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Accurate, up-to-date and interoperable alien species lists are required if South
Africa is to estimate the status of biological invasions, effectively manage the prob-
lem, and meet its international obligations under the Global Biodiversity Frame-
work. A plethora of South African alien species lists have been developed; but
these have been standardised using different taxonomic backbones that change
over time, and what has been done taxonomically is often not transparent or re-
peatable. Consequently, the lists are not interoperable, and the names of the list-
ed taxa are often out-of-date and contain errors. Here a workflow to standardise
taxon names for South African alien species lists is introduced. The workflow is
open, has been automated and uses taxonomic backbones that are relevant to
the South African context. The final output includes accepted scientific names,
higher taxonomic information and details on taxonomic sources; and issues and
errors are detected, corrected and flagged, including synonyms and duplicated
taxa. Three lists of alien taxa, with error rates of 13—20%, and which differ in their
taxonomic focus and backbones, serve as case studies. The case studies illustrate
that the workflow can automatically standardise hundreds of taxon names in
minutes, leaving a few (0-14%) for which manual work would be required. The
workflow is a step-by-step guide of the processes required, will reduce error rates
and facilitate the transparent and repeatable taxonomic standardisation of the
names of alien taxa. In so doing, it will increase the interoperability and utility of
South African alien species lists.

Keywords: alien species databases, alien species lists, biological invasions, R soft-
ware environment, taxonomic backbones

Introduction

Biological invasions are a costly and serious threat to South Africa’s biodiversity,
ecosystem services, human health and livelihoods (Van Wilgen et al. 2022; Ze-
ngeya & Wilson 2023; McCulloch-Jones et al. 2024). As a signatory to the Con-
vention on Biological Diversity, the country has committed to work towards
meeting Target 6 of the Kunming-Montreal Global Biodiversity Framework for
2030 (Convention on Biological Diversity 2022) and thus needs to reduce the
introduction and impact of invasive alien species (for the full text see https://
www.cbd.int/gbf/targets/6). South Africa has also invested significantly in the
management of biological invasions (McCulloch-Jones et al. 2024) and to bet-
ter understand the challenge and the effectiveness of management interven-
tions, a triennial national-level report on the status of biological invasions is
produced (Van Wilgen & Wilson 2018; Zengeya & Wilson 2020; Zengeya &
Wilson 2023). Lists of alien taxa (hereafter alien species lists) are key to all of
these initiatives — they are used in research that improves our knowledge of
biological invasions, are used to produce estimates of the status and trends in
invasions, are an important tool for invasive species management and policy,
and are used to measure and report on progress towards conservation targets,
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including Target 6 (McGeoch et al. 2012; Faulkner et
al. 2015).

In South Africa, a plethora of alien species lists have
been produced. These lists serve a wide range of pur-
poses and have been developed following different
methods (Faulkner et al. 2015). They are also often lim-
ited in scope and focus on specific taxonomic groups,
spatial units (e.g., habitats, subnational political enti-
ties), time periods and introduction pathways (Faulk-
ner et al. 2015). To give a few specific examples, lists
of alien terrestrial molluscs (Herbert 2010) and marine
organisms (Mead et al. 2011; Robinson et al. 2016,
2020) have been developed using surveys and reviews
of historical records and museum specimens; roadside
surveys were conducted to develop a list of alien plants
along the Garden Route (Baard & Kraaij 2019); and a
list of planted trees was recently developed using data
from citizen science platforms (Richardson & Potgieter
2024). Surveys and inspections have been used to pro-
duce lists of alien taxa associated with the medicinal
plant trade (Williams et al. 2021), pet trade (Nelufule
et al. 2020; Shivambu et al. 2022) and agricultural im-
ports (Saccaggi et al. 2021); while those associated with
the aquarium trade were identified using DNA barcod-
ing (Niemann et al. 2022). Lists are also available on
the biological control agents that have been tested and
released (Zachariades 2021); on high-risk alien taxa
whose introduction should be prevented (Faulkner et
al. 2014; Swart & Robinson 2019); and for taxa that are
regulated under the Alien and Invasive Species Regula-
tions of the National Environmental Management: Bio-
diversity Act (hereafter the NEM:BA A&IS Lists [for a list
of acronyms see Table 1]; Wilson & Kumschick [2024]).

