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Abstract

Biosecurity is crucial for managing biological invasions, yet communication gaps between
detection and action often hinder timely responses. In South Africa, the polyphagous shot
hole borer (Euwallacea fornicatus) was first recorded through a DNA barcoding project in
2012 but no action was taken until a separate field observation was made in 2017. Here we
present a workflow that aims to ensure molecular observations are evaluated and acted upon.
We demonstrate its value using South Africa as a case study. 10,084 records from South
Africa’s ‘Barcode of Life Data System” were compared with three datasets: a watch list of
species of concern (400 species), a list of high-risk pests detected at-border, but not post-
border (218 species); and the Botanical Database of Southern Africa (BODATSA, 68,153
records). Four species from the BOLD were identified as being on the watch list or in the list
of detected high-risk pests and four species were flagged as possible additions to the list of
alien plants outside of cultivation in South Africa. The method is codified in a simple,
generalisable workflow that, we argue, will improve the flow of information from detection
to action and so allow biosecurity systems to become more responsive.

Keywords: biosecurity, BOLD, checklist, DNA barcoding, EDRR, nativity, prohibited
species, species identification, species of concern, taxonomic standardisation
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Introduction

Detecting an alien species soon after it has been introduced is likely to mean more options are
available for management (Reaser et al. 2020). At early stages, populations are typically
small and geographically limited, making containment and eradication more feasible. As a
result, large-scale harmful invasions can potentially be avoided (IPBES 2023). Alien taxa, as
defined here, are any taxa that are not native to the region being considered [for this study,
any taxa that is not native to the Republic of South Africa (RSA)], that have been introduced
by human derived action — intentionally or unintentionally. Nativity was determined using
authoritative databases such as Plants of the World Online for plants, supplemented by
published sources when needed, or by using species lists that contained only alien taxa (e.g.,
watch lists). However, the challenges of early detection are universal, affecting ecosystems
across the globe. Two aspects of biosecurity frameworks are particularly important: first,
surveillance systems need to be improved so alien species introductions are detected; and
second a system is needed to flag detections that should be acted upon (Liebhold et al. 2016).

An infamous example from South Africa is the polyphagous shot-hole borer (PSHB),
an ambrosia beetle that together with its fungal symbiont causes dieback and mortality of a
diverse range of woody plants. This beetle was detected through a sentinel project at Kwa-
Zulu Natal Botanical Gardens in 2017 (Paap et al. 2018), however, it soon became clear that
it was already widely established across much of the country (Paap et al. 2020). Although the
2017 detection raised national awareness, by 2021 the PSHB was present in eight out of
South Africa’s nine provinces, affecting many native, ornamental and commercially
important tree species (van Rooyen et al. 2021; de Wit et al. 2022; Townsend et al. 2025).
Retrospective analysis revealed that the PSHB had been present in South Africa as early as
2012, when it was sampled as part of a barcoding project (van Rooyen et al. 2021). Whether
effective action could have been taken in 2012 is not known, but it is concerning that there
were five years between the first detection and the subsequent detection that was acted upon.

Globally, DNA barcoding has emerged as a powerful tool for the detection of alien
taxa, providing molecular evidence of their presence in a given region while supporting
biosecurity efforts (Armstrong and Ball 2005; Hamelin 2012; Hanner et al. 2009; Madden et
al. 2019). The method involves sequencing a standardised region of an organism’s genome
and comparing it against reference databases. The resulting matches can identify species with
high confidence (see Baena-Bejarano et al. 2023), often more reliably than traditional
morphological identification methods. Moreover, DNA barcoding proves particularly useful
for identifying cryptic species or when morphological identification is challenging due to
specimen damage or developmental stages. Integrative approaches combining molecular and
morphological data have been shown to enhance identification accuracy, highlighting the
limitations of relying solely on morphology (Yang et al. 2022).

The Barcode of Life Data System (BOLD; www.barcodinglife.org) is an open-access
DNA barcode database that provides a centralised platform for barcode data (Ratnasingham
et al. 2024). Each record is assigned a Barcode Index Number (BIN), a system for clustering
DNA barcode sequences into operational taxonomic units that typically correspond to species
(Ratnasingham and Hebert 2013). As of May 2025, BOLD contained 16.5 million public
records from around the world, representing 1.3 million species across various kingdoms
(e.g., Animalia, Bacteria, Chromista, Fungi and Plantae). BOLD’s global coverage allows
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researchers to use this tool to detect and identify species across a broad range of geographic
regions and taxonomic groups, supporting biodiversity monitoring and conservation efforts,
and increasingly contributing to biosecurity applications worldwide (Hernandez-Triana et al.
2019; Comia and Morris 2024).

