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Abstract Kruger National Park (KNP), South
Africa, covers an area of 20,000 km? and is one of
the world’s most widely known protected areas. Like
many protected areas, KNP is facing an increasing
problem with the introduction and spread of alien
plants. However, species prioritization using poor
baseline data remains a key challenge for manag-
ers globally. Publications, expert opinion, and field
observations indicate that 407 alien plant taxa have
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been recorded in the KNP; this list also included
hybrids, ornamentals, records that could only be iden-
tified to the genus level, and extralimitals (i.e., species
native elsewhere in South Africa; 22 species in total);
in addition, two species are considered eradicated,
and three potentially eradicated. Such extensive lists
of poorly defined species’ statuses accumulated over
long periods of time poses challenges to current deci-
sion-making processes. This is especially important
for the management of naturalized (maintaining self-
sustaining populations) and invasive species (subset
of naturalized species that have spreading popula-
tions), because management needs to identify and tar-
get high-priority species and vulnerable sites. Here,
we provide an up-to-date inventory of alien plant spe-
cies that occur in natural areas in KNP (i.e., beyond
tourist camps and other infrastructure) and thus repre-
sent a potential threat to the native species diversity in
the park. We identified 146 such alien taxa, of which
30 are casuals, 58 are naturalized, 21 have become
invasive, and for 37 species, the status remains to be
determined. Twelve of the invasive species in KNP
are globally widespread, occurring in more than 100
regions, and five (i.e., Pontederia crassipes, Lantana
camara, Opuntia stricta, Chromolaena odorata and
Mimosa pigra) are listed among 100 of the world’s
worst invasive alien species. The alien flora in KNP
comprises 41 families. Solanaceae (45.5%) and Aster-
aceae (26.1%) are over-represented among invasive
species compared to non-invasive species. The alien
flora of KNP mostly originates from North America
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and South America, and largely consists of perenni-
als and herbaceous species. We found no significant
results regarding the effect of origin and life span on
invasion status. Despite a steady increase in the num-
bers of alien and naturalized plants since the 1980s,
species we classified as invasive generally represent
earlier introductions and have not increased sub-
stantially since the beginning of this century. Our
paper highlights that carefully revised naturalized
and invasive species lists reflecting the current situ-
ation in protected areas present a strong knowledge
base for effective management strategies. In addition
to addressing data gaps related to the distribution of
alien species on a global scale, knowledge from large
protected areas such as KNP contributes to under-
standing invasions in landscapes with varying and
unique habitat types.

Keywords Biological invasions - Invasive
alien plants - Inventory - Kruger National Park -
Naturalized plants - Protected areas - Species list

Introduction

Protected areas (PAs), demarcated as important for
biodiversity conservation and provision of ecosys-
tem services and resources for human well-being,
require carefully designed management programs
to maintain or restore natural ecosystems (Wat-
son et al. 2014). Due to the risks and impacts that
invasive alien species pose to these areas, manage-
ment is a high priority (Moodley et al. 2020; PySek
et al. 2020b). To facilitate proactive management
and prioritize resources toward species that are
most likely to become problematic, reliable infor-
mation on the status of the alien flora in an area is
required. Of the total number of alien species intro-
duced into an area, only a small proportion become
naturalized, and of these, only a small proportion
become invasive and cause ecological, economic,
or social impacts (Williamson and Fitter 1996;
Richardson and PySek 2006; PySek et al. 2012,
2020b; Essl et al. 2019). When faced with many
species, the challenge that arises during decision-
making is to identify which subset of species have
the potential to naturalize or have already become
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naturalized. Risk assessment and priority-setting
tools are available and have been used in a wide
range of situations (Blackburn et al. 2011; Leung
et al. 2012; Nentwig et al. 2016; Vanderhoeven
et al. 2017; Roy et al. 2018; Foxcroft et al. 2019;
Kumschick et al. 2020, 2022). Applying these tools
to species deemed as representing a high risk due
to their potential for invasion is necessary for effec-
tive decision-making (e.g., early detection, rapid
response, long-term monitoring, and informing
legislation). Therefore, by identifying and isolating
those species that have a higher potential for inva-
sion, attention can be focused on the most impor-
tant problems.