To fulfil their various purposes, these alien species lists
need to be accurate, up-to-date and interoperable
(McGeoch et al. 2012; Faulkner et al. 2015). Unfortu-
nately, compiling such lists is a challenge, and they are

Table 1. List of acronyms
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often plagued by errors and uncertainties (McGeoch et
al. 2012). Taxonomic complexities, ongoing taxonomic
change and the decline in the number of taxonomists
to handle taxonomic queries make it difficult to ensure
that the listed taxon names are accurate (Soberon &
Peterson 2004; Murray et al. 2017). Consequently, the
taxon names in South African alien species lists are of-
ten out of date and contain errors, such as synonyms,
misspellings, lexical variants (different ways of writing
the same name), misapplications (where an incorrect
name has mistakenly been given to a taxon) and dupli-
cates (the same taxon listed multiple times either under
the same or different name) (Soberén & Peterson 2004;
Boyle et al. 2013; Murray et al. 2017). To give a specific
example, almost half of the taxon names included in the
NEM:BA A&IS Lists of 2020 do not correspond exactly
to the accepted scientific name found in the relevant
taxonomic backbone (i.e., collections of taxonomic in-
formation for many taxa; for a discussion on terms used
see Grenié et al. [2022]), with this misalignment often
due to slight formatting differences or an update in the
nomenclature (Wilson & Kumschick 2024). South Afri-
can alien species lists are also not interoperable, partly
because taxon names are inconsistent across lists due to
formatting differences (e.g., taxon names are provided
with or without authorship information) and as differ-
ent taxonomic backbones have been implemented. For
example, lists of alien plants in South Africa have been
taxonomically standardised using taxonomic backbones
that include those of The Plant List (e.g., Baard & Kraaij
2019; Canavan et al. 2021), Plants of the World Online
(e.g., Keet et al. 2022), and the Global Biodiversity In-
formation Facility (GBIF; e.g., Niemann et al. 2022). In
addition, what was done taxonomically is not always
documented, or is not documented in enough detail
to be transparent and repeatable. These issues make it
difficult to consolidate and compare lists (Murray et al.
2017), compromise our ability to get accurate, compre-
hensive and up-to-date estimates of introductions and

Acronym Expansion

BODATSA Botanical Database of Southern Africa

FAIR Findable, Accessible, Interoperable and Reuseable
GBIF Global Biodiversity Information Facility

GISD Global Invasive Species Database

ICTV International Committee on Taxonomy of Viruses
ITIS Integrated Taxonomic Information System

IUCN International Union for Conservation of Nature

NEM:BA A&IS Lists

Lists of alien species regulated under the Alien and Invasive Species Regulations of the National

Environmental Management: Biodiversity Act

POWO Plants of the World Online

WCVP World Checklist of Vascular Plants
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invasions, and ultimately lead to misinformed policy
and management (McGeoch et al. 2012).

A workflow that could serve as a step-by-step guide
of the procedure required to source and process tax-
onomic data to standardise alien taxon names could
assist to overcome these issues. Of course, such a work-
flow could be manually implemented. For example,
the taxon names for the 560 taxa on the NEM:BA A&IS
lists of 2020 have been manually corrected and stan-
dardised (Wilson & Kumschick 2024). But this would
be time consuming, could result in duplicated efforts,
has the potential to introduce human errors, and would
be difficult in many cases due to the sheer amount of
data involved (Boyle et al. 2013; Murray et al. 2017;
Grenié et al. 2022). This is also no longer necessary, as
large, online infrastructures, such as GBIF (https://www.
gbif.org/), have made vast amounts of taxonomic infor-
mation open-access, and because automated compu-
tational tools to extract, evaluate, manipulate and visu-
alise this information have been developed (Grenié et
al. 2022). These tools, although linked to various taxo-
nomic backbones, are not linked to the regional taxo-
nomic backbones that are relevant to the South African
context (Grenié et al. 2022). Thus, the appropriateness
of the existing automated tools for South African alien
species lists is limited, and their implementation would
result in alien species lists that are not interoperable
with other lists of taxa for the region.

Here, a workflow to standardise taxon names for South
African alien species lists is introduced. The workflow is
open and has been automated. It implements taxonomic
backbones that are relevant to the South African context;
obtains accepted scientific names and higher taxonomic
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information; and detects, corrects and flags issues and
errors. The script and detailed guidance documents are
freely available, and so while the workflow was devel-
oped for South Africa, it can easily be adapted for use
in other contexts. The development of this workflow
should greatly assist the researchers, managers, and de-
cision-makers that compile and use alien species lists. In
the following sections, the workflow is described and its
implementation is demonstrated using three South Afri-
can alien species lists as case studies.

