New pasture plants intensify invasive species risk
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Agricultural intensification is critical to meet global food demand,
but intensification threatens native species and degrades ecosystems. Sustainable intensification (SI) is heralded as a new approach for enabling growth in agriculture while minimizing
environmental impacts. However, the SI literature has overlooked
a major environmental risk. Using data from eight countries on six
continents, we show that few governments regulate conventionally bred pasture taxa to limit threats to natural areas, even
though most agribusinesses promote taxa with substantial weed
risk. New pasture taxa (including species, subspecies, varieties,
cultivars, and plant-endophyte combinations) are bred with
characteristics typical of invasive species and environmental
weeds. By introducing novel genetic and endophyte variation,
pasture taxa are imbued with additional capacity for invasion and
environmental impact. New strategies to prevent future problems
are urgently needed. We highlight opportunities for researchers,
agribusiness, and consumers to reduce environmental risks associated with new pasture taxa. We also emphasize four main
approaches that governments could consider as they build new
policies to limit weed risks, including (i) national lists of taxa that
are prohibited based on environmental risk; (ii) a weed risk assessment for all new taxa; (iii) a program to rapidly detect and control
new taxa that invade natural areas; and (iv) the polluter-pays
principle, so that if a taxon becomes an environmental weed, industry pays for its management. There is mounting pressure to
increase livestock production. With foresight and planning,
growth in agriculture can be achieved sustainably provided that
the scope of SI expands to encompass environmental weed risks.

|

|

agriculture policy biological invasions environmental weed
invasive species sustainable intensification

|

Environmental weeds are invasive alien plants that establish in
natural areas (e.g., remnant native vegetation and conservation
reserves), usually to the detriment of native species (8). Environmental weeds threaten biodiversity, compromise ecosystem
function, and cost billions of dollars to manage each year (9–15).
Many have been introduced as pasture forages (7). For example,
in Australia, the introduced pasture species Andropogon gayanus
(gamba grass) increases wildfire intensity fivefold, reducing carbon stores and transforming species-rich native savannah to exotic-dominated grassland. Predicted to invade up to 380,000 km2
of northern Australia (16), gamba grass invasion has increased
the cost of fire management by an order of magnitude, from less
than AUD$2000 for each fire to as much as AUD$43,000 per
fire (16). The possibility that SI may worsen problems like these
warrants serious consideration, yet the topic remains controversial and the risks are not fully acknowledged (Fig. 1) (5, 17).
Significance
Governments spend billions of dollars each year managing invasive plant species. Many invasive plants have escaped from
pastures and now degrade natural areas and transform ecosystems. New pasture taxa are promoted to help achieve sustainable intensification of agriculture by increasing production
without using more land. However, plant characteristics that
increase production also increase invasion risk. Combined with
inadequate regulation and management to establish large
feed-plant populations, new taxa will likely exacerbate problems with invasive species. Livestock production accounts for
30% of the world’s land area. Risks associated with invasive
feed-plants have been largely overlooked, even by studies
explicitly critiquing the environmental risks of sustainable intensification. We suggest a suite of protocols to reduce these
risks in sustainable intensification of agriculture.
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ivestock production is already the largest land use on earth,
accounting for 30% of global land area (1). Nevertheless,
growing demand means that production must rise more than
50% by 2050 (2) as global population size and per capita consumption increase (2–5). Responding to this demand, agribusiness* is developing and marketing new taxa† of forage plants
designed to increase pasture productivity. Through artificial selection and hybridization, public and private organizations are
developing plant taxa that are more productive and more tolerant of disease and environmental extremes. At the same time,
there is a strong campaign for sustainable intensification (SI) of
agriculture. One approach to SI is to increase production on
some lands while sparing others for conservation (5, 6). Agricultural intensification using new pasture taxa may thus be an
efficient way to help meet rising demand and reduce some of the
social and environmental costs of traditional agriculture (5).
However, perversely, it may drive another environmental problem because pasture plants can invade the native ecosystems that
“land sparing” is designed to protect (7).
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Fig. 1. The Undoolya Wattle Acacia undoolyana, nationally listed as vulnerable, standing dead in a sea of invasive pasture grasses (largely buffelgrass
Pennisetum ciliare). This species occurs in several small populations in a 165-km2
area of the East McDonnell Ranges in central Australia. Fires in 2013 killed
many of the trees in the N’Dahla Gorge population (pictured). Although the
wattle is threatened by hot fires, the dominant role that buffelgrass plays
in altering the fire regime is not mentioned on the information board. Introduced pasture grasses are contentious in the Australian rangelands because
they are used by the cattle industry, but also are highly invasive, fueling intense
fires that kill woody plants and transform ecosystems. Photograph by D.A.D.

Here, we take a global perspective to consider whether new
pasture taxa are likely to become environmental weeds (hereafter “environmental weed risk”) and whether there are mechanisms in place to limit potential risks. Although we focus
specifically on the risk of new pasture taxa becoming environmental weeds, we acknowledge that very similar risks, and likely
solutions, apply to other systems of production including bioenergy (18, 19), carbon sequestration (20), forestry (21), and
horticulture (21, 22). We find that increased environmental weed
risk from new pasture taxa presents a major challenge to increasing livestock production in a way that is consistent with SI
(5). Nevertheless, there are practical solutions to reduce these
risks that can be informed by new research and extend from
government regulation to responsible product development and
consumer choice (Fig. 2).
What Are the Risks?
A previous track record as an environmental weed is often used
as a key indicator that an introduced taxon could become
Driscoll et al.
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a problem in a new area (23). Many pasture taxa currently on the
market have a track record as environmental weeds. From our
survey of plants developed or promoted by 17 organizations in
eight countries on six continents (Tables S1–S3), the majority of
taxa assessed were known to be environmental weeds somewhere
in the world. On average, 91% (SD, 10%) of taxa developed by
agribusinesses were listed as weeds, with 141 weed taxa of 178
taxa in total (excluding repeats; Tables S1 and S3). Further,
many taxa were recognized as environmental weeds in the
country where they were being actively developed and marketed,
including in Australia, Canada, Chile, India, New Zealand, and
the United States (13/35 taxa; Table S2).
The risk that pasture plants will invade natural areas can be
further elevated through pasture management. Taxa that are
a good match to local environments are deliberately selected,
and pastures are managed to ensure large populations become
established. Large, vigorous populations facilitate invasion because stochastic extinctions are avoided (12) and masses of seeds
can flow into surrounding environments, increasing propagule
pressure (24–26). Although pasture management sometimes
aims to minimize seed production, this aim may not always be
achieved. Further, self-seeding may be a key to longer-term
pasture persistence, particularly for annual species (27). Pastures
are often managed to achieve high densities of seeding plants
over large land areas, which means that high propagule pressure
is likely to increase the risk of pasture taxa becoming environmental weeds (28).
Although predicting which plants may be invasive and become
environmental weeds is difficult (12, 23), it is well established
that particular plant characteristics are associated with invasion
and environmental impacts (29–32). Pasture breeding organizations actively select for characteristics that might inadvertently
lead to environmental impacts outside of pastures, including
higher growth rates and tolerance to environmental stress (Table
S2) (29). Using polyploidy or endophytes (symbiotic fungi and
bacteria; Tables S1 and S2), plant breeders alter features such as
growth, reproduction, disease resistance, and risk of seed predation (33–35). Altering these characteristics has the potential to
create forage plants that are more environmentally damaging
(35, 36).
Widespread establishment of enhanced pasture taxa is likely to
exacerbate the current environmental weed problem (17, 34, 35,
37). New taxa may interbreed with existing weed populations,
with potential to worsen environmental impacts (37–39). Increased genetic diversity in pasture plants and other weeds
enhances their capacity to invade natural areas across a broad
range of conditions (40–42). A diverse genetic base also facilitates adaptation and subsequent invasion. For example, in a CO2
enrichment experiment, Bromus madritensis (introduced for
pasture in parts of the United States) (43) rapidly adapted to
drier conditions, increasing its potential to spread in arid ecosystems as CO2 increases (44). Introducing new taxa of existing
environmental weeds is therefore likely to increase impacts (35,
37) and facilitate spread into areas previously unsuitable due to
environmental limitations such as those found in mountains (45)
or regions with high salinity (46, 47), soil deficiencies (42), low
rainfall (44), or low temperature (48).
We acknowledge that risks will vary among regions. For example, the two Czech companies that were sampled promoted 14
native and 7 alien taxa (Table S1), none of which are regarded as
invasive in the Czech Republic. For some European countries,
plant development for livestock industries may not pose a major
environmental weed threat due to a reliance on native pasture
species. Nevertheless, European countries should not be complacent. Increasing aridity in Europe motivates introduction of
C4 grasses in pastures, and several C4 species from the New
World (e.g., knotgrass Paspalum paspaloides) have become invasive in parts of the continent (49).

Fig. 2. Pathways influencing the risk that pasture taxa will invade natural areas and become environmental weeds. Currently, (A) economic models inadequately accommodate long-term social and environmental costs. Governments impose few or no regulations on new pasture taxa despite having to
provide public funds to manage environmental weeds that were initially introduced as pasture. Most research into new taxa does not consider environmental
weed risk. With little self-regulation, agribusiness may therefore inadvertently increase the environmental weed risk. Solutions to these problems (B) include
closer interaction and feedback among researchers, government, and industry, government initiatives to promote low-risk pasture development, and
industry-led certification enabling consumers to reward environmentally responsible pasture development. *See Fig. 3 regarding protocols for weed risk
assessment.

