is ‘no’” go to question L
2.01
1.02  Has the species become naturalized where grown? L
1.03  Does the species have weedy races? L
2.01 Species suited to Australian climates? (0 — low; 1 — intermediate; 2 — L
high)
2.02  Quality of climate match data? (0 - low; 1 — intermediate; 2 — high)
2.03 Broad climate suitability (environmental versatility)? L
2.04 Native or naturalized in regions with extended dry periods? L
2.05 Does the species have a history of repeated introductions outside its L
natural range?
3.01 Naturalized beyond native range? L
3.02 Garden/amenity/disturbance weed? C
3.03 Weed of agriculture/horticulture /forestry? C
3.04 Environmental weed? C
3.05 Congeneric weed? C
401 Produces spines, thorns or burrs? C
4.02  Allelopathic? C
4.03 Parasitic? C
4.04 Unpalatable to grazing animals? C
4.05 Toxic to animals? C
4.06 Host for recognized pests and pathogens? C
4.07 Causes allergies or is otherwise toxic to humans? C
4.08 Creates a fire hazard in natural ecosystems? C
4.09 Is a shade tolerant plant at some stage of its life cycle? L
410  Grows on infertile soils? L
411 Climbing or smothering growth habit? C
412  Forms dense thickets? C
5.01 Aquatic? L
5.02 Grass? L
5.03 Nitrogen fixing woody plant? L
5.04 Geophyte? L
6.01  Evidence of substantial reproductive failure in native habitat? L
6.02  Produces viable seed? L
6.03  Hybridizes naturally? L
6.04  Self-fertilization? L
6.05 Requires specialist pollinators? L
6.06 Reproduction by vegetative propagation? L
6.07 Minimum generative time (years)? L
7.01  Propagules likely to be dispersed unintentionally? L
7.02  Propagules dispersed intentionally by people? L
7.03  Propagules likely to disperse as a produce contaminant? L
7.04 Propagules adapted to wind dispersal? L
7.05 Propagules buoyant? L
7.06  Propagules bird dispersed? L
7.07  Propagules dispersed by other animals (externally)? L
7.08 Propagules dispersed by other animals (internally)? L
8.01 Prolific seed production? L
8.02  Evidence that a persistent propagule bank is formed (>1 y)? L
8.03  Well controlled by herbicides? L
8.04 Tolerates or benefits from mutilation, cultivation or fire? L
8.05 Effective natural enemies present in Australia? L
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(L x C) to separate weeds from non-weeds,
discriminant analysis was conducted (SY-
STAT version 10, Systat Software, Inc., San
Jose, CA). A random sample consisting of
65% of the 172 expert-rated species was
used to determine the best discriminant
function differentiating weeds from non-
weeds considering the following vari-
ables: the original WRA score, the likeli-
hood score (L), the consequences score (C),
or the composite L x C score. The remain-
ing 35% of the data were then used to test
the discriminant function. This procedure
was repeated five times to generate mean
rates of correct classification and ranges
of correct classification for each scoring
system. For these analyses, the original ex-
pert ratings of major and minor pests were
pooled into a single category (weeds).

Results

Our predicted areas of concentration for
major weeds and non-weeds (Figure 1) in
relation to likelihood and consequences
scores were generally confirmed by the
empirical findings, although no species
had very low likelihood of spread (Figure
2). Contrary to predictions, species with
high likelihood of spread and low conse-
quences had proportionately more major
weeds than expected, while species with
low likelihood of spread and high conse-
quences were largely absent in the data
set (Figure 2).

A closer examination of major weeds
and minor weeds revealed that the con-
sequences score was not a significant
discriminator (P >0.15). However, major
weeds were characterized by higher aver-
age scores for likelihood of spread than
minor weeds (Figure 3). The discriminant
function for major and minor weeds (plot-
ted on Figure 3) included only likelihood
of spread and correctly identified 68% of
major weeds and 69% of minor weeds,
based on 35% of the data that were re-
served for testing.

