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Summary

1. In North America, herbicides are commonly used to control non-native invasive plants on
public wildlands. Little is known about the magnitude, efficacy and financial costs of this
practice, although this information is crucial for policymakers, researchers, land managers,
pesticide producers and the general public.

2. In Canada and Mexico, herbicide usage data have not been tracked by agencies. In the
USA, data archiving has been implemented by federal land managing agencies. However,
while area sprayed and amounts of herbicides have been documented to varying degrees, effi-
cacy and financial costs have not been recorded in a standardized and consistent manner and
data publication has been insufficient.

3. Based on requested data, we estimate that in the USA, half a million hectares of public
wildlands were sprayed with herbicides in 2010, representing 201 tonnes. Although non-
selective, glyphosate was the most commonly used active ingredient.

4. Synthesis and applications. Increasing efforts by land management agencies to collect and
share herbicide usage data is a key step towards narrowing the knowledge gap on herbicide
usage in invasive non-native plant management on public wildlands. Land managers and poli-
cymakers in particular would benefit from an enhanced flow of information on efficacy, costs
and effects of herbicides.

Key-words: Canada, ecological restoration, exotic plants, glyphosate, herbicide, invasion,
Mexico, non-indigenous, non-native invasive plants, pesticide usage, USA

invasive species should be a last resort in the chain of man-

Introduction . . .
agement actions, as prevention and detection are generally

Non-native plants have been identified world-wide as a
primary threat to both native biodiversity and ecosystem
functioning (Mack et al. 2000; Simberloff & Rejmanek
2011). In response to these challenges, many countries
have built legal frameworks to prevent, detect, eradicate
and control invasive non-native plant species (Miller &
Fabian 2004). Although controlling established non-native
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more effective (Leung et al. 2002; Olson & Roy 2005), man-
agement programmes tend to invest in controlling estab-
lished populations rather than in prevention strategies
(Finnoff et al. 2007; Radosevich, Holt & Ghersa 2007).
Land managers have several options for controlling
non-native invasive plants, including mechanical (e.g. pull-
ing, mowing, tilling), biological (e.g. using herbivores) and
chemical (herbicides) treatments. Choosing an appropriate
control method is challenging because managers need to
consider key biological and ecological aspects of the tar-
get species, predict the efficacy of treatment, anticipate
potential adverse effects on non-target organisms and
take into account technical and economic feasibility
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(e.g. Derickx & Antunes 2013). In addition, a manager’s
choice for a control method will be constrained by exter-
nal factors, such as policy regulations and public opinion
(Veitch & Clout 2001; Radosevich, Holt & Ghersa 2007).
Herbicides were initially developed to control unwanted
weeds in crop systems but now are widely used in invasive
non-native plant management (hereafter invasive plant
management) in more natural ecosystems (Radosevich,
Holt & Ghersa 2007; Clout & Williams 2009; Fig. 1).
Herbicides offer several advantages relative to other man-
agement methods: they can control invasive non-native
plants quickly, require little human labour, can be rela-
tively inexpensive and do not directly physically disturb
soil structure (Clout & Williams 2009). However, there is
evidence that at least some herbicides pose risks to non-
target organisms (Freemark & Boutin 1995; Wagner &
Nelson 2014) and to human health (Alavanja, Hoppin &
Kamel 2004). Modern herbicides are less toxic than first-
generation herbicides and in most countries, including
Canada and the USA, are subject to rigorous evaluation
before being brought to market. However, given their
complex interactions and fate in the environment, the fact
that their effects on ecosystem processes are

Fig. 1. Herbicide application in invasive non-native plant man-
agement (a) with a backpack sprayer and (b) from a vehicle. Pho-
tograph courtesy of (a) Ignacio March (The Nature Conservancy)
and (b) USDA-ARS. [Colour figure can be viewed at wileyonline
library.com]
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methodologically difficult to assess, and the large number
of active ingredients used, their putative effects on ecosys-
tems and human health remain a continuing concern
requiring research (e.g. Pratt ef al. 1997; Pimentel 2005).
Some herbicides, such as 2,4-D, have been relatively well
studied, while newer active ingredients (e.g. aminopyralid)
have undergone toxicity testing before registration but
have received limited attention by scientists (C. R. Nelson,
unpublished data). Furthermore, the use of herbicides in
invasive plant management has repeatedly led to conflicts
between land management agencies and public groups,
especially at the local level (Norgaard 2007; Simberloff
2011).