Despite the potential for reducing the time between detection and response, the
integration of molecular barcode data into national and regional biosecurity frameworks
remains limited (Armstrong and Ball 2005). Many countries still rely heavily on
morphological identification, which is often labour-intensive, error-prone, and limited by the
availability of taxonomic expertise (Darling and Blum 2007). This gap in molecular-based
surveillance systems leaves many regions vulnerable to undetected alien taxa introductions,
particularly in biodiversity hotspots like South Africa, where rapid and accurate identification
is crucial (Sethusa et al. 2014; van Wilgen et al. 2020).

This study aims to address this gap by developing a simple, generalisable workflow
that cross-references barcode data from BOLD (from within RSA) with three datasets: (1) a
national watch list of alien species of concern, (2) a list of high-risk pests intercepted at
borders but not yet detected within the country, and (3) the Botanical Database of Southern
Africa (BODATSA), which includes alien plants outside of cultivation. By identifying taxa
that have been detected during molecular studies but are not yet recognised or managed as
alien species in South Africa (i.e., included in the aforementioned lists), we aim to flag
potential biosecurity risks to inform action and improve existing species lists for future
surveillance. This workflow represents a step towards integrating molecular data into
practical biosecurity applications, with the potential to be adapted for use in other regions
facing similar challenges.

Methods

To compare the species lists and identify potential undocumented alien species, we developed
a workflow comprising three main steps: (1) acquisition, initial inspection, and preparation of
the original datasets; (2) taxonomic standardisation of species names across datasets
(following Faulkner 2025); and (3) pairwise comparison of standardised lists (Fig. 1, S1). The
workflow was implemented in R (v4.4.2; R Core Team 2024) and relies on several R
packages: tidyr (Wickham, Vaughan and Girlich 2024), dplyr (Wickham et al. 2023), stringr
(Wickham 2023), rgbif (Chamberlain et al. 2025), stringdist (van der Loo 2014), rwWCVP
(Brown et al. 2023), purrr (Wickham and Henry 2023), lubridate (Grolemund and Wickham
2011), remotes (Csardi et al. 2024), and rWCVPdata (Govaerts et al. 2021; Govaerts 2024).

1. Species lists

The primary dataset was derived from the Barcode of Life Data System (BOLD v4.
www.barcodinglife.org/), providing molecular evidence of species presence in South Africa.
This list was compared against three reference datasets to flag species of concern. Below, we
describe each dataset and its limitations.

1.1 Barcode of Life Database (BOLD)

The BOLD database (Ratnasingham and Hebert 2007; Ratnasingham et al. 2024) is a global,
open-access DNA barcoding platform that includes animals, plants, fungi, bacteria, and
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Figure 1. An overview of the workflow for comparing country specific species lists with
molecular databases.

protists. Available metadata may include collection date and location, collector identity,
specimen storage information, and associated media. Critically, the database does not indicate
whether a taxon is native to the region where the specimen was collected, posing challenges
for detecting alien species (discussed below). Not all records include DNA sequence data, so
presence in BOLD does not necessarily confirm presence in South Africa. Data were
downloaded on 22 November 2023.

1.2 Watch list

This list, compiled by Faulkner et al. (2014), includes 400 alien species considered to pose a
high risk of invasion but not known to be present in South Africa as of 2013. It comprises
animals, plants (including algae and ferns), and other taxa such as fungi, micro-organisms,
and oomycetes. As the list is static, some species on it (e.g. Austropuccinia psidii; Roux et al.
2013) have been detected since the analysis was completed in early 2013.

If a species on the watch list is found to have a DNA barcode collected from samples
in South Africa, a response is warranted. The confidence of the identity of the DNA barcode
and where it was collected should be confirmed, checks should be made to see if the species
was already known in the country (and the watch list updated accordingly, particularly given
the list was developed in 2013), and/or field confirmation should potentially trigger an
incursion response.

1.3 High risk pest list (“inspections list’)
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This list, from Saccaggi et al. (2021; available on figshare: Terblanche et al. 2021), contains
218 alien taxa intercepted on plant imports between 1994 and 2019 but not known to occur in
South Africa. Taxa on this list includes mainly invertebrates (Phylum Arthropoda and
Nematoda), but also viruses, fungi and bacteria. If a species on this list is found to have a
DNA barcode collected from samples in South Africa, then the response should be the same
as described for the watch list. Like the watch list, this list is not updated regularly, so
overlapping species require verification to confirm they have not been reported since 2021.