Kruger National Park (KNP), South Africa,
has listed numerous alien species; by 2017,~360
plants and 30 animals were documented, although
the proportion of naturalized or invasive species
had not been comprehensively assessed (Foxcroft
et al. 2017; with several corrections increasing the
list since). While protected as a conservation area
for a century, various pathways of introduction
have allowed species to penetrate the park. Previ-
ous work has shown the importance of ornamental
horticulture as a primary pathway of introduction
into the park for landscaping in tourist camps and
staff gardens (Foxcroft et al. 2008, 2019; Keet et al.
2022). Rivers are also a major source of invasion
(Foxcroft et al. 2019; Pysek et al. 2020a) since all
the major rivers originate outside KNP and flow
through a variety of different land use types that
are invaded to various extents. Despite the influx of
species into the KNP, most are unlikely to become
highly invasive. A risk analysis of riparian invasive
alien plants (Foxcroft et al. 2007) reported 153 spe-
cies in the upper water catchment areas, with 88
species occurring inside the park. The high human
population density in areas surrounding PAs is also
an important predictor of alien species richness in
a park (Spear et al. 2013), as well as roads (out-
side and inside the park; Foxcroft et al. 2011, 2019;
Jarosik et al. 2011), and the movement of contami-
nated equipment, materials or soils (Foxcroft et al.
2019).

Identifying target species for management is
highly important and has substantial implications. An
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assessment of the management costs of invasive alien
species between 1997 and 2016 in KNP indicated
that ZAR 350 million (~US$ 27 million, 2017 val-
ues) was spent on control programs (van Wilgen et al.
2017). However, a large proportion of this funding,
approximately 40%, was spent on species that were
subsequently considered of lower priority. In a global
context, the economic costs of invasive alien spe-
cies in PAs amounted to at least US$ 930.6 million
between 1975 and 2020, the majority of which com-
prise management costs (Moodley et al. 2022). How-
ever, it is probable that most of the management costs
incurred did not include the high-priority species—
for example, management costs for the 100 of the
world’s worst invasive species reflect relatively low
expenditures between 1960 and 2020, while a greater
concern is the fact that costs were only reported for
60% of these species (Cuthbert et al. 2022). By draw-
ing on published alien species lists in PAs, important
insights can be gained on which species to prioritize.
These lists can serve as a knowledge base for effective
management strategies and support the appropriate
allocation of limited resources (PySek et al. 2013a,
2020b; Hulme et al. 2014). Such lists can, how-
ever, serve such a purpose only if they are regularly
updated and contain reliable information based on
the current state of knowledge, which in many cases
can only be gained by ongoing refinements through
expert opinion and improved field experience for a
given area.

Here, we present an assessment of the alien flora in
the Kruger National Park, South Africa. From the alien
species inventories collated over time in this area we
selected species that are known to occur in the wild in
the park and are, or have the potential to become, natu-
ralized or invasive in the park’s landscape and in par-
ticular, riparian habitats. Besides being important for
informing management actions, such data also provide
information on alien species’ ability to naturalize in a
unique environmental setting with a minimum anthro-
pogenic disturbance outside the very small human foot-
print in the KNP (tourist camps/staff villages, roads,
and associated infrastructure). Therefore, the aim of
this paper is to (i) provide a comprehensive account of
the current alien plant species present in KNP, and (ii)
review the status of naturalized and invasive species.

Methods
Study area

Kruger National Park is in the north-eastern region
of South Africa, bordering Mozambique and Zim-
babwe (Fig. 1), and covers an area of about 20,000
km?2, which is equivalent in size to Slovenia or
Israel. It extends about 360 km north—south and
averages 60 km west—east (du Toit et al. 2003).
The KNP falls within a semi-arid savanna (du Toit
et al. 2003), with the Tropic of Capricorn crossing
through the northern half of the park. Six major riv-
ers flow through the park (excluding the Limpopo
River forming the KNP’s northern border with Zim-
babwe), from the western interior of South Africa,
through the KNP and into Mozambique. These riv-
ers have a combined drainage area of 90,923 km?.

The area of KNP is environmentally heteroge-
neous, comprised of a mosaic of geological units
(granitoid bedrock in the western vs. basalt in
the eastern part, with gabbro intrusions), altitude
(140-780 m a.s.l.), climate (450-750 mm of annual
precipitation) and vegetation (mixture of woody and
grassland savanna; du Toit et al. 2003; MacFadyen
et al. 2016). There are 19 vegetation types in KNP,
dominated by various types of savanna classified
as mopaneveld, lowveld, bushveld and shrubland
(Mucina and Rutherford 2006). These factors are
reflected in the floristic composition of savanna
communities at a finer scale, from the major rivers,
through seasonal rivers and crest habitats (Hejda
et al. 2022).