Information on the magnitude, efficacy and costs of
herbicide usage in invasive plant management can be criti-
cal for land management and conservation for the follow-
ing reasons: (i) it allows land managers and policymakers
to consider the risks and evaluate costs and benefits in the
process of choosing herbicides, particularly considering
specific formulations, and to contrast herbicide usage with
putative alternative approaches on the basis of context
and cumulative magnitude of their use (Kettenring &
Reinhardt Adams 2011; McConnachie et al. 2012); (ii) it
directs research and monitoring efforts towards assessing
efficacy and non-target effects of the most widely used
herbicides (Rinella ez al. 2009); (iii) it provides objective
information for conflict resolution between land managers
and the public and ensures that opinions will be formed
based on evidence rather than personal beliefs (Christie
2008); and (iv) it provides private businesses with infor-
mation to guide decisions about registering improved her-
bicides specifically for invasive plant management.

Public land makes up a large proportion of Canada
(89%, Neimanis 2011), Mexico (min. 60%, U.S. AID
2011) and the United States (c¢. 30%; United States Gen-
eral Accounting Office 1996) and includes vast wildland
areas (i.e. non-agricultural and non-urban areas). For
example, forests on public land cover 323 million hectares
in Canada (Natural Resources Canada 2016). Herbicides
are routinely used to control non-native invasive plants
on public land in North America, yet little is known
about the extent of the wildland area sprayed, the primary
herbicides that are being used, and the efficacy and finan-
cial costs of this practice. General pesticide usage and
sales data are available through government reports (e.g.
Grube et al. 2011; Health Canada 2012) and data bases
(e.g. California Department of Pesticide Regulation 2015).
However, these data focus on usage in crops and horticul-
ture; herbicide usage for invasive plant management in
wildlands is not explicitly documented in any of these
resources. Similarly, estimates are lacking in the scientific
literature. The only exception is an estimate provided by
Rinella ez al. (2009), which was based on a single U.S. For-
est Service report and personal communication with the
Bureau of Land Management and National Park Service,
rather than in-depth analysis of herbicide usage in invasive
plant management, including active ingredient usage.
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Information on the long-term efficacy, non-target
effects and financial costs of invasive plant management
actions is key to optimizing control methods and allocat-
ing financial resources efficiently (e.g. Maxwell, Lehnhoff
& Rew 2009). Unfortunately, the use of herbicides as a
management tool for wildlands has not been adequately
assessed for North American agencies or countries. Addi-
tionally, although there is a large body of scientific litera-
ture on the efficacy of herbicides for controlling target
weeds (e.g. Kettenring & Reinhardt Adams 2011), most of
this research focuses exclusively on the target plant rather
than on the desirable natives, monitors outcomes only
over a short period of time (but see Crone, Marler &
Pearson 2009) and does not consider economic aspects of
management actions.

We conducted a survey among major government agen-
cies in Canada, Mexico and the USA and agro-statistical
commercial companies to compile current data on herbi-
cide usage in invasive plant management (see Table S1 in
Supporting Information for a list of contacted offices and
Appendix S1 for details on the survey). We asked whether
electronic data were available for the 2007-2011 period
and whether offices would be willing to share data with
us. Offices that shared herbicide usage data for our study
were also asked for data on financial costs and treatment
efficacy. We defined wildlands as non-crop-production
and non-urban areas that encompass, for example, forests,
wetlands, rangelands, but also roadsides and power line
corridors. Furthermore, we conducted a literature review
of studies that explored non-target effects on native plants
to identify whether there is sufficient information about
the effects of the most commonly used herbicides in inva-
sive plant management in wildlands. We contrasted the
number of publications on non-target effects with esti-
mates of usage for the most commonly used active ingre-
dients (see details in Appendix S1).