1.4 Plants of Southern Africa (BODATSA)

BODATSA (also known as NewPOSA; http://posa.sanbi.org/) is a living database curated by
the South African National Biodiversity Institute (SANBI), documenting the presence and
status (e.g. indigenous, naturalised, invasive) of plant species in South Africa. It excludes
cultivated taxa unless they are recorded outside of cultivation. Thus, horticultural species
present in BOLD may not be in BODATSA. Besides vascular plants, it includes non-vascular
plant groups such as Bryophyta (mosses) and Marchantiophyta (liverworts) but excludes
algae. The version used here was downloaded on 6th May 2025 and contained 68,153 rows
(SANBI 2025). A recent version should be downloaded when performing this analysis, with
the date of download recorded (as specified in R script 2).

If an alien plant is present on BOLD with a DNA barcode but is not listed in
BODATSA, the first step is to confirm the validity of the BOLD record by checking whether
it includes collection details such as GPS coordinates or a locality name. If the species is only
present in South Africa under cultivation, it will not appear in BODATSA—even if it is
known to exist in the country. In such cases, monitoring is recommended to ensure cultivated
individuals do not spread beyond containment. However, if the BOLD record corresponds to
wild individuals and the species has a known history of invasion or negative impacts in other
countries, it should be flagged for inclusion in BODATSA and considered for an incursion
response. Where appropriate, physical specimens should be collected and curated as evidence
of the alien taxon’s presence in the country.

2 Workflow

The workflow is reproducible, transparent, and based on existing templates (Reyserhove et al.
2020; Seebens et al. 2020), with R scripts provided in the Supplementary Material.

2.1 Data preparation (R script 1)

The living database (BOLD) and static datasets (watch list and pest list) were cleaned and
stored for reuse. Details are provided below. Note that BODATSA is not subjected to
taxonomic standardisation because it serves as the taxonomic backbone for plants in South
Africa. As such, it is not included in the first step of data preparation. Instead, it is processed
later during the second step (and corresponding script), where it is prepared both for use as
the taxonomic reference and for list comparisons in step 3.

2.1.1 BOLD

To ensure there is molecular evidence of a species’ presence, we retained only BOLD records
with DNA sequences. This was assessed using the ‘nucleotides’ column in the “Combined”
file export (which includes both Specimen and Sequence data). Records with blank, dashed,
or missing values in this column were excluded. Note that presence of a BIN (Barcode Index

5
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Number) indicates sequencing, but some sequenced records lack BINSs, so the 'nucleotides’
field is more inclusive. Unnecessary columns and duplicated species names were removed, as
well as records with no data for species name. The ‘species name’ column was renamed to
‘verbatimScientificName’ following Darwin Core standards. The list was saved as a .csv file.

The version used initially contained 498,735 rows. After removing 81,761 blank
entries, 334 dashed lines, and 9 records from Israel (mislabelled under South Africa), plus the
duplicated species, 10,084 entries remained.

2.1.2 Watchlist

From the original dataset (884 taxa), we selected the 400 species designated as "Watch list"
in the ‘Final.designation’ column. The ‘Species name’ field was renamed to
‘verbatimScientificName’, unnecessary columns were removed, and the list was saved as a
.csv file.

2.1.3 Inspection list

The dataset “Metadata of contaminants on SA plant imports 1994-2019.csv” (Terblanche et
al. 2021) was downloaded from Figshare (878 taxa). We selected species recorded as
“absent” in South Africa (column ‘SA.occurenceStatus.current’), removed unnecessary
columns, and renamed the ‘species’ column to ‘verbatimScientificName’. The list was saved
as a.csv file.

2.2 Taxonomic standardisation (R script 2)

To ensure consistent taxonomy, we followed the standardisation workflow developed by
Faulkner (2025), which was developed for South African alien species lists (Zengeya et al.
2025). The watch list, inspection list and list from BOLD were taxonomically standardised
using this workflow (https://github.com/KatelynFaulkner/rsa-ans-workflow). As per Faulkner
(2025), BODATSA was used for plant names and the GBIF backbone was used for the names
of other taxa. If a plant taxon was not found in BODATSA, the taxonomic backbone of the
World Checklist of VVascular Plants (via POWO) was used. The automated workflow was
adapted so that the taxonomic standardisation of the lists was iterative. As described in
Faulkner (2025) manual inspection of the outputs of the automated workflow was required to
resolve ambiguous cases (e.g., taxonomic homonyms) and ensure clean outputs (Murray et al.
2017, see details in Supplementary material). Duplicates were removed to retain one row per
species. The outputs were saved as .csv files, with the column ‘scientificName’ containing
the taxonomically standardised taxon names.