Does Agribusiness Guard Against Environmental Weed Risk?
Despite the risks of new pasture taxa becoming environmental
weeds, only 1 of the 17 organizations we reviewed undertook
formal weed risk assessments of the taxa that it promoted [the
Australian Future Farm Industries Cooperative Research Centre
(FFICRC); Table S1]. Under FFICRC policy, if the weed risk
was rated very high, promotion ceased. This policy was a worldleading advance, illustrating how agribusiness could take responsibility for the products that it develops, using policy that
links environmental risk to development and management
choices. Although this system may not always have prevented
weeds from escaping into natural areas (SI Text), it demonstrated
an important step forward and laudable industry precedence.
The only other evidence that agribusiness considers the environmental weed risk of their products are weed risk assessments
of Kochia spp. in the United States (Table S1) and weed risk
research in an Australian organization that is conducted separately from pasture development research (Table S1). Unfortunately, the innovative approach pioneered by the FFICRC
has not received continued funding, and thus its long-term legacy
in screening potential weed risks is unknown.
The vast majority of agribusinesses, including government
agencies and private companies, do not manage the environmental weed risk of taxa they promote (Table S1). Why is this
the case? The answer probably lies in the way costs are allocated
and assessed. Agribusiness is not accountable for environmental
costs: it is not financially liable for environmental impacts or
control of pasture taxa that invade natural areas (50). Instead,
the public pays to manage environmental weeds that have escaped from pastures (7, 51). The risks for agribusiness are
minimal, and therefore there is little incentive to address potential environmental impacts of new pasture taxa.
16624 | www.pnas.org/cgi/doi/10.1073/pnas.1409347111

Although the public purse bears the cost of weed management, government-based or funded agribusinesses rarely consider the environmental weed risk of their products. The capacity
for cost-effective decision-making at a whole-of-government
level is undermined by limited environmental policy integration
(52). There is often inadequate communication among different
parts of government, and different sections have vastly different
cultures, funding sources, and motivations (53, 54). The agribusiness section of government is often entirely separate from
the section addressing environmental weed risk. Government
agribusiness is protected from any environmental costs and
therefore has the same lack of incentive to consider environmental weed risk as private agribusiness. The lack of motivation
for agribusiness to consider environmental weed risk stems from
the regulatory frameworks set by governments.
Does Government Guard Against Environmental Weed Risk?
All of the countries we examined regulate entry of at least some
plant species (SI Text). Weed risk assessment is a cost-effective
biosecurity measure (55, 56) and is a component of plant regulation in Australia, Canada, New Zealand, South Africa, and
the United States. These countries also maintain lists of prohibited species that cannot be imported. A key feature of these
lists is that environmental issues are considered when evaluating
prohibited species. Chile also has a risk assessment and a list of
prohibited species, although the assessments are biased toward
maintaining agricultural productivity rather than addressing
environmental concerns. Although a large number of pasture
species could become environmental weeds (Table S1), the
number prohibited from countries we surveyed ranged from
0 (Czech Republic) to 22 (South Africa) (SI Text). Consequently,
many environmental weeds are not prohibited from most
Driscoll et al.

environmental weed risks. There are four components to a
comprehensive regulatory framework that might be considered
(Fig. 3) (18, 19): (i) a prohibited list of taxa that considers
impacts on the environment and society; (ii) weed risk assessment for new taxa, considering evidence of past impacts in
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countries that we surveyed, although most countries assess the
weed risk of new species proposed for import. At a subspecies
level, there are few barriers to importing new taxa of permitted
pasture species (SI Text and Table S2).
With the exception of a voluntary system in Canada, new taxa
resulting from the development of species already present in
a country are not subject to risk assessment (SI Text). Plant
developers in Canada may seek risk assessments for subspecific
taxa with novel traits, including traits arising through conventional breeding. However, relying on proponents to self-nominate likely reduces the effectiveness of this legislation. To date,
no conventionally bred taxa have been nominated. Notwithstanding Canada’s progressive approach, the paucity of regulation surrounding new plant taxa poses serious biosecurity risks
(17, 34, 35, 40).
Governments might be justified in not regulating most pasture
taxa if the benefits substantially outweigh the costs (57), but
current methods of cost–benefit analysis face major challenges.
Economic assessments have had limited value for developing
national strategies for invasive species because the assessments
tend to be poorly implemented, focus on postinvasion effects,
and do not address prevention or uncertainty (58). Economic
assessments are also challenged because nonmarket goods like
habitat loss and ecosystem transformation can be hard to value
in monetary terms (59). In addition, it is unclear what discount
rate (used to transform future costs or benefits into present
value) should be applied to environmental values (55, 59).
However, combined with the lag time in environmental impacts
(60), the values set for the discount rate can determine the
outcome of economic assessments (51). Resolving these uncertainties is critical before cost–benefit approaches can effectively
support decisions about planned introductions. New approaches
to decision-making that can equitably accommodate environmental, social, and economic values are needed. In this respect,
multicriteria decision analyses have the potential to be important
tools in the future (61–63).
What Needs to Be Done?
Opportunities for Researchers. We identify three research needs
that are a priority for helping to prevent future weed problems.
First, further development of methods for biosecurity risk analysis is a priority because these can help guide better policy
decisions immediately. Approaches such as multicriteria methods can accommodate long-term, indirect, and off-site environmental and social costs, enabling new plant taxa to be fairly and
accurately assessed (Fig. 2) (51, 64). Accurate assessment also
depends on accurate information. Therefore, a second priority is
to develop and routinely apply improved methods for assessing
environmental weed risks, such as tiered approaches that use
field and glasshouse trials, species distribution modeling, and
weed risk assessment questionnaires (37, 65).
A third research priority is to identify plant characteristics that
distinguish between the naturalization and spread impact stages
of invasion (23, 36). This distinction is crucial because pastoralists desire feed-plants that form self-sustaining populations
(i.e., naturalization), whereas limiting the spread and impact of
taxa will reduce environmental costs. Improved understanding is
therefore needed of how traits associated with increased survival,
growth and dispersal influence naturalization, spread, and impact (23, 36). Learning how those traits interact with ecosystem
characteristics such as soil nutrients, disturbance, or herbivory is
also important (66–68). These areas of research will have the
most impact if undertaken in conjunction with pasture developers (Fig. 2).
Opportunities for Governments. Besides addressing the fundamental drivers of the problem (Fig. 2), governments could build
on examples from around the world to regulate and discourage
Driscoll et al.

Fig. 3. Proposed regulatory framework to reduce the risk that pasture taxa
will invade natural areas (including new species, subspecies, varieties, cultivars, and plant–endophyte combinations). The framework includes four key
components (shaded boxes): (i) a list of prohibited taxa; (ii) a weed risk assessment; (iii) postrelease early detection monitoring with the capacity for
rapid control if the taxon becomes a weed; and (iv) a polluter-pays system to
pay for control or eradication of taxa that become environmental weeds.
The protocol illustrates how weed history and characteristics related to weed
risk can be used to inform decisions to exclude taxa. There are well-established and tested criteria for undertaking weed risk assessments (70, 74, 78).
Weed risk assessment provides a basis for determining which taxa are accepted for field trials. In our simplified example of the weed risk assessment
stage, taxa that have no record of invading natural areas, have no new
characteristics that are associated with environmental weeds, or have characteristics that would limit the risk of becoming an environmental weed can
proceed to field trials. If field trials reveal no evidence that natural areas
adjacent to experimental fields are invaded, taxa proceed to the release
stage. However, continued monitoring is essential because field trials do not
always identify the invasive capacity of a taxon (23). If economic assessments
fully account for long-term environmental, social, and other costs, agribusiness has the option to pay those costs so that they can continue using
commercially valuable but environmentally damaging pasture plants (curved
dashed line). Assessments to exclude a taxon may lead to revision of the list
of prohibited taxa (straight dashed line). New research continually informs
the weed risk assessment, including improved assessments of the characteristics linked to weed risk. Where benefits are smaller than the cost of field
trials or the cost of an early detection and control program, development of
that taxon would cease.
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natural areas, risks associated with particular plant characteristics (updated regularly as new research is completed), and evidence from experimental trials (37, 69, 70); (iii) a strong
postrelease monitoring program for early detection and rapid
control (necessary because it remains difficult to accurately
predict which species will become environmental weeds despite
research gains in this area; 23, 71, 72); and (iv) if a taxon
becomes an environmental weed, industry pays for its management, with costs allocated to industry organizations, government
and private plant breeders, seed companies, and farmers relative
to their culpability and ability to pay (Fig. 3). Insurance or environmental bonds may be practical mechanisms for linking the
risk of environmental impacts with commercial responsibility
(50, 51), following the well-established polluter-pays principle
(64, 73). This fourth component will likely motivate agribusiness
to pursue strategies that reduce environmental risk.
Almost all government regulation currently occurs at the species level and is applied at national borders (SI Text). A key
regulatory challenge is to develop policy mechanisms to also
regulate taxa below the species level (subspecies, varieties, cultivars, plant–endophyte combinations) and to develop postborder
regulation. The Canadian approach to regulating novel taxa serves
as a useful starting point to build effective pre- and postborder
regulation of pasture taxa below the species level of classification.
Another role for government is to determine the spatial scale
over which weed risk assessments should be made and to which
the outcomes apply. Methods for weed risk assessment can be
adjusted to suit local flora and climates (74). Such adjustments
provide the scope for new taxa to be permitted in regions with low
environmental weed risk but excluded from other regions within
the same country where the risk is high. However, local release of
plants with the potential to become weeds in other places faces
major challenges (SI Text). First, changing climates may alter the
geographic location of high-risk areas (75). Second, increases in
extreme weather (76), trade, and human movement (77) mean
that the chances of transportation outside of the target production
region is likely to grow. It will be very difficult to contain taxa
within specific regions within a country or continent in the absence
of major biogeographic barriers to prevent natural spread and
strict quarantine enforcement to prevent human-assisted spread.
One implication is that all governments, at all levels, will need to
cooperate to ensure that taxa permitted in one jurisdiction do not
spread to other jurisdictions where they are prohibited.
Opportunities for Agribusiness. Agribusiness could make their
products safer by integrating weed risk assessment with development of new taxa and by only releasing taxa where the risk
of invading natural areas is low. Low invasion risk could be
achieved by developing species with a track record of naturalization but not spread or impact, by using taxa native to the area,
and by breeding for characteristics that will limit environmental
weed risk (18). Identifying characteristics that limit weed risk
requires research investment. Industry organizations (e.g., International Seed Federation) could develop a certification
scheme for plant taxa with low environmental weed risk. Companies that achieve industry certification could be rewarded with
a market advantage via product eco-labeling.

