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Abstract

Background: Invasive alien plant species often have negative environmental and social impacts, such as loss of
biodiversity and alteration of ecosystem services. As a result, managing the introduction, establishment, and abun-
dance of invasive species is a major priority. To do this effectively, we need evidence on the effect of management
interventions (such as using herbicide or cutting to control invasive plants). This evidence should not only include the
effects of these management interventions on invasive alien species, but also on native species and other non-target
outcomes such as ecosystem services. Such evidence would allow for comparison of the trade-offs between differ-
ent management interventions. In the planned review we aim to assess how management interventions to control
nine priority invasive alien plants species in England and Wales affect environmental outcomes. These species are:
Japanese knotweed (Fallopia japonica) Nuttall's waterweed (Elodea nuttallii), Chilean rhubarb (Gunnera tinctoria), Giant
hogweed (Heracleum mantegazzianum), Floating pennywort (Hydrocotyle ranunculoides), Himalayan balsam (Impatiens
glandulifera), Curly waterweed (Lagarosiphon major), American skunk cabbage (Lysichiton americanus), Parrot’s feather
(Myriophyllum aquaticum).

Methods: Searches will be in English and use bibliographic databases (Scopus, Web of Science Core Collection, Open
Access Theses and Dissertations, and Conservation Evidence) and internet searches (Google Scholar), as well as specialist
databases. Our methodology will only use the names of each species (scientific names and common names, includ-
ing synonyms) as our search string (we will not use qualifiers, such as "AND invasive”). This will give low specificity but
will increase the likelihood of capturing all relevant information. We will use predefined criteria for study inclusion
and data extraction. We will screen publications in two stages: (1) using titles and abstracts and (2) using full texts.
Consistency of inclusion will be checked by two people screening a random sample of 10% of titles and abstracts.
This dual-screening will be subject to kappa analysis and any disagreements resolved through discussion. We will use
critical appraisal to assess study validity by identifying studies that are potentially prone to bias.

Keywords: Biosecurity, Evidence-based conservation, Invasive plant management, Meta-analysis, Subject-wide
evidence synthesis, Species of union concern

Background

Invasive plant species can often have negative environ-
mental and social impacts—reducing native biodiver-
sity [1], altering ecosystem services [2, 3], causing losses
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of crops [4], and potentially having negative effects
on human health [5]. In the UK alone, invasive plant
species cause over £400 million of losses per year [6].
These negative consequences mean that controlling the
introduction, establishment, and abundance of invasive
species is a major policy priority recognised by national
[7], regional 8], and global policy instruments [9]. This
requires significant expenditure. As such, to ensure that
money allocated for control of invasive species is used
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efficiently, it is vital that the most effective methods to
manage invasive species are identified.

Numerous primary studies have tested the effect of
management interventions on invasive plant species
and the wider environment. To form generalisations
based on these studies requires evidence synthesis, and
a number of systematic reviews and meta-analyses have
done this to address management of a range of species
[10-13]. However, most syntheses of invasive plant
management only concentrate on the effects of man-
agement on the abundance of invasive plants (target
effects) [10—12], rather than on native biodiversity, eco-
system services, or other outcomes (non-target effects).
Failure to consider these multiple metrics that may be
affected by the management of invasive species can
result in perverse outcomes. Indeed, one meta-analy-
sis on this topic found that burning to control invasive
plant species often also leads to a decline in the abun-
dance of native plant species [13].

Recently the UK Department for Food and Rural
Affairs (DEFRA) launched a consultation on the
management of priority invasive alien species in
England and Wales which focused on 14 priority
species—8 plant species and six animal species. In
response to this consultation, we aim to carry out a sys-
tematic review to investigate the effects of management
on these priority alien plant species, and one additional
plant species (Japanese knotweed), on a wide range of
environmental outcomes.