Data availability and sharing

According to our survey, herbicide usage data have not
been tracked for Canada, at either the provincial or
national level. This finding likely reflects the fact that
Canada currently lacks a single comprehensive legislative
framework on invasive species management (Smith, Bazely
& Yan 2014; but see ‘Bill 167, Invasive Species Act, 2014,
Legislative Assembly of Ontario). Management of public
lands (‘Crown lands’) is a provincial responsibility in

Canada. Except in the territories, there is no overarching
federal agency overseeing their management. Conse-
quently, there is a lack of data collection at the provincial
level and lack of coordination at the national level. Simi-
larly, there was no archived data base of herbicide usage
in invasive plant management in Mexico.

By comparison, five out of seven contacted agencies in
the USA tracked herbicide usage on public land in an
electronic form (Table 1) and four agencies shared data
with us: the Bureau of Indian Affairs (BIA), the Bureau
of Land Management (BLM), the Fish and Wildlife Ser-
vice (FWS) and the National Park Service (NPS); the
Forest Service (FS) declined to provide data due to data
quality concerns (Mike Ielmini, FS, personal communica-
tion). However, none of the agencies consistently archive
information on efficacy and financial costs and none make
usage data publicly available (but see Cota 2004 and Uni-
ted States Forest Service 2014).

Magnitude of herbicide usage

Based on shared data from the BIA, BLM, FWS and
NPS, we calculated the first estimate of herbicide usage in
invasive plant management on public land in the United
States. Our estimate covers 197-1 million hectares. It
shows that a total of 1 024 479 ha were sprayed to man-
age invasive non-native plants in wildlands in 2007-2011.
Sixty-five herbicide active ingredients were employed (see
Table S2). In terms of area sprayed, glyphosate was the
most common active ingredient in 2007-2011 (Fig. 2a,
Table S2) and the second most common ingredient in
2010 (Table S3), the year with the most even data cover-
age among agencies. In terms of amounts used, it was the
most widely used active ingredient in 2007-2001 (Fig. 2b,
Table S4) and 2010 (Table S5). Data from the National
Park Service indicated that grasslands, followed by road-
sides and forests, were the most commonly treated sites
(Fig. 3).

Our data set did not allow calculating interannual vari-
ability in herbicide usage. In 2010, 499 153 ha (Fig. 4a)
were sprayed using 201 397 kg of active ingredients
(Fig. 4b), corresponding to 0-3% of the public land con-
sidered in the estimate.

Our estimate is four times higher than that reported by
Rinella ez al. (2009) but is likely still conservative given
that FS usage data were not included. According to its
latest pesticide usage reports, the FS sprayed a total of

Table 1. Overview of data sources used to estimate herbicide usage in non-native invasive plant control, in the USA

Annual Area Amount
Governmental agencies Source coverage sprayed used Data format
Fish and Wildlife Service PUPS 2007-2011 Yes Yes Single applications
National Park Service PUPS 2007-2011 Yes Yes Single applications
Bureau of Indian Affairs Custom-built reports 2007-2011 Yes No Summaries
Bureau of Land Management Custom-built report 2010 Yes Yes Summaries

PUPS, Pesticide Use Proposal System.
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Fig. 2. The ten most commonly used herbicide active ingredients
by (a) area sprayed and (b) amount used, in 2007-2011* ® ©. See
Tables S2 and S4 for 2007-2011 estimates and Tables S3 and S5
for 2010 estimates of all active ingredients. “Calculations for area
treated were based on data supplied by the U.S. Bureau of Indian
Affairs, the U.S. Fish and Wildlife Service, the U.S. National
Park Service (all for 2007-2011) and the U.S. Bureau of Land
Management (only for 2010). PCalculations for amount sprayed
were based on data supplied by the U.S. Fish and Wildlife Ser-
vice, the U.S. National Park Service (both for 2007-2011) and
the U.S. Bureau of Land Management (only for 2010). “Informa-
tion on herbicidal selectivity was derived from Tu, Hurd & Ran-
dall (2001) and ExToxNet (http://extoxnet.orst.edu, accessed on
20 May 2014).
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Fig. 3. Area treated with herbicides by site for 2007-2011 (based
on National Park Service usage data).
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54 253 and 74 495 ha for noxious and aquatic weed con-
trol in 2004 (Cota 2004) and 2013 (United States Forest
Service 2014), respectively.