Description of
the workflow

The automated workflow can be used to standardise
digitised lists of taxon names that are in one of two
formats: (1) full scientific name with authorship and
date information (hereafter ‘scientific name’); and (2)
scientific name without authorship and date infor-
mation (hereafter ‘canonical name’). The workflow
cannot be used on lists of common or vernacular
names, and pre-processing of the names will likely be
required (e.g., to ensure that the list is in the correct
format [see Table 2]; Grenié et al. [2022]). While the
workflow can be used to taxonomically standardise
canonical names, it is recommended that information
on authorship and date is retained as this decreases
errors and makes it easier to resolve issues such as
taxonomic homonyms (taxon names that are iden-
tical in spelling but belong to different taxa) (Jansen
& Dengler 2010; Grenié et al. 2022). The workflow
uses existing online taxonomic backbones and, as has

Table 2. A summary of the operations performed during each step and substep (in italics) of the workflow. A full description of the
workflow is provided in Supplementary Material 1, and descriptions of the variables in the outputs are provided in Supplementary

Material 2

Steps and substeps Summary of operations

1. Preparation of R o
environment .

Required R packages are installed from the R CRAN and GitHub.
Required R packages are loaded.

2. Preparation of data

2a. Preparation of .
BODATSA dataset o
format.

BODATSA dataset, provided as a csy, is loaded (file name: BODATSA.csv).
The date the BODATSA dataset was downloaded is entered manually in day-month-year

¢ Taxon name columns are merged to create a column for canonical names, and a column for

scientific names.

¢ Inconsistently formatted scientific names are flagged and manipulated to address this issue.
e Misapplied taxon names are removed, unused autonyms are linked to their accepted

names.

e The prepared BODATSA dataset is written to file.

2b. Preparation of list e
of taxon names

A csv file containing a single column (column name: verbatimScientificName) of taxon
names is loaded (file name: OriginalNames.csv).

¢ Information on the format of the names (whether canonical [without authorship and date
information] or scientific [with authorship and date information]) is entered manually.
¢ Formatting of spaces in taxon names is standardised.

http://abcjournal.org |
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Table 2. A summary of the operations performed during each step and substep (in italics) of the workflow. A full description of the
workflow is provided in Supplementary Material 1, and descriptions of the variables in the outputs are provided in Supplementary
Material 2 (continued)

3. Match all taxon names e Taxon names are passed to the GBIF application programming interface (API), accessed
to GBIF backbone through the rgbif package (Chamberlain et al. 2025).

¢ Taxonomic information for all taxa is returned.
e Output is written to file.

4. Extract plants e Vascular plants are extracted from the output from CBIF

5. Assess and flagissues e The output from GBIF for taxa that are not vascular plants is evaluated by determining the
for non-plant taxa prevalence of various issues (e.g., names that are not accepted, matches that were not

exact).
¢ Subspecific entities, names with open nomenclature, duplicated names and names with
other issues or errors are flagged.

6. Preparation of output e A column is added with the source of the accepted scientific name, the date that source was
for non-plant taxa consulted, and a stable link to GBIF that is unique to the taxon.
matched to GBIF ¢ Unnecessary columns are removed from the dataset.

7. Match plant namesto e Vascular plant names (see Step 4) are standardised using BODATSA (prepared in Step 2a).
BODATSA backbone e Exact matches are identified based on the canonical name or scientific name (see Step 2b).

e Taxon names with multiple matches are flagged and, if the issue cannot be resolved, all
matches are returned.
e The output is written to file.

8. Assess and flagissues e The output from BODATSA for vascular plants is evaluated by determining the prevalence of

for plants various issues (e.g., names that are not accepted, names that had multiple matches).
¢ Subspecific entities, names with open nomenclature, duplicated names and names with
other issues or errors are flagged.

9. Extract unmatched e Vascular plants that could not be matched are extracted from the output from BODATSA.
plants

10. Preparation of output e A column is added with the source of the accepted scientific name, the date that source was
for plants matched to downloaded (see Step 2a) and the general link to the BODATSA data.

BODATSA e Unnecessary columns are removed from the dataset.

11. Match unmatched e Vascular plants for which a match could not be found in BODATSA are passed to the WCVP
plant names to WCVP taxonomic backbone, accessed through the rWCVP package (Brown et al. 2023).
backbone e Either the taxon name provided by the user or the canonical name from GBIF is used (see

Step 2b).