As previously mentioned, the BODATSA list is not subjected to taxonomic
standardisation because it serves as the taxonomic backbone for plants in South Africa.
However, it still requires preparation to be used effectively in this role. We did not remove
indigenous or endemic species at this stage to avoid misclassifying native taxa in BOLD as
aliens during list comparison. The formatting in some columns was standardised (e.g., double
spaces removed). The original dataset splits the scientific name across multiple columns
(‘Genus’, ‘Sp1°, ‘Rank1’, ‘Sp2’), which were merged to a single ‘scientificName’ field which
contained the scientific name with authorship and date information. Duplicated names in
‘scientificName’ were removed as well as unnecessary columns. Taxa labelled as
“misapplied” in the '"TaxStat' column, indicating taxonomic misidentifications or records not
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considered valid for South Africa, were also excluded from the dataset. The list was saved as
a .csv file.

2.3 List comparison (R script 3)

Lists (i.e., scientificName columns) were compared in pairs, with BOLD always serving as
the reference. While the comparison between BOLD and the watch list, and BOLD and the
inspection list flags species present in both lists, the comparison of BOLD and BODATSA
flags species present only in BOLD (i.e., missing from BODATSA).

2.3.1 BOLD vs Watch & Inspection lists

The complete BOLD list (10,084 records) was compared to the 400 watch list taxa and 185
pest species. Any matches were flagged as potential new detections. Because the watch and
pest lists are static, all matches required literature checks to ensure the species had not
already been reported in South Africa after 2013 (watch list) or 2021 (pest list).

2.3.2 BOLD vs BODATSA

For this comparison, only plant taxa from BOLD were used. The aim was to identify species
in BOLD not recorded in BODATSA. Such mismatches may represent unrecognised or
undocumented plant introductions. Subsequent checks were required to determine if these
species are indeed new alien records for South Africa.

Results
1 Number of species per species list

The BOLD dataset downloaded on 22 November 2023 contained 498,735 records for South
Africa, of which 11.5% were identified to species level (56,357 records), representing 10,084
species. After taxonomic standardisation, 801 synonyms were identified (verbatim name was
a synonym of an accepted name that is included in the scientific name column), 313
duplicates for scientific name, and no duplicates for verbatim name.

The watch list from Faulkner et al. (2014) originally included 400 species. The
taxonomic standardisation detected no duplicates for scientific name or verbatim name but
encountered 44 synonyms. The high-risk pest list from Saccaggi et al. (2021) comprised 218
high-risk pest species, which was reduced to 185 following taxonomic checks and removal of
duplicates, with 5 synonyms, 4 scientific name duplicates and no duplicates for verbatim
name.

Finally, the BODATSA list, downloaded on 6th May 2025, originally contained
68,153 records, which were reduced to 67,105 species after data preparation and cleaning
(e.g., 1,048 misapplied names were removed).

2 Taxonomic standardisations

The inspection list after going through the steps of data preparation and taxonomic
standardisation (scripts 1 and 2) resulted in 37 records (out of 218) that needed to be
manually checked before moving to the next step of list comparison. These were ‘possible
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error flags’ related to either uncertain (six), doubtful (one) or unmatched taxon names (30)
(see Supplementary material and Faulkner 2025 for more details).

The watchlist processed file after the taxonomic standardisation contained 10 possible
error flags to manually check out of 400 records (four uncertain, five doubtful and one
unmatched). Finally, the BOLD list with 10,084 records had 1,589 possible error flags to be
manually checked (16% of the total records: 193 uncertain, 61 doubtful and 1366
unmatched). Depending on the datasets under study, this step can be highly time-consuming,
particularly when numerous flags require manual verification, however, the manual work is
greatly reduced my implementing the automated workflow. Unmatched records were
predominantly taxa identified only to the genus level, which could not be resolved to species
level during taxonomic standardisation. These records were retained at the genus level, as the
entire genus could potentially be absent from the country—even if species-level identification
was not available. Certain genera are known to include pests or invasive species, so flagging
the presence of a new genus in the country was considered important. After all flags were
manually verified, we proceeded with the list comparison.

3 Lists comparison
3.1 BOLD vs Watch List

Seven species were shared between BOLD (10,084 species) and the Faulkner et al. (2014)
watch list (400 species; Table 1; S2a). These were the fungal pathogen Austropuccinia psidii,
four invertebrates (Aedes aegypti, Cinara cupressi, Culex quinquefasciatus and Octolasion
tyrtaeum), the grey wolf Canis lupus and a cultivated plant (Terminalia catappa).