Objective of the review

Our protocol is designed to be able to be applied to any
management intervention, for any of the priority invasive
plant species identified by Defra—Nuttall’s waterweed
(Elodea nuttallii), Chilean rhubarb (Gunnera tinctoria),
Giant hogweed (Heracleum mantegazzianum), Floating
pennywort (Hydrocotyle ranunculoides), Himalayan bal-
sam (Impatiens glandulifera), Curly waterweed (Laga-
rosiphon major), American skunk cabbage (Lysichiton
americanus), Parrot’s feather (Myriophyllum aquaticum).
We will also investigate the management of an important
invasive plant not identified by Defra: Japanese knotweed
(Fallopia japonica). We will extract information on any
relevant environmental outcome related to this. As such
the overall objectives are phrased as ‘open’ questions. To
improve the clarity of these questions, we have added
examples of the type of specific questions we envis-
age being answered as part of our planned systematic
review. All research questions follow a PICO (P =popula-
tions, I=interventions, C=comparators, O =outcomes)
structure.

Primary questions:
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1. What are the environmental impacts of interventions
for managing invasive plant species?

The question consists of the following components (see
study inclusion criteria for more detailed definitions):

Population: (i) The target invasive alien species; (ii)
Habitats/environments that are invaded or might be
invaded by the target invasive alien plant species.
Intervention: Any management intervention which
aims to control or prevent the spread of the target
invasive alien plant species.

Comparator: Any comparison between a location
or time where a management intervention has been
used and a location or time where it has not been
used.

Outcome: Any environmental outcome.

Examples:

+  What are the effects of herbicide on the abundance of
Japanese knotweed (Fallopia japonica)?

+ What are the effects of cutting to control Japanese
knotweed (Fallopia japonica) on the abundance of
native plants?

+ What are the effects of biological control to control
Japanese knotweed (Fallopia japonica) on soil car-
bon?

Secondary questions:

Secondary questions will investigate how effect modi-
fiers alter the impacts of invasive alien plant management
on environmental outcomes.

1. How does the intensity at which a management
intervention is applied (e.g. application rate of her-
bicide, number of livestock per ha per year) alter its
effects on environmental outcomes?

Example: How does application rate of herbicide alter
its effects on the abundance of Japanese knotweed
(Fallopia japonica)?

2. How do differences in study designs alter the
observed effects of management interventions (e.g.
greenhouse vs field or experimental vs observa-
tional)?

Example: Do the observed effects of herbicide appli-
cation to control Japanese knotweed (Fallopia japon-
ica) differ in field and greenhouse studies?

3. Does the time since invasion influence the manage-
ment outcomes?

4. Does the time since a management intervention
influence management outcomes?
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5. How does the effectiveness of invasive plant control
relate to impacts on other outcomes (e.g. native plant
community)?

Example: How does the alteration of Japanese knot-
weed (Fallopia japonica) abundance affect the abun-
dance of native plant species?

6. How do differences in climate affect the effective-
ness of management interventions to control invasive
plants?

Example: How do differences in precipitation alter
the effects of herbicide application on the abundance
of Japanese knotweed (Fallopia japonica)?

7. How does the scale which a management interven-
tion was carried out alter its effects on invasive plant
abundance?

Another aim of this review is to identify gaps in knowl-
edge relating to the different interventions and outcomes
for the invasive alien species that are the subject of the
review.

Methods

Our methods describe a protocol that we will use for a
systematic review of the management of nine priority
invasive alien plant species in England and Wales. For
the purposes of this protocol, an invasive alien plant is
defined as a species that is considered to be outside of
its native biogeographic range, that has spread as a result
of human activity and causes negative ecological or eco-
nomic impacts [14]. Because management interventions
will be similar for different invasive species, this approach
will allow us to answer broader scale questions about the
management of invasive plant species. Our work will ini-
tially focus on global evidence about the eight invasive
plant species identified as priorities by Defra in England
and Wales, and one other species we have identified as
a priority, but we envisage that similar protocols could
be used to investigate invasive plant management of any
species in any geographic region.