Opportunities for Farmers and Consumers. Farmers could champion
plants that are not environmental weeds by raising awareness
and through their purchasing choices, such as buying seeds of
taxa with low risk of becoming environmental weeds. Farmers
and other land managers may contribute to early detection and
rapid response programs through industry-funded and government-regulated land management agreements. Consumers could
also contribute to supporting sustainable intensification of agriculture if eco-labeling extended to animal products from farms
that use pastures with low environmental weed risk.
Effective communication among these stakeholders will be
essential for addressing the feed-or-weed challenge; there are
opportunities to build on existing protocols for achieving this
(17). Reducing the risk of further invasions of natural areas by
pasture taxa is important to avoid escalating costs of weed control and minimize future environmental impacts. To claim sustainability, the scope of sustainable intensification must expand
to include potential environmental weed risk.

Methods
In eight countries located across six continents (Australia, Canada, Chile,
Czech Republic, India, New Zealand, South Africa, and the United States), we
assessed biosecurity measures and pasture plant development and sales.
Countries were selected to represent each continent and where (i) the
pasture industry was well organized; (ii) biosecurity was a serious consideration of government; and (iii) the environmental weed flora was well
assessed (SI Text). Our selected countries include temperate and tropical
climates. Compared with nonsurveyed countries, our sample spans a wide
range of meat production rates and proportion of land area under grazing
(Fig. S1). In each country, two of the largest private or public organizations
involved in pasture development or sales were identified. Three companies
were used in Chile because one company specializes in a single species. More
than two thirds of these organizations have international sales and purchasing links, emphasizing that our results have implications beyond the
eight countries that we surveyed (Table S1). Of the taxa developed or sold
for pasture by each organization, three were randomly selected using
a random number generator. If available, information about the characteristics of each taxon and biosecurity measures was gathered from the
organization’s website (accessed November 2013), the most recent annual
report, publications, and discussion with senior members of each organization. Publications were searched for using Google Scholar with the search
terms: organization name (“invasive” OR “biosecurity” OR “weed”) and the
plant name. We gathered details about government biosecurity measures,
with a focus on the extent to which new taxa are regulated, from government websites and by discussion with staff in agencies that manage national
biosecurity in each country.
ACKNOWLEDGMENTS. We thank Yvonne Buckley, Mark Burgman, Tony
Grice, Laura Meyerson, Hugh Possingham, John Scott, Andy Sheppard, John
R. Wilson, and two anonymous reviewers for comments on earlier drafts. We
thank, anonymously, numerous people who provided helpful discussions
and feedback on sections of the manuscript from an agribusiness and
quarantine perspective. P.P. was supported by Project RVO 67985939 and a
Praemium Academiae award from the Academy of Sciences of the Czech
Republic and institutional resources of the Ministry of Education, Youth
and Sports of the Czech Republic. J.A.C. was supported by the Australian
Research Council (Grant DE120102221). A.P. was funded by Iniciativa
Científica Milenio P05-002 and Comisión Nacional de Investigación Científica
y Tecnológica Grant PFB-23. D.M.R. acknowledges funding from the National
Research Foundation (Grant 85417).

1. Steinfeld H, et al. (2006) Livestock’s Long Shadow. Environmental Issues and Options
(Food and Agriculture Organisation of the United Nations, Rome).
2. Alexandratos N, Bruinsma J (2012) World Agriculture Towards 2030/2050: The 2012
Revision (Food and Agriculture Organization of the United Nations, Rome).
3. Godfray HCJ, et al. (2010) Food security: The challenge of feeding 9 billion people.

7. Lonsdale WM (1994) Inviting trouble: Introduced pasture species in northern Australia.
Aust J Ecol 19(3):345–354.
8. Richardson DM, et al. (2000) Naturalization and invasion of alien plants: Concepts and
definitions. Divers Distrib 6(2):93–107.
9. Silvério DV, et al. (2013) Testing the Amazon savannization hypothesis: Fire effects on

Science 327(5967):812–818.
4. Foley JA, et al. (2011) Solutions for a cultivated planet. Nature 478(7369):337–342.
5. Herrero M, Thornton PK (2013) Livestock and global change: Emerging issues for
sustainable food systems. Proc Natl Acad Sci USA 110(52):20878–20881.
6. Garnett T, et al. (2013) Agriculture. Sustainable intensification in agriculture: Premises
and policies. Science 341(6141):33–34.

invasion of a neotropical forest by native cerrado and exotic pasture grasses. Philos
Trans R Soc Lond B Biol Sci 368(1619):20120427.
10. Simberloff D, et al. (2013) Impacts of biological invasions: What’s what and the way

16626 | www.pnas.org/cgi/doi/10.1073/pnas.1409347111

forward. Trends Ecol Evol 28(1):58–66.
11. Gilbert B, Levine JM (2013) Plant invasions and extinction debts. Proc Natl Acad Sci
USA 110(5):1744–1749.

Driscoll et al.

Driscoll et al.

44. Grossman JD, Rice KJ (2014) Contemporary evolution of an invasive grass in response
to elevated atmospheric CO(2) at a Mojave Desert FACE site. Ecol Lett 17(6):710–716.
45. Pauchard A, et al. (2009) Ain’t no mountain high enough: Plant invasions reaching
new elevations. Front Ecol Environ 7(9):479–486.
46. Grattan SR, et al. (2004) Evaluation of salt-tolerant forages for sequential water reuse
systems: I. Biomass production. Agric Water Manage 70(2):109–120.
47. Mesleard F, Ham LT, Boy V, Vanwijck C, Grillas P (1993) Competition between an
introduced and an indigenous species - the case of Paspalum paspalodes (Michx)
Schribner and Aeluropus littoralis (Gouan) in the Camargue (southern France).
Oecologia 94(2):204–209.
48. Li H, Qiang S, Qian YL (2008) Physiological response of different croftonweed (Eupatorium adenophorum) populations to low temperature. Weed Sci 56(2):196–202.
49. DAISIE (2009) A Handbook of Alien Species in Europe (Springer, Berlin).
50. Perrings C, Dehnen-Schmutz K, Touza J, Williamson M (2005) How to manage
biological invasions under globalization. Trends Ecol Evol 20(5):212–215.
51. Yokomizo H, Possingham HP, Hulme PE, Grice AC, Buckley YM (2012) Cost-benefit
analysis for intentional plant introductions under uncertainty. Biol Invasions 14(4):
839–849.
52. Ross A, Dovers S (2008) Making the harder yards: Environmental policy integration in
Australia. Aust. J. Pub. Admin. 67(3):245–260.
53. Bundred S (2006) Solutions to silos: Joining up knowledge. Public Money Manage
26(2):125–130.
54. Howes M, et al. (2014) Towards networked governance: Improving interagency
communication and collaboration for disaster risk management and climate change
adaptation in Australia. J Environ Plann Manage, 10.1080/09640568.2014.891974.
55. Keller RP, Lodge DM, Finnoff DC (2007) Risk assessment for invasive species produces
net bioeconomic benefits. Proc Natl Acad Sci USA 104(1):203–207.
56. Springborn M, Romagosa CM, Keller RP (2011) The value of nonindigenous species
risk assessment in international trade. Ecol Econ 70(11):2145–2153.
57. Witt ABR (2010) Biofuels and invasive species from an African perspective: A review.
GCB Bioenergy 2(6):321–329.
58. Born W, Rauschmayer F, Brauer I (2005) Economic evaluation of biological invasions a survey. Ecol Econ 55(3):321–336.
59. Hanley N, Spash CL (1993) Cost-Benefit Analysis and the Environment (Edward Elgar
Publishing Ltd., Cheltenham, UK).
60. Essl F, et al. (2011) Socioeconomic legacy yields an invasion debt. Proc Natl Acad Sci
USA 108(1):203–207.
61. Cook DC, Fraser RW, Waage JK, Thomas MB (2011) Prioritising biosecurity investment
between agricultural and environmental systems. J Consum Prot Food Saf 6:3–13.
62. Davies AL, Bryce R, Redpath SM (2013) Use of multicriteria decision analysis to address
conservation conflicts. Conserv Biol 27(5):936–944.
63. Grechi I, et al. (2014) A decision framework for management of conflicting production and biodiversity goals for a commercially valuable invasive species. Agric Syst
125(0):1–11.
64. Meyerson LA, Mooney HA (2007) Invasive alien species in an era of globalization.
Front Ecol Environ 5(4):199–208.
65. Barney JN (2014) Bioenergy and invasive plants: Quantifying and mitigating future
risks. Invasive Plant Science and Management 7(2):199–209.
66. Maron JL, Vila M (2001) When do herbivores affect plant invasion? Evidence for the
natural enemies and biotic resistance hypotheses. Oikos 95(3):361–373.
67. Houseman GR, Foster BL, Brassil CE (2014) Propagule pressure-invasibility relationships: Testing the influence of soil fertility and disturbance with Lespedeza cuneata.
Oecologia 174(2):511–520.
68. Eskelinen A, Harrison S (2014) Exotic plant invasions under enhanced rainfall are
constrained by soil nutrients and competition. Ecology 95(3):682–692.
69. Leung B, et al. (2012) TEASIng apart alien species risk assessments: A framework for
best practices. Ecol Lett 15(12):1475–1493.
70. Gordon DR, Onderdonk DA, Fox AM, Stocker RK (2008) Consistent accuracy of the
Australian weed risk assessment system across varied geographies. Divers Distrib
14(2):234–242.
71. Strayer DL (2012) Eight questions about invasions and ecosystem functioning. Ecol
Lett 15(10):1199–1210.
72. Cousens R (2008) Risk assessment of potential biofuel species: An application for traitbased models for predicting weediness? Weed Sci 56(6):873–882.
73. Tobey JA, Smets H (1996) The Polluter-Pays Principle in the context of agriculture and
the environment. World Econ 19(1):63–87.
74. Dawson W, Burslem DFRP, Hulme PE (2009) The suitability of weed risk assessment as
a conservation tool to identify invasive plant threats in East African rainforests. Biol
Conserv 142(5):1018–1024.
75. Crossman ND, Bryan BA, Cooke DA (2011) An invasive plant and climate change
threat index for weed risk management: Integrating habitat distribution pattern and
dispersal process. Ecol Indic 11(1):183–198.
76. Bhattarai GP, Cronin JT (2014) Hurricane activity and the large-scale pattern of spread
of an invasive plant species. PLoS ONE 9(5):e98478–e98478.
77. Hulme PE, et al. (2008) Grasping at the routes of biological invasions: A framework for
integrating pathways into policy. J Appl Ecol 45(2):403–414.
78. Stone LM, Byrne M, Virtue JG (2008) An environmental weed risk assessment model
for Australian forage improvement programs. Aust J Exp Agric 48(4):568–574.