Austropuccinia psidii is a highly invasive fungus affecting plant species within the
Myrtaceae family. Known as the causal agent of myrtle rust, it was first detected in South
Africa in 2013 (Roux et al. 2013), after Faulkner et al. (2014) had analysed the data for their
study and therefore does not represent a new introduction to the country. (note that in the
watchlist, Roux et al. 2013 and in BOLD the species appears with the synonym Puccinia
psidii). Likewise, Aedes aegypti and Cinara cupressi were found to be in South Africa after
Faulkner et al. (2014) was published (see Guarido et al. 2021 and Wondafrash et al. 2024
respectively). Canis lupus is also not flagged because, although there are 54 records in BOLD
for this species, they pertain to domestic dogs (Canis lupus familiaris or Canis familiaris) and
not grey wolves, which are the species of concern on the watch list. Nonetheless this
highlights the value of the workflow for updating watch lists and similar.

Culex quinquefasciatus (Southern house mosquito) is a mosquito species native to
Southeast Asia that has dramatically expanded its range over recent centuries, now
established throughout much of the tropics and subtropics, particularly in Central America
and Oceania (Bhattacharya and Basu 2016; Harvey-Samuel et al. 2021; GBIF 2023a). It is
well known for its role as a vector of various pathogens, transmitting diseases such as
lymphatic filariasis (Wuchereria bancrofti), West Nile virus, St. Louis encephalitis virus,
Zika virus, and avian malaria (Bhattacharya and Basu 2016; Harvey-Samuel et al. 2021). Its
adaptability allows it to thrive in diverse environments, including urban, peri-urban, and rural
areas (Bhattacharya and Basu 2016). Notably, C. quinquefasciatus poses a significant threat
to island avifauna by facilitating the spread of avian diseases, contributing to population
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312  Table 1. Proposed management actions for when molecular evidence of presence is found for alien taxa listed under different check-list types.
313  The numbers of species are based on the South African examples.
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Check-list Molecular | Listed Proposed action(s) Number of Example
type evidence on species in
of check- South African
presence list example
TRUE TRUE No action needed; species are recorded as present in both databases 3035 Pinus halepensis
205 from Ficus microcarpa,
National alien Confirm validity of BOLD record, incorporate species into checklist, and as which 131 Jacobaea maritima,
SDeCies TRUE FALSE | necessary collect and curate physical specimen as evidence of the alien taxon’s were found to and Terminalia
chpecklist present in the country be alien, 9 catappa
flagged
(BODATSA) — - - -
Arrange for a barcode (or similar) to be collected so there is molecular evidence Colocasia esculenta
FALSE TRUE . R . 1,763
of the alien taxon’s presence in the country
FALSE | FALSE No action needed; species are not recorded as present in both databases NA NA
IMMEDIATE ACTION REQUIRED 7 initially but _ Culex
. . . . . . quinquefasciatus,
Species are identified as threats if they were not previously recorded as present in after manual .
TRUE TRUE . - . - Octolasion tyrtaeum
the country. Confirm validity of BOLD record, confirm presence in the country, check, 3 7
. o . . and Terminalia
Watch list update watch list, initiate an incursion response flagged catappa
(Faulkner et No action needed; species are present in the country, but are not identified as Achroia grisella
al. 2014) TRUE FALSE T - . 10,077
significant threats (many are likely native)
EALSE TRUE No action needed; species are |dent|f|ed as threats, but there is no evidence of 393 Cronartium ribicola
presence in the country
FALSE | FALSE No action needed; species are neither recorded as present nor a threat. NA NA
IMMEDIATE ACTION REQUIRED 2 initially but
Species are identified as threats and were not previously recorded as present in after manual Cartodere constricta
TRUE TRUE - - . .
i the country. Confirm validity of BOLD record, confirm presence in the country, check, 1
Q;:;?Tis'[‘e update guarantine list, initiate an emergency pest response plan flagged
(Saccaggi et TRUE FALSE No action needed; species are present in the co_untry, bqt are not identified as 10,082 Culex annulioris
quarantine pests (many are likely native)
al. 2021) - . - —— - - - -
No action needed; species are identified as quarantine pests, but there is no Aceria tulipae
FALSE TRUE . - 183
evidence of presence in the country
FALSE | FALSE No action needed; species are neither recorded as present nor a threat. NA NA
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declines and extinctions of endemic bird species, such as those observed in Hawaii (Harvey-
Samuel et al. 2021).

Octolasion tyrtaeum is an earthworm species native to Europe that has been
introduced to North America, where it is considered invasive in certain ecosystems,
particularly in northern forests that historically lacked native earthworm populations (Ransom
2017). Its introduction has led to significant alterations in soil chemistry and structure,
impacting nutrient cycling and affecting native plant and animal communities. Its activity
influences soil microflora, microarthropod populations, and vegetation dynamics (Eisenhauer
et al. 2007). In northern hardwood forests, O. tyrtaeum has been associated with shifts in the
organic layer of soils, which may indirectly affect native fauna, such as salamander
populations in the southern Appalachian Mountains (Ransom 2017). Its presence has also
been shown to influence seed bank emergence, benefiting herbaceous species while
negatively affecting legumes (Eisenhauer et al. 2009).

