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1 | INTRODUCTION

The international community, through the Convention on Biological
Diversity (CBD), has committed to monitoring the status of biodi-
versity and directing efforts to achieve targets aimed at minimis-
ing the negative impacts of global change (Tittensor et al., 2014).
However, while there are indicators to assess the impact of some of
the major drivers (e.g. climate change is measured by essential cli-
mate variables; habitat destruction by the rate of conversion of land),
work on developing and applying a set of internationally agreed in-
dicators to assess the status of biological invasions is still ongoing
(Latombe et al., 2017; McGeoch, Chown, & Kalwij, 2006; McGeoch
et al., 2010; Rabitsch et al., 2016). The indicators proposed so far
(see Data S1) focus on available data that can be gathered by coun-
tries around the world. They provide a snapshot of a few selected
aspects of the issue, but often focus on the resources available for
control rather than the outcomes of the control (Early et al., 2016).
Therefore, more work is needed to develop a conceptual framework
underpinning the indicators (Rabitsch et al., 2016).

This paper: (a) develops a theoretical framework for reporting
on biological invasions at a national level; (b) describes the applica-
tion of the indicators to South Africa; and (c) outlines priorities for
improving the indicators. Throughout the paper, the terminology
used follows that of Richardson, Pysek, and Carlton (2011), in align-
ment with the proposed Unified Framework for Biological Invasions
(Blackburn et al., 2011).

2 | HOW SHOULD A NATIONAL STATUS
REPORT BE STRUCTURED?

The phenomenon of biological invasions is caused by a combina-
tion of how taxa are moved around by humans (the introduction
dynamics), the traits of individual taxa (which determines levels
of invasiveness), and features of the environment (which define
the susceptibility of the environment to particular alien species,
that is, its invasibility). For example, the current distribution of in-
vasive pines is a function of: (a) how pines have historically been
moved to new regions and disseminated within these regions, for
example, planted for forestry (Richardson, 1998); (b) which species
have particular traits that predispose them to invade (Rejmanek &
Richardson, 1996); (c) the fact that large parts of the world are sus-
ceptible to invasion by trees [e.g. treeless areas in New Zealand,
South Africa, and South America (Rundel, Dickie, & Richardson,
2014)]; and (d) interactions between these factors (Proches, Wilson,
Richardson, & Rejmanek, 2012).

The explicit consideration of biological invasions in terms of
pathways, species (or taxa), and sites is also crucial for manage-
ment (McGeoch et al., 2016). Focussing management efforts on
pathways is important to reduce rates of introduction and spread
(Essl, Bacher, et al., 2015), but does not address current invasions.

Focussing on species can be effective in reducing densities of a

single species, but can simply clear the way for other species to in-
vade (Zavaleta, Hobbs, & Mooney, 2001). And focussing on suites
of co-occurring species at any given site is vital if impacts are to be
managed (van Wilgen, Dyer, et al., 2011), but if pathways of intro-
duction and spread are not also managed, management successes
will be ephemeral.

Researchers and managers often separate work on biological
invasions along taxonomic, disciplinary, or functional lines. For
example, freshwater fish and riparian plants are viewed as sep-
arate problems, and particular management plans are developed
for particular environments, for example, biomes or realms. There
is not, however, a fundamental difference between invasions in
aquatic and terrestrial environments nor between invasive fish,
frogs, and ferns—the important questions are the same. For ex-
ample: If propagule pressure can be reduced, will this reduce the
likelihood of an invasion; What are the impacts?; Is a species defi-
nitely alien? Management can be much more effective if the focus
is on entire systems, for example, by simultaneously managing
freshwater fish invasions and riparian plant invasions (Impson,
van Wilgen, & Weyl, 2013). Therefore, although reports on the
state of biodiversity are often split along taxonomic or environ-
mental lines, this is not ideal for a comprehensive report on bio-
logical invasions.

Invasions have long been considered as a series of stages. As
a recent example, Wilson, Panetta, and Lindgren (2017) consid-
ered four main stages—pre-introduction, incursion, expansion,
and dominance—that align with the four major management
goals—prevention, eradication, containment, and impact reduc-
tion. When they overlaid the scheme of pathways, species, and
sites with the different stages, there were 12 particular situations
where interventions are required. However, while splitting into
different invasion stages might be useful in various contexts, it
greatly increases the level of complexity, and we found it was not
an ideal basis for a report.

A report must also consider how effective interventions have
been in reducing the magnitude of current problems. Assessments
of the changing status of invasions are sometimes made purely in
terms of inputs (e.g. how much money was spent on control efforts?)
or outputs (e.g. how many animals were killed?). Input and output
indicators tend to be easy to measure and are amenable to auditing,
but the effectiveness of interventions must be assessed in terms of
the outcomes (i.e. has there been an improvement in indicators that
reflect the status of biological invasions, e.g. rates of introduction,
densities, or impacts?) and broader consequences (i.e. has there
been an improvement in biodiversity indicators not directly related
to biological invasions?). The main problem is that the determination
of outcomes requires a comparison with what would have happened
if different, or no, control measures had been applied (McConnachie
et al,, 2016).

As such we decided to structure our report in terms of pathways,
species, sites, and interventions (the latter separated in terms of in-

puts, outputs and outcomes).
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3 | PROPOSED INDICATORS

Indicators were developed for each of the components of the re-
port as an integral part of the process of compiling the report itself
(see Data S2). We proposed 20 indicators (Figure 1; see Data S3 for
amore detailed discussion of the rationale for each indicator), and, as
per the guidelines of the Biodiversity Indicators Partnership (2011),
a factsheet for each indicator was developed, scrutinised, and up-
dated (Data S4, see Appendix S1 for an example).

In terms of pathways, it is important to understand the potential
routes into and within a country, as well as the degree to which each
pathway is responsible for spreading organisms. On the basis of this,
we proposed four indicators: (1) introduction pathway prominence (i.e.
the sizes of the pathways to a country without taking into account how
important each pathway is in terms of the introduction of organisms;
Appendix S1); (2) introduction rates [essentially colonisation pressure
as per Lockwood, Cassey, and Blackburn (2009) at a country level];
(3) within-country pathway prominence; and (4) within-country dispersal
rates. A comparison of the potential routes and the degree to which
they facilitate introductions provides an indication of the relative
risk posed by pathways in different contexts. For instance, a country
might have a large quantity of forestry imports, but few species are
introduced through this pathway, either due to effective interventions
or because the countries it imports from have a small pool of poten-
tial invaders (Bacon, Bacher, & Aebi, 2012; Liebhold, Brockerhoff, &
Kimberley, 2017). A major problem in working on invasion pathways
has been to determine consistent units of analysis. Therefore, if de-
tailed route-specific data are not available, we propose using the hier-
archical pathway classification scheme adopted by the CBD [see Data
S5 for the scheme (Hulme et al., 2008; Scalera et al., 2016)].

For species, we also proposed four indicators: (5) the number and
status of alien species [that requires an assessment both of whether
a species is alien (Essl etal., 2018) and its status (e.g. Blackburn

—)l 1. Introduction pathway prominence |(—

et al., 2011)]; (6) the extent of alien species (e.g. occupancy at a broad
scale); (7) the abundance of alien species (e.g. the numbers of indi-
viduals for mobile taxa, and cover or biomass for sessile taxa); and
(8) the impact of alien species. While metrics for indicators 5-7 are
well developed, consistent metrics for the impacts of particular alien
taxa have only recently been developed through the Environmental
Impact Classification for Alien Taxa (EICAT) Scheme, and the Socio-
Economic Impact Classification for Alien Taxa (SEICAT) Scheme
(Bacher et al., 2018; Blackburn et al., 2014; Hawkins et al., 2015).
We proposed three indicators for sites. The first is (9) alien species
richness, which gives an indication of the number of species that need
to be considered. Second is (10) relative invasive abundance to indicate
the presence of dominant alien species (Catford, Vesk, Richardson, &
Pysek, 2012). For the third indicator, (11) impact of invasions, there is
no accepted, unified system of classification. We propose to focus
on provision of ecosystem services either using qualitative or quan-
titative estimates, with, if possible, a conversion into the monetary
value of any reduction in services due to invasion. However, different
countries and regions differ with regard to which ecosystem services
they value most. For Europe, the proposed indicators were the in-
cidence of livestock diseases and the impact of invasive alien spe-
cies on the Red List Index (Rabitsch et al., 2016). For South Africa,
a water scarce, mega-diverse country with many rural communities
dependent on pastoralism, we chose to measure impact in terms of
the reduction in water resources, biodiversity, and grazing capacity
(van Wilgen, Reyers, Le Maitre, Richardson, & Schonegevel, 2008).
In terms of policy or management interventions, for inputs we
proposed: (12) the quality of the regulatory framework [e.g. Roy et al.
(2018)]; (13) money spent (i.e. expenditure rather than the financial
costs of the impacts of invasions); and (14) planning coverage (i.e. the
degree to which management plans are in place for the full suite of
threats posed by biological invasions). For outputs we proposed:
(15-17) pathways, species, and sites treated. These are defined as the
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FIGURE 1 A proposed indicator framework for a national status report on biological invasions and their management. There are four
main sections (in capital letters)—pathways, species, sites, and interventions—with proposed indicators in italics [Colour figure can be viewed

at wileyonlinelibrary.com]
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degree to which the pathways, species, and sites that need to be
managed are actually subjected to management interventions, ide-
ally with some assessment of the quality of the interventions. For
outcomes, the corresponding indicators are: (18-20) effectiveness of
treatments for pathways, species, and sites (i.e. do policy and manage-
ment interventions change the status of biological invasions?). For
each intervention, there should also be a separate assessment of any
negative impacts of control, for example, on non-target organisms or
on ecosystem functioning (Zavaleta et al., 2001), as it is important to
ultimately assess whether the management was justified.