Our systematic review will make use of a new website
for screening literature, extracting data, and presenting
dynamic meta-analyses (http://www.metadataset.com)
[15]. We aim to use this website to host multiple sys-
tematic reviews, using the current systematic review as a
proof-of-concept. At present the website allows review-
ers to screen papers, use automated kappa analysis, and
enter study data. In addition, the website allows users to
browse the included publications by management inter-
vention, outcome, or country. In the future, users will be
able to browse the data extracted from these publications
and interact with meta-analyses, by selecting subsets of
the data (e.g. data from selected countries or selected
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management interventions). We welcome potential col-
laborators to please contact us.

The methods for this systematic review follow the Col-
laboration for Environmental Evidence guidelines for
evidence synthesis [16], and a ROSES (RepOrting stand-
ards for Systematic Evidence Synthesis) checklist [17] has
been completed (Additional file 1).

Stakeholder engagement

The protocol has been developed as part of the BioRISC
(Biosecurity Research Initiative at St Catharine’s) pro-
gramme. This programme aims to build, integrate, and
synthesise evidence, across the different domains of bios-
ecurity, including invasive alien species. We have dis-
cussed this protocol with members of the BioRISC team
and the Conservation Evidence group at the University of
Cambridge [18]. The authors of this paper include experts
in terrestrial and aquatic invasive species (BG, JMB,
DA) and we consulted with one other academic expert.
Although we did not engage directly with Defra, this pro-
tocol has been developed in response to their consulta-
tion on the management of priority invasive alien species
in England and Wales. A previous systematic map proto-
col published in Environmental Evidence was used as the
basis for this protocol [15].

Searching for articles

Our search strategy is designed to retrieve all the publi-
cations on each invasive plant species of interest. We will
search for publications in four bibliographic databases
that were identified as relevant by the review team. In
addition to published, peer-reviewed literature, we will
also search for unpublished research to minimize the risk
of publication bias. Information on the studies screened
will be held on the Metadataset website. We will also
allow people to submit any relevant papers that they feel
we have missed during our searches and we will subse-
quently screen these using the methodology outlined in
this protocol.

Search strings

For each species, we will use its scientific name(s) and
English common name(s) as the search string, based on
a standard list of taxonomic synonyms [19], and details
of all of these search strings are given in Table 1. These
search strings should produce the most inclusive set of
search results possible, because it will not use “AND”
terms (e.g. “Impatiens glandulifera” AND control’).
Where Boolean search terms (e.g. “OR” or “AND”) are
not supported by databases (e.g. Google Scholar, which
only allows basic Boolean searching) we will modify our
search strategy to only use the most commonly used
scientific name. This search strategy is likely to be very
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Table 1 Search strings to be used for each species included in the systematic review

English name Latin name Search string

Chilean rhubarb Gunnera tinctoria

“Chilean rhubarb” OR “giant rhubarb” OR (Gunnera AND (tinctoria OR scabra)) OR (Panke AND

(acaulis OR caulescens OR tinctoria OR chilensis))

Giant hogweed Heracleum mantegazzianum

“Giant hogweed" OR “cartwheel-flower” OR “giant cow parsley” OR “giant cow parsnip”OR

“hogsbane” OR “wild parsnip”OR “hogsbane” OR “wild parsnip” OR “wild rhubarb” OR “Hera-
cleum mantegazzianum”

Himalayan balsam Impatiens glandulifera

“Himalayan balsam” OR “Policeman’s Helmet” OR “Bobby Tops” OR “Copper Tops” OR “Gnome’s

Hatstand"OR “Kiss-me-on-the-mountain” OR “ornamental jewelweed” OR (Balsamina AND
(glandulifera OR macrochila OR roylei)) OR (Impatiens AND (glandulifera OR candida OR
cornigera OR glanduligera OR macrochila OR moschata OR royleana OR roylei OR taproban-

ica))
Curly waterweed Lagarosiphon major

American skunk cabbage  Lysichiton americanus

Lagarosiphon AND (major or muscoides) OR “African elodea” OR “oxygen weed”
“American skunk cabbage” OR “western skunk cabbage” OR “yellow skunk cabbage”OR “swamp

lantern” OR "Lysichiton americanus”

Nuttall's waterweed Elodea nuttallii

“Anacharis nuttallii” OR (Elodea AND (columbiana OR minor OR nuttallii)) OR (Philotria AND