¢ Taxon names with multiple matches are flagged and, if the issue cannot be resolved, all
matches are returned.

e The output is written to file.

12. Assess and flagissues e The output from WCVP is evaluated by determining the prevalence of various issues (e.g.,
for plants matched to names that are not accepted scientific names, matches that were not exact, names that had
WCVP multiple matches).

¢ Subspecific entities, names with open nomenclature, duplicated names and names with
other issues or errors are flagged.

13. Preparation of output e A column is added with the source of the accepted scientific name, the date that source was
for plants matched to consulted, and a stable link to POWO that is unique to the taxon.

WCVP e Unnecessary columns are removed from the dataset.
14. Merge The formats of the three interim outputs are standardised and aligned.

Interim outputs are merged.
The data are reordered so that the taxon names appear in the same order as provided.
Final output is written to file.

been recommended, uses and builds on existing tools
where possible (Grenié et al. 2022).

There are a wide range of taxonomic backbones that
vary in their taxonomic and spatial scope and selecting

which to use is not trivial (Grenié et al. 2022). It has
been recommended that regularly updated, regional,
taxon-specific backbones should generally be preferred
(Murray et al. 2017; Grenié et al. 2022), though if the
list is of alien taxa not present in regional backbones,

http://abcjournal.org | | Open access
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then global backbones are more appropriate (Grenié
et al. 2022). Following these recommendations, this
workflow uses three taxonomic backbones to stan-
dardise the taxon names in South African alien species
lists: (1) the Botanical Database of Southern Africa (BO-
DATSA) — a regional, regularly updated and publicly
available (https://posa.sanbi.org/) taxonomic backbone
for plants (Klopper et al. 2021) — is used to standardise
the taxon names of alien vascular plants present out-
side of captivity and cultivation in South Africa (those
only in captivity and cultivation are not included in
BODATSA); (2) the World Checklist of Vascular Plants
(WCVP) — a global plant taxonomic backbone that is
updated weekly, and accessed through Plants of the
World Online (POWO; https://powo.science.kew.
org/) (Govaerts et al. 2021) — is used to standardise
the taxon names of alien vascular plants that are not
present outside of captivity and cultivation in South
Africa (i.e., those not included in BODATSA); and, as
a regional, open-access taxonomic backbone that is
regularly updated does not exist for other groups, (3)
the GBIF taxonomic backbone — a multi-taxa, glob-
al taxonomic backbone that is regularly updated - is
used to standardise the taxon names of alien taxa that
are not vascular plants (https://www.gbif.org/dataset/
d7dddbf4-2cf0-4f39-9b2a-bb099caae36c¢).

The automated workflow is executed in R, and requires
four inputs (Figure 1): (A) the BODATSA dataset, down-
loaded from https://posa.sanbi.org/sanbi/Explore; (B)
the date that the BODATSA dataset was downloaded,
which is manually entered into the script under Step 2a
of the workflow; (C) the list of taxon names that need
to be standardised; and (D) information on the format
of the taxon names (i.e., scientific or canonical), which
is manually entered into the script under Step 2b of
the workflow. The workflow follows a sequence of 14
main steps, with each involving several substeps or op-
erations (Figure 1). Step 2 requires the inputs detailed
above, but all subsequent steps require as inputs the in-
terim outputs of the previous steps, with some of these
interim outputs being written to file (Figure 1).

When executed, the automated workflow passes all the
provided taxon names to GBIF, and taxonomic informa-
tion including canonical names and higher taxonomic
information (e.g., kingdom, family, class) is returned for
all taxa. Higher taxonomic information is required to di-
vide the taxon names into taxonomic groups, and glob-
al databases such as GBIF have been recommended for
this process (Grenié et al. 2022). Each taxon name is
matched to the relevant taxonomic backbone and, if
the provided name is a synonym, the accepted scien-
tific name according to the backbone is returned. For
vascular plants, if an exact match is not found in BO-
DATSA, the name is passed to WCVP. If an exact match
is not found for vascular plants in WCVP or for other
taxa in GBIF, then fuzzy matching is performed. Fuzzy
matching can correct misspellings and lexical variants

http://abcjournal.org |
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but can result in errors; although these should be re-
duced here as higher taxonomic information is used to
ensure that the returned fuzzy matched names corre-
spond to the appropriate taxonomic group (Grenié et
al. 2022). Duplicated taxon names, and taxon names
with other issues and errors are detected and flagged,
as are subspecific entities, and taxon names with open
nomenclature (abbreviations that indicate uncertainty
or the provisional status of the taxon’s identification).