While we consider the 20 proposed indicators to be necessary
to assess biological invasions in their entirety, this is too many
for the purposes of general national reports on the state of the
environment. We therefore propose four high-level indicators
(Table 1)—(A) rate of introduction of new unregulated species; (B)
number of invasive species that have major impacts; (C) extent of area
that suffers major impacts from invasions; and (D) level of success in
managing invasions—that align with the pressure, state, response
framework. The inclusion of a few high level, invasion-specific in-
dicators in national reports on the state of the environment would
raise the profile of biological invasions, improve the prospects
for accessing funding for their management, and provide political
focus to ensure that interventions are appropriately monitored, re-
ported, and evaluated.

For each indicator, we tried to ensure that, in line with interna-
tional proposals (Latombe et al., 2017), the status reported is mod-
ular, that is, if resources permit, more detailed data can be collected
without compromising the ability to compare with situations where
fewer data are available. For example, accurate distribution data
might be available for birds, but not for microbes, and countries differ
in the quality and quantity of biodiversity data collected (McGeoch
et al., 2010). We also propose broad guidelines to assign a level of
confidence (high, medium, or low) to the metrics, as is accepted
practice in environmental assessments. If there is direct, recent ev-
idence, then the confidence will be high, whereas if the evidence is
ambiguous, not clearly documented, or based on assumptions, then
the confidence will be low (see Data S6). The criteria for the differ-
ent levels of confidence varies between indicators and is highlighted

on the factsheets (e.g. see Appendix S1). Finally, we assessed the

practicability of the framework based on our experience compiling
the first national status report on biological invasions and their man-
agement for South Africa (van Wilgen & Wilson, 2018).

4 | ESTIMATING THE INDICATORS FOR
SOUTH AFRICA

To estimate the indicators for South Africa, we used three main tac-
tics to source information: (a) the status report team accessed and
collated information themselves; (b) experts were invited to contrib-
ute a scientific paper to a journal special issue (Wilson, Gaertner,
Richardson, & van Wilgen, 2017); and (c) through direct requests to
experts and practitioners for specific inputs. Nonetheless most of
our estimates were made with low confidence (Table 2).

While the low confidence suggests that indicators might be
impractical, we believe there is substantial value in them. When
discussing preliminary results with stakeholders, it was clear that
many people felt that data were available (e.g. on management
plans), but had not been accessed yet. If such data do exist, then
the reporting process will serve an important function in provid-
ing a central place to curate and compare experiences. The indi-
cators also provide an impetus to collect such data. The lack of
data on the effectiveness of management interventions does not
suggest that the indicators should be scrapped, but is rather an
indictment of the current levels of project management. If we are
to improve management, the efficacy of past interventions must
be monitored. Finally, we felt it was important to create a frame-
work that can deal with situations where reliable, relevant data
are available, and where data are missing. In the next section, we

discuss ways the framework can be improved for future reports.

5 | FUTURE DIRECTIONS

The next steps, as recommended by the Biodiversity Indicators
Partnership (2011), will be to communicate and interpret the indi-
cators as part of the final report itself; develop monitoring and re-

porting systems in an attempt to fill the data gaps; test and refine

TABLE 1 The four proposed high-level indicators for reporting on the status of biological invasions at a national level. See Figure 1 for
the 20 proposed indicators that are used to calculate these indicators, and Data S4 for all the indicator factsheets

Indicator name Section
A. Rate of introduction of new unregulated Pathways
species

B. Number of invasive species that have major Species
impacts

C. Extent of area that suffers major impacts Sites

from invasions

D. Level of success in managing invasions Interventions

Indicators used in

Units calculations

Number of species per unit time (e.g. per year) 2,5,12,14, 15,18

Number of species 5-8, 11
Area or % of national sub-divisions 6-11
% of pathways, species, and sites that require 1-20

management and that are managed
effectively
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the indicators with stakeholders; and, as recommended by Hill et al. effective they need to: (a) be amenable to extrapolation; (b) be linked
(2016), build simulation models to assess the inter-relationship and to targets; (c) be able to deal with different contexts; and (d) explic-
value of indicators. More broadly, however, for the indicators to be itly consider enabling conditions.

TABLE 2 The level of confidence in our knowledge of the status of biological invasions in South Africa as per the proposed indicator
framework (van Wilgen & Wilson, 2018). NA = not assessed. See Data S4 for the indicator factsheets. See Data S6 for a detailed explanation
of the confidence levels, but in broad terms, the confidence is high if there is direct, recent evidence, and low if the evidence is ambiguous,
not clearly documented, or based on assumptions. A range in confidence values is possible as there might be more reliable evidence for
some pathways, taxa, or sites than others

Indicator Confidence Notes and recommendations

1. Introduction pathway Medium Data were available for introduction pathway prominence and historical data on introduction
prominence rates, but the pathway of introduction for most alien species is unknown (Faulkner, Spear,

2 Introduction rates Low Robertson, Rouget, & Wilson, 2015). Almost no data were available for within-country

dispersal.

3. Within-country NA
pathway prominence

4. Within-country NA
dispersal rates

5. Number and status of Low Known for a variety of groups such as vertebrates (Picker & Griffiths, 2017) and marine
alien species organisms (Robinson et al., 2016), but these assessments often did not include taxa in

cultivation and the coding for invasion status was inconsistent. For over 40% of known alien
species, it was not possible to indicate whether the species was introduced, naturalised or
invasive. Status as per the Unified Framework is known only for a few groups (Jacobs,
Richardson, Lepschi, & Wilson, 2017; Robinson et al., 2016). A census of all alien species is

needed.
6. Extent of alien species Low—Medium Data from atlassing projects for birds, frogs, plants, and spiders allowed the estimation of the
7 Abundance of alien NA distribution of some taxa. There are some data on abundance of alien plants, but these are
species crude and 20 years out of date.
8. Impact of alien species NA There was a remarkable dearth of studies that document the impacts of alien species, despite
this having been recognised as a major gap for many years (Richardson & van Wilgen, 2004).
Few studies have scored impact according to the Environmental Impact Classification of Alien
Taxa Scheme, with data mostly limited to expert opinion (Measey et al., 2017; Zengeya et al.,
2017).
9. Alien species richness Low—Medium Atlas data at a national scale were available for terrestrial plants and most vertebrates, but
10. Relative invasive NA abundance data and data on relative invasive abundance were only available for a limited
abundance number of sites (e.g. some protected areas).
11. Impact of invasions Low Estimates are entirely based on three studies (de Lange & van Wilgen, 2010; Le Maitre, Forsyth,
Dzikiti, & Gush, 2016; van Wilgen et al., 2008).
12. Quality of regulatory Medium Assessment was done by a semi-independent team of invasion scientists but the team did not
framework include anyone from the legal profession.
13. Money spent Low Based solely on funds provided by the Department of Environmental Affairs (and so is an
underestimate), data from other governmental and private initiatives need to be collated.
14. Planning coverage Low—High Some pathway management plans are in place, species and site plans are well documented
where available, but a better system of collation is needed.
15. Pathways treated Low Not consistent, agricultural commodities are inspected and legislation relating to the discharge
of ballast water has been drafted but not finalised.
16. Species treated Low Control operations are often poorly documented, and so the level of treatment is uncertain.
17. Sites treated Low Based on a few case studies and extrapolations, management data are of poor quality or not
consistently recorded.
18. Effectiveness of Low Of the pathways classified as having effective management it is not clear if the intervention was
pathway treatments successful or that the pathway declined due to changing socio-economic conditions.
19. Effectiveness of Low Changes in the distribution of invasive species over time recorded in atlas projects have allowed
species treatments for estimates of the effectiveness of species treatments (e.g. Henderson & Wilson, 2017).

Returns on investment from the implementation of control measures have only been
adequately assessed for some biological control of invasive alien plants (de Lange & van
Wilgen, 2010).