PNAS | November 18, 2014 | vol. 111 | no. 46 | 16627

SUSTAINABILITY
SCIENCE

12. Mack RN, et al. (2000) Biotic invasions: Causes, epidemiology, global consequences,
and control. Ecol Appl 10(3):689–710.
13. DiTomaso JM (2000) Invasive weeds in rangelands: Species, impacts, and management. Weed Sci 48(2):255–265.
14. Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and economic
costs associated with alien-invasive species in the United States. Ecol Econ 52(3):
273–288.
15. Sinden J, et al. (2005) The economic impact of weeds in Australia. Plant Prot Q 20(1):
25–32.
16. Setterfield SA, et al. (2013) Adding fuel to the fire: The impacts of non-native grass
invasion on fire management at a regional scale. PLoS ONE 8(5):e59144.
17. Grice AC, Friedel MH, Marshall NA, Van Klinken RD (2012) Tackling contentious invasive plant species: a case study of buffel grass in Australia. Environ Manage 49(2):
285–294.
18. Quinn LD, Barney JN, McCubbins JSN, Endres AB (2013) Navigating the “noxious” and
“invasive” regulatory landscape: Suggestions for improved regulation. Bioscience
63(2):124–131.
19. Davis AS, et al. (2010) Screening bioenergy feedstock crops to mitigate invasion risk.
Front Ecol Environ 8(10):533–539.
20. Lindenmayer DB, et al. (2012) Avoiding bio-perversity from carbon sequestration
solutions. Conservation Letters 5(1):28–36.
21. Richardson DM, Rejmanek M (2011) Trees and shrubs as invasive alien species: A
global review. Divers Distrib 17(5):788–809.
22. Bradley BA, et al. (2012) Global change, global trade, and the next wave of plant
invasions. Front Ecol Environ 10(1):20–28.
23. Hulme PE (2012) Weed risk assessment: A way forward or a waste of time? J Appl Ecol
49(1):10–19.
24. Warren RJ, Ursell T, Keiser AD, Bradford MA (2013) Habitat, dispersal and propagule
pressure control exotic plant infilling within an invaded range. Ecosphere 4(2):art26.
25. Kempel A, Chrobock T, Fischer M, Rohr RP, van Kleunen M (2013) Determinants of
plant establishment success in a multispecies introduction experiment with native and
alien species. Proc Natl Acad Sci USA 110(31):12727–12732.
26. Nunez MA, Moretti A, Simberloff D (2011) Propagule pressure hypothesis not supported by an 80-year experiment on woody species invasion. Oikos 120(9):1311–1316.
27. Neto AB, et al. (2014) Italian ryegrass establishment by self-seeding in integrated crop
livestock systems: Effects of grazing management and crop rotation strategies. Eur J
Agron 57:77–83.
28. Fensham RJ, Donald S, Dwyer JM (2013) Propagule pressure, not fire or cattle grazing,
promotes invasion of buffel grass Cenchrus ciliaris. J Appl Ecol 50(1):138–146.
29. van Kleunen M, Weber E, Fischer M (2010) A meta-analysis of trait differences between invasive and non-invasive plant species. Ecol Lett 13(2):235–245.
30. Keller RP, Kocev D, Dzeroski S (2011) Trait-based risk assessment for invasive species:
High performance across diverse taxonomic groups, geographic ranges and machine
learning/statistical tools. Divers Distrib 17(3):451–461.
31. Marco A, Lavergne S, Dutoit T, Bertaudiere-Montes V (2010) From the backyard to the
backcountry: How ecological and biological traits explain the escape of garden plants
into Mediterranean old fields. Biol Invasions 12(4):761–779.
32. Martin LJ, Murray BR (2011) A predictive framework and review of the ecological
impacts of exotic plant invasions on reptiles and amphibians. Biol Rev Camb Philos Soc
86(2):407–419.
33. te Beest M, et al. (2012) The more the better? The role of polyploidy in facilitating
plant invasions. Ann Bot (Lond) 109(1):19–45.
34. Uchitel A, Omacini M, Chaneton EJ (2011) Inherited fungal symbionts enhance establishment of an invasive annual grass across successional habitats. Oecologia 165(2):
465–475.
35. Rout ME, et al. (2013) Bacterial endophytes enhance competition by invasive plants.
Am J Bot 100(9):1726–1737.
36. Catford JA, Jansson R, Nilsson C (2009) Reducing redundancy in invasion ecology by
integrating hypotheses into a single theoretical framework. Divers Distrib 15(1):
22–40.
37. Godfree RC, Woods MJ, Young AG (2009) Do virus-resistant plants pose a threat to
non-target ecosystems? II. Risk assessment of an Australian pathosystem using multiscale field experiments. Austral Ecol 34(5):525–544.
38. Ellstrand NC, Prentice HC, Hancock JF (1999) Gene flow and introgression from domesticated plants into their wild relatives. Annu Rev Ecol Syst 30:539–563.
39. Lu BR, Snow AA (2005) Gene flow from genetically modified rice and its environmental consequences. Bioscience 55(8):669–678.
40. Lavergne S, Molofsky J (2007) Increased genetic variation and evolutionary potential
drive the success of an invasive grass. Proc Natl Acad Sci USA 104(10):3883–3888.
41. Matesanz S, Horgan-Kobelski T, Sultan S (2014) Contrasting levels of evolutionary
potential in populations of the invasive plant Polygonum cespitosum. Biol Invasions
16(2):455–468.
42. Rice K, Gerlach J, Jr, Dyer A, McKay J (2013) Evolutionary ecology along invasion
fronts of the annual grass Aegilops triuncialis. Biol Invasions 15(11):2531–2545.
43. Reid CR, Goodrich S, Bowns JE (2008) Cheatgrass and red brome: History and biology
of two invaders. Proceedings–Shrublands Under Fire: Disturbance and Recovery in
a Changing World, eds Kitchen SG, Pendleton RL, Monaco TA, Vernon J (US Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fort Collins, CO), pp 27–32.

Supporting Information
Driscoll et al. 10.1073/pnas.1409347111
SI Text
FFICRC
The FFICRC pioneered integration of environmental weed risk
assessment with agricultural plant development and promotion
(1). In one case when the system was applied, perennial veldt
grass (Ehrharta calycina) was rated as a very high risk of becoming an environmental weed. The rating discouraged further
promotion of this species within the organization. In a second
case, tall wheatgrass (Thinopyrum ponticum) was rated as a very
high risk in one Australian state (Victoria), but as high risk in
three other southern states. If the benefits are considered to
outweigh the risks, high-risk species may continue to be developed and promoted by the FFICRC. Management guidelines to minimize risk of escape were provided for this species.
However, the weed risk assessment differentiates among states
only by the extent of the area of native vegetation that the
taxon could invade. The risk of environmental impacts in
suitable environments is the same. Thus, release of tall
wheatgrass in the high-risk states of New South Wales and
South Australia could facilitate invasion of the adjacent state of
Victoria where the weed risk is very high. Although integrating
weed risk assessment with pasture development is an important
advance, the detail of how weed risk is assessed (2), the scale to
which it is applied, and the industry and government* response
to those assessments, strongly influences whether environmental impacts are likely to be prevented. The FFICRC ceased
operations in June 2014.
Does Government Guard Against Environmental Weed Risk?
All countries surveyed have lists of excluded species and in most
cases include a small number of pasture species (South Africa, 22;
Australia, 19; New Zealand, 13; United States, 12; India, 6; Chile,
3; Canada 1; Czech Republic, 0). Below we provide details of the
legal frameworks that contribute to regulating pasture plants in
each country.
Australia.
Law/regulation. Quarantine Act, 1908 (Cth)

Environment Protection and Biodiversity Conservation (EPBC)
Act 1999 (Cth)
Australian Weeds Strategy
Australia’s Biodiversity Conservation Strategy 2010–2030
Weeds of National Significance
Standards Australia HB 294:2006 National Post-Border Weed
Risk Management Protocol, CRC Australian Weed Management,
Adelaide, and Standards Australia International Ltd., Sydney
(a nonbinding guideline)
Department responsible. Department of Agriculture, Forestry and
Fisheries
Department of the Environment
Individual State Agencies
Extent to which new taxa are regulated. Quarantine Act 1908 (Cth),
Proclamation 1998 (as amended), Schedule 5 lists permitted
species (which includes all subspecific taxa of each species). The
Quarantine Act 1908 (Cth), Proclamation 1998 (as amended),
Schedule 6 lists species that cannot be imported, including two