The final output is a single file with the taxon names as
provided by the user; and for each taxon: the canonical
name and higher taxonomic information obtained from
GBIF; the full accepted scientific name with authorship
and date information; and details on the source of the
accepted scientific name. Taxa for which issues or errors
were detected are flagged in the final output, whether
these have been corrected or not. These include taxon
names that are synonyms or are doubtful (e.g., taxo-
nomic homonyms, misapplied names), duplicated tax-
on names, if the accepted scientific names were not
identified through an exact match (e.g., fuzzy matching
performed), and if an accepted scientific name could
not be identified. Subspecific entities and taxon names
with open nomenclature are also flagged in the final
output. Global biodiversity data standards as set by the
Darwin Core are followed as far as is possible (descrip-
tions of the Darwin Core fields are available at: https://
dwc.tdwg.org/terms/).

A summary of each step of the workflow is provided in
Table 2, with a full description in Supplementary Ma-
terial 1.

Case studies

Three lists were used as case studies to test and illustrate
the workflow: a watchlist of invasive species whose in-
troduction to South Africa should be prevented (Faulk-
ner et al. 2014); a list of taxa intercepted at South
Africa’s ports of entry during agricultural inspections
(Saccaggi et al. 2021); and a list of macrophytes traded
in South Africa (Niemann et al. 2022). These lists were
selected as they were developed for different purpos-
es; focus on different taxonomic groups and habitats;
the formatting of the taxon names differs; and as they
were developed using different taxonomic backbones
(Figure 2).

Of the taxon names included on the three lists, between
13 and 20% had errors (Figure 2). When the automated
workflow was executed, the taxon names in the three
lists were rapidly standardised (although note that the
throughput will vary based on computer hardware and
internet connection speed). Nonetheless, the watchlist,
which lists 400 taxa and was both the longest and most
taxonomically complex of the three lists (Figure 2), was

| Open access
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Inputs

A: BODATSA
dataset

B: Date BODATSA was
downloaded

C: List of
taxon names

D: Format of the taxon
names

Workflow

1: Preparation
of R
environment

2: Preparation

of data

3: Match all taxon names

to GBIF backbone

4: Extract
plants

5: Assess and flag issues
for non-plant taxa

6: Preparation of
output for non-plant
taxa matched to GBIF

7: Match plant names to

BODATSA backbone

8: Assess and flag issues
for plants

9: Extract
unmatched plants

10: Preparation of
output for plants
matched to BODATSA

11: Match unmatched

plant names to WCVP
backbone

12: Assess and flag
issues for plants
matched to WCVP

13: Preparation of
output for plants
matched to WCVP

Outputs

I: Prepared BODATSA
dataset

ll: Standardised names for

all taxa based on GBIF

lll: Standardised names

for plants based on
BODATSA

IV: Standardised names

for plants not in BODATSA
based on WCVP

V: Standardised names for
all taxa with higher

taxonomic information,
and issues flagged

Key:

| manual input | process | m

merge
\y ‘ output ’

Figure 1. A workflow to standardise taxon names for South African alien species lists using taxonomic backbones relevant to South Africa.
During execution, the accepted scientific name with authorship and date information and higher-level taxonomic information are
obtained, and issues and errors are detected, corrected and flagged. Inputs are shown in pink (A-D), the workflow in orange (1-14),
and the outputs are in purple (I-V), with interim outputs in light purple (I-1V) and the final output in dark purple (V). For a summary
of each step see Table 2 and for details see Supplementary Material 1. Note that ‘plants’ refers to vascular plants, and ‘non-plant taxa’
refers to all taxa that are not vascular plants.
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taxonomically standardised within four minutes. The
workflow performed well for all case studies, with ac-
cepted scientific names automatically identified for
most of the alien taxa (100% of the watchlist, 86.2%
of the intercepted taxa and 97% of the traded aquatic
macrophytes). Most of the taxa (0-14%) for which an
accepted scientific name could not be automatically

Original research

identified (Figure 2) were mites and viruses on the list
of intercepted taxa. Synonyms were detected in all
three lists, but were a particular issue for the watchlist,
with 11% of the listed taxon names being synonyms
(Figure 2). It is not surprising that the taxon names on
the watchlist are out-of-date, as this is the oldest of the
three lists, and as it was developed based on a data