(Continues)
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TABLE 2 (Continued)

A small (but growing) number of case studies have sought to assess management effectiveness
at the scale of individual protected areas, catchments, or farms (e.g. McConnachie, Cowling,
van Wilgen, & McConnachie, 2012; van Wilgen, Fill, Govender, & Foxcroft, 2017). These have
demonstrated effective (Te Beest et al., 2017), somewhat effective (Fill, Forsyth, Kritzinger-
Klopper, Le Maitre, & van Wilgen, 2017), and ineffective (Kraaij, Baard, Rikhotso, Cole, & van

The lack of data on the 20 core indicators meant the confidence in the high-level indicators was
inevitably low. Formal impact assessments need to be conducted to allow for a reliable
baseline estimate of the number of invasive species that have major impacts. The level of success
in managing invasions could be estimated based on available data from legislated requirements,
management plans, and the evaluation of management. We suspect that, relatively small

changes to management practices and the monitoring of management could result in

Indicator Confidence Notes and recommendations
20. Effectiveness of site Low
treatments
Wilgen, 2017) management interventions.
A. Rate of introduction of  Low
new unregulated
species
B. Number of invasive NA
species that have major
impacts
substantial improvements in this indicator.
C. Extent of area that Low
suffers major impacts
from invasions
D. Level of success in Low

managing invasions

On the basis of the concept of invasion debt (Rouget et al., 2016),
we suggest an additional four indicators that could be used to assist
with forecasting—introduction debt, establishment debt, spread debt,
and impact debt. Over time, a country’s invasion debt can result in
new introductions, new invasions, more area invaded, and greater
impacts. The challenge will be to develop models and techniques
that can help improve decision-making and allow for adaptive man-
agement at a variety of scales (Figure 2). In particular, although
South Africa has started efforts at proactive management (Wilson,
Ivey, Manyama, & Nanni, 2013), it is difficult to demonstrate the eco-
nomic value of avoiding the predicted negative impacts of invasions
that do not occur (Leung et al., 2002). We have started to estimate

Invasion status
Estimate of current state and how past
events led to this

some aspects of invasion debt for South Africa (Faulkner, Robertson,
Rouget, & Wilson, 2016; Rouget et al., 2016), but much more work is

needed.Figure A1 (Indicator 1.3)—The number of ocean going ves-
sels arriving at South African ports over time. Data from the National

Ports Authority of South Africa

While the indicators on their own have value, for them to have
impact on management they must also be linked to targets. For
example, under the IUCN’s Honolulu Challenge on invasive alien
species (https://www.iucn.org/theme/species/our-work/invasive-
species/honolulu-challenge-invasive-alien-species), the New Zealand
Government has committed to eradicate all pests from all island
nature reserves by 2025, and to develop a method for eradicating

Invasion debt
Prediction of efficacy of different

interventions

FIGURE 2 A national report on the status of biological invasions, by definition, should focus on what the current state is, but this is often
largely a function of historical events and processes. Given that the report will form the baseline for predictions of how problems will evolve
under different scenarios, that is, invasion debt, indicators need to be responsive to changes (Essl, Dullinger, et al., 2015). We propose that
forecasted indicators [introduction debt; establishment debt; spread debt; and impact debt (Rouget et al., 2016)] can form the currency by

which to assess management options [Colour figure can be viewed at wileyonlinelibrary.com]
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one of the key target pests from mainland New Zealand. These are
clearly very specific context-dependent targets that require specific
indicators to track progress, but at a broad scale such interventions
would be captured in the indicator framework developed here.

Indicators also need to be flexible enough to deal with different
contexts. A major motivation for the South African Government’s inva-
sive plant control programmes is to provide employment opportunities
(van Wilgen, Khan, & Marais, 2011), and therefore the number of jobs
created is a core indicator. Similarly, successful interventions require
institutional capacity, research, data and information management,
and public awareness and engagement (Wilson, Panetta, et al., 2017).
For example, for management to maintain sustained political support,
decision-making needs to actively involve society (Crowley, Hinchliffe,
& McDonald, 2017). Ensuring that such enabling factors are reflected
in the indicators is an important area for future work. Ultimately,
however, the effectiveness of interventions must still be monitored
in terms of the impact on the invasions themselves. The challenge of
jointly meeting the social goal of poverty alleviation through job cre-
ation, and the biodiversity goal of reducing invasions has not yet been
met in South Africa (van Wilgen & Wannenburgh, 2016).

6 | CONCLUSIONS

We believe the framework proposed here is a useful starting point for
national-scale reports on biological invasions and their management.
Over time the proposed indicators will likely need to be adjusted, but
they should capture trends and enable assessments of the efficacy of
different interventions. Countries around the world are increasingly fo-
cussing on proactive interventions. We feel that such initiatives can be
better supported and scrutinised by linking the indicators proposed to
the concept of invasion debt (Rouget et al., 2016). We suspect, how-
ever, that strengthening the links between research, planning, imple-
mentation, monitoring, and reporting will remain the major challenge
facing invasion science (Esler, Pozesky, Sharma, & McGeoch, 2010). We
hope the indicator framework developed here will help this process.
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Supplementary Material 1—Indicators proposed to track the status of

biological invasions

Biodiversity indicators are used to assess the condition of biodiversity and the factors
that affect it (Heink and Kowarik, 2010). Biodiversity indicators also allow
researchers and policy makers to check if there are adequate plans in place to
alleviate threats to biodiversity and to assess if these plans are making a difference;
and to assess progress towards biodiversity conservation targets such the
Convection on Biodiversity Diversity 2010 Biodiversity target
(https://www.cbd.int/decision/cop/default.shtml?id=7197) and the Aichi Biodiversity
Targets (http://www.cbd.int/sp/targets). There has been continual progress in the
development of indicators related to biological invasion as a threat to biodiversity and
their application to measure progress towards meeting the CBD 2010 and Aichi 9

biodiversity targets (Table 1).

The 2010 Biodiversity Target was “to achieve by 2010 a significant reduction in the
current rate of biodiversity loss at the global, regional and national level, as a
contribution to poverty alleviation and to the benefit of all life on Earth”. Several
biodiversity indicators on biological invasions were developed as part of efforts to
monitor progress towards this target (McGeoch et al., 2006, McGeoch et al., 2010).
McGeoch et al. (2006) developed an aggregate indicator that informs on the status
of alien species invasion at national and global scales. It consists of three
component measures: 1) number of invasive alien species; and numbers of
operational management plans for 2) invasive alien species, and 3) for introduction
pathways. These component measures can be aggregated to evaluate national and

global progress towards management targets such as stabilising invasive alien



species numbers and implementation of invasive and alien species management
plan. McGeoch et al. (2010) further refined this global indicator using a pressure-
state-response framework and showed that the 2010 Biodiversity Target of reducing
the threat of biological invasions to biodiversity was not achieved. The refined
indicators included: 1) number of documented invasive and alien species (pressure);
2) trends in the impact of invasive and alien species on biodiversity (state); 3) trends
in the number of international agreements and national policies related to invasive
and alien species; and 4) the level adoption of the these agreements and policies by

countries.

Aichi Biodiversity Target 9 states “By 2020, invasive alien species and pathways are
identified and prioritized, priority species are controlled or eradicated and measures
are in place to manage pathways to prevent their introduction and establishment”. Four
primary indicators [trends in the numbers of invasive alien species introduction events;
Red List Index (impacts of invasive alien species); legislation for prevention and
control of invasive alien species (IAS); and trends in invasive alien species vertebrate
eradications] and two secondary indicators [growth in species occurrence records
accessible through GBIF and Red List Index (more broadly that just for birds)] have

been proposed as part of this target (https://www.bipindicators.net/ accessed 18 May

2018).

Rabitsch et al. (2016) proposed a set of six indicators that can be used to assess the
status of biological invasions at a continental scale in Europe and to monitor the
efficacy of the European Union regulations on invasive and alien species, viz: 1) a
combined index of invasion trends; 2) pathways of invasions; 3) Red List Index of

invasive and alien species; 4) invasive and alien species impacts on ecosystem


https://www.bipindicators.net/

services; 5) trends in incidence of livestock diseases; and 5) cost for alien species

management and research.

Latombe et al. (2017) proposed three essential variables for monitoring biological
invasions at a national level (alien species occurrence, species alien status and alien
species impact). While these should facilitate comparisons across countries, they have
not yet been applied in practice and do not explicitly consider invasion pathways or
invaded sites (McGeoch et al., 2016). Furthermore, for these variables to be of value,

a link to the effectiveness of interventions (policy and management) is required.

Table S1.1. The development of indicators to assess the status of biological invasion

and their link to proposed indicators for monitoring biological invasions at a national

level
Study Proposed indicators | Description Link to
indicators
presented
here
McGeoch Status of alien An aggregate indicator that informs on the 5,14
et al. species invasion status of alien species invasion at a national
(2006) and global scales. It consists of three
component measures: number of invasive
alien species and numbers of operational
management plans for invasive alien species
and for introduction pathways. The component
measures can be aggregated to evaluate
national and global progress towards
management targets such as stabilising
invasive alien species numbers and
implementation of invasive and alien species
management plan.
McGeoch Numbers of This indicator lists the number of invasive alien | 5
et al. documented species that impact negatively on biodiversity.
(2010) invasive alien The list is composed of six taxa: mammals,
species birds, amphibians, plants, freshwater fish, and
marine organisms. Trends are tracked at
national, regional and global scales.
Trends in the Trends in the extinction risks of birds, 8,11
impacts of invasive | mammals and amphibians that are driven by
and alien species invasive an alien species.
on biodiversity