Original WRA scores versus L x C

For practical purposes, the original WRA
strives for binary classification (weeds
should be rejected from entry and non-
weeds should be admitted). Major and
minor weeds were therefore grouped into
asingle ‘weed’ category and the predictive
ability of L x Cwas tested and compared to
the predictive ability of the original WRA
scores. Compared to the original WRA
scores, the rate of correct classification
of weeds was significantly greater when
scores were expressed in terms of L x C
(averaging 91% versus 82% for the original
WRA scores), although rates of non-weed
identification were not improved (Table
2). Consideration of L and C independ-
ently in the discriminant function did not
improve rates of correct classification over
the composite L x C score (Table 2).
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Discussion

Our findings of improved correct clas-
sifications rates when considering WRA
scores formulated as L x C suggest that
this is a promising approach that mer-
its further consideration. Nevertheless,
some caveats should also be considered.
In particular, when assessing risk, likeli-
hood and consequences should ideally be
independent variables. In our attempt to
translate Australian WRA questions into

@@

Consequences

Likelihood of spread

Figure 1. Hypothesized separation
of different expert designations
based on likelihood and
consequences scores derived from
the Australian WRA. Minor weeds
were expected to separate from
major weeds due to lower impact
(consequences). Non-weeds (most
species) were expected to have both
low consequences and likelihood
of spread. Species with high scores
for consequences and low scores for
likelihood of spread were expected
to be most variable, including a
few major weeds (those that were
successful in spreading despite low
likelihood).
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Figure 2. Actual separation of
different expert designations based
on likelihood and consequences
scores. Outlining circles indicate
areas of general agreement with
predictions (Figure 1).

likelihood of spread versus consequences
of spread, some questions clearly related
to one and not the other. For example,
‘toxic to animals’ relates to consequences
rather than potential for spread, while
‘high seed production’ relates to likeli-
hood of spread but does not inform us
of consequences. However, some WRA
questions may relate to both likelihood of
spread and consequences. For example,
nitrogen fixation in a woody plant (ques-
tion 5.03) may relate to an increased like-
lihood of naturalization in nutrient-poor
soil, but when nitrogen fixation leads to
unwanted soil nutrient enrichment, it be-
comes an impact.

We considered the ‘weed elsewhere’
questions to be primarily indicators of
consequences, since being a weed else-
where is one of the best single predictors
of becoming a weed (having unwanted im-
pacts) upon introduction to a new region
(Reichard and Hamilton 1997, Mack et al.
2002). But being a ‘weed elsewhere’ might
also reflect a species’ unusually strong
ability to spread. We did not assign the
weed elsewhere questions to the ‘likeli-
hood’ category because we considered the
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Figure 3. Comparison of major
(solid circles) and minor weeds
(triangles). The dashed line is the
discriminant function derived from
65% of the data. Consequences was
dropped from the function due to
its non-significant contribution.

‘naturalized elsewhere’ question to better
reflect a history of successful spread and
thus likelihood of spread independent of
impacts. Naturalization indicates spread,
but it does not imply impacts (Richardson
et al. 2000).

Perhaps of more fundamental concern
is the possibility that our perception of
whether something is a weed is deter-
mined by its ability to spread, just as much
as by its impacts. In this case, literature
references may have classified a plant as
a ‘weed elsewhere’ based on observations
of its spread, rather than its actual impacts.
This would lead to confounding of likeli-
hood and spread for the ‘weed elsewhere’
questions. Some evidence that experts
might weigh perceptions of spread heavi-
ly in their classification of species as weeds
can be gleaned from Figure 2, which
shows that questions relating to likeli-
hood of spread were more important in
differentiation major and minor weeds
than were questions relating to conse-
quences (impacts). The best strategy to
minimize cross-correlation of likelihood
and consequences in the ‘weed elsewhere’
questions is to ensure that positive answers
are based on concrete impacts, rather than
on life history traits. For example, ruder-
als are often perceived as ‘weedy species’
and called ‘weeds’ although they may not
have concrete negative impacts. Positive
answers to ‘weed elsewhere’ questions
from literature sources should be firmly
based on impact.

