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Abstract

We studied the short-term dynamics of the occurrence of alien plant species in a South African sa-
vanna. Within the MOSAIK (Monitoring Savanna Biodiversity in the Kruger National Park) project, 
plant species were recorded in a representative set of 60 plots, 50 m × 50 m in size, across the entire 
KNP in 2019–2020, distributed to cover a range of savanna habitats, i.e. perennial rivers, seasonal 
rivers and dry crests. The sampling focusing on alien plants was carried out in the same plots in 2024 
and the changes in distribution patterns that occurred over the 4–5 years since the first sampling were 
assessed. In the first sampling period, 23 alien species were recorded and, in the second sampling, 20 
were recorded; this gives a total of 25 alien species over the whole period of 2019–2024. In the recent 
survey, Alternanthera pungens, Conyza bonariensis, Gomphrena celosioides, Bidens biternata and Achy-
ranthes aspera were most widespread, present in at least 10 plots. Using log-linear models, we showed 
that the total number of alien species records in plots did not significantly differ between the two 
sampling periods, indicating the absence of trends in species richness for the alien flora of KNP. There 
was a highly significant effect of habitat, with sites at perennial rivers harbouring more alien species 
than those at seasonal rivers and on crests. We also found a marginally significant interaction of habitat 
and sampling period, reflecting that the dry crests currently harbour fewer aliens than in 2019–2020. 
The frequency of some of the most invasive KNP species, such as Parthenium hysterophorus, Xanthium 
strumarium and Opuntia stricta, remained basically the same. However, Conyza bonariensis is an alien 
species that was quite rare in studied plots in 2019–2024, but its presence dramatically increased and 
it became widespread and locally abundant beyond the surveyed plots in some parts of KNP. Although 
not too successful until a few years ago, this species represents a future plant invasion threat in KNP.
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Introduction

Plant invasions are amongst the most significant threats to global biodiversity and 
protected areas are no exception (Foxcroft et al. 2013, 2017; Pyšek et al. 2020b; 
IPBES 2023). Even though biological invasions affect biota in protected areas 
worldwide (e.g. Goodman 2003; Pauchard and Alaback 2004; Padmanaba et al. 
2017; Pyšek et al. 2020b), a concern that dates back to the 1860s (Foxcroft et al. 
2017), very few protected areas have good baseline information and only a handful 
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of those that are well-studied have robust invasive alien species lists available (see 
IPBES 2023 and examples referred therein).

Although studies reported from several parts of the world that some protected 
areas act as a barrier against the spread of alien plant species (Pyšek et al. 2003; 
Foxcroft et al. 2011; Gallardo et al. 2017), most are vulnerable to invasions and 
only rarely are they entirely free of alien species (Foxcroft et al. 2017; Moodley 
et al. 2020). The presence of alien invaders brings about a variety of impacts on 
species, communities and protected ecosystem that include the alteration of habi-
tats, ecosystem regime shifts and losses to native species abundance, diversity and 
richness (Foxcroft et al. 2013; Hulme et al. 2014; Pyšek et al. 2020b; Novoa et al. 
2021). Invasive plants are also regarded as a significant threat by the managers of 
protected areas (Pyšek et al. 2013; Shackleton et al. 2020). Of various taxonomic 
groups of invasive organisms, plants posed the greatest continued threat in a study 
analysing trends over ∼ 30 years from the 1980s to the present, where their species 
numbers increased in 31% of the protected areas (Shackleton et al. 2020).

Most data on the occurrence of alien and invasive plants recorded in the field are 
collected in a particular place only once. Yet, longitudinal field data proved most 
helpful in providing information on invasion dynamics. If such data, based on 
permanent plots and repeated sampling, exist, they are primarily used to determine 
the spread of the populations of invasive species (Müllerová et al. 2005) and mon-
itor changes in their impact (Yurkonis and Meiners 2004; Jäger et al. 2009; Dostál 
et al. 2013). Longitudinal data are, however, also crucial for assessing the dynamics 
of alien species participation in plant communities over time at a fine-grain scale 
(Miller et al. 2021; Kermavnar and Kutnar 2024) and identifying factors driving 
these dynamics (Staudhammer et al. 2015).