H Total H Synonyms H Accepted name not found
B Total issues/errors Ml Duplicates | | Other issue/error
600
400 il
218
200
©
X
©
pra)
[T
o
£
3
S ’ 7
= 5
4
2
0 0 0
Watch list Intercepted taxa Traded aquatic
macrophytes
Reference Faulkner et al. (2014) Saccaggi et al. (2021) Niemann et al. (2022)
Taxonomic ES:;:T:;E' ) Animals (200)
group Animals (207) Bactgrla (3) Vascular plants (72)
(number of Fungi (10)
taxa) Vascular plants (183) Viruses (5)
Algae (1)
Freshwater
Habitats Marine Terrestrial Freshwater
Terrestrial
Format of taxon Canonical Canonical Scientific
names
Taxonomic ITIS (early 2000s) with GBIF for most taxa, ICTV
backbone some updates based on for viruses, various for GBIF (November 2017)
IUCN (~2009) mites (29 July 2020)
Taxonomic GBIF
backbones BODATSA GBIF DODATSA
(this workflow) WCVP

Figure 2. Details on the lists used as case studies to test and illustrate the workflow. The bar chart shows the total number of taxa included
on the three lists, as well as the number of taxa on the lists that were flagged due to the detection of various issues or errors. Note
that the y-axis has been log,  transformed. The lower portion of the figure provides details on the taxonomic groups (with the number
of taxa shown in brackets) and habitats of the listed taxa; the format of the taxon names (canonical or scientific); and the taxonomic
backbones implemented during the development of the lists (with dates) and during the execution of this workflow. The watchlist
was compiled using the Global Invasive Species Database (GISD), and so followed the taxonomy used in that database. Much of the
content of the GISD was developed in the early 2000s (Pagad et al. 2015), and at that time the taxonomic backbone of the Integrated
Taxonomic Information System (ITIS) was implemented, however, in ~2009, some revisions were made based on the International
Union for Conservation of Nature (IUCN) (S. Pagad, pers. comm., 21 January 2025). GBIF — Global Biodiversity Information Facility;
BODATSA — Botanical Database of Southern Africa; WCVP — World Checklist of Vascular Plants; ICTV — International Committee on

Taxonomy of Viruses.
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source that was last taxonomically standardised more
than 15 years ago (Figure 2).

A manual evaluation of the outputs (see Supplementary
Materials 3, 4 and 5) from all case studies indicated
that synonyms had been correctly identified as such,
and that the correct accepted scientific names were re-
turned. A few of the returned accepted scientific names
were duplicated in two of the lists (Figure 2). Two of the
intercepted taxa — Loria formosa Cooreman, 1958 and
Sancassania oudemansi (Zachvatkin, 1937) — were list-
ed twice, once under the accepted scientific name and
once under a synonym, while the list of traded aquatic
macrophytes included three records for Anubias spe-
cies that had not been identified to the species level.
Between 2 and 7% of the taxon names were flagged as
having other potential issues or errors (Figure 2). Several
taxa (four on the watchlist, six on the list of intercepted
taxa and one on the list of traded aquatic macrophytes)
were flagged as they were matched to accepted scien-
tific names through fuzzy matching. For example, Did-
ymosphenia geminata was matched to Didymosphenia
geminatum (Lyngbye) M.Schmidt, 1899. Five plants on
the watchlist were flagged as their names matched to
multiple names in the WCVP taxonomic backbone.
For example, depending on its authority, Polygonum
cuspidatum is either a synonym of Reynoutria japonica
Houtt. or of Persicaria acuminata (Kunth) M.Gémez.

Discussion

The workflow presented here was developed to assist
with keeping the taxon names in South African alien
species lists up-to-date and can be used to map lists
of taxon names standardised using other taxonomic
backbones onto those that are relevant to the South
African context. While the workflow can serve as a
step-by-step guide of the required processes, its auto-
mation means that these processes can be easily and
rapidly executed; and although it has some limitations,
it can be adapted to meet the needs of users. Below
the workflow’s utility, limitations and adaptability are
discussed.