Data collation

The first alien flora in KNP was published in 1937
(Obermeijer 1937) and updated at intervals (Codd
1951; Van der Schijff 1957, 1969; Gertenbach
1985; Macdonald and Gertenbach 1988; Foxcroft
et al. 2003). The most recent updates were within
inventories of alien species across the South Afri-
can National Parks (SANParks) estate by Spear et al.
(2011) and Foxcroft et al. (2017). We excluded the
list published by Keet et al. (2022) as their study
focused on ornamental and cultivated alien plant spe-
cies surrounding tourist facilities and staff accom-
modation (i.e., it does not align with the scope of
this study). A revised version of the SANParks
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Zimbabwe

South Africa

Shingwedzi

Klein Letaba ® Naturalized species

Tourist camp / staff village
Entrance gates

=== Main rivers

Vegetation classification

[ Bushwillow/Guarri Bushveld

[ Bushwillow/Knob Thorn Rugged Veld
[ Bushwillow/Mopane Rugged Veld

[ Cluster leaf/Rock Fig Sour Bushveld
[] pbwarf Knob Thorn Savanna
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Fig. 1 Map of the Kruger National Park showing the major rivers flowing into it from the west, tourist camps/staff villages, and
entrance gates. The dots represent a sample of where the naturalized species records were collected (where available)
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catalogue of alien species from 2017 was deposited
in the Global Register of Introduced and Invasive
Species (GRISS) (Foxcroft et al. 2020). Pysek et al.
(2020a) later reported several additional species not
yet recorded in KNP. Species observed and verified
by KNP staff since these inventories were published
have also been added. Some updates to the previous
lists were due to taxonomic changes, as well as spe-
cies being added due to new information indicating
that records were incorrectly aggregated under the
same name. For example, two separate entries were
created for Azolla filiculoides. The initial entry in
KNP still bears the name A. filiculoides, while sub-
sequent entries are labelled as A. cristata. In addition,
Opuntia cespitosa, which was previously published in
SANParks as O. humifusa (Foxcroft et al. 2017), was
originally misidentified as O. stricta. Supplementary
Material 1 contains revisions and updates to the pre-
vious checklist.

We used the above-mentioned articles and data-
bases as a basis for compiling our updated alien plant
species list. To do so, we filtered the full list of 407

taxa by selecting those that could be reliably classi-
fied as alien to South Africa (Fig. 2). We excluded
‘extralimital’ species (i.e., those that are native to
South Africa but alien in KNP: 22 in total), records
only identified to the genus level, as well as hybrids
and varieties (i.e., mostly ornamental species with
none being listed as potentially naturalized), culti-
vated fruit trees and ornamental species (i.e., spe-
cies which have not yet escaped from cultivation and
require ongoing nurturing to survive). Species names
and authorities were verified using World Flora
Online (WFO, www.worldfloraonline.org) and Plants
of the World Online (www.powo.science.kew.org) for
the currently accepted version.

In this study, we focus on alien species that occur
in natural areas, i.e., species found outside cultiva-
tion, tourist facilities, and staff villages. This was
because we aimed to provide information on the cur-
rent state of naturalized and invasive plants in KNP.
We evaluated each alien species’ status in KNP, using
the following categories: casual (occurring in the
wild outside cultivation but incapable of surviving

B0l KNP IAS
N Database %

Filtering

» Excluded: extralimital species and
cultivated species
» Retained: species in natural areas

Origin and pathways

« Native range

« Introduction pathway: uncultivated vs
cultivated; ornamental

» Excluded: hybrid, misidentified, lawn,

e fruit

Fig. 2 Procedure for determining the naturalized and inva-
sive flora of the Kruger National Park (KNP). (i) All informa-
tion sources were collated to generate an overall list, (ii) data
were corrected for species name changes and thereafter classi-

Species Inventory

+ SANParks reports (1937-2020)
- Journal publications
+ Personal observations

L Data Cleaning
« Species standardization: scientific
name, species authority, synonym(s)
and old names
+ Species classification: extralimital vs

alien
- Alien species status: casual-
naturalized-invasive or unknown

@m

=y @)

fied according to predefined criteria, (iii) the native range was
assigned as well as pathways into KNP, and (iv) extralimital
and cultivated species were excluded from developing the list
of 146 species occurring in natural areas
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Table 1 Invasive alien species recorded in the Kruger
National Park, with information on family, life form, pathway
of introduction into the park, year of the first record, region

of origin, and the number of regions from which the taxon
is recorded globally (based on the GloNAF database; van
Kleunen et al. 2015, 2019)