An alternative explanation for the sepa-
ration of major and minor weeds based
only on likelihood of spread is that weed
spread and impacts are not independent.
Dispersal, establishment, reproduction
and persistence attributes that enable a
high rate of spread at local and distant
scales may also allow a high population
density. Density or abundance is a major
component of impact (Parker et al. 1999).

Rates of correct classification for the
original WRA score shown in Table 2 are
different from those reported in Daehler
et al. (2004) for several reasons. First, Ta-
ble 2 combines major and minor weeds
into a single category. Second, the rates of

Table 2. Mean rates of correct classification for reserve data based on
discriminant function analysis, comparing original WRA score, likelihood x
consequences (L x C), and likelihood and/or consequences (L, C). Bracketed
values indicate range of correct classification rates observed among five
analyses based on different reserve data.

WRA Score LxC L C
Weeds* 81.8 [78-89] 91** [87-93] 87** [83-93]
Non-weeds 78.2 [68-91] 78.2 [69-86] 80.2 [69-91]
Overall 80.2 85.8 83.8

AMajor and minor weeds combined.

** Significant difference from original WRA score, P <0.01 (chi-square test for

difference in proportions).



correct classification in Table 2 are for a
random subset of 35% of the species, not
for the full set of 172 species. This proce-
dure of reserving data to test the discrimi-
nant function provides a better estimate of
the predictive ability of the scores. Finally,
we do not allow for an ‘evaluate further’
category in the discriminant analysis. In-
stead, the discriminant function assigns
a hard cut-off between weeds and non-
weeds. While this procedure does not re-
flect the common practice of allowing for
classification as ‘evaluate further’, the in-
tent of the discriminant function analysis
was to compare the reformulated WRA
score with the original in an objective
manner. An optimal range or scores for
‘evaluate further’ could be defined for the
L x C WRA score, but this would require
the defining and balancing of acceptable
risks to determine the resulting size of
the ‘evaluate further’ category. Daehler
et al. (2004) proposed a decision tree that
greatly reduced the pool of species rated
as ‘evaluate further’ with no apparent risk
of admitting major weeds, but some ad-
ditional minor weeds may be admitted by
this procedure.

Some other WRA systems explicitly
consider likelihood and consequences.
One example is the United States Depart-
ment of Agriculture (USDA) system for
listing of noxious weeds (Lehtonen 2001).
In this system, likelihood and consequenc-
es components are summed rather than
multiplied. Although summation of likeli-
hood and consequences is not a standard
practice in risk assessment (Bowden ef al.
2001), the result could be effectively the
same as multiplying in this case because
the USDA system only generates coarse
classifications (high, medium and low) for
likelihood and consequences components.

Parker et al. (2007) developed a rapid
WRA system for the United States that
involves multiplying components of like-
lihood and consequences. Results were
compared to those of the additive Aus-
tralian model used by Daehler et al. (2004)
and found to be comparable. But Parker et
al. (2007) pointed out that a multiplicative
model is preferable to an additive model
because with an additive model (R = L +
Q), it is possible for a species to receive a
high risk rating even if L = 0. In contrast,
with a multiplicative system (R =L x C) it
is unlikely for a species to receive a high
risk rating if either L or C is very low.

All weed risk assessment systems to
date are either qualitative or semi-quanti-
tative, because of difficulties in measuring
likelihood and consequences in absolute
terms. However, Suter (2006) points out
that methods are readily available for in-
corporating uncertainties into quantita-
tive components of risk assessments, and
quantitative risk assessment could be used
more frequently. More explicit recognition
of weed risk as a function of likelihood
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and consequences in border WRA predic-
tive systems would be a first step in this
direction; such an approach is already be-
ing adopted for post-border WRA prioriti-
zation systems (Anonymous 2006).
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