(minor OR nuttallii)) OR “Udora verticillata” OR “nutall* waterweed” OR “western waterweed”

Floating pennywort Hydrocotyle ranunculoides

Hydrocotyle AND (ranunculoides OR adoensis OR batrachioides OR cymbalarifolia OR natans

OR nutans) OR “floating pennywort” OR “floating marshpennywort”

Parrot’s feather Myriophyllum aquaticum

“Enydria aquatica” OR (Myriophyllum AND (brasiliense OR proserpinacoides OR aquaticum))

OR “parrots feather” OR “parrots-feather”

Japanese knotweed Fallopia japonica

“Fallopia japonica” OR “fallopia compacta” OR “pleuropterus zuccarinii” OR (polygonum AND

(cuspidatum OR cuspidatum OR hachidyoense OR reynoutria OR sieboldii OR zuccarinii))

OR (reynoutria AND (japonica OR compacta OR hachidyoensis OR hachijoensis OR hastata
OR henryi OR uzenensis)) OR “tiniaria japonica” OR “japanese knotweed” OR “asian knotweed”
OR "fleeceflower” OR “"Himalayan fleece vine” OR “monkeyweed” OR “monkey fungus”OR
“Hancock’s curse” OR “elephant ears” OR “pea shooters” OR “donkey rhubarb”OR “sally rhubarb”
OR “japanese bamboo” OR “american bamboo” OR “mexican bamboo”

Search strings were used for databases that allowed Boolean operators, but in cases where they were not allowed the Latin species name alone was used

comprehensive as it will find all available literature for
the species of interest. It also has the advantage of mak-
ing searches relatively easy to update, as well as allowing
for changes in taxonomy to be dealt with easily in the
future. Because our search string will have high ‘sensitiv-
ity’ (i.e. a high proportion of all the publications about
each invasive alien species) we expect our search strat-
egy to be very comprehensive and therefore the need for
a benchmark list of articles to test comprehensiveness is
minimised.

Because English common names may represent com-
mon words or phrases, we will subject all keyword
searches to sensitivity tests. Where the inclusion of com-
mon names increases the number of papers returned by
a search by> 100, we will restrict the search by adding
“AND (control OR manag*)” for common names only.

Search languages

We will review publications in English only. We will tag
all publications that are excluded because they were not
in English. We acknowledge that excluding literature
written in non-English languages is a shortcoming. How-
ever, we do not have the resources needed to work in
other languages, especially since checking of consistency
requires dual-screening of articles.

Publication databases to be searched
Publications will be collated from the following
databases:

+ Scopus

+  Web of Science Core Collection

+ Open Access Theses and Dissertations (https://oatd.
org/)

Scopus and Web of Science searches will use the ‘title,
keyword, and abstract function’ and will be performed
using a University of Cambridge subscription. In addition
to specialist bibliographic databases we will search one
web-based search engine, Google Scholar (first 50 results
sorted by relevance). Previous work has shown that this
method is useful for finding both academic and grey lit-
erature [20].

Specialist searches

We will also search specialist websites for relevant stud-
ies. The first of these, https://www.conservationevidence
.com, contains systematically collated evidence on the
effects of management interventions taken both from
the academic and grey literature [18, 21]. This website
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has also already collated evidence on the control of three
of the priority species that are the subject of this review
(floating pennywort, American skunk cabbage, and Par-
rot’s feather) and so represents a useful resource for the
planned systematic review. In addition, we will examine
accounts for each species on the CABI Invasive Species
Compendium website (https://www.cabi.org/isc/). and
on the IUCN ‘EU regulation on invasive alien species’
website (https://bit.ly/2S]jfgG) to identify potential stud-
ies relating to management both from the academic and
grey literature.

Additional search method

During screening of full texts, the reference lists of stud-
ies that meet inclusion criteria and any relevant sec-
ondary literature will be examined to identify other
potentially useful studies, sometimes called ‘snowballing’
[22]. The same process will be carried out using any rel-
evant studies found in this way until no relevant studies
are found in reference lists. This method may help to find
literature that was missed in key word searches as well as
‘grey’ literature [22].