*Unrelated to the FFICRC, the Victorian Government continues to promote the use of tall
wheatgrass, despite the species being listed as a potentially threatening process in that
state. Although the weed risk is legally recognized, the feed paradigm dominates
regulation.
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pasture species and six pasture genera.† Species within three of
these genera are also listed on Schedule 5, limiting exclusions to
subsets of the genera. Considering the range of potential pasture
species,† the number of excluded pasture species is 19. Species
that are not on the permitted or excluded list are subject to
a weed risk assessment.
Federal, state, and territory policies are reactive and not
preventative; they can require eradication once a species is listed
as a threatening process, under the EPBC Act for example; or
impose obligations on land-mangers to eradicate and control
weeds, as occurs under weed legislation such as the Noxious
Weeds Act 1993 (NSW). Notably, once the impacts of a species
are listed as a threatening process, no further action is taken
unless the relevant minister thinks that adopting a threat
abatement plan is a feasible and cost-effective means of abating
the threat; see for example, sections 74 and 83 of the Threatened
Species Conservation Act 1995, (NSW) and section 270A of the
EPBC Act 1999 (Cth). The absence of remedial action despite
listing is exemplified by the recent listing in Victoria of invasion by
tall wheatgrass (Thinopyrum ponticum) as a potentially threatening process. This species continues to be promoted by the
Victorian government for use in agriculture.
Canada.
Law/regulation. International Plant Protection Convention

Office International des Epizooties
International Maritime Organization
Convention on Biological Diversity
World Trade Organization Agreement on Sanitary and Phytosanitary Measures
Health of Animals Act
Canadian Environmental Protection Act
Environmental Assessment Act
Seeds Act
Pest Control Products Act
Forestry Act
Natural Resources Act
Transportation of Dangerous Goods Act
Oceans Act
Fisheries Act
Canada Wildlife Act
Wild Animal and Plant Protection
Regulations of International and Interprovincial Trade Act
Canada National Parks Act
Plant Protection Act
Department responsible. Ministry of Agriculture and Agri-Food
Ministry of Fisheries and Oceans
Ministry of Natural Resources
Ministry of the Environment
Extent to which new taxa are regulated. A permit from the Canadian
Food Inspection Agency is required to import plant material into
Canada, and this includes a weed risk assessment that considers
weed risk alongside agricultural pest risks.
New taxa, imported or developed within Canada, must be
referred to the Safety Assessment Process if they meet the definition of plants with novel traits (these must be declared by the
importer/developer). This assessment includes consideration of
†

To ensure a consistent method for identifying pasture species on lists of prohibited
species, we used the www.feedipedia.org database, accessed 22 January 2014. At that
time, 599 feed species were listed. We included all species that are used as fodder for
livestock, including fodder trees and fodder crops in that database.
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invasion risk. To date, approved plants with novel traits were
genetically modified and no conventionally bred pasture taxa have
been nominated.
Canada maintains a list of species that are not permitted
(pests), which includes one pasture species.† There is also a list of
Prohibited Noxious Weed Seeds in Canada under the Weed
Seeds Order (2005), with no pasture species listed. Plants may be
imported from the United States without a permit, provided they
are not on the excluded lists and are not plants with novel traits.
Chile.
Law/regulation. Application of Sanitary and Phytosanitary (ASPS)

regulations, as dictated by the World Trade Organization (WTO)
The ASPS refers to the International Plant Protection Convention (IPPC)
Department responsible. Service of Agriculture and Livestock
(SAG), Ministry of Agriculture
Extent to which new taxa are regulated. The main aim of IPPC is to
protect wild and cultivated plants by preventing the introduction
and spread of pests and to minimize interference with the international movement of goods and people. Chile follows IPPC
International Standards for Phytosanitary Measures (ISPM),
among which the ISPM No. 11 stands out because it provides for
“Pest Risk Analysis (PRA) for quarantine pests, environmental
risks, and living modified organisms” and ISPM No. 5, which
includes a glossary of phytosanitary terms and terminology of the
Convention on Biological Diversity (CBD).
New species introduced to Chile need to undergo a modified
version of the Australian weed risk assessment. However, most
effort is directed to detect agricultural weeds. Environmental
concerns are just recently being considered. New taxa need to be
declared and registered, but no risk assessment is required.
Chile has a list of quarantine pests, which includes 3 pasture
species† of 22 excluded plant species. New regulations are being
discussed for environmental weeds under the new Ministry of the
Environment.
Czech Republic.
Law/regulation. EU: CBD Article 8h, Bern Convention

Bird Directive 79/409/EHS
Habitat Directive Smernice 92/43/EEC
Act no. 114/1992 Sb. On protection of nature and landscape
Act no. 326/2004 Sb. on plant protection
Act no. 289/1995 Sb. § 32 odst. 1 on forest protection
Act no. 334/1992 Sb. on protection of agricultural land
Act no. 99/2004 Sb. on fisheries
Department responsible. Ministry of Environment
Ministry of Agriculture
State Phytosanitary Administration Agency
Extent to which new taxa are regulated. The Czech Republic has a list of
environmental weeds that are classified based on scientific criteria.
A “black list” for state authorities has been prepared and may be
adopted by the government soon. The black list does not include
any pasture species, whereas a gray list (permitted but warrants
close monitoring) includes three pasture species.† Species that are
not on this list will not be subject to biosecurity consideration.
India.
Law/regulation. Destructive Insects and Pest Act 1914 and

amendments
The Plant Quarantine (Regulation of Import into India) Order
2013
International Plant Protection Convention
WTO-SPS Agreement
Indian Forest Act 1927
Biological Diversity Act 2002
Department responsible. National Biodiversity Authority, Chennai,
India
Driscoll et al. www.pnas.org/cgi/content/short/1409347111

Plant Quarantine Organization of India
State Biodiversity Board
Biodiversity Management Committees
Extent to which new taxa are regulated. The Indian institute must sign
a material transfer agreement with the institution from where
seeds or plants were sourced, and then an import permit is
obtained from the National Bureau of Plant Genetic Resources
(NBPGR). Imported/introduced plant material passes through
a quarantine process.
Lists of excluded and permitted species are maintained under
the Plant Quarantine Order 2013; these focus on excluding diseases and weeds of crops. Schedule IV lists 13 excluded species,
none of which are typical pasture plants (grasses or legumes),
although 6 are sometimes regarded as forage species† (banana,
cassava, taro, oak, sugarcane, and the tuberous liana Dioscoria).
Although new subspecific taxa of pasture plants pass through a
quarantine process, regulation does not consider environmental
risks of the new taxa.
New Zealand.
Law/regulation. The Biosecurity Act 1993

Hazardous Substances and New Organisms Act 1996
Department responsible. Ministry for Primary Industries (MPI)
Extent to which new taxa are regulated. The Biosecurity Act 1993

reformed the laws relating to pests and other unwanted organisms. It was a world first. In the act, an unwanted organism is
defined as one that “is capable or potentially capable of causing
unwanted harm to any natural and physical resources or human
health” and a restricted organism means “any organism for
which a containment approval has been granted in accordance
with the Hazardous Substances and New Organisms Act 1996.”
Part 5 of the act provides for a National Pest Management
Strategy and Regional Pest Management Strategy.
MPI’s Plants Biosecurity Index identifies approved species for
importation by their scientific name. Only species listed in the
Plants Biosecurity Index with a valid seed for sowing import specification can be imported. The Plants Biosecurity Index also lists 414
species that are prohibited from entry into New Zealand including
13 pasture species.† Importation of species not on the Plant Biosecurity Index requires full risk assessment for potential weed risk.
South Africa.
Law/regulation. National Environmental Management: Biodiversity

Act, 2004 (Act No. 10 of 2004) (NEMBA)
Conservation of Agricultural Resources Act, 1983 (Act No. 43
of 1983) (CARA)
Genetically Modified Organisms Act, 1997 (Act No. 15 of
1997) (GMOA)
Plant Breeders’ Rights Act, 1976 (Act No. 15 of 1976) (PBRA)
Plant Improvement Act (Act No. 53 of 1976) (PIA)
Department responsible. Department of Environmental Affairs
Department of Agriculture, Forestry, and Fisheries
Extent to which new taxa are regulated. NEMBA provides for the
placement of species under two categories: 1a species must be
controlled/removed, and 1b species require a management program to be drawn up. NEMBA provides for the placement of
species under four categories, all of which may not be imported
into the country, sold, spread, grown or released in the country
(unless with a permit). Category 1a species must be controlled/
eradicated and control must be maintained, and 1b species must
be contained. Management programs must be developed for
these species, and landowners must implement the plan. Category
2 species require a permit to be on a landowner’s property and
must be contained within the boundaries of the property. Category 3 species may not be imported into the country.
CARA species are also categorized (1–3) and may only occur
within biological control reserves and/or demarcated areas.
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NEMBA and CARA both prohibit the import of listed species,
and NEMBA requires a risk assessment for the import of any
alien species. In terms of both of these laws, it is possible that if
a pasture species was to become problematic, it could be motivated to be added to the NEMBA list. However, there is no
provision in these laws for new cultivars of species already in the
country to have to undergo any sort of risk assessment.
The three other acts deal with the importation of new species or
taxa into the country: The GMOA requires permits for genetically
modified species and risk assessments for these species. Taxa with
Plant Breeders’ Rights may not be imported into the country
without permission from the PBR owner (PBRA), but there is no
need for risk assessment. The PIA exempts a number of agricultural species from the need for import permits. All other
species require permits in terms of this law, but these merely
require e.g., minimum germination standards.
One pasture species is excluded by CARA, and 21 pasture
species† are excluded by NEMBA.
United States.
Law/regulation. Plant Quarantine Act of 1912
1. Stone LM, Byrne M, Virtue JG (2008) An environmental weed risk assessment model
for Australian forage improvement programs. Aust J Exp Agric 48(4):568–574.
2. Hulme PE (2012) Weed risk assessment: A way forward or a waste of time? J Appl Ecol
49(1):10–19.