According to the U.S. Environmental
Agency, 200 488 t of herbicide active ingredients were
used in crop-production agriculture, in the USA, in 2007
(Grube et al. 2011). Consequently, our estimated herbi-
cide usage in invasive plant management represents only
0-1% of the total used in crop production (Grube et al.
2011). In addition, the average herbicide usage per hectare
for invasive plant management (0-4 kg ha™!) was lower
than that estimated for crop-production systems
(12 kg ha™'; Appendix SI). However, given their higher
biological complexity, wildlands could be disproportion-

Protection

ately sensitive to herbicide applications compared to crop-
production ecosystems.

Active ingredients

In our estimate, glyphosate was the most common active
ingredient, for both the period of 2007-2011 (area sprayed,
amount used) and 2010 (amount used). This finding is
indeed surprising because glyphosate is non-selective and
bears the danger of suppressing non-target native plants.
Glyphosate is also the number one active ingredient in the
crop sector (Grube et al. 2011). The success of glyphosate
in agriculture can be explained partly by the increase in
transgenic, glyphosate-resistant crops. In contrast, its pop-
ularity in invasive plant management is possibly due to its
chemical and toxic properties; that is rapid translocation
through plant tissue, the low mobility in soil and low toxi-
city for wildlife (Duke & Powles 2008). In addition, some
forms of glyphosate are permitted for aquatic use. In some
states, applicators are not required to have a license for
spraying glyphosate as long as they are supervised by a
license holder. Last but not least, the patent for glyphosate
expired in the year of 2000 and its price dropped. This fact
may have been an important consideration for land man-
agers (Duke & Powles 2008).

There is relatively little published information on the
non-target effects of most active ingredients, including
effects on native plants. For instance, our review of the
literature published prior to 2012 revealed that there were
less than eight published articles for four commonly used
active ingredients (aminopyralid, imazapyr, metsulfuron-
methyl and triclopyr), respectively (Fig. 5). In contrast,
the effects of glyphosate have received more attention; we
found 40 articles (33% of all identified articles). Given the
paucity of published information and the regular use of
non-selective herbicides, there is a critical need for land
management agencies to assess non-target effects of the
herbicide treatments they are implementing.

Closing the knowledge gap

Herbicide usage data in invasive plant management on
public land is an important source of information for land
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Fig. 4. (a) Area treated with herbicides and (b) amount of active
ingredients (acid equivalents) used per federal agency and in
total, for 2010.

managers, public groups, scientists and pesticide manufac-
turers. The case of the surveyed U.S. governmental agen-
cies shows that herbicide usage can be tracked even for
large management areas. By archiving and sharing usage,
monitoring and financial cost data in a standardized way,
agencies would allow scientists, land managers and stake-
holders to assess herbicide efficacy and impacts and make

o | °
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Fig. 5. Number of scientific studies that explored herbicide effects
on non-target native plants (y-axis) and their area sprayed (x-
axis) in the framework of invasive non-native plant management
in wildlands. To improve visualization, we included only herbi-
cides sprayed on > 20 000 ha.

inferences about its suitability as a management tool, as
well as to share information (Bayliss et al. 2013; United
States Forest Service 2013). In order to cut costs, scien-
tists could assess general data for every project (e.g. herbi-
cide type, area sprayed, amount used and geographic
location) and detailed data for a random subset of pro-
jects (e.g. long-term monitoring records, effects on the
entire community, financial costs).

Despite the fact that U.S. governmental agencies tracked
herbicide usage in invasive plant management, they have
been slow at making the data publicly available. However,
a positive trend is that both the BLM and the FS are cur-
rently working on ways to share their pesticide usage data
with the public (Richard Lee, BLM; Mike Ielmini, FS, per-
sonal communications). For example, the BLM has
recently launched a National Invasive Species Information
Management System (NISIMS), which enables managers
to submit treatment data to a national archive in a stan-
dardized way. This data base can be queried in the future
for information on management actions. Furthermore, by
collecting and archiving data on the efficacy and costs of
invasive plant management actions, agencies could share
valuable information among different stakeholders. The
U.S. Forest Service has also stated that a standardized
data base is key priority of its current strategic framework
on invasive species management (United States Forest Ser-
vice 2013). Other North American agencies should work to
make herbicide usage and effects data freely and readily
available and not restricted to special requests (e.g. access
to data by the U.S. Freedom of Information Act).