Article screening and study eligibility criteria

Screening process

We will screen publications in two stages: [1] using titles
and abstracts and [2] using full texts. At each stage we
will decide whether to include or exclude a publication
based on the eligibility criteria we set out below. At each
stage we will record the number of publications included/
excluded, and we will provide a list of the full texts that
were excluded, together with reasons for their exclusion
and a ROSES flow diagram [17]. To ensure a lack of bias,
members of the review team will not screen any articles
that they have authored—these papers will be screened
by other members of the team.

Consistency checking
To check for consistency, a random sample of 10% of
titles/abstracts will be screened, by two people, using our
inclusion criteria. Any disagreements between the two
people will be discussed, and eligibility criteria will be
revised to show how disagreements were resolved. Kappa
scores will be calculated to test the agreement between
the two people [23]. If Kappa scores are below 0.6,
another 10% of titles/abstracts will be screened by the
same two people. Disagreements will be discussed and
resolved again, Kappa scores recalculated, and the con-
sistency checking process repeated until Kappa scores
are greater than 0.6.

Following this, a sample of 10% of the full texts of pub-
lications that meet inclusion criteria based on their titles/
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abstracts will be screened by two people. This process will
mirror that detailed above for title/abstract screening.

Eligibility criteria

In this systematic review we will use a “PICO” approach
to determine eligibility criteria. To be included in our sys-
tematic review studies must attain the criteria detailed
below.

Populations We are interested in multiple populations
in this systematic review. Firstly, we are interested in the
following invasive species: Japanese knotweed (Fallopia
japonica) Nuttall's waterweed (Elodea nuttallii), Chilean
rhubarb (Gunnera tinctoria), Giant hogweed (Heracleum
mantegazzianum), Floating pennywort (Hydrocotyle
ranunculoides), Himalayan balsam (Impatiens glandulif-
era), Curly waterweed (Lagarosiphon major), American
skunk cabbage (Lysichiton americanus), Parrot’s feather
(Myriophyllum aquaticum). In addition, we are also inter-
ested in the environments/ecosystems that have been
impacted or may be impacted by these invasive alien spe-
cies which may be affected by management interventions
to control/prevent invasive alien species.

Interventions We are interested in all management
interventions that attempt to exclude or control the
invasive alien plant species detailed above. These inter-
ventions will be categorised using a provisional classifi-
cation of practices that the review team have developed
(see Additional file 2). We will adapt the categories in this
classification scheme as we screen the literature and iden-
tify interventions that were not previously classified. The
classification scheme is intended to be used as a means
of classifying management interventions for invasive alien
plant species that can be reused for any invasive plant spe-
cies in the future. Previous general classifications for man-
agement interventions in conservation already exist [24]
but these are defined at too low a resolution to be useful
for the current systematic review.

Eligible comparators We will include any study that
compares an area or time in which a management inter-
vention has been carried out with one where no man-
agement intervention has been undertaken. To aid syn-
thesis we will label studies based on different elements
of their design. We will include both experimental and
correlative studies. Experimental studies will be defined
as those in which treatment and comparator groups were
defined prior to a management intervention being carried
out. Correlative studies will be defined as those in which
comparators were defined after a management interven-
tion was carried out. An example of a correlative study
is one that compares areas grazed by livestock to control
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an invasive plant with areas that were selected because
they are similar to the grazed site but where no livestock
grazing was used. This distinction is important because
post hoc definition of comparators may result in biases in
counterfactual comparisons.

Studies that compare an area where a management
intervention has been used with an area where it has not
been used will be labelled as controlled. This includes
comparisons with areas where no management was used
and with areas where alternative management interven-
tions were used (e.g. a comparison of herbicide vs cut-
ting). Studies where there is a comparison between a time
when no management intervention was used and a time
when the management intervention was used at a later
time point will be labelled as a before-and-after study.
These labels are not mutually exclusive—and so we will
include studies that include both these design elements—
commonly referred to as before-after-control-impact
studies. Where experimental studies have used a blocked
design, they will be labelled as such, and when correla-
tive studies used paired sites, this will also be recorded.
We will also include studies that have investigated differ-
ent intensities of the same management intervention (e.g.
comparison of different concentrations of herbicide).