Terminalia catappa, commonly known as tropical almond, is a tree species native to
coastal areas of Southeast Asia and the Pacific (Thomson and Evans 2006). It has been
introduced to various tropical and subtropical regions worldwide for various purposes,
including ornamental planting, shade, medicinal applications, small-scale timber production,
and agroforestry (Ramanan et al. 2024). In some areas, such as parts of the United States,
Cuba and Brazil, T. catappa is considered invasive due to its capacity to form dense stands
that outcompete native vegetation, alter plant community composition, facilitate the
development of shade-tolerant species, and disrupt ecological interactions between native
species). The two BOLD records for T. catappa are from cultivated plants collected in
KwaZulu-Natal (Richard’s Bay). The species is thus known to be present in the country
under cultivation, likely explaining its absence from BODATSA. However, monitoring (and
ideally management measures) is needed to prevent its spread into native landscapes.

In summary, three species were flagged through the BOLD-Watch List comparison: (1)
Culex quinguefasciatus — invertebrate, (2) Octolasion tyrtaeum — invertebrate, and (3)
Terminalia catappa — cultivated plant. The first two species require immediate attention, as
they are recognised threats and had not been previously recorded as present in South Africa.
For these taxa, the validity of the BOLD record must be verified, their presence in the country
confirmed, the national watch list updated accordingly, and an incursion response initiated.
For T. catappa, which current records indicate is present only in cultivation, ongoing
monitoring is recommended to ensure it does not escape and establish in the wild. If
monitoring confirms that the species has spread beyond cultivation and formed a naturalised
or wild population, it should then be flagged for inclusion in BODATSA and assessed for an
incursion response. In such cases, physical specimens should be collected and curated as
supporting evidence.

3.2 BOLD vs High-Risk Pest List

Two taxa were shared between the BOLD dataset (10,084 species) and the high-risk pest list
(185 species) (Table 1; S2b): the plaster beetle Cartodere constricta and the fruit fly
Drosophila immigrans. After checking the species manually, only one species was flagged:
C. constricta. According to GBIF (https://www.gbif.org/species/1044381, accessed 11 May
2025), this beetle has been introduced into six countries. However, no evidence of
environmental or economic impact has been recorded to date. Drosophila immigrans is
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already known to be present in South Africa (De Araujo et al. 2019), and therefore it is not
flagged.

3.3 BOLD vs BODATSA

Comparison of the plant species in BOLD (3,384 species) with the BODATSA list (67,105
species) revealed 349 species unique to BOLD (see Table 1; S2c¢). Of these, 144 were algae,
which are not included in BODATSA, leaving 205 taxa for further assessment: 186 vascular
plants (Phylum Tracheophyta), and 19 non-vascular plants [10 mosses (Bryophyta) and 9
liverworts (Marchantiophyta)]. Twenty-six of these 205 taxa are already present in
BODATSA and therefore they are not flagged; at least six are native to South Africa (see
Suppl. Material S2c). Of the remaining taxa, 47 were determined to be native (according to
POWO) but missing from BODATSA, while one was considered data deficient. This left 131
taxa confirmed as alien to South Africa. From this, nine species were flagged: Combretum
indicum, Conocarpus erectus, Ficus microcarpa, Jacobaea maritima, Olea europaea subsp.
europaea, Phormium tenax, Terminalia catappa (see above), Voacanga africana, and Yucca
gloriosa.

Combretum indicum is a fast-growing, thorny climber native to tropical Asia. It can
thrive in diverse conditions, escape cultivation, and naturalise in non-native environments.
Although not widely listed as invasive, its potential impacts require further evaluation (CABI
2015). Its BOLD record was collected at Durban Botanical Gardens, suggesting it is currently
in cultivation; however, monitoring is needed to ensure it does not ‘jump the fence’ and
invade native communities. Conocarpus erectus, or button mangrove, is highly invasive in
Hawaii, where it colonises mudflats and coastal forests, displacing native vegetation and
causing drainage problems (Keighery and Long 2022). Like Combretum, its BOLD record
was collected at Durban Botanical Gardens, indicating it is cultivated but not yet naturalised
in South Africa.