Conclusions

Data on herbicide usage, efficacy and financial costs are
critical for informing stakeholders that develop and imple-
ment control programmes for non-native invasive plants
in public wildlands. Data tracking and publication by
land management agencies are two critical steps towards
narrowing our knowledge gap on herbicide usage in inva-
sive non-native plant management.
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repository:
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figshare.3386032 (Wagner ez al. 2016a).
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2. BLM herbicide usage data: — doi: 10.6084/m9.figshare.3386062
(Wagner et al. 2016b).

3. FWS herbicide usage data and species lists used in data filter-
ing: — doi: 10.6084/m9.figshare.3386083 (Wagner ez al. 2016¢).

4. NPS herbicide usage data: — doi: 10.6084/m9.figshare.3386089
(Wagner et al. 2016d).

BIA herbicide usage data can be requested from La Donna
Carlisle (LaDonna.Carlisle@bia.gov, Hopi Agency Natural
Resources, P.O. Box 158, Keams Canyon, AZ 86034) or from the
Bureau of Indian Affairs (MS-4606-MIB, 1849 C Street, N.W.,
Washington, DC). Results of the herbicide literature review can
be obtained from CRN and VW.

References

Alavanja, M.C.R., Hoppin, J.A. & Kamel, F. (2004) Health effects of
chronic pesticide exposure: cancer and neurotoxicity. Annual Review of
Public Health, 25, 155-197.

Bayliss, H.R., Stewart, G.B., Wilcox, A. & Randall, N.P. (2013) A per-
ceived gap between invasive species research and stakeholder priorities.
NeoBiota, 19, 67-82.

California Department of Pesticide Regulation (2015) Pesticide Use
Reporting. Pesticide Use Database. Available from http://www.cdpr.ca.
gov/docs/pur/purmain.htm (accessed on 24 March 2015).

Christie, E. (2008) Finding Solutions for Environmental Conflicts: Power
and Negotiation. Edward Elgar Publishing Limited, Cheltenham.

Clout, M.N. & Williams, P.A. (2009) Invasive Species Management. A Hand-
book of Principles and Techniques. Oxford University Press, Oxford.

Cota, J.A. (2004) National Report of Pesticide Use On National Forest Sys-
tem Lands. Fiscal Year 2004. US Department of Agriculture, Forest Ser-
vice, Forest Health Protection, Washington, DC.

Crone, E.E., Marler, M. & Pearson, D.E. (2009) Non-target effects of
broadleaf herbicide on a native perennial forb: a demographic frame-
work for assessing and minimizing impacts. Journal of Applied Ecology,
46, 673-682.

Derickx, L.M. & Antunes, P.M. (2013) A Guide to the Identification and
Control of Exotic Invasive Species in Ontario’s Hardwood Forests.
Algoma University, Sault Ste. Marie.

Duke, S.0. & Powles, S.B. (2008) Glyphosate: a once-in-a-century herbi-
cide. Pest Management Science, 64, 319-325.

Finnoff, D., Shogren, J.F., Leung, B. & Lodge, D. (2007) Take a risk: pre-
ferring prevention over control of biological invaders. Ecological Eco-
nomics, 62, 216-222.

Freemark, K. & Boutin, C. (1995) Impacts of agricultural herbicide use on
terrestrial wildlife in temperate landscapes: a review with special refer-
ence to North America. Agriculture, Ecosystems and Environment, 52,
67-91.

Grube, A., Donaldson, D., Kiely, T. & Wu, L. (2011) Pesticides industry
sales and usage. 2006 and 2007 market estimates. U.S. Environmental
Protection Agency, Washington, DC.

Health Canada (2012) Pest Control Product Sales Report 2007-2008.
Available from http://www.hc-sc.gc.ca/contact/order-pub-commande-
eng.php?title=PMRA %20-%20Pest%20Control %20Products%20Sales
%?20Report%20for%202007-2008 (accessed on 20 June 2014).