In the Kruger National Park, South Africa, a significant threat from alien plant 
invasions to the savanna ecosystem is associated with rivers that act as the most 
efficient pathways for propagules from adjacent areas (Pyšek et al. 2020a; Foxcroft 
et al. 2023; Hejda et al. 2023). Rivers and associated riparian habitats have been 
repeatedly demonstrated to harbour disproportionally more alien species, includ-
ing some remarkable invaders, because of strong propagule pressure, supply of 
nutrients and provision of safe sites for germination and establishment (Pyšek and 
Prach 1993; Planty-Tabacchi et al. 1996; Foxcroft et al. 2007; Richardson et al. 
2007; Pyšek et al. 2010).

In other systems, alien invaders that were confined to riverbanks and riparian 
areas for a long time have started to spread to surrounding environments, such as 
Impatiens glandulifera in central Europe (Čuda et al. 2017, 2020). However, the 
data collection in KNP has focused so far on alien species hotspots in human-dis-
turbed habitats, such as tourist camps and other infrastructure or riverbeds. Sys-
tematically investigating distributions of alien plants across the entire park would 
allow us to assess how successfully they persist in various habitats and whether 
spreading from riverbeds also happens in KNP. Still, such information was missing 
until a few years ago (Pyšek et al. 2020a). To close this gap, an effort was made 
within the MOSAIK (Monitoring Savanna Biodiversity in the Kruger National 
Park) project, which is focused on studying biodiversity across the entire KNP 
(Delabye et al. 2022; Hejda et al. 2022; Čuda et al. 2024). There, we assessed to 
what extent alien plants are confined to rivers as the primary introduction pathway 
and dispersal vector versus how commonly they occur in drier habitats away from 
rivers (Pyšek et al. 2020a).
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Here, we explore the fine-scale dynamics of alien species occurrences over 4–5 
years in the South African savanna, based on repeated sampling of the same plots. 
This research has been motivated by the fact that it is unknown: (i) how great the 
fluctuation in their presence is across various habitats, i.e. how much their con-
tribution to overall plant species richness is changing over time, (ii) what is the 
effect of habitat (i.e. by perennial rivers, seasonal rivers and on dry crest) on these 
dynamics and on alien species persistence and (iii) how stable are the populations 
of individual species. At the time of the first sampling (2019–2020), the covers of 
alien species in plant communities were generally low (Pyšek et al. 2020a), which 
is in sharp contrast to riverbeds in KNP where the invasions are large-scale, stable 
and persistent (Hejda et al. 2022, 2023). Thus, it is legitimate to ask how persistent 
are these small populations of alien species beyond riverbeds, how much they fluc-
tuate or shift across savanna and whether some of these apparent “losers” have the 
potential to generate future threats to savanna biodiversity.

Methods

Study area

Kruger National Park (KNP), established in 1898, is the largest game reserve 
in South Africa and one of the oldest national parks in the world (Carruthers 
1995). It is located in the north-eastern part of the country, covering an area of 
19,169 km2 and stretching ~ 450 km north-south and 84 km east-west. The ma-
jority of KNP has a subtropical climate, with the Tropic of Capricorn crossing the 
Park in the north and several perennial rivers flow through the Park, mainly in a 
west-east direction (i.e. Sabie, Olifants, Crocodile, Letaba, Shingwedzi, Luvuvhu 
and Limpopo; Fig. 1). The Park has diverse geological conditions (granitoid bed-
rock in the western vs. volcanic, mainly basalt and gabbro, in the eastern part), 
altitude (140–780 m a.s.l.), climate (450–750 mm of annual precipitation) and 
vegetation (dominant woody species, proportional representation of woody cover 
vs. open grassland; MacFadyen et al. 2016).

A recent update of the alien flora of KNP focused on species that occur in nat-
ural areas in KNP (i.e. beyond tourist camps and other infrastructure) and, thus, 
represent a potential threat to the diversity of native species. This work identified 
146 alien plant taxa, of which 30 are casuals, 58 are naturalised, 21 have become 
invasive (in the sense of Richardson et al. 2000, i.e. rapidly spreading across the 
Park) and 37 with unresolved status (see Foxcroft et al. 2023, also for details on 
the assessment of invasion status of particular taxa). Twelve of the invasive species 
in KNP are globally widespread and five (i.e. Pontederia crassipes, Lantana camara, 
Opuntia stricta, Chromolaena odorata and Mimosa pigra) are listed amongst 100 of 
the world’s worst invasive alien species (Invasive Species Specialist Group 2013).