Ficus microcarpa, commonly known as Chinese banyan, has an aggressive root
system and is considered invasive in urban areas like Sydney (Australia), where it damages
infrastructure and alters local ecosystems (Ossola et al. 2023). Its BOLD record was from
Robben Island rather than mainland South Africa, and biosecurity measures should be taken
to prevent dispersal to the mainland by tourists or staff. Yucca gloriosa, native to the
southeastern United States, has been introduced to over 20 countries, with evidence of
impacts in Japan and New Zealand (GBIF 2023b). It has been rated as high-risk in weed risk
assessments in the U.S. (PlantPono 2017). Its BOLD record also came from Robben Island,
so similar biosecurity precautions apply. Phormium tenax, or New Zealand flax, is
problematic in Australia, where it invades freshwater wetlands (Carr et al. 1992), and has
been rated as high-risk in the Pacific Islands (PIER 2005). The two BOLD records for this
species also came from Robben Island, highlighting the need for strict biosecurity to prevent
its spread to the mainland.

Jacobaea maritima (dusty miller) is a Mediterranean ornamental species that has
naturalised in several regions, including Colombia and Portugal (GBIF 2023c; POWO 2025).
In the Crimean Peninsula, it disrupts native ecosystems and is considered a transformer
species (Bagrikova and Skurlatova 2021). The BOLD record for this species was mined from
GenBank and does not include collection locality coordinates, making it difficult to assess
current presence or spread. Olea europaea subsp. europaea, the European olive, is highly
invasive in parts of Australia, where it displaces native plants and animals by forming dense,
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long-lived stands (Weeds Australia 2024). While likely present in South Africa as a
cultivated species—the two BOLD records were collected at Addo Elephant National Park—
its status outside cultivation should be verified and formally documented. Note that this
species appears on BOLD as Olea racemosa, which is considered a synonym of Olea
europaea subsp. europaea by POWO.

Voacanga africana, although native to tropical Africa, has been introduced to China
and flagged for potential impacts (GBIF 2023d); however, available data are limited and
further research on its invasive traits and impacts is needed. Its BOLD record was collected at
Lowveld Botanical Gardens, suggesting it is also cultivated. Given the lack of evidence for
environmental spread or impact, this species warrants further investigation.

In summary, while several flagged species are confirmed invaders elsewhere, their
current status in South Africa varies. Some are present under cultivation (C. indicum, C.
erectus, O. europaea subsp. europaea, T. catappa and V. africana) others are recorded only
from offshore islands (F. microcarpa, P. tenax and Y. gloriosa), and one lacks locality data
(J. maritima). All may already be spreading and therefore warrant further scrutiny. For those
four not under cultivation, once the validity of the BOLD records is confirmed, they should
be incorporated into BODATSA, and physical specimens should be collected and curated as
evidence of the alien taxa’s presence in the country.

Discussion

Comparison between the species lists flagged four taxa that warrant further investigation.
These include three species from the watch list and one from the list of high-risk quarantine
pests. Given their prior designation as species of concern, risk analyses should be prioritised
and an immediate response considered. Additional plant taxa were also flagged from the
comparison with BODATSA. These records require field verification to determine whether
they represent new introductions or are already established but undocumented; in either case
these taxa should be evaluated for potential inclusion in BODATSA.

Importantly, not all flagged species necessarily represent novel incursions.
Taxonomic inconsistencies, synonymy, or unresolved native versus alien status can lead to
apparent mismatches across datasets (Pysek et al. 2013; Essl et al. 2018). This highlights the
importance of treating each flagged species as a candidate for expert scrutiny, rather than
assuming it to be a new alien species. Misidentification or misclassification can generate false
positives, and careful interpretation is necessary before initiating management actions
(Cristescu and Hebert 2018; Hayes 2021). In this context, we will notify BODATSA of all
species that appear as native to South Africa in POWO but are not listed in BODATSA, to
support efforts toward achieving a taxonomic consensus. Discrepancies between authoritative
sources such as POWO and BODATSA present a significant hurdle for end users,
complicating the interpretation of presence and nativity. Resolving such inconsistencies is
essential to improve the reliability of species checklists and support evidence-based
biosecurity responses.

The decision to remove misapplied names from BODATSA (>1000 records) was
deliberate to prevent confusion during the comparison process. Misapplied names represent
instances where species were incorrectly identified in the past, leading to false assumptions
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about their presence in the country. By eliminating these records, the workflow ensures that
any flagged species appearing in BOLD for South Africa can be confidently considered as
potential incursions or established populations. For example, the name Acacia retinoides was
historically misapplied to naturalised populations of A. provincialis in South Africa, a
discrepancy that was only resolved relatively recently (Magona et al. 2018). Another decision
that needed to be made was how to handle taxa with ambiguous identifications—such as
those labelled with aff. (affinis), cf. (confer), or nr (near). These were manually reviewed
during the standardisation process. Such qualifiers typically indicate uncertainty at the
species level, suggesting that the specimen is similar to, but not confidently assignable as, a
particular species. To reflect this uncertainty and avoid incorrectly flagging an entire genus,
these records were standardised to the format Genus sp. This approach ensures that any
potential flagging or follow-up actions remain appropriately focused on a single, unidentified
species within the genus, rather than generalising to the entire taxonomic group.