Species Family Life form Pathway 1strecord Origin GloNAF
Cereus jamacaru DC. Cactaceae Succulent-p Cult 1988 SA 8
Chromolaena odorata (L.) R. M. Asteraceae Shrub-cl Not-cult 1997 SA, NA 76
King & H. Rob
Datura ferox L. Solanaceae Herb-a Not-cult 1993 NA 77
Datura innoxia Mill. Solanaceae Herb-abp Not-cult 1991 NA 126
Datura stramonium L. Solanaceae Herb-a Not-cult 1953 SA, NA 272
Lantana camara L. Verbenaceae Shrub-p Not-cult 1940 SA, NA 197
Melia azedarach L Meliaceae Tree-p Cult 1948 AS-trop, AUS 204
Mimosa pigra L. Leguminosae  Shrub-p Not-cult 1999 SA, NA 40
Mimosa pudica L. Leguminosae  Shrub [scandent]-ab Not-cult 2016 SA, NA 115
Nicotiana glauca Graham Solanaceae Tree/Shrub-p Not-cult 1958 SA 147
Opuntia stricta (Haw.) Haw Cactaceae Succulent-p Cult-orn 1953 NA 84
Parthenium hysterophorus L. Asteraceae Herb-p Not-cult 1991 SA, NA 119
Pistia stratiotes L. Araceae Herb aquatic-p Cult-orn 1977 AS, AF, SA, NA, AUS 148
Pontederia cordata L. Pontederiaceae Herb aquatic-p Cult 1990 SA, NA 30
Pontederia crassipes Mart Pontederiaceae Herb aquatic-p Not-cult 1977 SA 202
Ricinus communis L. Euphorbiaceae  Shrub-p Not-cult 1953 AF 373
Solanum seaforthianum Andrews Solanaceae Climber-p Cult-orn 1991 SA, NA 83
Tagetes minuta L. Asteraceae Herb-a Not-cult 1930 SA 119
Tithonia diversifolia (Hemsl.) A. Asteraceae Herb-p Cult-orn 1953 SA, NA 95
Gray
Xanthium strumarium L. Asteraceae Herb-a Not-cult 1953 SA, NA (EU) 147
Zinnia peruviana (L.) L. Asteraceae Herb-a Not-cult 1950 SA, NA, AF 45

Life form: a annual; b biennial; p perennial; ¢/ climber. Pathway: cult cultivated; orn ornamental. Origin: NA Northern America; SA
Southern America, AS Asia, trop tropical, AF Africa, AUS Australasia, EU Europe. See Supplementary Table 1 for the complete list

of alien taxa

in the long-term and maintaining self-sustaining
populations), naturalized (forming self-sustaining
populations in the wild and representing a perma-
nent component of the flora) and invasive (subset
of naturalized species that establish populations at
significant distances from the point of introduction;
Richardson et al. 2000). The species were categorized
using the published lists and aforementioned publi-
cations on alien species in KNP, expert opinion via
personal communications with KNP staff, external
scientists, and field observations (mainly by LCF and
GRN). Combining all these sources ensured a more
objective classification of the status of most alien
species. Yet, for some species, there was insufficient
information to assign a category; such species were
marked as ‘status unknown’, and we suggest that as
new information arises, these species be revisited.

@ Springer

For each species, we recorded the family and
region of origin using the classification of Brummit
(2001). Where known, we included the date of the
first introduction/observation, and where unknown,
we included the date of publication in which the
taxon was first reported (Supplementary Table 1). In
addition, we classified species according to life form
(i.e., aquatic, climber, geophyte, grass, herb, shrub,
succulent, tree), life span (i.e., perennial or annual,
biennial). Using the above data, we aimed to assess
whether any patterns may characterize the presence of
naturalized or invasive species. The main/first path-
way of introduction (i.e., cultivated as ornamental,
not cultivated, cultivated for fruit) was also included
to provide information that can be used in developing
preventative measures.
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Fig. 3 Categories of

alien species recognized Status unknown Casual Naturalized Invasive
in our study. Only alien 37 21
taxa occurring in the —— —
Kruger National Park T
(KNP) outside camps (i.e., —
highlighted in green) were In natural areas
considered for analysis 146
using predefined criteria to
filter the taxa. We excluded T
extralimital species that are |
not native to KNP but occur .

. Alien
as native in other parts of
South Africa, and species 385
only occurring in cultiva- - &
tion inside camps, or within =
camp boundaries but not - A
known to spread beyond Extralimital
camp limits. See text for 22
exact definitions —T—/

Alien taxa in KNP Eradicated 2
407 Possibly eradicated 3

Data analyses

To explore plant trait-based differences among alien
species in KNP, we analysed the species’ status as
invasive or non-invasive (with non-invasive spe-
cies including casual, naturalized, and those with
unknown status). To test if the continent of origin,

life form, and life span were differently represented
among the categories of species status (invasive vs.
non-invasive), we used univariate Pearson’s chi-
square tests. All analyses were performed in the R
software package (version 3.6.2; R Core Team 2017).