Study Proposed indicators | Description Link to
indicators
presented
here

Trends in Tracks 1) the number of agreements, 12, 14-17
international legislation and policies that have been enacted
agreements and to reduce the threat of alien and invasive
national policy species and 2) the adoption thereof by
adoption different countries.
Aichi Trends in the Trends in the numbers of invasive alien 2
Target 9 numbers of invasive | species introduction events in 21 countries.
alien species The majority of the records for invasive alien
introduction events | species are for plants, invertebrates, fish,
mammals and birds.
Red List Index This indicator is based on Birdlife 8,11
(impacts of invasive | International’'s assessments of extinction risk
alien species) for all birds for the IUCN Red List. It shows
trends in the status of all birds worldwide
driven only by the negative impacts of invasive
alien species or the positive impacts of their
control. Trends for other taxa such as
mammals and amphibians are not yet
available but will be added in future.
Legislation for This indicator aims to quantify trends in the: 12-14
prevention and 1. Commitments by individual countries to
control of invasive international policies related to invasive
alien species (IAS) and alien species.
2. The percentage of countries with (a)
national legislation and policy relevant to
invasive and alien species; (b) national
strategies for preventing and controlling
invasive and alien species and (c)
national commitment to invasive and
alien species related themes
Allocation of resources towards the prevention
or control of invasive and alien species.
Trends in invasive This indicator tracks the efforts to eradicate 16, 17, 19,
alien species and remove invasive vertebrate pests from 20
vertebrate sensitive ecosystems such as islands
eradications countries. These eradication efforts are
implemented to protect biodiversity and
prevent extinction of threatened native
species.
Growth in species This indicator tracks the number of species 56,7
occurrence records | occurrence records that are published and are
accessible through | digitally-accessible on the Global Biodiversity
GBIF Information Facility (GBIF).
Red List Index The Red List Index (RLI) shows trends in the 8,11
extinction risk of suite of species. It is based on
data from repeated assessments of species
using the Red List categories and criteria. The
species data is often aggregated into taxa (e.g.
birds) to reduce sampling bias.
Rabitsch et | Combined index of | Accumulation rates of alien species in a given | 2
al. (2016) invasion trends area over time
Indicator on Trends in pathway prominence over time 1

pathways of
invasions




Study Proposed indicators | Description Link to
indicators
presented
here

The Red List Index | Overall rates at which species that are 8,11
of invasive and impacted by invasive and alien species are
alien species moving toward or away from extinction
Indicator of invasive | Cumulative increase in ecosystem services 8,11
and alien species that are negatively affected by invasive and
impacts on alien species over a defined period
ecosystem services
Trends in incidence | Incidences of livestock diseases caused by 8,11
of livestock invasive and alien species over time in a given
diseases area
Indicator on cost for | Estimate of financial investment on alien 13
alien species species management and research
management and
research
Latombe et | Species alien Knowledge of the historical geographic range 5
al. (2017) status of the species that is commonly available in
flora and fauna volumes, its historical absence
from the introduced range, or genotypic
difference from local populations
Alien species Taxonomically verified species presence or 56,7
occurrence absence records at a locality with a geographic
co-ordinate, or in a prescribed area,
management or geopolitical unit or site
Alien species An objective, transparent and repeatable 8
impact system for classifying alien taxa in terms of the
current and maximum realized impact globally
of their detrimental effect on any recipient
ecosystem, using the EICAT scheme
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Supplementary Material 2—Background to South Africa’s National Status

Report on Biological Invasions

South Africa has signed a number of international agreements and developed
national policy framework and legislation to manage biodiversity loss. In October
2014, regulations on alien species were made into law (Department of
Environmental Affairs, 2014). These regulations require a report on the status of
biological invasions every three years, and the first report was finalised at the end of
March 2018 (van Wilgen and Wilson, 2018). We believe this is the first
comprehensive national status report on biological invasions and their management

anywhere in the world.

The need for the development of the reporting framework described in South Africa’s
first national report on the status of biological invasions arose from the promulgation
of legislation out lined above. Our work on the report provided a test of the
practicality of this framework. We used three main tactics to source the information:
through the status report team accessing and collating information themselves;
through encouraging experts to contribute a scientific paper to a journal special issue
(Wilson et al., 2017); and finally through sending direct requests to experts and
practitioners for specific inputs with some instructions as to which data were

required.

The intention of the national status report was to collate foundational biodiversity
knowledge and information from the monitoring and evaluation of interventions in a
form that is useful for policy-makers and managers (Fig. S2.1). Such a report would
then provide the basis for ensuring that management interventions are appropriate

(i.e. in line with international best practice) and effective (i.e. lead to an improvement



in indicators that characterise biological invasions). Another main goal of the national
status report was to stimulate and focus future monitoring efforts, i.e. to increase the
links between all the processes (Fig. S2.1). This means that indicators can be
proposed for which data are not yet available, but where efforts should be made to
collect such data. The framework will thus both facilitate current decision-making,

and help identify monitoring and reporting that would improve decision-making.

Figure S2.1—The role of a national status report in the science-policy interface. In an
ideal world (a), there is a smooth flow of information from research to policy
formulation, to management, to monitoring and evaluation and back to research. But
in reality (b) links are often incomplete or broken. A national status report is one

formal way of increasing the links between research, policy and implementation.

a) /

e

L. S Set goals and
Basic inventory Assess implications . o
. implement Monitoring and
and ecological and formulate .
. - management evaluation
research appropriate policy
measures
S et
———————
- ~
. e :,_____; _____________ ~So
- - = ~< = ~\\\
£ s 4 y
L N Set goals and
Basic inventory Assess implications X -
. implement Monitoring and
and ecological [+ = = =* andformulate [& — = [ — — > .
; - management evaluation
research appropriate policy
measures

~.__

Status Report

van Wilgen, B. W. & Wilson, J. R. (2018) The status of biological invasions and their
management in South Africa in 2017. pp. 398. South African National Biodiversity
Institute, Kirstenbosch and DST-NRF Centre of Excellence for Invasion Biology,
Stellenbosch.



Supplementary Material 3—Detailed description and discussion around the

selection of the 20 indicators and 4 high-level indicators

Pathways

We used the hierarchical pathway classification scheme adopted by the UN
Convention on Biological Diversity as the unit of measurement for pathways (Hulme
et al., 2008, Scalera et al., 2016) (Supplementary Material 5), and consider four

pathway indicators.

First introduction pathway prominence estimates the size of the pathway to a country
(e.g. number of vessels or volume of goods) without taking into account how
important the pathway is in terms of the spread of organisms. At a basic level, this
will be a qualitative assessment, but ideally there should be some quantitative
assessments such that different pathway sub-categories can be ranked. If possible,
spatially and temporally explicit data on the prominence of different pathways should
be available. This will facilitate appropriate allocation of resources for prevention

(e.g. Faulkner et al., 2017).

Next, introduction rates is estimated for each pathway to a country [essentially
colonisation pressure as per Lockwood et al. (2009)]. At a basic level this will be a
guantitative assessment of the number of species introduced, but it should be
temporally explicit (e.g. number per year) and ideally linked both to spatial location
and to on-going introductions of each taxon (i.e. propagule pressure). Importantly,
rates of introduction can reflect changes in survey efforts over time—the first record
is often much more recent than the date of first introduction—this needs to be

accounted for in the uncertainty measure.



A comparison of introduction pathway prominence and introduction rates provides an
indication of the relative risk posed by pathways in different contexts. For instance, a
country might have a large quantity of forestry imports, but few species are
introduced through this pathway, either due to effective interventions or to a small
pool of potential invaders from the countries it imports from (Bacon et al., 2012,

Liebhold et al., 2017).

A similar process should be followed for dispersal within a country, i.e. within-country

pathway prominence and within-country dispersal rates.

These indicators provide a measure of transport opportunities and of the degree to
which these are responsible for past introductions and within-country dispersal (Essl
et al., 2015). Projecting these forward will be vitally important, but will be speculative
(discussed below). Given changes to transport links (e.g. new shipping routes and
new roads) and changes to the pathways of introduction, (e.g. from solid ballast, to
ballast water, to treated ballast water), introduction pathway prominence and
introduction rates (and the corresponding within-country indicators) will change over

time, and in some cases independently from each other.

Species

The indicators in this section are based on a species level classification. However,
for practical (e.g. difficulties of identification) and theoretical (e.g. entities differ
significantly in the risks they pose) reasons, it can be important to consider entities at

a taxonomic level other than species (Petit, 2004).

The first proposed indicator is the number and status of alien species. This combines

elements of the proposed essential variable alien status with a very coarse



categorisation for alien species occurrence (Latombe et al., 2017). At a basic level, it
is a combination of whether a species is: 1) native or alien to a region; and 2)
present. The first part, i.e. determining nativity, is often fairly straight-forward for
vertebrates and many higher plants but for some taxa (e.g. many microbes),
determining native ranges will require extensive sampling and/or molecular analysis,

with no guarantee of a definitive answer.

Determining presence can be similarly straightforward in many cases, but highly
challenging in others. The minimum standards required for a species to be included
on a list of alien species varies between lists, and in many cases no physical
specimen is required. At least historically, there has often been no requirement for
deliberately introduced species to be recorded. Moreover alien species, even those
that have established, do not always persist (Simberloff and Gibbons, 2004). For
example, the Chilean black urchin, Tetrapygus niger, was recorded in South Africa in
2007, but could not be found during more recent surveys (Mabin et al., 2015). Given
the habitat previously occupied had been transformed, and there were no indications
of the urchin having reached nearby potentially suitable habitats, it is considered that
the species is no longer present in the country (Robinson et al., 2016). This points to
the need to document when, where, and on what basis, the presence (or absence) of

a taxon was noted. Such information underpins decisions relevant to biosecurity.