Both replicated and unreplicated studies will be
included in our systematic review, and we will label them
as either replicated or not. We will also label studies as
randomized or not. We will include studies carried out
in natural habitats, under greenhouse conditions, or in
laboratories. Further information on the methodologi-
cal details of studies that we will record can be found in
Table 2.

Outcomes We will include studies of all environmental
outcomes, which we will categorise based on a provisional
classification of outcomes that we have developed (see
Additional file 3). This includes outcomes relating to inva-
sive plant species and native plant species, as well as on
other biodiversity, crop production, soil, water, and pol-
lutants. Note that we will not include outcomes that relate
to the adoption of management interventions by practi-
tioners (e.g. the number of practitioners using herbicide
to control invasive plants), which we see as being beyond
the scope of this work. In addition, where biological con-
trol has been used to control invasive alien plants, we will
not extract data about the biocontrol agents themselves.
At the full-text screening stage studies that do not present
tables and figures relating to outcomes will be excluded.
Similarly to our classification scheme of management
interventions, this classification scheme will be used as
a means of categorising different outcomes used in stud-
ies that have tested management interventions. This clas-
sification scheme will be updated if we find additional
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relevant outcomes during screening and data extraction.
This will allow us to develop a classification of outcomes
that is reusable for other invasive plant species.

Study validity assessment

Critical appraisal strategy

We will critically appraise all studies that we consider
to be suitable for quantitative synthesis to assess their
validity. Doing this will allow us to identify studies that
are likely to be more prone to biases that affect internal
validity. We will use sensitivity analysis to further exam-
ine these biases.

Table 2 gives the criteria for study validity assessment.
These criteria represent the variables that we consider
to be critical in influencing the internal validity of study
findings, which focus on the effects of selection bias
and performance bias. We will not assess to what extent
results from individual studies are generalisable (external
validity) as this will vary depending on the context of the
reader, given that generalisability is likely to vary geo-
graphically and taxonomically, as well as in other ways.

Data on criteria in Table 2 will be extracted from rel-
evant studies. Any studies for which the answer is ‘no’ or
‘unclear’ to any of the questions will be assigned as having
low validity; studies that are not assigned as having low
validity will be assigned as having medium validity if any
of the questions are answered as ‘partially; the remainder
of studies will be classified as having high validity. The
study validity of a random sample of 10% of studies for
each species will be determined by two reviewers. Any
reasons for disagreement will be discussed.

Data on study validity will be presented alongside
details extracted from the studies and descriptive sta-
tistics calculated to give an overview of study validity.
Where possible, we will then use sensitivity analyses to
examine how summary effect sizes are altered by exclu-
sion of studies with particular characteristics. This will
involve the exclusion of studies assessed as having low
validity followed by exclusion of those with both low and
medium validity.

Data coding and extraction strategy

Metadata extraction and coding

Metadata will be extracted from studies that meet our
selection criteria. Metadata on the context and PICO ele-
ments that we will extract from each study are detailed in
Table 3.

Data extraction strategy

We will extract the mean values of treatments (e.g. plots
with management interventions) and controls (e.g. plots
without management interventions or which used alter-
native management interventions). If available, we will
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Table 3 Data we plan to extract from studies and indication of which data will be used in study validity assessment

Variable Description Used in study
validity
assessment

Country Country/countries where study was carried out No

Latitude Latitude of site(s) used in study No

Longitude Longitude of site(s) used in study No

Start date Date on which management intervention was first implemented (If only month is speci-  No

fied the date will only record the month and year)

End date Date on which implementation of management intervention ceased/was carried out for  No

the final time (If only month is specified the date will only record the month and year)

Invasive plant species Accepted Latin binomial name for focal invasive species No

Ecosystem type Ecosystem type in which study was undertaken - following the IUCN habitat classifica- No

tion scheme (https://www.iucnredlist.org/resources/habitat-classification-scheme)

Management intervention Name of management intervention - based on management intervention classification ~ No

scheme (see Additional file 2 for more details of this)