Table 2 Taxonomic

» . Family Cas Nat Inv Unkn Allaliens Allaliens (%) Invasive (%) Non-
composition of the alien invasive
flora in the. Kruger National (%)
Park. Species numbers are
shown for families with Asteraceae 313 6 23 15.8 26.1 73.9
more than three species Leguminosae 1 13 2 2 18 123 1.1 88.9

Cactaceae 6 3 2 11 7.5 18.2 81.8
Solanaceae 1 1 5 4 11 7.5 45.5 54.5
Amaranthaceae 3 4 8 5.5 - 100
Apocynaceae 1 3 4 2.7 - 100
Bignoniaceae 3 1 4 2.7 - 100
c i ) Poaceae 1 1 2 4 2.7 - 100
N ﬁ:f&‘rifizz&nz’ffiivf{a ws Verbenaceae 301 4 2.7 25.0 75.0
unknown. Non-invasive Basellaceae 3 3 2.1 - 100
species include casual, Malvaceae 1 2 3 2.1 - 100
naturalized, and those with Salviniaceae 1 2 3 2.1 _ 100

unknown status
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Fig. 4 Cumulative increase
in the number of alien

taxa recorded in Kruger 140+
National Park over the last

100 years, shown separately

for all alien, naturalized and 1201
invasive species

<= All aliens
~* Naturalized
Invasive
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o
o

80+
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40+ ¢
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Results

Numbers of alien taxa in KNP by invasion status
categories

The alien flora of KNP that occurs in natural areas
(i.e., in the wild) currently comprises 146 species that
are alien to South Africa. Of these, 30 are considered
casual, 58 naturalized and 21 invasive in KNP. For
the remaining 37 species, the status remains unknown
as currently there is insufficient information to ena-
ble accurate classification (Fig. 3, Supplementary
Table 1).

The list of invasive species is provided in Table 1
and the complete list of alien flora is provided in Sup-
plementary Table 1. Some of the invasive species
in KNP are globally widespread, with 12 of them
reported as naturalized from more than 100 regions
(out of 843 as defined by van Kleunen et al. 2015;
Pysek et al. 2017); Ricinus communis (recorded in
442% of GloNAF regions), Datura stramonium
(32.3%) and Melia azedarach (24.2%) are the three
most widely distributed species globally. Twelve of
the 19 invasive species recorded in KNP are included

@ Springer
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in the Global Invasive Species Database (Invasive
Species Specialist Group 2021), while Pontederia
crassipes, Lantana camara, Opuntia stricta, Chro-
molaena odorata and Mimosa pigra are listed among
100 of the world’s worst alien invasive species (Inva-
sive Species Specialist Group 2013).

Determining which species have been eradicated
across a PA covering 20,000 km? is difficult. For
example, plants removed from the southern part of
KNP have later been recorded elsewhere, such as in
the north of the park, which is approximately 350 km
apart. Only two species are now considered highly
likely eradicated (Acacia dealbata and Schinus ter-
ebinthifolia) and three species potentially eradicated.
This contrasts with the estimate by Macdonald and
Gertenbach (1988), who suggested that 10 species
were eradicated, including the potential eradication of
Salvinia molesta. Of these, seven are currently casual,
three are naturalized, and one is invasive. The reinva-
sion of S. terebinthifolia from outside the KNP is pos-
sible due to its presence in the town of Phalaborwa
along the KNP western border. Cylindropuntia lep-
tocaulis was listed as eradicated in Foxcroft et al.
(2017) following control of the first observations in
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Pacific

Southern
America

2.4%-

Fig. 5 Geographical origins (using level 1 classification
according to Brummitt 2001) of all alien species occurring in
natural areas (=146) of the Kruger National Park. Note that

1991 and in 2011 (C. Madadzhe, pers. comm.) in
Shingwedzi, however, a new population was reported
in November 2022 (R. Nethengwe and L.C. Foxcroft,
pers. obs.). Opuntia microdasys has potentially been
eradicated from the southern KNP, but it may be
too soon to determine conclusively. Cylindropuntia
imbricata and Opuntia aurantiaca, previously known
from the southern KNP, were considered eradicated
(Foxcroft et al. 2017), but have since been found in
various locations in the Pafuri (northern) and Male-
lane (southern) regions of KNP (T. Thwala and L.
Paterson, pers. comm.). A new naturalized population
of Pontederia cordata, previously considered prob-
ably eradicated, was recorded in Skukuza in 2021 and
control measures initiated, but it is too soon to deter-
mine its eradication status. A naturalized population
of Colocasia esculenta was considered eradicated,
but ornamental plants are occasionally reported.
Hylocereus undatus was previously considered eradi-
cated;, however, ongoing control of regrowth is still
required in Skukuza. Harrisia martinii was eradi-
cated from within the KNP boundary (N. van Wyk,
pers. comm.), but as the population was located along
the boundary fence, reinvasion is possible.