While many countries have very comprehensive lists of invasive species, we know of
no country that has a single consolidated and comprehensive list of all alien taxa, i.e.
including those in captivity or cultivation [though see Pysek et al. (2012) for a list of

alien plants in the Czech Republic]. The Global Register for Introduced and Invasive

Species (Pagad et al., 2018) provides a valuable starting point, but lists for individual



countries are ultimately still based on incomplete and often out-of-date surveys and
in most cases taxa in captivity or cultivation are not included. Such lists are an
important basis for biosecurity policies based around prevention of new imports, and
for assessing future risks (i.e. invasion debt). Lists of invasive species are more
commonly produced, but these are often restricted to unequivocally widespread
invaders (as they are relatively easy to detect) that are considered to have a
negative impact (though this is usually poorly supported by evidence). As sampling
protocols improve, less widespread invaders and those that are more difficult to
identify can then be included (Henderson and Wilson, 2017). However, this poses a
problem for monitoring. To what extent does an increase in the number of invasive

taxa reflect new invasions or detections of long-established invasives?

At a more advanced level, it is important to know the actual stage of the invasion. To
this end, Blackburn et al. (2011), as part of a Unified Framework for Biological
Invasions, produced an alpha-numeric coding system (A—E) to describe how far a
particular alien taxon had progressed along the introduction-naturalisation-invasion
continuum. Guidance on how to implement this has been provided by Wilson et al.

(2014) for trees, and Robinson et al. (2016) for marine taxa.

Next we propose two indicators for species’ distributions—extent of alien species
and abundance of alien species. As the full distribution of alien species is rarely
known and is unlikely to be static (especially in early stages of invasion), measuring
the extent of alien species based on a convex hull of the distribution will rarely be
accurate. However, occupancy data collected at different spatial scales can provide
useful insights. At the broadest scale this will reflect occupancy at a high-level

administrative region (e.g. province or state), a high-level biodiversity unit (e.g.



biomes in the case of South Africa), or a geomorphological unit (e.g. primary water
catchment). For taxa that have been surveyed in more detail, data are often
available for occupancy at a slightly finer scale [e.g. quarter-degree grid cells (qdgcs)
(630-710 km? at the latitude of South Africa); hectads (100km?); or even smaller as
appropriate]. The abundance of alien species can be measured as the numbers of
individuals for mobile taxa, and as cover or biomass for sessile taxa (e.g. plants).
Such data are, of course, neither always available nor reliable which means that a

categorical approach might be needed (e.g. absent, rare, occasional, abundant).

In a few cases data are available to show how occupancy of alien taxa changes with
spatial scale, enabling projections of population changes and estimates of
abundance (Veldtman et al., 2010, Donaldson et al., 2014). Ideally, data should
enable the construction of spatially-explicit stage-structured maps of organisms that
incorporate both extent and abundance (Caplat et al., 2012, Wilson et al., 2014), but

such data are rare.

Finally, we consider the impact of alien species based on the Environmental Impact
Classification for Alien Taxa (EICAT) Scheme, and the Socio-Economic Impact
Classification for Alien Taxa (SEICAT) Scheme (Blackburn et al., 2014, Hawkins et
al., 2015, Bacher et al., 2018). The EICAT Scheme, which has recently been
adopted by the IUCN, is a consistent method for rating impact across different
mechanisms (e.g. competition or changes to chemical, physical or structural features
of the ecosystem). The SEICAT, by contrast, is based on documented evidence of
how an invasive species has led to changes in peoples’ activities. More work is
required to translate the species-level impacts into ecosystem-level impacts, to

devise robust and transparent methods for reporting on socio-economic impacts



(Bacher et al., 2018), and to determine how to jointly consider environmental and

socio-economic impacts when making decisions.

Sites

There are a variety of ways to categorise sites. While administrative regions are
useful for management and planning, they do not necessarily follow biogeographical
zones. But even traditional biogeographical zones are not necessarily relevant as the
mechanisms that determine the ranges of native and alien species can differ (Rouget
et al., 2015). As such, sites are often defined for practical reasons, e.g. municipalities
or protected areas, or a simple grid is used. As for species data, we suggest two
levels: broad scale (provinces/states, biomes, marine regions, or primary catchments
as appropriate) and finer scale (qdgcs or hectads). This is based largely on the
availability of data, noting that for specific purposes other classifications will be
needed, e.g. protected areas. We also note that for many conservation planning and
assessment purposes finer scale measures are needed to account for variation in

conditions and habitats.

We propose three indicators for sites. The first is simply alien species richness,
which gives an indication of the number of species that need to be considered.
Second is relative invasive abundance to indicate the presence of dominant alien
species and the trajectory of their invasion over time (Catford et al., 2012). The
simplest metric for relative invasive abundance is a qualitative categorical
assessment from alien-free to alien-dominated. However, more work will be required
to understand the implications of equivocating taxa of different body sizes and

taxonomic groupings.



Catford et al. (2012) also proposed the use of relative alien species richness.
However, as part of the consultation exercise around the indicators, it was not clear
to us or our colleagues how this indicator provided additional management and
policy insights. It can also be difficult to interpret as it is influenced by several

processes (Stohlgren et al., 2003). We therefore omitted it from the framework.

For the third indicator (impact of invasions) there is no accepted, unified system of
classification. Simply aggregating species level impact to site level does not work as
invasive species interact, impacts are not necessarily additive, and all the individual
impacts are rarely known in any case. There are an increasing number of attempts to
guantify the impacts of biological invasions on economies (e.g. Pimentel et al., 2001,
Sinden et al., 2004, Williams et al., 2010, Wittmann and Flores-Ferrer, 2015), and
such assessments have been widely used by policy-makers. However, these
assessments tend to focus on a few species with high impacts that can be easily
monetised. It is much more difficult to assess all the different types of impacts that
invasions cause (Bacher et al., 2018). Similarly, the importance of specific impacts
will vary between sites. For example, the threat to native biodiversity is of critical
importance for protected areas, while impacts on river flow might be more important
for city planners concerned with securing a stable water supply and preventing
floods. Reductions in particular ecosystem services by invasions have been
expressed both in terms of benefit flows and financial flows [e.g. the amount of water
flowing from a catchment or the number of livestock supported on a rangeland (van
Wilgen et al., 2008)]; and in terms of monetary value (de Lange and van Wilgen,
2010). Finally, the effects of invasive species can be assessed in terms of their

impact on human livelihoods at a given site (Shackleton et al., 2007).



Based on these findings we propose three metrics for measuring the impact of
invasions. First, a categorical factor based on qualitative impacts on ecosystem
services; second, a quantitative estimate of reductions in ecosystem services; and
third, and substantially more complicated, a monetary value of these reductions.
Different countries and regions will differ in which ecosystem services are the most
important to include. For Europe, the proposed metrics were the incidence of
livestock diseases and the impact of invasive alien species on the Red List Index
(Rabitsch et al., 2016). For South Africa (a water scarce, mega-diverse country with
many rural communities dependent on pastoralism) we chose to measure impact in

terms of the reduction in water resources, biodiversity, and grazing capacity.

Interventions

For a report to be valuable, it should also assess the effectiveness of policy or

management interventions in terms of inputs, outputs, and outcomes.

For inputs we propose three indicators. The first is the quality of the regulatory
framework measured in terms of the completeness of the regulations (e.g. whether
all pathways are considered); whether regulations meet international standards [e.g.
Roy et al. (2018) outline a scheme to assess risk assessments]; whether there are
mechanisms to enable implementation; and whether there are appropriate
mechanisms for update, review, and appeal. The quality of the regulatory framework
is obviously politically sensitive. It must therefore be based on objective criteria and
assessed in a fair and transparent way as it is an extremely important base-line for

interventions.



The second proposed input indicator is the amount of money spent on interventions.
Money spent is a measure of expenditure, and therefore an input. This spending
might change the status of biological invasions in a desired direction or not, but if the
effectiveness of treatments (see below) is to be estimated in monetary terms, an
initial calculation of how much money was actually spent is needed. Sometimes the
money spent on control is used as a surrogate for the economic impact of invasions.
While the need to spend resources on managing invasions is partly a consequence
of the invasions themselves (albeit affected by policy and management decisions),
the impact of invasions and the costs of responding to invasions should not be
conflated (not least because there is no guarantee that the money spent responding

to a problem is directly proportional to the size of the problem).

Finally, we propose using planning coverage as an indicator to assess the degree to
which plans are in place to deal with the full suite of threats posed by biological

invasions.

For outputs, we propose three measures of what has happened as a result of the
inputs. Pathways treated is an estimate of the degree to which the pathways have
been subjected to management interventions (either through regulation, or
inspections), with the potential to refine this to estimate the proportion of vectors per
pathway subjected to management, and assess the quality of these interventions.
We propose that the species treated is, at a basic level, the proportion of species
that require treatment that are treated (with the requirement defined by regulations or
ideally some assessment of risk). At a more advanced level, species treated can be
measured as the proportion of populations treated for each species, with an

assessment of the quality of the interventions (Higgins et al., 2000, Taylor and



Hastings, 2004, McConnachie et al., 2016). For sites treated, we similarly propose
that the indicator would be measured as the total area subjected to control measures
that needed control at a basic level, and at a more advanced level, assessed in

terms of the quality of the interventions.

Finally, we propose specific indicators of the effectiveness of treatments for
pathways, species, and sites. The aim of these outcome indicators is to highlight
whether the policy and management interventions are changing the state of
biological invasions (Fig. 1). At a basic level has an intervention: 1) exacerbated the
problem; 2) been ineffective; 3) reduced the impacts relative to a counterfactual
situation where there was no management (e.g. McConnachie et al., 2016); 4)
reduced the extent and impact of biological invasions to an acceptable level or
achieved the goals set; or 5) not only achieved the goals set but done so in a
permanent way (e.g. a species is eradicated). For each intervention there should
also be an assessment of any negative impacts of control, e.g. on non-target
organisms or on ecosystem functioning (Zavaleta et al., 2001, Simberloff, 2012).
This is rarely done but is needed to assess whether an intervention was justified, e.g.
the environmental consequences of large-scale herbicide use to combat plant

invasions is poorly known (Wagner et al., 2017).