Frequency of management intervention Number of times year™' that a management intervention was carried out No

Intensity of management intervention The intensity at which a management intervention was carried out (e.g. Grazed with 4 No

sheep ha™'year™")

Area over which intervention was applied  Area in ha over which a management intervention was applied No

Controlled/not controlled A study which compares outcomes in a location where a management intervention has ~ Yes

been used with an area where no management intervention was used

Before-and-after A study which compares outcomes between a time when no management interven- Yes

tion was used and a time when the management intervention was used at a later time
point

Experimental/correlative study Is the study experimental or correlative? (see text for definition of these terms). Yes

Randomization Randomized/not randomized Yes

Pairing Paired/unpaired (for correlative studies) Yes

Blocking Blocked/unblocked (for manipulative studies) Yes

Size of sampling unit Size in m? of sampling unit (e.g. plot) used to collect data No

Homogeneity of plot sizes used Homogenous/not homogenous Yes

Number of replicates Number of replicate sample units in each comparative group No

Distance between replicate plots Distance in km between different plots used to investigate the same treatment No

Distance between treatments Distance in km between plots used to investigate different treatments No

Greenhouse/field study Was the study carried out in a greenhouse or in the field? No

Duration of study Number of years after management intervention for which results were monitored No

Confounding factors Were there any severely confounding factors? (yes, partially, no, unclear) Yes

Outcomes

For a full list of outcomes that we will consider see our outcome classification scheme in
Additional file 3

In cases where there is not enough information in articles to extract information for a variable this will be left blank

also extract measures of variability around the mean
(standard deviation, variance, standard error of the mean,
or confidence intervals), number of replicates, and the P
value of the comparison between treatments and controls
(see Table 4 for a list of data that will be extracted). Com-
parisons will only be made within one figure/table but not
between figures/tables. For example, if studies were done
in two or more areas, but these results were presented in
separate figures/tables, we will assume that a comparison
cannot be made across tables unless specified otherwise
in the article text. Where data are presented for multiple
years, data from all years will be extracted. Where data is

presented for multiple sites, data for all sites will also be
extracted. We will not contact primary authors to request
additional data. All extracted data will be made available
as additional files.

Approaches to missing data

Missing data can present a serious issue for meta-anal-
yses in ecology and conservation as reporting standards
in the literature are very variable. This often includes
missing information about sampling variance or sam-
ple sizes [25]. Where possible, if information is missing
for components required for effect size calculation and
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Table 4 Data we will extract to allow calculation of effect sizes
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Data to extract Description of data

Treatment mean

Control mean

Treatment standard deviation (SD)
Control standard deviation (SD)
Treatment N

Control N

Treatment standard error (SE)
Control standard error (SE)

Mean value for outcome in area/time period subject to management intervention

Mean value for outcome in area/time period not subject to management intervention

Standard deviation for outcome in area/time period subject to management intervention

Standard deviation value for outcome in area/time period not subject to management intervention
Sample size for outcome in area/time period subject to management intervention

Sample size in area/time period not subject to management intervention

Standard error for outcome in area/time period subject to management intervention

Standard error value for outcome in area/time period not subject to management intervention

Unit Units used to measure outcome (e.g. %, Kg ha~!, or number of stems ha™")

Least Significant Difference (LSD)
mean

Correlation coefficient (r)
Total N for correlation studies
Approximate P value

Exact P value

Exact Z value

Exact F value

Metric allowing determination of statistical significance of a comparison between treatment mean and control

Measure of linear correlation between two variables (Pearson correlation coefficient)

Total sample size for studies that calculated the Pearson correlation coefficient

Approximate P value where exact value of P is not given

Exact P value where it is given in the study

Exact Z value where it is given in the study

Exact F value where it is given in the study. F values will only be taken from non-omnibus tests (i.e. not ANOVA

tests) because these allow us to determine pairwise statistical significance

study weighting (i.e. mean values, sample sizes, measures
of variability) we will calculate these values based on the
available information. For example, P-values can be con-
verted into t-test or F-statistics, which can subsequently
be used to calculate effect sizes [26]. To investigate the
influence of using variance to weight analyses we will use
sensitivity analysis to compare results for both weighted
and unweighted meta-analyses.