Utility

The three alien species lists used as case studies were
developed for different purposes, using different
methods, and focus on alien taxa from different tax-
onomic groups and habitats. They, therefore, serve as
an indication of the wide range of alien species lists
that have been developed for South Africa. They also,
however, demonstrate the various taxonomic issues
that impact alien species lists — they are not interop-
erable as they present taxon names in different for-
mats and were developed using different taxonomic
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backbones; contain a range of taxonomic errors (e.g.,
synonyms, misspellings, lexical variants); and are out-
of-date. Indeed, even the taxon names in the most
recently developed list, that of taxa intercepted during
agricultural inspections at South African ports of entry
(Saccaggi et al. 2021), were out-of-date, despite this
list being taxonomically standardised in 2020 using
the GBIF taxonomic backbone. The case studies also
demonstrated the utility of the workflow — it can be
used to reduce error rates; standardise taxon names in
various formats and from a wide range of taxonomic
groups and habitats in a transparent and repeatable
manner; and its automation means that the time spent
on taxonomic standardisation can be greatly reduced.
The workflow can, therefore, assist with keeping South
African alien species lists up-to-date, ensure that they
meet international data standards (FAIR data princi-
ples [Findable, Accessible, Interoperable and Reuse-
able; Wilkinson et al. 2016]), and, in so doing, will
increase their value (McGeoch et al. 2012; Faulkner et
al. 2015). For example, a comprehensive, up-to-date
list of alien taxa for the whole country is required for
national-level reports on the status of biological inva-
sions, and to monitor and report on progress towards
Target 6 of the Kunming Montreal Global Biodiversity
Framework (Zengeya & Wilson 2023); but to develop
this list, the various lists that exist need to be com-
pared and combined. This workflow can greatly assist
with this currently difficult and time-consuming task
(Zengeya & Wilson 2023).

Of course, not all alien species lists can be continuously
updated to keep up with taxonomic changes (Murray
et al. 2017; Garnett et al. 2020; but see Govaerts et al.
2021), but the workflow can also assist with keeping
static, periodically published lists transparent; and facil-
itate tracking of taxonomic changes in these lists (Wil-
son & Kumschick 2024). For example, while the NEM:-
BA A&IS Lists are updated periodically (e.g., in 2016
and 2020) (Wilson & Kumschick 2024), the regulations,
and therefore the lists, cannot be revised every time
there is a taxonomic change. Such lists should therefore
be published as versioned, dated, permanently acces-
sible archives (Garnett et al. 2020). The workflow can
facilitate this as both when the taxon names were last
updated and the version of the backbone implemented
are explicit in the final output (Grenié et al. 2022).

This workflow is not the only automated tool that can
be used to standardise lists of taxon names according to
specific taxonomic backbones, and indeed a range of
such tools have been developed (Grenié et al. 2022).
For example, GBIF offers a tool to standardise a list
of taxon names based on its backbone (https://www.
gbif.org/tools/species-lookup); and several R packages
linked to different taxonomic backbones have been de-
veloped for this purpose (for a review see Grenié et al.
2022). However, the workflow presented here offers
some advantages for South African alien species lists.
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The workflow standardises alien plant names using BO-
DATSA, which is the most current, scientifically accu-
rate taxonomic backbone for southern African plants
(Klopper et al. 2021), and its implementation means
that South African alien species lists will be interopera-
ble with other plant lists for the region.

Limitations

Automated tools for taxonomic standardisation can
greatly assist with the detection and correction of vari-
ous issues that are prevalent in lists of taxon names that
are time consuming to manually address (Murray et al.
2017); such as synonyms, misspellings, lexical variants,
and inconsistencies in authorship and date informa-
tion. However, these tools, including the one presented
here, have a common set of limitations.

Not all of the procedures required to taxonomical-
ly standardise lists of taxon names can be automat-
ed (Boyle et al. 2013; Murray et al. 2017) and thus
some manual work is required after executing such
tools. For example, unless taxon names are provided
with authorship information, taxonomic homonyms
cannot be resolved through automated processes,
and so this relatively uncommon issue needs to be
addressed manually on a case-by-case basis (Cayuela
et al. 2012). In addition, these automated tools are
linked to specific taxonomic backbones, and these
will not be sufficient in all cases. Examples from the
case studies presented here include viruses, for which
the GBIF taxonomic backbone is not appropriate (Sac-
caggi et al. 2021). In such cases, the user will need to
manually standardise the taxon names using a rele-
vant and up-to-date taxonomic backbone (for some
other suggestions see http://dx.doi.org/10.5281/zeno-
do.8217211); deviations from the taxonomic back-
bones used in the workflow will need to be reported;
and the taxonomic backbones selected will need to
be made explicit (Murray et al. 2017; Seebens et al.
2020). As an example, Saccaggi et al. (2021) imple-
mented the GBIF taxonomic backbone for their list
of intercepted taxa, but for viruses the taxonomic
backbone of the ICTV was implemented. Nonetheless
the case studies demonstrated that the workflow pre-
sented here can automatically standardise most taxon
names in South African alien species lists, and thus
manual work would be required for only a small pro-
portion (9 taxa on the watchlist, 37 of the intercepted
taxa, and 7 of the traded aquatic macrophytes).