Advanced metrics would ideally quantitatively estimate control effectiveness (i.e.
return on investment). Although the use of this indicator at a national level would
require further development, there are examples of such estimates for individual
species (van Wilgen and De Lange, 2011) and sites (Hosking and du Preez, 2004).
Similarly, interventions should be monitored and progress reported in terms of

relevant biodiversity indicators that are not specifically related to biological invasions,



i.e. the socio-economic or conservation outcomes. For example, the Red List Index
has been proposed as an indicator to assign the impact of invasions on the
conservation status of native species (Butchart, 2008, Rabitsch et al., 2016). The
challenge is to have sufficient evidence to be able to ascribe a change in such
indicators to biological invasions or to the interventions taken against them. In the
case of the Red List Index this is done by noting when conservation assessments
include invasive alien species as a threatening process. A similar process is needed

to monitor potentially adverse impacts of management interventions.

Finally, the value of these indicators will depend on the degree to which outcomes
are monitored. For example, it was possible to demonstrate that ballast-water
regulation led to a cessation in ballast-mediated invasions in the Laurentian Great
Lakes of North America (Bailey et al., 2011); and the contribution of classical
biological control to the control of invasive species is often relatively well known

(Zachariades et al., 2017).

High-level indicators

A. Rate of introduction of new unregulated species (pathways): This provides an
indication of potential future biological invasions (i.e. species-based invasion debt).
In this context new refers to new to a given region, and unregulated refers to those
taxa which were not legally imported. Species which have been introduced following
a proper detailed and independently assessed risk analysis are not included. As
such this indicator does not assess the wisdom of decisions to deliberately allow the
import of new alien species, this would require a separate (perhaps somewhat post-
hoc) analysis of the effectiveness of measures to regulate imports (i.e. part of

indicator 17).



B. Number of invasive species that have major impacts (species): The total number
of alien species that have been reported to have a Major (MR) or Massive (MV)
impact under either the EICAT or SEICAT schemes provides an indication of the
current size and complexity of the problem. A growth in the number of species would

indicate an increase in consequences and management complexity.

C. Extent of area that suffers major impacts from invasions (areas): The extent of
invaded area that suffers major impacts is an indication of the overall extent of the
impacts of biological invasions. Invaded areas are expected to deliver fewer or
diminished ecosystem services, and/or to support lower levels of biodiversity. As per
indicator 11, the nature of the impacts considered might be specific to the region

under consideration.

D. Level of success in managing invasions (interventions): The degree of success
achieved by control measures will vary from place to place, and this indicator is
intended to provide an assessment of overall control effectiveness across all
projects. High levels of effectiveness would indicate that control measures are
appropriate and that the goals of management are realistic and achievable. Low
levels of effectiveness would indicate inefficiencies in management, or unrealistic
expectations and goals, or both. It should trigger a thorough examination of the
component projects with a view to re-allocating national-level resources to projects

where the goals are more likely to be achieved, or to re-defining more realistic goals.

We propose that it should be calculated based on 1) calculating the proportion of
pathways, species, and areas that require management and where a plan is in place;
2) assessing and scoring treatments based on their effectiveness; 3) multiplying the

result from steps 1 and 2 to give an overall percentage success for pathways,



species, and sites; and 4) finally in some way combining the percentage scores for
pathways, species, and sites to give an overall figure that will vary between 100%
(i.e. all aspects of biological invasions that need to be managed are being managed
effectively) and 0% (i.e. there is no management or it is completely ineffective), with

the option for negative values if management is counter-productive.
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Supplementary Material 4—Fact sheets for the proposed indicators for

reporting on the state of biological invasions at a country level

These fact sheets are based on the guidelines of the Biodiversity Indicators
Partnership (Biodiversity Indicators Partnership, 2011), with the addition of explicit
sections on how to define the confidence interval for each metric. A matrix showing
the direct links between the indicators (i.e. where one indicator is dependent on
another indicator) is shown in Fig. S4.13. There are several additional facilitating
mechanisms that are vital for successful interventions, specifically accessibility of
data and information, research, organisational and human capacity, and public
awareness and engagement. Indicators for these are not included as they are not

used for measuring outcomes or outputs of the interventions themselves.



1. INTRODUCTION PATHWAY PROMINENCE

Use and interpretation

This indicator concerns the pathways that could facilitate the introduction of alien
species to a country from another region. The indicator considers the size or
prominence of the pathway of introduction (how active it is socioeconomically) but
does not take into account how important the pathway is for the introduction of alien
organisms. Depending on the available data, the indicator can be used to answer
three questions:

e what is the size of the pathway of introduction?;

e how prominent is the pathway of introduction relative to the other pathways?;
and

e how does the size of the pathway of introduction vary across space and time?

The indicator is important for measuring progress towards meeting Aichi Biodiversity
Target 9 of the Convention on Biological Diversity.

Potential for aggregation

This indicator was developed for use at a national level. However, as data might be
available at larger (e.g. regions or continents) or smaller (e.g. provinces or districts)
spatial scales, the indicator can also be used at a wide range of scales.

Possible reasons for upward or downward trends

Upward or downward trends can be caused by changes to the routes travelled by
vessels that transport goods and people. These changes could be due to factors
such as the development of new, more favourable routes or political changes.
Changes to the amount or type of goods being imported or the number of people
entering a country could also result in upward or downward trends, and could be
driven by political (e.g. trade agreements), socio-economic (e.g. consumer and travel
trends) or environmental (e.g. droughts) factors.

An increase in the size or relative prominence of a pathway could mean that there
has been an increase in the likelihood that alien organisms could be introduced
through this pathway. However, this is not always the case, and various factors (e.g.
the phytosanitary polices of the exporting nations and the size of the pool of potential
invaders) will influence the strength of this link.

Implications for biodiversity management of change in the indicator

Upward or downward trends could lead to changes in the pathways that are
prioritised for management and, as a consequence, to changes in the allocation of
biosecurity resources (money and personnel).

Units in which it is expressed (from basic to advanced)

Five categories demonstrating the size of each pathway with pathways
split along the CBD pathway categorisation (Scalera et al., 2016).

Not known

Pathway not present
Minor

Moderate

11




e Major

1.2 | A ranked order of pathways in terms of their prominence.
Spatially explicit vectors that detail the amount, number, and value of
1.3 | goods or vessels moving into the country per pathway, with

information on the sources, routes, destinations, and timings.

Description of source data

Online global or national databases containing trade or transport data run by national

governments, intergovernmental or global organisations and companies (e.g.

http://www.fao.org/faostat/en/#data). Yearly data are often available, however, often
not for the most recent years. Data can also be obtained from peer-reviewed journal

articles and from the websites and reports of national governments,
intergovernmental or global organisations and companies.

Calculation procedure

11

Experts use collected data to categorise each pathway as:

Not known

Pathway not present
Minor

Moderate

Major

1.2

For each pathway, calculate the amount, number or value of imported
goods, vessels or infrastructure that connects the country to regions it
was previously isolated from. Pathways are then ranked.

1.3

As above for different entry points and periods of time, no ranking.

Guide for applying confidence levels

11

High

Data collated specifically on a particular pathway and
recorded regularly (e.g. annually); and evaluated by at least
three relevant experts with agreement in almost all cases.

Medium

Data available across larger time-scales (e.g. decades), or
have to be interpreted based on other data sources; and/or
evaluation by one expert; and/or a few cases of disagreement
with multiple experts

Low

Few direct estimates of the data or estimated entirely based
on expert opinion.

1.2

High

Data collated for all pathways in comparable units and
recorded regularly (e.g. annually).

Medium

Data available across larger time-scales (e.g. decades), or
substantial interpretation across different data sources is
required for comparisons.




Few direct estimates of the data or rank is based on expert

Low .
opinion.

Regularly recorded, detailed data for every pathway with the

High destination of the vessels or imports and date of arrival.

Data available across larger spatial (e.g. provinces) or
1.3 | Medium | temporal scales (e.g. decades), or have to be interpreted
based on other data sources.

Errors in data apparent or clear that some data are

Low inconsistently recorded.

Most effective forms of presentation

A table with the CBD pathway subcategories and for each pathway

11 the assigned pathway size

A table with the CBD pathway subcategories and the rank of each
1.2 | pathway, or a figure demonstrating the size of the pathways, with the
pathways ordered according to their rank

Maps or figures demonstrating spatial and temporal variation in

1.3 pathway size

Table S4.1 (Indicator 1.1)—Introduction pathway prominence for South Africa (data
from van Wilgen and Wilson (2018)). The overall confidence was medium as while
for most pathways good data exist, only one expert did the assessment.