Data collection

The data were collected for the MOSAIK project (Monitoring Savanna Biodiver-
sity in the Kruger National Park), whose primary objective was to sample plant 
and animal biodiversity in habitats across KNP (Delabye et al. 2022; Hejda et al. 
2022; Čuda et al. 2024). To this purpose, we established triplets of 50 m × 50 m 
plots, each triplet including a site: (i) near a perennial river or another permanent 
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source of water such as a dam or pool (the criterion being water present all year 
round), (ii) near a seasonal river, defined as a river or stream where water is only 
present in the rainy season and (iii) on a dry crest at least 5 km from any source of 
water (Fig. 1). The plots within each triplet were selected to capture the different 
habitats in a similar landscape context within a reasonable distance of ∼ 7–13 km 
amongst plots. There were 20 triplets distributed to cover the four land systems in 
KNP (defined based on the association between geology, terrain morphology, soils 
and woody vegetation; Venter 1990) with five triplets in each, giving a total of 60 
plots (Fig. 1). Consequently, each of the three habitats was sampled with 20 plots 
and each of the two bedrock (granite, basalt) types with 30 plots.

During two rainy seasons, 16 January to 4 February 2019 and 17 January to 3 
February 2020 (further termed ‘first sampling’; see Hejda et al. 2022 for more de-
tails), all vascular plant species were recorded in each 2500 m2 plot and their abun-
dance estimated visually using the Braun-Blanquet cover-abundance seven-grade 
scale (Mueller-Dombois and Ellenberg 1974). From the data, we identified species 
that are alien to South Africa and considered introduced by humans to regions 

Figure 1. A The Kruger National Park with the location of the 60 sampled sites, separated according to habitat and distributed across the 
four land systems. The colour of the symbols refers to the habitat and its size indicates the change in the number of alien species recorded 
in a plot between the first (2019–2020) and second (2024) sampling B distribution of the two alien species that exhibited the most pro-
nounced spread during the study period.
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outside their native range (see Pyšek et al. 2004; Essl et al. 2018 for definitions). 
To classify alien species as naturalised (forming self-sustainable populations in the 
wild) or invasive (a subgroup of naturalised species rapidly spreading in the in-
vaded area), we followed the definition proposed by Richardson et al. (2000) and 
Blackburn et al. (2011). This classification of species status was based on a recent 
catalogue of alien plants in KNP (Foxcroft et al. 2023).

On 9–21 March 2024 (further termed ‘second sampling’), the same plots were 
surveyed with a focus on all alien species, not only those recorded in 2019–2020, 
but also those that arrived since the first sampling. Given the sampling dates in the 
first period, 33 plots were surveyed after five years and the remaining 27 after four 
years (see Hejda et al. 2022). The covers of all alien species recorded were very low 
and did not exceed degree 1 of the Braun-Blanquet scale (Mueller-Dombois and 
Ellenberg 1974), which corresponds to 1–5% of the plot cover; the covers of spe-
cies that qualified for this assessment mostly approached even the lower threshold 
of this degree percentage value. Therefore, the analyses focused on species’ presence 
and absence in the plots rather than their abundance proxied by cover.

Statistical analysis

The differences in the numbers of aliens (frequencies of occurrences in the sampled 
plots) were tested by generalised mixed-effect models (GLMM), with the triplet 
identity set as a random effect and the three plots within a triplet considered as 
pseudoreplicates: m1 <- glmer(number of alien species ~ sampling time*habitat 
type +(1|triplet), family=poisson). We also ran a GLMM model that included “land 
systems” and “triplets” (nested in land systems) as random effects: glmer(number 
of species ~ sampling time*habitat +(1|landsytem)+(1|triplet),family=poisson). 
This model provided results very similar to the GLMM with only “triplets”, which 
yielded lower AIC, indicating better parsimony (424.5 compared to 425.9 of the 
model that included land systems). Therefore, we only present the results of the 
GLMM model with triplets. The GLMM models were created using the package 
“lme4” of the R statistical software (Bates et al. 2015). The significance of individ-
ual terms (sampling time: first sampling in 2019–2020 vs. second in 2024; habitat 
type: perennial river, seasonal river, crest; sampling time:habitat type interaction) 
were tested by likelihood ratio tests, where non-significant terms (p > 0.05) were 
deleted. The differences between individual levels of habitat type were tested by 
the Tukey post-hoc method, using the R package “emmeans” (Lenth 2024). The 
accuracy of the parsimonious model was checked by inspecting the normality of 
residuals using the Shapiro-Wilk normality tests.