® 3.8%
- Asia-Temperate
. @ 10.0%
Asia-Tropical
@ 9.6%
? 0
Australasia
Kruger ® 4.5%
National
Park
Antarctic

many species have multiple continental origins, and the size of
the bubbles are proportional to the number of alien species

Dynamics of invasions from the 1920s until the
present

Tagetes minuta (presently invasive), Cocculus hirsu-
tus (naturalized) and Dysphania ambrosioides (sta-
tus currently unknown) were the first three aliens
recorded in KNP in 1930, followed by Gomphrena
serrata and Argemone mexicana (both now natu-
ralized) and Boerhavia diffusa (status unknown) in
1932. These species were followed by two presently
invasive species, Lantana camara and Melia azedar-
ach, in 1940 and 1948, respectively. A relatively steep
increase followed in the next decade when the total
number of all aliens increased from 20 in 1949 to 60
in 1958. Over a period of 28 years, between 1959 and
1999, additional 65 species were reported. Overall,
since 1930, there has been an average detection rate
(as a proxy of introduction) of 3.3 species per year,
declining to 1.8 since 2000 (Fig. 4). This contrasts
with invasive species, which have an overall average
of 1.5 species per year; however, there has only been
one new invasive species since 2000, Mimosa pudica
(Fig. 4). Similar to invasive species, naturalized spe-
cies have increased with an average of 1.9 overall, but
12 new naturalized species have been recorded since
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(A)

p>0.05
501

401

204

=)

Jha__

Herb Shrub Climber Tree Succulent Grass Aguatic Geophyte
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p>0.05

Number of taxa

.

Perennial Annual, Biennial

Species status [l Invasive [l Non-invasive

Fig. 6 Frequency distribution of life histories A and life span
B in the alien flora of the Kruger National Park (KNP). Note
that the total number of taxa in the given categories exceed the
total number present in KNPs alien flora as some taxa were
assigned to more than one category. Non-invasive comprises
casual, naturalized, and unknown species

2000. Six new species were recorded since the last
published species lists.

Characteristics of the alien flora of KNP: taxonomy,
origin, and life history

Alien species in KNP represent 41 families, of which
21 contain naturalized species and nine contain inva-
sive species. The most represented families are Aster-
aceae (23 species, i.e., 15.8% of all aliens), Legumi-
nosae (12.3%), Cactaceae (7.5%), and Solanaceae
(7.5%) (Table 2). The families with the greatest rep-
resentation of invasive species are Solanaceae (45.5%
of its alien members) and Asteraceae (26.1%), while
Cactaceae (18.2%) and Leguminosae (11.1%) have
the lowest proportions of invasive species. Sixteen
families are represented by a single species, and nine
families include species of unknown status (Table 2).
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The alien species in KNP originate from eight (of
the nine) botanical continents (Fig. 5). The majority
of species are native to Southern America (79 non-
invasive vs. 16 invasives), closely followed by North-
ern America (63 vs. 15). Intercontinental introduc-
tions within Africa distantly follow (27 vs. 3) along
with species from Temperate Asia (28 vs. 1), Tropi-
cal Asia (26 vs. 2), Australasia (11 vs. 2) and Europe
(10 vs. 1). Species from the Pacific (7) have not yet
become invasive. In addition, species status did not
differ significantly by the species’ continent of origin:
x2 (7, N=291)=38.072, p=0.326.

Herbaceous plants are the prevailing life form
amongst the alien flora of KNP, with 46% already
naturalized and 13% invasive, while shrubs (52%
naturalized and 24% invasive), climbers (26% natu-
ralized and 9% invasive), and trees (36% naturalized
and 11% invasive) are also distinct among the alien
flora (Fig. 6A). Among specific life history groups,
only two of the 15 succulents are invasive (Cereus
Jjamacaru, Opuntia stricta). In comparison, out of
the seven aquatic plants; two are naturalized (Azolla
cristata, Salvinia molesta) and three are invasive
(Pistia stratiotes, Pontederia crassipes, Pontede-
ria cordata); S. molesta and A. cristata are likely to
become invasive and widespread in the absence of
biological control. In addition, although most of the
alien flora comprise perennials, a slightly higher pro-
portion of annual/biennial plants than perennials are
invasive, with 16.7% and 12.3% of all taxa in a given
life-span category (Fig. 6B). However, invasion sta-
tus did not differ significantly by species’ life form
x2 (7, N=155)=8.017, p=0.331 or life span x?2 (I,
N=154)=0.544, p=0. 461.

Discussion

Our study provides an updated species inventory
with a focus on species that are currently occurring
in natural areas of KNP; this sets it apart from the
majority of regional inventories of alien floras that
rely on cumulative data over periods of time (PySek
et al. 2017). Compared with previous lists, especially
the most recent one, which included ~ 360 alien plant
taxa (including extralimitals; Foxcroft et al. 2017),
the complete list that we used to identify the currently
present aliens included 407 taxa. We also list six new
species: one detected by external/visiting scientists
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(Richardia scabra) and four recorded by the MOSAIK
project (Bidens bipinnata, Boerhavia repens, Verbes-
ina encelioides and Gomphrena celosioides; PySek
et al. 2020a). The species most recently recorded by
KNP staff members in 2022 is Pueraria montana var.
lobata, a naturalized species that has the potential to
quickly become invasive if not managed.