Federal Plant Pest Act of 1957
Federal Noxious Weed Act of 1974
Plant Protection Act of 2000
Department responsible. US Department of Agriculture, Animal
and Plant Health Inspection Service (USDA APHIS)
Extent to which new taxa are regulated. Only species on state or
federal noxious weed lists are regulated in the United States.
USDA APHIS, and more specifically the Plant Protection and
Quarantine program, is responsible for determining which species
are added to the federal list, which follows a weed risk assessment.
At the federal level, species for planting can be added to the Not
Authorized Pending Pest Risk Analysis list, followed by a weed
risk assessment and final judgment for listing by APHIS officials.
Individual states vary greatly in their process: some have formal
risk assessment systems, but most do not. Regulatory authority
at the state level is not consistent among the 50 states (for
a detailed description of noxious weed lists, see ref. 3). The
federal noxious weeds list includes 12 pasture species,† which
cannot be imported.

3. Quinn LD, Barney JN, McCubbins JSN, Endres AB (2013) Navigating the “noxious”
and “invasive” regulatory landscape: Suggestions for improved regulation. Bioscience
63(2):124–131.

Fig. S1. Meat production (A) and area subject to livestock grazing (B) for target countries compared with the rest of the world. To describe how livestock
production in our surveyed countries compares with global production, we accessed the Food and Agriculture Organization of the United Nations tool,
FAOSTAT (faostat3.fao.org/faostat-gateway/go/to/home/E) in July 2014. We summed production of beef, buffalo, sheep, and goats as an estimate of meat
production. To estimate the percentage of land area subject to grazing by livestock, we subtracted the percentage of land permanently under crops from the
total percentage under agriculture. The remaining agricultural land is therefore used for grazing or both grazing and cropping. Box plots show the median,
interquartile range, and maximum and minimum values. Country names are positioned by their y axis value and offset horizontally to avoid text overlap.
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Agribusiness 1. Future Farm Industries Cooperative
Research Centre (FFICRC), Government and
industry funded research and product delivery
collaboration, closed in June 2014. Its products
were marketed through a commercial
agribusiness which exports to over 50 countries
and is itself a subsidiary of one of the world’s
leading grass seed organizations which markets
into almost 100 countries and has subsidiaries in
The Netherlands, France, United Kingdom,
Belgium, Luxemburg, Poland, Denmark, Italy,
Russia, USA, Argentina, Brazil, Chile, New
Zealand, Australia, China and South Africa.
Agribusiness 2. Government and industry funded
research organization. Pasture taxa promoted in
the Pacific including: New Zealand and Fiji; SE
Asia including: Philippines, Malaysia, Thailand,
Indonesia; Africa including: South Africa, Kenya,
Tanzania, Zimbabwe, Zambia, Malawi, Botswana,
Mozambique.
Agribusiness 3. Federal government organization.

Australia

Agribusiness 4. Association funded by industry.

Agribusiness 5. Government funded agency.

Agribusiness 6. Private company. Sells to Argentina,
Bolivia, Brazil, Ecuador, Peru.

Agribusiness 7. Private company.

Canada

Chile

Chile

Chile

Canada

Australia

Organization

Country

Programs that tackle invasive species
issues are not linked to pasture
development within the organization.

Developed nearly all Australian Phalaris* varieties. Phalaris aquatica*,
Phalaris arundinacea*, Trifolium subterraneum*

No evidence found

No evidence found

No evidence found

No evidence found

No evidence found

Protocols were established to rank weed
risk. Pamphlets were produced
describing weed risk for some species.
For very high risk species, FFICRC policy
was to cease promotion. For high risk
species, management information was
provided to help land-holders and
others to assess and manage the risk.

The FFICRC developed perennial shrubs to improve animal productivity in
low and high rainfall areas, also developing tropical and subtropical
forages. Taxa developed included cocksfoot (Dactylis glomerata*), tall
fescue (Schedonorus arundinaceus*), phalaris (Phalaris aquatica*), panic
grass (guinea grass) (Urochloa maxima*), a salt-tolerant grass (Distichlis
spicata*) and the legumes Lotus corniculatus*, tedera (Bituminaria
bituminosa*), messina (Melilotus siculus*, including a new salt-tolerant
Rhizobium strain), Cullen australasicum† and Cullen pallidum†. They also
promoted use of the salt-tolerant taxa old man saltbush (Atriplex
nummularia*,†) and tall wheatgrass (Thinopyrum ponticum*).

New cultivars of alfalfa (Medicago sativa*), cicer milkvetch (Astragalus
cicer*), orchardgrass (Dactylis glomerata*), sainfoin (Onobrychis viciifolia*)
Surinam grass (Urochloa (formerly Brachiaria) decumbens*) introduced from
Africa; new commercial varieties of alfalfa (Medicago sativa*)
Pasture grasses and legumes. One native species (Bromus valdivianus*,†), one
exotic species (Trifolium pratense*) have already been patented as Chilean
varieties. Also, recent work on Trifolium repens* and Lolium perenne*.
Previously worked on Lotus tenuis* and Lotus uliginosus*.
Specialising in Lucern (Medicago sativa*). A range of varieties available,
imported largely from the USA. New varieties are produced from hybrids
of imported taxa with “local” taxa.
Sells grasses and grass hybrids (Lolium perenne*, Schedonorus
arundinaceus*, Bromus valdivianus*, Lolium multiflorum*, Festuca
pratensis* X Lolium multiflorum*, Festuca arundinacea* X Lolium
multiflorum*, Festuca perennis), Legumes (Pisum sativum, Vicia
atropurpurea, Trifolium pratense*, Trifolium repens*, Trifolium
subterraneum*, Trifolium incarnatum*), and Brassica (B. oleracea*,
B. napus* X B. oleracea*). All seeds are brought directly from Denmark
and New Zealand. Seed mixes are made in Chile. No seed multiplication or
development in Chile.

Description of biosecurity assessments

Description of taxa being developed

Table S1. Description of taxa developed and biosecurity measures undertaken by agribusinesses that develop and/or sell pasture taxa
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Agribusiness 8. Private company. Develops cultivars
for grass and fodder mixtures. Exports to
Germany.

Agribusiness 9. Private company. Exports to
Germany, Switzerland, Austria and Slovakia,
Ukraine and France.

Agribusiness 10. Government organization.

Agribusiness 11. Private company. A subsidiary of
one of the world’s leading grass seed
organizations that markets into almost 100
countries.

Czech Republic

India

India

Organization

Czech Republic

Country

Table S1. Cont.

They offer 15 grass and fodder species (of which 12 are cultivars of native
species). Exotics include clover (Trifolium hybridum*), Italian ryegrass
(Lolium multiflorum*), and brome grasses (Bromus sitchensis*,
B. marginatus). Trifolium and Lolium originate from Europe. Native species
include the grasses Lolium perenne*,†, Dactylis glomerata*,†, Festuca
rubra*,†, Cynosurus cristatus*,†, Agrostis stolonifera†, Poa nemoralis†,
Alopecurus pratensis*,†, Bromus inermis*,†, and the legumes Trifolium
pratense*,†, Trifolium repens*,†, Lotus corniculatus*,†.
The company promotes four exotic species and six cultivars of native grasses
and legumes. Exotics are redtop bentgrass (Agrostis gigantea*), Italian
ryegrass (Lolium multiflorum*), sainfoin (Onobrychis viciifolia*) and alfalfa
(Medicago sativa*). All exotics except alfalfa originate from Europe.
Native species include the grasses Anthoxanthum odoratum*,†, Lolium
perenne*,†, and the legumes Anthyllis vulneraria†, Melilotus alba*,†,
Trifolium repens*,† and Trifolium pratense*,†.
Research focused on improving seed yield in a range of legumes and grasses.
Grasses (Axonopus compressus*, Bothriochloa intermedia†, Bothriochloa
pertusa†, Brachiaria brizantha*, Brachiaria mutica*, Cenchrus ciliaris*,
Cenchrus setigerus*,†, Chloris gayana*, Chrysopogon fulvus†, Coix lacryma*,†,
Cynodon dactylon*,†, Dichanthum annulatum*, Digitaria decumbens*,†,
Diplachne fusca*,†, Eragrostis curvula*,†, Eulaliopsis binata†, Heteropogon
contortus, Iseilema laxum†, Lasiurus sindicus†, Melinis minutiflora*,
Panicum antidotale*, Panicum maximum*, Panicum turgidum, Paspalum
dilatatum*, Paspalum notatum*, Pennisetum clandenstinum*, Pennisetum
pedicellatum*, Sehima nerosum, Setaria sphacelata*, Tripsacum
dactyloides, Urochloa mosambicensis*, Vetiveria zizanoides*. Legumes
(Atylosia scarabaeoides*,†, Calopogonium mucunoides*, Centrosema
pubescens*, Clitoria ternatea*, Desmanthus virgatus*, Desmodium
intortum*, Indigofera hirsusta, Lablab purpureus*, Lotononis bainesii†,
Macroptilium atropurpureum*,†, Macroptilium lathyoides*, Macrotyloma
axillares*, Neontonia wightii*, Pueraria phaseoloides*, Stizolobium
deeringianum* (Mucuna pruriens), Stylosanthes guianensis*, Stylosanthes
hamata*, Stylosanthes humilis*, Stylosanthes scabra*, Vigna luteola). In
addition, 204 accessions of 10 species of the legume Leucaena (136
accessions belonged to L. leucocephala*).
Forage species: Lolium multiflorum*, Schedonorus arundinaceus*, Panicum
maximum*, several Sorghum* hybrids, Trifolium alexandrinum*, makhan
grass (Brachiaria ramosa*), Tall fescue (Festuca arundinacea*), Annual
ryegrass (Lolium multiflorum*), Perennial ryegrass (Lolium perenne*),
Orchard grass (Dactylis glomerata*), Meadow grass (Festuca pratensis*),
Timothy (Phleum pratense*), Annual brome (Bromus japonicas*), Smooth
brome (Bromus inermis*), Kentucky bluegrass (Poa pratensis*), Wheat
grass (Agropyron* sp), Red clover (Trifolium pratense*), White clover
(Trifolium repens*), Chicory (Cichorium intybus*), Sorghum* spp, Multicut
bajra (Pennisetum sp.), Oats (Avena sativa*), Lucerne (Medicago sativa*).