Pathway
Pathway category and sub-category prominence
Biological control Moderate
Erosion control/dune stabilization (windbreaks, hedges...) Not known
Fishery in the wild (including game fishing) Major
Hunting Moderate
Release in " : Pathway
nature Landscape/flora/fauna "improvement" in the wild not present
Introduction for conservation purposes or wildlife management | Not known
Release in nature for use (other than the above, e.g. fur,
- Not known
transport, medicinal use...)
Other intentional release Not known
Agriculture (including Biofuel feedstocks) Major
Aquaculture/mariculture Minor
Botanical garden/zoo/aquaria (excluding domestic aquaria) Minor
Pet/aquarium/terrarium species (including live food for such Minor
£ ¢ species)
scape from . . . . - .
confinement Farmed animals (including animals left under limited control) Major
Forestry (including afforestation or reforestation) Major
Fur farms Minor
Horticulture Moderate
Ornamental purpose other than horticulture Not known
Research and ex-situ breeding (in facilities) Minor




Pathway category and sub-category

Pathway

prominence
Live food and live baits Not known
Other escape from confinement Not known
Contaminant nursery material Moderate
Contaminated bait Not known
Food contaminant (including of live food) Major
Contaminant on animals (except parasites, species Mai
ajor
transported by host/vector)
Parasites on animals (including species transported by host Maior
Transport- | and vector) J
Contaminant |"contaminant on plants (except parasites, species transported
Moderate
by host/vector)
Parasites on plants (including species transported by host and Moderate
vector)
Seed contaminant Moderate
Timber trade Major
Transportation of habitat material (soil, vegetation...) Not known
Angling/fishing equipment Major
Container/bulk Moderate
Hitchhikers in or on airplane Moderate
Hitchhikers on ship/boat (excluding ballast water and hull
: Moderate
fouling)
Transport - | Machinery/equipment _ _ _ _ Not known
Stowaway People and their luggage/equipment (in particular tourism) Major
Organic packing material, in particular wood packaging Not known
Ship/boat ballast water Moderate
Ship/boat hull fouling Moderate
Vehicles (car, train...) Major
Other means of transport Not known
. Interconnected waterways/basins/seas Minor
Corridor i -
Tunnels and land bridges Minor
. Natural dispersal across borders of invasive alien species that .
Unaided Major

have been introduced through pathways 1 to 5

Table S4.2 (Indicator 1.2)—An example of the ranking of pathway prominence. Data
from the National Ports Authority of South Africa and Airports Company of South

Africa, accessed 22 March 2017.

category

Pathway sub-

Rank | Rationale

Hitch-hiker on or in 1

In 2015, there were ~50,000 vessels entering

airplane South Africa from international destinations
Hitchhiker on 2 In 2015, there were ~10,000 vessels entering
ship/boat South Africa from international destinations,

while these ships or boats might be expected
to be generally larger than each airplane, the
difference in opportunities for hitchhikers is
not expected to be as much as fivefold.
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Figure S4.1 (Indicator 1.3)—The number of ocean going vessels arriving at South
African ports over time. Data from the National Ports Authority of South Africa.

Limits to usefulness and accuracy

Reliant on data provided by national and global databases, for which data quality
might not be known. Data quality can vary between countries, leading to more
accurate assessments for some countries than others. Databases that are
infrequently updated might cause difficulties when estimating upward or downward
trends, or will not be useful if updated less frequently than the indicator is updated.
Data that are only available at regional or larger scales, will be unsuitable for national
scale assessments. Useful measures of pathway prominence might not be available
for all pathways, particularly for less specific pathways such as ‘other escape from
confinement’. For some pathways there may be various types of data available, and
this could lead to differing estimates. Often there is not a direct link between the data
that are available and the pathway subcategories, such that it is difficult to aggregate
or split data.

Updating the indicator

The indicator could be updated yearly or at coarser, but regular time intervals. At the
least, the indicator should be updated as often as is required for reporting on the
status of biological invasions.

Closely related indicators

Depends upon | Links with Required for
none 2. Introduction rates 12. Quality of regulatory
framework

3. Within-country pathway
prominence 14. Planning coverage

A. Rates of introduction of | 15. Pathways treated

new unregulated species 18. Effectiveness of

pathway treatments

D. Level of success in
managing invasions




Additional information and comments

For some pathways it might be difficult to access data. For example, some transport
data are owned by companies and to gain access to the data or databases a fee is
often required. Transport data can be commercially sensitive.



2.  INTRODUCTION RATES

Use and interpretation

This indicator concerns the pathways that facilitate the introduction of alien species to
a country from another region, and specifically the introduction of new alien species
(i.e. from the introduction debt, Rouget et al. (2016))

Depending on the available data, the indicator can be used to answer three
questions:

. how many species have been introduced through each pathway;

. how has the number of species introduced through the pathway changed over
time; and

. how has the number of individuals (of a specific species) introduced through
the pathway varied over time and space (i.e. both propagule pressure and
colonisation pressure)

The indicator is of particular use for measuring progress towards meeting Aichi
Biodiversity Target 9 of the Convention on Biological Diversity (CBD, 2014).

Potential for aggregation

This indicator was developed for use at a national level, however, as the national
level data can be aggregated, the indicator can also be used at larger spatial scales
(e.g. regions or continents). For example, the number of species introduced through
a pathway to different countries could be summed to get an indication of the
importance of the pathway for a region or continent. As data could be available at
both large (e.g. regions or continents) or small spatial scales (e.g. provinces or
districts), the indicator can be used at a wide range of scales.

Possible reasons for upward or downward trends

Upward or downward trends could be caused by political (e.g. changes to trade
agreements), environmental and socio-economic changes (like consumer trends and
changes in travel trends), as well as changes to the biosecurity or policies (e.qg.
phytosanitary policies) of the importing and exporting nations. Upward or downward
trends could also be linked to changes in research interest in alien species and in the
number or intensity of surveys for these organisms.

An upward trend in this indicator can mean that the number of species introduced to
the country through the pathway has increased. A downward trend in this indicator
demonstrates that the number of species introduced to the country through the
pathway has decreased.

Implications for biodiversity management of change in the indicator

Upward or downward trends could lead to changes in the pathways that are
prioritised for management (as required under Aichi Biodiversity Target 9 of the
Convention on Biological Diversity (CBD, 2014)) and, as a consequence, to changes
in the allocation of biosecurity resources (money and personnel).

Units in which it is expressed (from basic to advanced)



51 The total number of alien species introduced through each CBD
"~ | pathway sub-category over all time (CBD, 2014).
Five categories demonstrating changes over a recent period of time
(e.g. since the 1980s or in the past decade) in the number of species
introduced through each pathway.
29 e Not known
e No introductions
e Increase
e Decrease (if there were no introductions then specify)
e Minimal change (if there were no introductions then specify)
Number of individuals of each species introduced through the
2.3 : )
pathways and place and date of introduction

Description of source data

Published peer-reviewed journal articles, alien species lists and databases. These
could include local, national or global databases (e.g. the Global Invasive Species
Database (http://www.iucngisd.org/gisd/), CABI Invasive Species Compendium
(http://www.cabi.org/isc/)). Some alien species databases are regularly updated
(every few years), however, this is not always the case.

Calculation procedure

For each pathway, calculate the total number of alien species

21 introduced.

For each pathway and time period, calculate the total number of alien
species introduced that were not present in the country at the time of
introduction. Ideally different alternative models are fitted to the data
and compared in a Bayesian framework or using the Aikaike
Information Criterion (Seebens et al., 2017), but as a rule of thumb:

2.2 Not known

No introductions (during the last decade)

Increase (increase of =2 5 species over the last decade)
Decrease (decrease of = 5 species over the last decade)
Minimal change (increase or decrease of < 5 species over the
last decade)

For each entry point and period of time, calculate the number of

2.3 individuals of each species introduced through each of the pathways

Guide for applying confidence levels

Direct evidence of the introduction pathway for most alien
2.1 | High species and the species can easily be assigned to the
pathway subcategories



http://www.cabi.org/isc/)

Medium

Pathway of introduction for most species can be inferred as
the species appeared when and where a single pathway was
in operation and there is no other explanation. Species can
easily be assigned to pathway subcategories

Low

Pathway of introduction is inferred for most species based on
information on species traits and information from other
regions or species cannot easily be assigned to the pathway
subcategories. Data are not available for many species,
gualitative estimates or based on expert opinion

2.2

High

Specific records exist for each pathway of all the
introductions per year

Medium

Species introductions can be inferred from data on numbers
of alien species introduced with knowledge of likely
introduction dates (in the order of several years)

Low

The change in rate is from expert opinion, or data are not
available for many species

2.3

High

Detailed, regularly recorded records exist for each
introduction for all pathways on the point of introduction and
number of individuals introduced

Medium

Data available across larger spatial (e.g. provinces) or
temporal scales (e.g. decades), or have to be interpreted
based on other data sources

Low

Based on expert opinion

Most effective forms of presentation

A figure demonstrating the number of alien species introduced

2.1 through each pathway
A table with the CBD pathway subcategories and for each pathway
2.2 | the assigned change in introductions (i.e. Increase, decrease, minimal
change, no introductions and not known)
23 Maps or figures demonstrating spatial and temporal variation in the

number of individuals introduced through a pathway

10
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Figure S4.2 (Indicator 2.1)—Number of alien taxa introduced to South Africa through

the pathways of introduction, and the number for which designation at the pathway

subcategory level was not possible due to insufficient information. The graphs show
the results for the pathway subcategories of the, from top to bottom, ‘Release in
nature’, ‘Escape from confinement’, “Transport — Contaminant’ and ‘Transport —
Stowaway’ pathway categories. Results for the unaided pathway are not shown.