Consistency checking

Consistency of data extraction will be checked by ran-
domly sampling 10% of those studies that meet inclu-
sion criteria from which their data will be extracted by
two people. Discrepancies in the data extracted will be
discussed and extracted data modified accordingly. No
Kappa analysis will be performed at this stage as our goal
will be for complete agreement between reviewers.

Potential effect modifiers/reasons for heterogeneity
Potential reasons for heterogeneity will be explored using
sub-group analysis, meta-regression, and sensitivity anal-
ysis (Table 5). Where relevant we will expand the list of
potential modifiers during the synthesis process. This
list was compiled following discussion within the review
team.

Data synthesis and presentation
We will present quantitative data synthesis for interven-
tion-outcome combinations that have>1 data points.

Interactive evidence synthesis will also be provided on
Metadataset.

Narrative synthesis strategy

We will include a narrative synthesis to give an overview
of the studies used in the systematic review. This will
include presentation of tables containing relevant infor-
mation about the studies that meet our inclusion criteria
and further discussion of studies, where necessary.

Quantitative synthesis strategy

The minimum amount of data we will need to calculate
an effect size will be the treatment mean and control
mean, which will allow us to calculate the response ratio
[27]. We will calculate the mean effect of each interven-
tion on each outcome, using standard meta-analytic
methods [28]. If we have only the minimum amount of
data for the effect of an intervention on an outcome (i.e.
treatment means and control means), we will only be able
to do an unweighted meta-analysis. Otherwise, we will
do a weighted meta-analysis (e.g. weighted by the inverse
of variance, but sensitivity analyses using other weights
will also be available on the website, as will unweighted
meta-analysis). We will always use random-effects meta-
analysis, as study-level effects are likely to vary because
of true variation, rather than solely experimental error, as
assumed by fixed-effects meta-analysis [29]. We will also
explore heterogeneity using subgroup analysis and meta-
regression, where appropriate. We will use standard
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Table 5 Potential effect modifiers/reasons for heterogeneity
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Variable

Potential effect

Method of testing

Study in greenhouse/field

Rate of application of herbicide/cutting (management
intensity)
Type/mechanism of herbicide

Timing of herbicide application

Frequency of management intervention (e.g. repeated
spraying with herbicide)

Experimental vs observational
Time since management intervention

Time since invasion

Studies of management interventions such as herbi-
cides in greenhouses may be more effective than
those in the field because of the lack of exposure to
wind/rain that may remove herbicide from target
plants

Higher application rate of herbicide may lead to more
effective control of invasive plant species

Different types of herbicide may differ in their effective-
ness in controlling target invasive plant species

Timing of herbicide application may alter their effec-
tiveness in controlling target invasive plant species

More frequent application of herbicide or more regular
cutting may lead to more effective control of invasive
plant species

The results of experimental studies may be more con-
sistent due to having fewer confounding factors

Some management interventions may decline in suc-
cess as time since they were last carried out increases

In sites where invasive plant species have been present

Sub-group analysis

Sub-group analysis/meta-regression
Sub-group analysis
Sub-group analysis/meta-regression

Sub-group analysis/meta-regression

Sub-group analysis
Meta-regression

Meta-regression

for long periods of time they may be difficult to con-
trol because of a build-up of invasive propagules

methods for estimation of publication bias (e.g. fail-safe
numbers and funnel plots) [25]. Where relevant we will
report the results of any sensitivity analyses.

Knowledge gap identification

We will identify knowledge gaps when the system-
atic review is completed. We will use our categorisa-
tion of both management interventions and outcomes
to identify where there is a lack of knowledge for par-
ticular outcomes for each management intervention. If
the systematic reviews are updated on the metadataset
website, we will modify information on the website to
identify where gaps remain.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513750-020-0186-y.

Additional file 1. Completed ROSES form.
Additional file 2. Classification of interventions.

Additional file 3. Classification of outcomes.
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