Kettenring, K.M. & Reinhardt Adams, C. (2011) Lessons learned from
invasive plant control experiments: a systematic review and meta-analy-
sis. Journal of Applied Ecology, 48, 970-979.

Leung, B., Lodge, D.M., Finnoff, D., Shogren, J.F., Lewis, M.A. & Lam-
berti, G. (2002) An ounce of prevention or a pound of cure: bioeco-
nomic risk analysis of invasive species. Proceedings of the Royal Society
B: Biological Sciences, 269, 2407-2413.

Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout, M. &
Bazzaz, F.A. (2000) Biotic invasions: causes, epidemiology, global con-
sequences, and control. Ecological Applications, 10, 689-710.

Maxwell, B.D., Lehnhoff, E. & Rew, L.J. (2009) The rationale for moni-
toring invasive plant populations as a crucial step for management.
Invasive Plant Science and Management, 2, 1-9.

McConnachie, M.M., Cowling, R.M., van Wilgen, B.W. & McConnachie,
D.A. (2012) Evaluating the cost-effectiveness of invasive alien plant

Herbicides usage in wildlands 203

clearing: a case study from South Africa. Biological Conservation, 155,
128-135.

Miller, M.L. & Fabian, R.N., eds. (2004) Harmful Invasive Species: Legal
Responses. Environmental Law Institute, Washington, DC.

Natural Resources Canada (2016) Statistical Data: Forest Inventory. Avail-
able from https://cfs.nrcan.gc.ca/statsprofile (accessed on 10 June 2016).

Neimanis, V.P. (2011) Crown Land. Available from http://www.thecanadi-
anencyclopedia.ca/en/article/crown-land/ (accessed on 24 March 2015).

Norgaard, K.M. (2007) The politics of invasive weed management: gender,
race, and risk perception in rural California. Rural Sociology, 72, 450—
4717.

Olson, L.J. & Roy, S. (2005) On prevention and control of an uncertain
biological invasion. Review of Agricultural Economics, 27, 491-497.

Pimentel, D. (2005) Environmental and economic costs of the application
of pesticides primarily in the United States. Environment, Development
and Sustainability, 7, 229-252.

Pratt, J.R., Melendez, A.E., Barreiro, R. & Bowers, N.J. (1997) Predicting
the ecological effects of herbicides. Ecological Applications, 7, 1117—
1124.

Radosevich, S.R., Holt, J.S. & Ghersa, C.M. (2007) Ecology of Weeds and
Invasive Plants: Relationship to Agriculture and Natural Resource Man-
agement. John Wiley & Sons, Hoboken.

Rinella, M.J., Maxwell, B.D., Fay, P.K., Weaver, T. & Sheley, R.L.
(2009) Control effort exacerbates invasive-species problem. Ecological
Applications, 19, 155-162.

Simberloff, D. (2011) The rise of modern invasion biology and American
attitudes towards introduced species. Invasive & introduced plants & ani-
mals. Human perceptions, attitudes and approaches to management (eds 1.
D. Rotherham & R. A. Lambert), pp. 121-135. Earthscan, London.

Simberloff, D. & Rejmanek, M., eds. (2011) Encyclopedia of Biological
Invasions. University of California Press, Berkeley.

Smith, A.L., Bazely, D.R. & Yan, N. (2014) Are legislative frameworks in
Canada and Ontario up to the task of addressing invasive alien species?
Biological Invasions, 16, 1325-1344.

Tu, M., Hurd, C. & Randall, J.M. (2001) Weed Control Methods Hand-
book: Tools & Techniques for Use in Natural Areas. The Nature Conser-
vancy. Available from: http://www.invasive.org/gist/handbook.html
(accessed on 10 June 2016).

United States Forest Service (2013) National Strategic Framework for Inva-
sive  Species Management. Available from http://www.fs.fed.us/
foresthealth/management/fhm-invasives.shtml (accessed on 7 December
2015).

United States Forest Service (2014) Pesticide Use Summaries for Invasive
Species and Other Management Activities on National Forests and Grass-
lands for Calendar Year 2013. Available from http://www.fs.fed.us/
invasivespecies/controlmgmt/index.shtml (accessed on 24 March 2015).