For taxa detected exclusively through eDNA, it is crucial to establish evidence of
physical presence before assuming incursion. Burgess et al. (2021), in their study on
Phytophthora in Australia, emphasised that while eDNA and metabarcoding are valuable for
species detection, physical verification remains necessary. They recommend that eDNA
detections be followed up with traditional isolation methods to confirm the presence of live
organisms. In alignment with ISPM8 guidelines (Anonymous 2017), taxa detected solely by
molecular methods should not be considered present without accompanying biological
confirmation. This precaution guards against false positives that could mislead biosecurity
efforts (Darling and Mahon 2011; Rees et al. 2014). Extending this principle beyond
Phytophthora to other taxa is essential for ensuring robust detection and response strategies.

The proposed workflow offers a practical tool for bridging the gap between molecular
detection and management response. By integrating different types of species lists and
standardising taxonomic information, it fosters more consistent communication between
researchers, biosecurity agencies, and decision-makers (Gatto et al. 2013; Pagad et al. 2018;
Sandall et al. 2023). This standardised approach enables more efficient triage of flagged taxa
and encourages routine surveillance using molecular records (van Rees et al. 2022; Pocock et
al. 2024).

We recommend applying this workflow at least annually, given that the BOLD
database is regularly updated with new records from diverse molecular studies
(Ratnasingham et al. 2024). Although many of these studies are not focused specifically on
alien species, they often generate data with incidental biosecurity value (Comtet et al. 2015).
Regular application of the workflow ensures that newly deposited records are not overlooked,
and it strengthens the early warning capacity of national biosecurity systems.

An important consideration when using BOLD as a detection tool is its reliance on
complete metadata for optimal effectiveness. For BOLD records to be truly informative, it is
crucial that users provide detailed metadata, including the collection location, date, and any
available images. These supplementary data fields significantly enhance field verification and
incursion response efforts. Pitcher et al. (2024) emphasise that BOLD records are particularly
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valuable when accompanied by comprehensive metadata, underscoring the need for better
curation practices and the encouragement of metadata completeness.

Challenges remain, particularly regarding invertebrate detection. Invertebrates are
often underrepresented in barcoding databases, not only in South Africa but globally (Pitcher
et al. 2024). Boykin et al. (2012) discuss how the lack of comprehensive barcoding for
invasive insects poses risks to biosecurity. Addressing these gaps requires ongoing projects
like the QBOL project in Europe, which focuses on gathering DNA barcoding data of
quarantine organisms (see Bonants et al. 2010), and multiple efforts from South Africa. For
example, in 2011, the International Barcode of Life Project (iBOL) node was established in
South Africa, followed by the launch of the Urban DNA Barcode Project in KwaZulu-Natal.
Additionally, funding mechanisms like the National Research Foundation's Foundational
Biodiversity Information Programme have supported these developments (da Silva and
Willows-Munro 2016; Pitcher et al. 2024). These projects have made significant progress in
expanding barcoding efforts for invasive and native species alike. However, continuous
funding and support for DNA barcoding remain critical to sustain these initiatives and
enhance detection capabilities.

Even when clear evidence of invasive species presence is available—such as in the
case of the PSHB in South Africa—mobilising a rapid and coordinated response can be
difficult. Decision-makers and the public often require visible or large-scale impacts before
taking action, by which point management options may be limited (Simberloff et al. 2013). A
similar delay was observed in Australia during the early spread of myrtle rust
(Austropuccinia psidii), despite warnings from scientists (Carnegie and Pegg 2018). This
tendency to delay action until impacts are widely visible illustrates the socio-political and
economic barriers to effective incursion response (Hester and Bland 2024).

Finally, it is important to acknowledge the limitations of this approach. Cryptic
species may go undetected, and the method is constrained to taxa with DNA barcode
representation (Beng and Corlett 2020). It is not a substitute for preventative measures, but it
complements them by enhancing incursion response (Wilson et al. 2017; Clarke et al. 2023).
Once a species has entered the country, rapid identification and assessment are critical to
reduce the risk of spread, and workflows like the one we propose can support those efforts.
For the workflow to be effective in practice it would need to be institutionalised and included
as part of standard operating procedures. Surveillance operations need to be in place, the data
gathered through such exercises need to be picked up and applied to this workflow, and if
risks are flagged there is a clear reporting chain to someone who can initiate an incursion
response. In this sense we believe the workflow is a tool to assist with integrated governance
(Roy et al. 2024).
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