The numbers of persisting, newly emerging and disappearing species (in compar-
ison with the first sampling) in individual habitats (perennial rivers, seasonal rivers, 
crests) were tested using log-linear models of the R software. Similar to the GLMM 
models with the number of alien plant species as a response variable, the species per-
sistence category (persisting, newly emerging, disappearing) and habitat were pre-
dictors. The significance of individual terms was tested by likelihood ratio tests and 
the differences between the levels of factor predictor (persistence category: persist-
ing species, newly-emerging species, disappearing species; habitat type: perennial 
rivers, seasonal rivers, crests) were tested by Tukey post-hoc comparisons using the 
package “emmeans”. The differences in the frequencies of occurrences of individual 
species between the two samplings were tested using chi-square tests, by comparing 
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the total numbers of plots, in which the species was recorded in 2019–2020 versus 
in 2024, with the aim to find out which alien species decreased or increased their 
total frequency of occurrence, regardless of the three different habitats.

A direct gradient analysis (CCA) was used to test the overall differences in plant 
species composition between the first and second sampling. A split-plot sampling 
scheme was used to reflect the hierarchical arrangement of plots in triplets. The 
triplets were set as whole-plots and the plots within the triplets were the split-plots. 
Both whole-plots and split-plots were permuted freely, with 499 permutations.

Results

Numbers and frequencies of alien species

In the first sampling period, 23 alien species were recorded and, in the second 
sampling, there were 20. In total, 25 alien species were recorded over the five-year 
study period. Some species data presented here differ slightly from those shown 
in the previous paper (Pyšek et al. 2020a). The reasons for this discrepancy are: (i) 
revisiting the native status in uncertain cases (e.g. Boerhavia diffusa, Mollugo nudi-
caulis and Schkuhria pinnata are now considered alien, while Litogyne gariepina and 
Melanthera scandens were reconsidered as native), (ii) re-identification of herbarium 
specimens of rare species, which yielded alien Amaranthus standleyanus, Conyza 
bonariensis and Sesbania bispinosa that are now included in the list (Table 1).

The frequencies of alien species, expressed as the total number of species-plot 
records were 118 in 2019–2020 and 122 in 2024 (Table 1) and differed significant-
ly amongst individual habitats (χ2 = 97.929, DF = 2, p < 0.001). The Tukey tests 
showed that perennial rivers harboured more aliens than either seasonal rivers or 
crests (both p < 0.001), but the difference between seasonal rivers and crests was not 
significant. Further, there was a marginally significant interaction between the sam-
pling time and habitat (χ2 = 4.744, DF = 2, p = 0.093), indicating that the distribu-
tion of aliens in individual habitats (perennial rivers, seasonal rivers, crests) differed 
between the first and second sampling. In particular, the crests exhibited even fewer 
species-plot records in 2024 than in the first sampling in 2019–2020 (Table 1).

Persistence of alien species

The distribution of species amongst the persistence categories (persisting, newly 
emerging, disappearing) differed (χ2 = 27.467, DF = 2, p < 0.001; Table 2). There 
were fewer persisting species than newly-emerging alien species and disappearing 
alien species (both p < 0.001 in Tukey post-hoc comparisons). There was also a sig-
nificant interaction between the habitat type and persistence category (χ2 = 15.486, 
DF = 4, p = 0.004), indicating that the frequency of species in persistence catego-
ries differed according to habitats. This is most likely due to lower persistence of 
aliens at seasonal rivers and crests (Table 2).

The persistence, emergence and disappearance of individual species are present-
ed in Table 1. The percentage persistence (defined as % of plots in which a taxon 
was present in both the first and second samplings; Table 1) ranged from very high 
values (Acanthospermum hispidum 80%, Althernanthera pungens 75%, Gomphrena 
celosioides 57%) to very low (Mollugo nudicaulis 7%, Bidens bipinnata 17%) to 
complete disappearance (e.g. Conyza bonariensis, Achyranthes aspera). In the latter 
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Table 1. The occurrence of alien species in the Kruger National Park, recorded over two time periods. Species presented in bold signifi-
cantly differed in their frequency in 60 plots between the two periods and the statistics of the difference are shown. Species marked with 
an asterisk are not listed in Pyšek et al. (2020) (although they were recorded in 2019–2020), because of reconsideration of their status or 
re-determination of the botanical material (see text for details). Life history: a – annual herb, p – perennial herb, ss – subshrub, s – shrub. 
The last column indicates the number of plots in which the taxon persisted (P), newly emerged (E) and from which it disappeared (D) 
between the first and second sampling. Status in the recent catalogue of alien plants in KNP (Foxcroft et al. 2023) is (St column): n = 
naturalised, i = invasive, u = unknown, – = not listed.