Figure from Chapter 3 of van Wilgen and Wilson (2018).

Table S4.3 (Indicator 2.2)—Changes to the rates of introduction in the last full

decade in comparison to that of the previous decade. Data from Chapter 3 of van

Wilgen and Wilson (2018).

Change in
Pathway introduction
category Pathway sub-category rates
Biological control Decrease
Erosion control/dune stabilization (windbreaks,
Not known
hedges...)
. . D . I No
Fishery in the wild (including game fishing) introductions
Hunting Increase
Release in " . No
nature Landscape/flora/fauna "improvement” in the wild introductions
Introduction for conservation purposes or wildlife | No
management introductions
Release in nature for use (other than the above,
- Not known
e.g. fur, transport, medicinal use...)
Other intentional release .NO .
introductions
Agriculture (including Biofuel feedstocks) Not known
Escape from NO
confinement | Aquaculture/mariculture . .
introductions

11



Botanical garden/zoo/aquaria (excluding No
domestic aquaria) introductions
Pet/aquarium/terrarium species (including live Minimal
food for such species) change
Farmed animals (including animals left under No
limited control) introductions
Forestry (including afforestation or reforestation) | Not known
Fur farms NO .
introductions
Horticulture Not known
Ornamental purpose other than horticulture NO .
introductions
Research and ex-situ breeding (in facilities) Not known
Live food and live baits NO .
introductions
Other escape from confinement Not known
Contaminant nursery material Not known
Contaminated bait NO .
introductions
Food contaminant (including of live food) Not known
Contaminant on animals (except parasites, Minimal
species transported by host/vector) change
Parasites on animals (including species Minimal

Transport - | transported by host and vector) change

Contaminant | Contaminant on plants (except parasites, Minimal
species transported by host/vector) change
Parasites on plants (including species Minimal
transported by host and vector) change
Seed contaminant Not known
Timber trade Not known
Transportation of habitat material (soll, Minimal
vegetation...) change

. L . No
Angling/fishing equipment introductions
Container/bulk .NO .

introductions
Hitchhikers in or on airplane Not known
Hitchhikers on ship/boat (excluding ballast water | Minimal
and hull fouling) change
. . No
Machinery/equipment introductions

Transport - . - -

Stowaway Peo_ple and th_elr luggage/equipment (in No _
particular tourism) introductions
Orgamc_ packing material, in particular wood Not known
packaging
Ship/boat ballast water Minimal

change
Ship/boat hull fouling Increase
Vehicles (car, train...) Not known
Other means of transport NO .

introductions
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Interconnected waterways/basins/seas NO .
. introductions
Corridor No
Tunnels and land bridges . .
introductions
Natural dispersal across borders of invasive Minimal
Unaided alien species that have been introduced through
change
pathways 1 to 5

Limits to usefulness and accuracy

Difficulties associated with categorising species into the CBD pathway subcategories
could lead to inaccuracies, these difficulties could be due to the similarity of some of
the pathway subcategories, or as data are not of sufficient detail to make the
designations. If pathway and date of introduction information are not available for
many species, upward or downward trends in this indicator might be inaccurate.
Trends may be influenced by the frequency or intensity of surveys for alien species. It
does not consider whether such introductions are desirable or not. If the risk of an
introduction was assessed and deemed acceptable prior to introduction, then that
species is likely of less concern than accidental or unregulated intentional
introductions.

Updating the indicator

The indicator should be regularly updated as data on alien species introductions
becomes available, or as often as is required for reporting on the status of biological
invasions.

Closely related indicators

Depends upon Links with Required for

5. Number and status 1. Introduction pathway | 12. Quality of regulatory
of alien species prominence framework

4. Within-country 14. Planning coverage

dispersal rates 15. Pathways treated

18. Effectiveness of
pathway treatments

A. Rates of introduction
of new unregulated
species

D. Level of success in
managing invasions

Additional information and comments

Species might use multiple pathways. Yearly data might be available on alien
species introductions, but this temporal scale might be too fine to calculate
introduction trends.
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It would be useful to record large inter-annual variations in the numbers of
introductions per pathway sub-category, but this is not explicitly dealt with here.

The cut-off is in terms of absolute numbers of species, but relative measures could
also be used.
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3.  WITHIN-COUNTRY PATHWAY PROMINENCE

Use and interpretation

This indicator concerns the pathways that facilitate the movement of alien species
from one part of a country to another. The indicator considers the size or prominence
of the pathway (how active it is socioeconomically) but does not take into account
how important the pathway is for the dispersal of alien organisms. Depending on the
available data, the indicator can be used to answer three questions:

e What is the size of the pathway?;
e How prominent is the pathway relative to the other pathways?; and
e How does the size of the pathway vary across space and time?

Potential for aggregation

This indicator was developed for use at a national level. However, as data might be
available at large (e.g. regions or continents) or small (e.g. provinces or districts)
spatial scales, the indicator can be used at a wide range of scales.

Possible reasons for upward or downward trends

Upward or downward trends could be caused by changes to the routes travelled by
vessels that transport goods and people, these changes could be due to the
development of new, more favourable routes or to local socio-economic changes
(e.g. in the demand for certain products or travel trends). Changes to the number of
people or the amount or type of goods being transported within the country could
also influence these trends. With these changes possibly driven by socio-economic
or environmental factors.

An increase in the size or relative prominence of a pathway could mean that there
has been an increase in the likelihood that alien organisms are being dispersed
within the country through this pathway. However, this might not be the case as
various factors (e.g. the number and type of alien species introduced to the country)
will influence the strength of this link.

Similarly, a downward trend in this indicator could mean that there has been a
decrease in the likelihood that alien organisms are being moved around the country
through a given pathway.

Implications for biodiversity management of change in the indicator

Upward or downward trends could lead to changes in the pathways that are
prioritised for management and, as a consequence, to changes in the allocation of
resources (money and personnel).

Units in which it is expressed (from basic to advanced)

Five categories demonstrating the size of each pathway with

31 pathways split along the CBD pathway categorisation (CBD, 2014).

e Not known
e Pathway not present

15



e Minor

e Moderate
e Major
3.2 | Aranked order of pathways in terms of their prominence.
Spatially explicit vectors that detail the amount, number and value of
3.3 | goods or vessels moving around the country per pathway, with

information on the sources, routes, destinations and timings.

Description of source data

Online global or national databases containing trade or transport data run by national

governments, intergovernmental or global organisations and companies (e.g. the

FAOSTAT database of the Food and Agricultural Organisation of the United Nations
(http://www.fao.org/faostat/en/#data)). Yearly data are often available, however, often
not for the most recent years. Data can also be obtained from peer-reviewed journal

articles and the websites and reports of national governments, intergovernmental or

global organisations and companies. Spatial data on transportation networks.

Calculation procedure

Experts use collected data to categorise each pathway as:

e Not known
31 e Pathway not present
e Minor
e Moderate
e Major
For each pathway, calculate the amount, number or value of
3.2 | transported goods, vessels or infrastructure that connects previously
unconnected regions. Pathways are then ranked.
3.3 | As above for different routes and periods of time, no ranking

Guide for applying confidence levels

3.1

Data collated specifically on a particular pathway and
High recorded regularly (e.g. annually). Evaluated by at least three
relevant experts with agreement in almost all cases

Data available across larger time-scales (e.g. decades), or
have to be interpreted based on other data sources and/or

Medium evaluation by one expert; and/or a few cases of disagreement
with multiple experts
Low Few direct estimates of the data or estimated entirely based

on expert opinion.
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Data collated for all pathways in comparable units and

High recorded regularly (e.g. annually).

Data available across larger time-scales (e.g. decades), or
3.2 | Medium | substantial interpretation across different data sources is
required for comparisons.

Few direct estimates of the data or rank based on expert

Low .
opinion.

Regularly recorded, detailed data for every pathway with the

High destination of the vessels or goods and date of arrival.

Data available across larger spatial (e.g. provinces) or
3.3 | Medium | temporal scales (e.g. decades), or have to be interpreted
based on other data sources.

Errors in data apparent or clear that data are inconsistently

Low recorded.

Most effective forms of presentation

A table with the CBD pathway subcategories and for each pathway

3.1 the assigned pathway size.

A table with the CBD pathway subcategories and the rank of each
3.2 | pathway, or a figure demonstrating the size of the pathways, with the
pathways ordered according to their rank.

Maps or figures demonstrating spatial and temporal variation in

3.3 >
pathway size.
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Figure S4.3 (Indicator 3.3)—Number of domestic flight arrivals at South African
airports. Data were obtained from Airports Company South Africa, accessed 22
March 2017.
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Limits to usefulness and accuracy

Reliant on data provided by national and global databases, for which data quality
might not be known. Data quality might vary between countries leading to more
accurate assessments for some countries than others. Databases that are
infrequently updated might cause difficulties when estimating upward or downward
trends, or will not be useful if updated less frequently than the indictor is updated.
Data that are only available at regional or larger scales, will be unsuitable for national
scale assessments. Useful measures of pathway prominence might not be available
for all pathways, particularly for less specific pathways such as ‘other escape from
confinement’. For some pathways there may be various types of data available, and
this could lead to differing estimates.

Updating the indicator

The indicator could be updated yearly or at coarser, but regular time intervals. At the
least, the indicator should be updated as often as is required for reporting on the
status of biological invasions.

Closely related indicators

Depend