When compiling, comparing and consolidating alien
species lists, there are various non-taxonomic issues to
contend with and scope-related, list-specific decisions
are required. Automated taxonomic tools cannot ad-
dress all these issues. For example, alien species lists
are often not simple lists of alien taxa but provide a
lot of additional taxon-specific data (McGeoch et al.
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2012; Faulkner et al. 2015; Murray et al. 2017). These
additional data need to be processed appropriately
by the user after taxonomic standardisation. To assist
the user with this process, the taxon names in the fi-
nal output of the workflow presented here are in the
same order as provided by the user. This ensures that
any additional data are compatible with the outputs of
the workflow, however, as a consequence duplicated
taxon names are not removed, but are rather flagged
to assist the user. Alien species lists also differ in how
subspecific or supraspecific entities are treated, and,
for example, subspecific entities are in some cases
synonymised under the species to which they belong,
although this can lead to a loss of important informa-
tion (e.g., the three subspecies of Trachemys scripta
have varying introduction histories, and only one,
Trachemys scripta subsp. elegans has become widely
invasive [Reshetnikov et al. 2023]) (Jansen & Dengler
2010; Murray et al. 2017). As this is a list-specific de-
cision, the workflow does not standardise the taxo-
nomic level at which the taxon names are presented.
Similarly, decisions on what to do when taxon names
are provided with open nomenclature are likely to be
made on a case-by-case basis, thus these taxa are also
flagged.

Importantly the workflow errs on the side of caution
and flags all potential issues and errors whether or not
they have been addressed. This increases transparency
and allows for changes to be tracked, but it also means
that in most cases the outputs for taxa with flagged is-
sues will only need to be quickly examined to confirm
that they have been dealt with appropriately (e.g., mis-
spellings and lexical variants addressed through fuzzy
matching). To further assist the user, interim outputs
are also written to file, which will allow the sources of
flagged issues to be identified.

The workflow presented here only speaks to taxono-
my, but it is worth noting that guidance on data and
processes for alien species list compilation and consol-
idation are available (Faulkner et al. 2015; Murray et
al. 2017), that global standards for alien species data
have been developed (Groom et al. 2019), and that an
automated workflow exists to consolidate alien species
lists (Seebens et al. 2020).

Adaptability

Software development standards (Huybrechts et al.
2024) and guidance on how to develop meaningful
workflows for taxonomic standardisation (Crenié et al.
2022) were followed when developing this workflow;
and the workflow is based on open-source tools, and
itself follows open-source principles. As it stands, the
workflow can be implemented for other southern Afri-
can countries included in BODATSA; and to meet the
needs of other countries, or to be interoperable with
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international alien species lists (Seebens et al. 2020),
all taxon names standardised based on the GBIF back-
bone are available in an interim output of the workflow.
However, it could be useful in some cases to alter the
workflow, for example, so that all vascular plant names
are standardised based on the WCVP taxonomic back-
bone (i.e., the steps that involve BODATSA [steps 7—10]
could be omitted); or so that multiple lists can be it-
eratively standardised (Ferndndez Winzer et al. 2025).
As the script for the workflow and detailed guidance
documents are freely available, users can easily access
and adapt the script to suit their purpose.

Conclusion

The automated, open workflow presented here can be
used to taxonomically standardise alien taxon names in
various formats, and from a wide range of taxonomic
groups and habitats. The workflow was specifically de-
veloped to assist with keeping the taxon names in South
African alien species lists up-to-date and can be used
to map lists of taxon names standardised using other
taxonomic backbones onto those that are relevant to
the South African context. The workflow does not deal
with all taxonomic issues, but these issues are flagged;
it will reduce time spent on taxonomic standardisation;
and it should greatly assist the researchers, managers
and decision-makers that compile and use alien spe-
cies lists. Importantly, the workflow is transparent and
repeatable, will help to ensure that South African alien
species lists meet the FAIR data principles (Wilkinson et
al. 2016) and, in so doing, will improve the value of the
lists for research, management and policy (McGeoch et
al. 2012; McGeoch & Jetz 2019).

Data and code availability

The full workflow description and script, as well as
detailed guidance documents are freely available at a
dedicated GitHub repository (https://github.com/Kate-
lynFaulkner/rsa-ans-workflow). The full description and
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