Taxon St Family
Life 

history
Origin 2019–2020 2024 χ2 p-value P-E-D

Acanthospermum hispidum n Asteraceae a tropical America 5 9 – – 4-5-1

Achyranthes aspera n Amaranthaceae p Mediterranean 2 10 6.23 0.013 0-10-2

Alternanthera pungens n Amaranthaceae p tropical America 8 13 – – 6-7-2

Amaranthus standleyanus* – Amaranthaceae a S America 1 0 – – 0-0-1

Argemone ochroleuca n Papaveraceae a N America 1 0 – – 0-0-1

Bidens bipinnata n Asteraceae a Asia, N America 6 9 – – 1-8-5

Bidens biternata n Asteraceae a E Asia (Himalayas) 10 10 – – 3-7-7

Boerhavia diffusa* u Nyctaginaceae a, p tropics and subtropics 8 7 – – 2-5-6

Chenopodium album agg. – Amaranthaceae a Eurasia 1 0 – – 0-0-1

Conyza bonariensis* n Asteraceae a C and S America 2 11 6.23 0.013 0-11-2

Datura inoxia i Solanaceae a, p, ss N America 1 0 – – 0-0-1

Gomphrena celosioides n Amaranthaceae a, p S tropical America 7 11 – – 4-7-3

Malvastrum coromandelianum n Malvaceae a, p, ss tropical to subtropical America 10 9 – – 4-5-6

Mollugo nudicaulis* – Molluginaceae a unclear 14 3 8.90 0.003 1-2-13

Opuntia ficus-indica n Cactaceae p C America 0 2 – – 0-2-0

Opuntia stricta i Cactaceae p N America 3 3 – – 1-2-2

Parthenium hysterophorus i Asteraceae a N America 8 7 – – 3-4-5

Portulaca oleracea n Portulacaceae a Eurasia 4 1 – – 1-0-3

Senna septentrionalis n Fabaceae s C America 0 3 3.00 0.083 3-0-0

Schkuhria pinnata* u Asteraceae a S America 9 7 – – 4-3-5

Sesbania bispinosa* n Fabaceae a tropical Asia and Africa 1 1 – – 0-1-1

Tridax procumbens n Asteraceae a, p C America 11 2 6.23 0.013 0-2-11

Verbesina encelioides n Asteraceae a S America 1 0 – – 0-0-1

Xanthium strumarium i Asteraceae a N America 3 3 – – 0-3-3

Zinnia peruviana i Asteraceae a America 2 1 – – 1-0-1

Number of species 23 20

Sum of occurrences

Total 118 122

Perennial rivers 70 84

Seasonal rivers 25 26

Crests 23 12

Table 2. Persistence of alien species in particular habitats between first (2019–2020) and second 
(2024) sampling. The numbers are species-plot records of all aliens in each category.

Persistence category Perennial Seasonal Crest Total

Persisting 29 4 2 35

Newly emerging 55 22 10 87

Disappearing 41 21 21 83
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two species, the disappearance from a few plots was compensated by new emer-
gence in many plots at the second sampling. The percentage emergence (% of the 
total number plots in which the species was present only at the second sampling; 
Table 1) ranged from 43% to 100%, indicating that, for most species, their current 
frequency is mainly due to new records (Table 1).

Changes in frequencies of individual alien species

Of the 26 species recorded in both periods, only six (23.1%) have significantly 
changed their frequency (Table 1). Three species that increased are Achyranthes 
aspera, Conyza bonariensis (both from 3% to 18% of plots) and Senna septentrion-
alis (not present in 2019–2024, in 3% of plots in 2024), while Mollugo nudicaulis 
(from 26% to 5% of plots) and Tridax procumbens (from 18% to 3%) decreased 
(Fig. 2). The changes in frequencies of these species within habitats are shown in 
Suppl. material 1.

The direct gradient analysis (CCA) with binary data on the presence/absence of 
individual alien species as responses revealed significant compositional differences 
between the first sampling and second sampling (p = 0.004) because, as described 
above, some aliens considerably increased their frequencies, while others declined 
(Suppl. material 2).