Description of taxa being developed

No evidence found

No evidence found

No evidence found

No evidence found

Description of biosecurity assessments
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Agribusiness 12. Private company. Researches,
develops and markets pasture taxa in NZ and
Australia.

Agribusiness 13. Private company. Plant breeding
and research linked to one of the world’s leading
grass seed organizations that markets into almost
100 countries.

Agribusiness 14. Private company, sells seeds
developed by a preceding organization. Buys seed
from Africa, the Americas, Australia and New
Zealand. Exports to > 30 countries.

Agribusiness 15. Private company. New cultivars are
developed on a contract basis with universities or
research centers, or by the company itself. Sells
into many African countries, with branches
establishing in Zambia, Rwanda, Zimbabwe,
Mozambique, Angola, Kenya and Tanzania.

New Zealand

South Africa

South Africa

Organization

New Zealand

Country

Table S1. Cont.

Develops multiple varieties of diploid and tetraploid perennial Ryegrasses
(Lolium perenne*), and hybrids with annual ryegrasses (L. multiflorum*),
three additional grasses (cocksfoot (Dactylis glomerata*), Bromus
catharticus*, Festuca arundinacea*, ribwort plantain Plantago lanceolata*,
Chicory (Cichorium intybus*), five species of clover (Trifolium repens*,
T. pratense*, T. fragiferum*, T. michelianum*, T. resupinatum*), and the
legume Medicago sativa*. Varieties in common with Agribusiness 13.
Pasture plants include diploid, tetraploid and hybrid Lolium x boucheanum
Kunth (Lolium multiflorum* x L. perenne*) perennial ryegrass (Lolium
perenne*), some with endophytes, Italian and annual ryegrasses (Lolium
multiflorum*), all with multiple cultivars available. Six other grass species
(Bromus valdivianus, Bromus catharticus*, cocksfoot (Dactylis glomerata*),
tall fescue (Schedonorus arundinaceus*), wild oats (Avena sativa*),
timothy (Phleum pratense*). Nongrasses are chicory (Cichorium intybus*),
plantain (Plantago lanceolata*), white clover (Trifolium repens*) and red
clover (T. pratense*). Varieties in common with Agribusiness 12.
Preceding organization developed Eragrostis curvula*,†, Eragrostis tef*,
Schedonorus arundinaceus*, Lolium x boucheanum (Lolium multiflorum*
x L. perenne*), Lolium multiflorum*, Lolium perenne*, Raphanus sativus*
var. oleiformis and Trifolium repens*. Also sells Avena sativa*, Chloris
gayana*,†, Dactylis glomerata*, Digitaria eriantha*,†, Hordeum vulgare*,
Medicago sativa*, Panicum maximum*,†, Paspalum notatum*, Pennisetum
clandestinum*, Pennisetum glaucum*, Sorghum* hybrids, Triticum x Secale
hybrids, Trifolium alexandrinum*, Trifolium pratense*.
Have had new cultivars developed for Eragrostis curvula*,†, Ornithopus
sativus* and Sorghum bicolor*,†, although they sell a broader range of
taxa, including grasses (Anthephora pubescens†, Bromus catharticus*,
Cenchrus ciliaris*,†, Chloris gayana*,†, Dactylis glomerata*, Digitaria
eriantha*,†, Eragrostis tef*, Echinochloa crus-galli*, Lolium multiflorum*,
Lolium perenne*, Pennisetum glaucum*, Sorghum* hybrids, Panicum
maximum*,†, Phalaris aquatica*, Schedonorus arundinaceus*) legumes
(Astragalus pelecinus, Crotalaria brevidens, Desmodium intortum*, Lablab
purpureus*, Lespedeza juncea, Lotus corniculatus*, Lotus pedunculatus*,
Lupinus albus*, Lupinus angustifolius*, Lupinus luteus*, Macroptilium
atropurpureum*, Medicago littoralis*, Medicago polymorpha*, Medicago
sativa*, Medicago truncatula*, Neonotonia wightii*, Ornithopus
compressus*, Pisum sativum, Securigera varia*, Stylosanthes guianensis*,
Trifolium alexandrinum*, Trifolium fragiferum*, Trifolium hirtum*,
Trifolium incarnatum*, Trifolium michelianum*, Trifolium pratense*,
Trifolium repens*, Trifolium resupinatum*, Trifolium subterraneum*,
Trifolium vesiculosum*, Vigna unguiculata*,†, Vicia benghalensis*, Vicia
faba*, Vicia sativa*, Vicia villosa*) and other species (Atriplex nummularia*,
Atriplex halimus, Atriplex semibaccata*, Beta vulgaris*, Brassica rapa*,
Brassica napus*, Raphanus raphanistrum*, Sanguisorba minor*).

Description of taxa being developed

No evidence found

No evidence found

No evidence found

No evidence found

Description of biosecurity assessments
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Agribusiness 16. Privately funded organization.
Conducts pasture development research. Has staff
in 25 countries, and collaborates with two
international consortia that sell into USA, Canada,
Mexico, Argentina, Australia, Brazil, Finland, U.K.,
and Uruguay.
Agribusiness 17. Government organization. Does
not sell directly to other countries, but
collaborates with agribusiness in China, and
products are sold through seed consortia.

Organization
In their plant breeding research program they are developing cultivars of
fodder crops and grasses (oat (Avena sativa*), rye (Lolium perenne*), tall
fescue (Schedonorus arundinaceus*), orchardgrass (Dactylis glomerata*),
switchgrass (Panicum virgatum*,†), Cereal rye (Secale cereal*), Triticale
spp. and Digitaria* spp.), and three forage legumes (Trifolium pratense*,
T. repens*, Medicago sativa*).
A broad range of state-based programs, including work on: Agropyron
fragile*, Dactylis golmerata*, Kochia prostrata*, Panicum virgatum*,†,
Agropyron cristatum*, Pseudoroegneria spicata†, Pascopyrum smithii*,†,
Astragalus filipes†, Dalea purpurea†, Achillea millefolium*,†, Leymus
cinereus†, Nassella viridula*,†, Achnatherum hymenoides†, Poa secunda†,
Elymus trachycaulus*,†, Elymus wawawaiensis†, Elymus elymoides*,†,
Bromus biebersteinii*, Psathyrostachys juncea*. Collaborative research
includes trials and development of 581 species in Mongolia, with 123 seed
collections returned to the USA for use in breeding programs. Work also
includes endophytes in tall fescue (Schedonorus arundinaceus*) and
Festuca* interspecific hybrids.

Description of taxa being developed

This Research Lab has published two
papers on invasion risk of Kochia
prostrata. They conclude limited spread
potential with some exceptions.

No evidence found

Description of biosecurity assessments

Data are based on our review of the websites, the most recent annual report, publications, and discussions with senior staff of each agribusiness. Agribusinesses with international sales and purchasing links are
indicated. All agribusinesses are subject to the general biosecurity legislation appropriate to each country (SI Text). Agribusinesses are listed anonymously because our intention is not to criticize individual
companies but to highlight the global evidence that environmental weeds are widely developed and promoted for use in pastures, often across multiple countries.
*Environmental weeds listed in Randall’s Global Compendium of Weeds (www.hear.org/gcw/).
†
Native in at least part of this country.

USA

USA

Country

Table S1. Cont.
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Roadside brome, Grazing
brome
Orchardgrass, Ascherson’s
orchardgrass; cocksfoot

Orchard grass, cocksfoot

Orchardgrass, Ascherson’s
orchardgrass; cocksfoot
Orchardgrass, Ascherson’s
orchardgrass; cocksfoot
Orchardgrass, Ascherson’s
orchardgrass; Cocksfoot

Bromus stamineus
Desv.
Dactylis glomerata L.

Dactylis glomerata L.

Dactylis glomerata L.

Lolium perenne L. ssp.
multiflorum
(Lam.) Husnot

Leucaena
leucocephala
(Lam.) de Wit
Lolium perenne L.

Eragrostis curvula
(Schrad.) Nees
Eragrostis tef
(Zuccagni) Trotter

Dactylis glomerata L.

New
Zealand
Chile

Perennial ryegrass

Italian ryegrass; Annual
ryegrass

India

South
Africa
South
Africa

New
Zealand
New
Zealand
USA

Canada

Australia

Chile

Leucaena; White leadtree

Teff

Weeping lovegrass

Cicer Milkvetch

Astragalus cicer L.

Dactylis glomerata L.

Meadow foxtail

Czech
Republic
Czech
Republic
Czech
Republic
Canada

Redtop

Alopecurus pratensis L.