As PAs aim to conserve key elements of biologi-
cal diversity, the impacts of biological invasions may
be considered potentially more damaging in PAs than
elsewhere but addressing this issue requires re-evalu-
ating general PA policies, as well as overall priorities
(Hulme et al. 2014). The importance of surveillance
cannot be understated and should be a high priority.
For example, although already naturalized, the detec-
tion of P. montana var. lobata before being consid-
ered widely invasive is providing managers with an
opportunity to find and remove individual plants.

Complete inventories, which contain up-to-date
taxonomic information, form a minimum requirement
on which to base management actions. While there
is a growing body of literature on the distribution of
alien species in other regions globally (e.g., GloNaF
database; van Kleunen et al. 2015, 2019; Pysek et al.
2017) and their impacts (EICAT classification; Black-
burn et al. 2014), local expert opinion and field expe-
rience is important to remain informed on the current
distribution and invasion status of a species. However,
one challenge for the KNP list was that approximately
a quarter of the taxa could not be classified and are
listed with their invasion status as unknown, resulting
in missing information that may have unforeseen con-
sequences. This is not surprising in the KNP where
access is limited to a small road network (relative to
the surface area of the KNP), hence the information
coming from systematic surveys in open landscapes
is comparably scarce (PySek et al. 2020a). Access
to riparian areas is even more difficult, as roads are
not always close to rivers, and working in riparian
areas carries risks from dangerous animals. There
is also a relative lack of highly skilled botanists that
can identify alien species, especially uncommon or
newly introduced species. This is not unexpected as
Pysek et al. (2013b) argued that the lack of taxono-
mists globally can hamper advances in science and
management of alien species. This could potentially
explain the limited number of casual records. In addi-
tion to biological factors limiting their survival, such

as relatively arid conditions outside of riparian areas,
their presence is also much less likely to be recorded.

The potential threat from naturalized and inva-
sive species that are present in KNP is suggested by
their global naturalization success as derived from the
GloNAF and can be used to highlight the most dan-
gerous invaders. Similarly, 12 species currently pre-
sent in KNP are highlighted in the Global Invasive
Species Database, which lists invasive alien species
that threaten native biodiversity and natural areas, and
five species are among the 100 of the world’s worst
species.

The small number of invasive species compared
to naturalized and casual species does not lessen the
substantial threat these species pose. A few species
alone have demonstrated the potential for widespread
invasion, exemplified by species such as Opuntia
stricta (a cactus mainly occurring in drier savanna
areas), Parthenium hysterophorus (a herb of ripar-
ian and disturbed moist habitats), Lantana camara (a
widespread shrub especially in riparian areas), and
Pontederia crassipes (free-floating aquatic macro-
phyte on many rivers). Pontederia crassipes has been
present in the Crocodile River since 1977 and later in
the Letaba River and Olifants River (below the con-
fluence with the Letaba River). The first population
of P. crassipes was reported from the Sabie River in
October 2020, although the source and precise date of
introduction remain unknown.

The role of ornamental species in driving plant
invasions in national parks, including KNP, was dem-
onstrated by two studies (Foxcroft et al. 2008, 2019).
A recent study comparing ornamental species check-
lists from 2003 and 2020 found that the total number
of ornamental species has increased significantly, but
species listed in national legislation or KNP regula-
tions have reduced (Keet et al. 2022). Keet et al.
(2022) suggest that one of the reasons for the increase
was the greater sampling effort, however, the effect
was less likely to have influenced legislated species
which are more well known. Management actions
targeting the removal of ornamental species may be
contributing to the park’s slow rate of new invasive
alien plants, as some of the most invasive species are
included in the regulations. A study that included
139 potential transformer species (subset of invasive
plants that change the character, condition, form, or
nature of ecosystems over a substantial area relative to
the extent of that ecosystem; Richardson et al. 2000)
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across SANParks based on pathways and potential
impacts of invasion listed 63 species for KNP (Fox-
croft et al. 2019). While that list also included poten-
tial transformer species in camps or other infrastruc-
ture, our results were in agreement with 42 species
that are already in the wild.

Mimosa pudica is the only invasive species
reported to have been introduced since 2000, how-
ever, its potential for causing severe impacts in KNP
is unknown. Parthenium hysterophorus is becoming
one of the most invasive species in the park, and its
distribution highlights the importance of systematic
surveillance. It was first reported in 1991 along the
Sand River (by Matthysen, G. Zambatis, Skukuza
Herbarium Records, pers. comm.), and was either
completely removed or disappeared. However, it was
later recorded in the Lower Sabie—Crocodile Bridge
region of the park in 2001, with rapidly increas-
ing populations from its southern and western bor-
ders and along the main waterways in the southern
region of the park. By 2016, ZAR 11.8 million had
been spent on the manual and chemical control of P.
hysterophorus (van Wilgen et al. 2017), but this was
considered ineffective because the plants continued to
spread.