United States General Accounting Office (1996) Land Ownership: Informa-
tion on the Acreage, Management, and Use of Federal and Other Lands.
Resources, Community, and Economic Development Division, Wash-
ington, DC.

U.S. AID (2011) Mexico — Property Rights and Resource Governance.
Available from http://www.usaidlandtenure.net/mexico (accessed on 13
December 2015).

Veitch, C. R. & Clout, M.N. (2001) Human dimensions in the manage-
ment of invasive species in New Zealand. The Great Reshuffling. Human
Dimensions of Invasive Alien Species (ed J. A. McNeely), pp. 63-74.
TUCN, Cambridge.

Wagner, V. & Nelson, C.R. (2014) Herbicides can negatively affect seed
performance in native plants. Restoration Ecology, 22, 288-291.

Wagner, V., Antunes, P.M., Irvine, M. & Nelson, C.R. (2016a) R script
for herbicide usage analysis. figshare, doi:10.6084/m9.figshare.3386032.

Wagner, V., Antunes, P.M., Irvine, M. & Nelson, C.R. (2016b) BLM her-
bicide usage data. figshare, doi:10.6084/m9.figshare.3386062.

Wagner, V., Antunes, P.M., Irvine, M. & Nelson, C.R. (2016¢) FWS her-
bicide usage data and species lists used in data filtering. figshare, doi:
10.6084/m9.figshare.3386083.

Wagner, V., Antunes, P.M., Irvine, M. & Nelson, C.R. (2016d) NPS her-
bicide usage data. figshare, doi:10.6084/m9.figshare.3386089.

Received 13 December 2015, accepted 24 May 2016
Handling Editor: Jennifer Firn

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology, 54, 198-204


http://dx.doi.org/10.6084/m9.figshare.3386062
http://dx.doi.org/10.6084/m9.figshare.3386083
http://dx.doi.org/10.6084/m9.figshare.3386089
http://www.cdpr.ca.gov/docs/pur/purmain.htm
http://www.cdpr.ca.gov/docs/pur/purmain.htm
http://www.hc-sc.gc.ca/contact/order-pub-commande-eng.php?title=PMRA%20-%20Pest%20Control%20Products%20Sales%20Report%20for%202007-2008
http://www.hc-sc.gc.ca/contact/order-pub-commande-eng.php?title=PMRA%20-%20Pest%20Control%20Products%20Sales%20Report%20for%202007-2008
http://www.hc-sc.gc.ca/contact/order-pub-commande-eng.php?title=PMRA%20-%20Pest%20Control%20Products%20Sales%20Report%20for%202007-2008
https://cfs.nrcan.gc.ca/statsprofile
http://www.thecanadianencyclopedia.ca/en/article/crown-land/
http://www.thecanadianencyclopedia.ca/en/article/crown-land/
http://www.invasive.org/gist/handbook.html
http://www.fs.fed.us/foresthealth/management/fhm-invasives.shtml
http://www.fs.fed.us/foresthealth/management/fhm-invasives.shtml
http://www.fs.fed.us/invasivespecies/controlmgmt/index.shtml
http://www.fs.fed.us/invasivespecies/controlmgmt/index.shtml
http://www.usaidlandtenure.net/mexico
http://dx.doi.org/10.6084/m9.figshare.3386032
http://dx.doi.org/10.6084/m9.figshare.3386062
http://dx.doi.org/10.6084/m9.figshare.3386083
http://dx.doi.org/10.6084/m9.figshare.3386089

204 V. Wagner et al.

Supporting Information Table S3. Area sprayed by herbicide active ingredients in 2010.

Additional Supporting Information may be found in the online version Table S4. Amount of herbicide active ingredients sprayed in

of this article. 2007-2011.

Table S1. Governmental agencies and offices in Canada, Mexico Table S5. Amount of herbicide active ingredients sprayed in
and the USA, and commercial companies that were contacted 2010.
with a data request.
Appendix S1. Survey and data analysis.
Table S2. Area sprayed by herbicide active ingredients in 2007—
2011.
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