USA

Siberian wheatgrass

Creeping bentgrass

USA

Country

Crested wheatgrass

Common name

Agribusiness 7 (Lolium
multiflorum)

Agribusiness 12

Agribusiness 10

Agribusiness 14

Agribusiness 15

Agribusiness 17

Agribusiness 13

Agribusiness 12

Agribusiness 5 (Bromus
valdivianus)
Agribusiness 1. Future
Farm Industries
Cooperative Research
Centre
Agribusiness 3

Agribusiness 3

Agribusiness 8

Agribusiness 8

Agribusiness 9

Agribusiness 17

Agribusiness 17

Organization
(taxon name)†

1: endophyte manipulation, cold
tolerance; 3: high above-ground
biomass; 4: high growth rate; 5: larger;
6: high survival

1: endophyte manipulation

1: drought tolerance, broad edaphic
tolerance; 2: larger leaves; 3: high
above-ground biomass; 4: high growth
rate; 5: larger, high yield
4: high growth rate; 6: high survival

1: cold tolerance, high elevation
tolerance, broad edaphic tolerance; 5:
larger; 6: high survival
1: broad edaphic tolerance

5: larger, high yield

1: high nutrient content, cold tolerance;
6: fecund, disease resistance
1: drought tolerance; 4: high growth rate

1: cold tolerance; 5: high yield; 6: high
survival
4: high growth rate; 5: larger, high yield;
6: high survival, fecund
1: drought tolerance, broad edaphic
tolerance

no information provided

1: high nutrient content; 6: high
establishment, high survival
1: drought tolerance; 6: high
establishment, high survival
4: high growth rate; 5: high yield

Developed characteristics associated
with weed risk‡

Palatable

Palatable

Palatable

Competitive

Easier sowing

Ornamental

Palatable

Other species
characteristics

Yes (nothing)

No

Yes (nothing)

No

No

Yes (nothing)

No

Yes (nothing)

Yes (nothing)

Yes (management
information provided
by FFICRC)

No

Yes (nothing)

No

No

No

No

No

Recognized as weed in
country (regulatory
response)§

ACE

ACE

ACENjj

A

ACEN

ACEN

ACEN

ACEN

ACEN

ACEN

E

AC

ACE

ACE

ACENjj

CE

Global
weed
status{

Sample of taxa developed or sold by agribusinesses from eight countries, highlighting the plant characteristics currently possessed by, or being developed in, pasture taxa

Agropyron cristatum
(L.) Gaertn.
Agropyron fragile
(Roth) P. Candargy
Agrostis gigantea
Roth
Agrostis stolonifera L.

Species*

Table S2.
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South
Africa
India
Australia

Common bird’s-foot; Pink
serradella
Buffelgrass

Bulbous canarygrass,
Hardinggrass
Reed Canarygrass

Tall fescue

Tall fescue

Tall fescue

Schedonorus
arundinaceus
(Schreb.) Dumort.,
nom. cons.

Schedonorus
arundinaceus
(Schreb.) Dumort.,
nom. cons.

Schedonorus
arundinaceus
(Schreb.) Dumort.,
nom. cons.

Phalaris arundinacea L.

Canada

Sainfoin

Onobrychis viciifolia
Scop.
Ornithopus sativus
Brot.
Pennisetum ciliare
(L.) Link
Phalaris aquatica L.

South
Africa

Chile

Australia

Australia

Chile

Alfalfa

Medicago sativa L.

Canada

South
Africa

Hybrid rye

Alfalfa

New
Zealand

India

Italian ryegrass; Annual
ryegrass

Italian ryegrass; Annual
ryegrass

Czech
Republic

Country

Italian ryegrass; Annual
ryegrass

Common name

Medicago sativa L.

Lolium perenne L.
ssp. multiflorum
(Lam.) Husnot
Lolium x
boucheanum
Kunth

Lolium perenne L.
ssp. multiflorum
(Lam.) Husnot
Lolium perenne L.
ssp. multiflorum
(Lam.) Husnot

Species*

Table S2. Cont.

Agribusiness 14 (Festuca
arundinacea)

Agribusiness 1. Future
Farm Industries
Cooperative Research
Centre (Lolium
arundinaceum)
Agribusiness 7 (Festuca
arundinacea)

Agribusiness 2

Agribusiness 10
(Cenchrus ciliaris)
Agribusiness 2

Agribusiness 15

Agribusiness 3

Agribusiness 6

Agribusiness 4

Agribusiness 14
(L. multiflorum x
L. perenne)

Agribusiness 13
(L. multiflorum)

Agribusiness 11
(L. multiflorum)

Agribusiness 9
(L. multiflorum)

Organization
(taxon name)†

1: drought tolerance, endophyte
manipulation, cold tolerance, flood
tolerance; 3: high above-ground
biomass; 4: high growth rate; 5: larger;
6: high survival
1: drought tolerance; 6: high survival,
disease resistance

1: cold tolerance, enhanced
photosynthesis; 3: high above-ground
biomass; 4: high growth rate; 5: larger,
high yield; 6: disease resistance
1: broad edaphic tolerance; 6: high
survival; disease resistance
4: high growth rate; 5: larger, high yield;
6: high survival
1: drought tolerance, cold tolerance; 5:
high growth rate; 6: high survival
1: broad edaphic tolerance, grazing
tolerance
1: drought tolerance; 4: high growth rate;
6: high survival
1: drought tolerance, cold tolerance; 6:
high survival
1: drought tolerance, cold tolerance; 6:
high survival
1: drought tolerance, broad edaphic
tolerance, high nutrient content; 4:
high growth rate; 6: high survival

1: high nutrient content, cold tolerance;
3: high above-ground biomass; 4: high
growth rate; 5: larger, high yield; 6:
fecund
5: larger; 6: high establishment

4: high growth rate

Developed characteristics associated
with weed risk‡

Tetraploid;
palatable

Other species
characteristics

No

Yes (nothing)

Yes (nothing)

Yes (nothing)

Yes (nothing)

No

No

No

No

No

No

No

No

No

Recognized as weed in
country (regulatory
response)§

ACEN

ACEN

ACENjj

ACENjj

ACEN

ACEjj

ACE

AC

ACE

ACE

—

ACE

ACE

ACE

Global
weed
status{
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White clover; Ladino clover;
Dutch clover
White clover; Ladino clover;
Dutch clover

White clover; Ladino clover;
Dutch clover
White clover; Ladino clover;
Dutch clover
White clover; Ladino clover;
Dutch clover
Subterranean clover

Trifolium repens L.

Trifolium repens L.

Australia

New
Zealand
South
Africa
USA

Czech
Republic
Czech
Republic

Chile

Agribusiness 2

Agribusiness 16

Agribusiness 15

Agribusiness 13

Agribusiness 9

Agribusiness 8

Agribusiness 5

Agribusiness 10

Agribusiness 16

Agribusiness 16

Organization
(taxon name)†

1: nutrient use efficiency; 3: high aboveground biomass; 4: high growth rate

5: larger; 6: high survival

1: drought tolerance, nutrient use
efficiency; 4: high growth rate; 5:
larger, high yield; 6: high survival,
disease resistance
1: drought tolerance; 2: larger leaves; 5:
larger, high yield; 6: disease resistance
1: grazing tolerance

4: high growth rate; 5: larger; 6: high
survival
1: nutrient use efficiency

1: grazing tolerance; 5: high yield; 6: high
survival
1: grazing tolerance; 4: high growth rate

1: endophyte manipulation

Developed characteristics associated
with weed risk‡

Competitive

Competitive

Tetraploid;
high growth
under
elevated
carbon
dioxide

Palatable

Other species
characteristics

Yes (nothing)

Yes (nothing)

No

No

No

No

No

Yes (warning
information provided)
No

Yes (nothing)

Recognized as weed in
country (regulatory
response)§

AE

ACEjj

ACEjj

ACEjj

ACEjj

ACEjj

ACE

AE

ACEN

A

Global
weed
status{

The weed status of each taxon globally and within the country it is developed or sold in is also indicated. —, no species-specific information.
*Authority: USDA Plants Database (plants.usda.gov/java/, accessed 1 December 2013).
†
Taxon name used by organization provided in brackets if it differs from the species name, although some commercial names excluded.
‡
We classified characteristics that are associated with weed risk based on the meta-analysis by van Kleunen et al. (9): 1, physiology; 2, leaf-area allocation; 3, shoot allocation; 4, growth rate; 5, size; 6, fitness.
§
The current status of species in each country was determined according to the following criteria: Y, legally recognized as a weed risk (appears on a weed list that carries legislative force for the country or at least
one jurisdiction within that country); y, recognized as an environmental weed risk in published material (scientific literature, floras, weed lists curated by plant societies, environmental management agencies and
experts) in the country or a region within that country, but not legally recognized; n, no evidence that it is an environmental weed risk (the taxon is absent from the reference material above or specifically
recorded as not invading native ecosystems in the material listed above). The regulatory response (by government unless otherwise indicated) associated with species listed or known to be environmental weed
risks is in brackets.
{
The status of each species globally was based on Randall’s Global Compendium of Weeds (www.hear.org/gcw/). A, agricultural weed; C, cultivation escape; E, environmental weed; N, noxious weed.
jj
Species listed in the Global Invasive Species Database (www.issg.org/database/welcome/, accessed 1 December 2013).

Trifolium
subterraneum L.

Trifolium repens L.

Trifolium repens L.

Trifolium repens L.

Red clover

Trifolium pratense L.

India

USA

Cereal rye; Rye

Cheesytoes

USA

Country

Tall fescue

Common name

Stylosanthes hamata
(L.) Taubert

Schedonorus
arundinaceus
(Schreb.) Dumort.,
nom. cons.
Secale cereale L.

Species*

Table S2. Cont.

Table S3. Enumeration of taxa developed or sold for each
agribusiness and whether those taxa are recognized as weeds,
based on data in Table S1
Agribusiness no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Mean (SD)
No. taxa

Number of taxa
developed or sold

Number listed
as weeds*

12
3
4
2
6
1
15
15
10
52
22
13
12
22
61
11
21

10
3
4
2
6
1
12
12
9
39
21
12
12
21
55
10
14

178

141

Weeds/total
0.83
1.00
1.00
1.00
1.00
1.00
0.80
0.80
0.90
0.75
0.95
0.92
1.00
0.95
0.90
0.91
0.67
0.91 (0.10)
0.79

No. taxa indicates the total number of unique taxa in the data set; taxa
used by more than one agribusiness were only counted once.
*Environmental weeds listed in Randall’s Global Compendium of Weeds
(www.hear.org/gcw/).
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