The 2017 alien plant taxa list for SANParks (Fox-
croft et al. 2017) included 118 taxa in KNP that
appear in the South African National Environmen-
tal Management: Biodiversity Act (Act No. 10 of
2004, hereafter NEM:BA), Alien and Invasive Spe-
cies Regulations (2016). The regulations mandate
the management of listed alien and invasive species,
including one Category la species (i.e., invasive spe-
cies which must be eradicated from the environment),
93 Category 1b (i.e., invasive species requiring com-
pulsory control as part of an invasive species control
program), seven Category 2 (i.e., invasive species
regulated by area) and 17 Category 3 species (i.e.,
invasive species regulated by activity). By focusing
on the updated list of 146 alien species occurring in
natural areas in KNP, managers can prioritize 83 of
the NEM:BA legislated species (Alien and Invasive
species Lists 2020), comprising one Category la spe-
cies, 71 Category 1b species, seven Category 2 spe-
cies, and three Category 3 species.

Given that we did not find any significant rela-
tionship between species status, origin, and life his-
tory (i.e., growth form and duration), factors other
than the general species traits we examined here are
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responsible for invasion success. Invasion success in
KNP is strongly associated with habitat affinities; the
conditions in savanna ecosystems may facilitate (e.g.,
nutrients and soil moisture) or inhibit (e.g., fire, graz-
ing) invasion and given the potentially stressful con-
ditions such as drought and high temperatures, which
generally do not promote plant invasions (PySek et al.
2017), the invasions occur mainly along rivers. For
example, an intensive survey across 60 sites in KNP
recorded 20 naturalized species (Pysek et al. 2020a),
with 60% occurring along perennial rivers.

The relatively low naturalization rate of alien spe-
cies in KNP over the last 20-30 years allows some
speculation on the collective outcome of a range of
influences. Initially, the higher detection rate between
1959 and 1999, with 65 species added by the latter
date, reflected increasing awareness of the alien spe-
cies problem, and resulted in increased efforts to
record new species. Additionally, a number of general
botanical surveys (e.g., Van der Schijff 1957, 1969),
followed by surveys aimed specifically at recording
alien plants (e.g., Gertenbach 1985; Macdonald and
Gertenbach 1988) were conducted during this period.
However, over the last two decades the risks posed by
alien species have become well known and methods
of early detection and increased active management
were implemented. Therefore, the prevention and
management of intentional introductions into KNP
(e.g., Foxcroft et al. 2008; Keet et al. 2022) have also
likely contributed to the current suppressed rates of
naturalization.

One problem associated with classifying data
on alien species is dealing with uncertainty. Brock
and Daehler (2020) presented a framework, based
on a unified framework for biological invasions
(Blackburn et al. 2011), for tracking alien plants in
Hawai’i, which raised similar challenges we faced
when assigning some species’ statuses in KNP. These
included our “casual” and “unknown” categories,
which correspond to the “questionably naturalized”
category used by Brock and Daehler (2020). How-
ever, one drawback from applying the framework in
the context of KNP is that compared to Hawai’i, or
many islands, the accessibility for landscape-wide
botanical monitoring is severely restricted in Kru-
ger due to accessibility and presence of wild ani-
mals. This makes obtaining precise information
about population dynamics and abundances of alien
plants, which is needed for assigning invasion status,
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difficult, and represents a challenge for botanical
research (Hejda et al. 2022).

Conclusions

Our aim was to filter the KNP list containing all
alien plant taxa that accumulated through long-term
research according to predefined criteria to highlight
those that are invasive or naturalized and are likely
to be amongst the most important species to con-
sider for management. Our study identified 146 spe-
cies that managers, and surveillance and mapping
teams, should target as priority species, improving
monitoring methods, and updating the status of spe-
cies currently listed as unknown. These actions will
contribute to building an up-to-date, useful, and
accurate spatial database that can be used by manag-
ers to develop a comprehensive strategy for the con-
trol of naturalized and invasive species in the KNP.
Information on the naturalization of alien species
also contributes to the global knowledge base with
special insights into the invasion processes driven by
alien species following their introduction into areas
with minimal anthropogenic disturbances. Collect-
ing, storing, and sharing baseline information on the
status and distribution of alien species is important
for developing effective management measures in
protected areas. Protected areas cover more than 22
million km?, representing approximately 16% of the
worlds terrestrial and inland water ecosystems. Con-
sequently, large areas that prioritize the management
of alien species as a core function, have the potential
to significantly contribute to global data collection
and conservation efforts.
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