Figure 2. Changes in frequencies of species between the first (2019–2020) and second (2024) sampling at perennial rivers, seasonal rivers 
and crests (for each habitat n = 20). Only species whose frequencies changed significantly over the five years of study are shown (see Table 1).
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Discussion

Stable alien flora composed of fluctuating species

Although we found differences in species composition of the alien flora in KNP 
as recorded in 2019–2020 vs. 2024, the total number of alien plant species has 
not changed over the 4–5-year period of the study. There was a decrease in the 
total number of aliens recorded across all plots, from 23 to 20, but this differ-
ence was not significant. However, individual alien species tend to fluctuate, 
as revealed by the low persistence of some species, along with the numbers of 
those newly emerging or disappearing. These data illustrate that low persistence 
in sites once colonised is not a constraint to successful invasion at the scale of 
the whole Park. Moreover, it needs to be emphasized that some globally noxious 
invaders continue to persist in KNP, such as Parthenium hysterophorus (Foxcroft 
et al. 2024) and Opuntia stricta (Novoa et al. 2021); the first species is listed 
amongst the invasive species of European Union concern (Brundu et al. 2022) 
and the second amongst IUCN 100 worst species (Invasive Species Specialist 
Group 2013).

Concerning individual species, Achyranthes aspera, Conyza bonariensis and Senna 
septentrionalis increased their frequency most remarkably; A. aspera invaded near 
perennial and seasonal rivers, C. bonariensis mainly near perennial rivers and on 
crests and Senna septentrionalis invaded near perennial rivers. The opposite trend, 
i.e. being markedly less frequent during recent sampling, was found for Tridax 
procumbens, especially near perennial rivers and on crests.

Determining native or invasive status and distinguishing morphologically simi-
lar plant species is a challenge for field-based research like that presented here. An 
example of the former would be Achyranthes aspera, which is considered native to 
many parts of northern, western and eastern Africa, but it is very likely alien to 
South Africa (van der Walt 2009, https://www.botany.cz). The situation is further 
complicated by the treatment of this species at the infraspecific level. In KNP, the 
A. aspera var. sicula is considered an alien taxon (van der Walt 2009). However, at 
the species level, A. sicula is sometimes referred to as a synonym of A. aspera. The 
genus Boerhavia is an example of the latter issue – B. diffusa is considered alien 
to the broader region around KNP (Pooley 1998), while B. repens is regarded as 
native (van der Walt 2009). However, it is very difficult to distinguish these two 
species in a sterile state. While we consider it fair to admit these uncertainties we 
encountered, we acknowledge that they do not affect the results reported here that 
focus on the overall pattern in species richness over time.

Comparison with the most recent catalogue of alien plants in KNP (Foxcroft et 
al. 2023) revealed that five species recorded in our plots are considered invasive at 
the whole-park scale, 14 are naturalised and two (Boerhavia diffusa, Schkuhria pin-
nata) are listed with unknown status (Table 1). Of the latter category, both species 
were relatively common in the study plots and their occurrence remained constant 
over time (seven plots, i.e. 12%) – this might be a reason to reconsider their status 
as naturalised. Three taxa (Amaranthus standleyanus, Chenopodium album agg. and 
Conyza bonariensis) represent additions to the alien flora of KNP. Mollugo nudicau-
lis is not listed as alien by Foxcroft et al. (2023), who considered it extralimital. The 
information on the origin of this species varies; in our treatment, we considered it 
alien, following the local flora of the Limpopo Valley (van der Walt 2009).

https://www.botany.cz
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The role of habitat

The distribution of alien species in the three habitats studied, i.e. perennial rivers, 
seasonal rivers and crests, reveals a similar pattern as in 2019–2020, with perennial 
rivers showing higher numbers of aliens compared to either seasonal rivers or crests 
(Pyšek et al. 2020a). Interestingly, we found a marginally significant interaction 
between the effects of the sampling period and habitat, suggesting that the distri-
bution of aliens in habitats between the two sampling dates differs. It appears that 
the crests have become even poorer in aliens since 2019–2020.

A similar result documenting the lower capacity of dry sites to harbour alien 
species (Rejmánek 1989; Milton and Dean 2010; Pyšek et al. 2017) is that the 
numbers of species that persisted in the same plot at crests from 2019–2020 to 
2024 were lower than those of newly-recorded species and those that disappeared. 
Species persistence was higher near perennial rivers than near either seasonal rivers 
or on crests.

It is rather speculative to explain these trends, based on the relatively short time 
between the two samplings. One factor that may play a role is the warming climate 
that is generally unsuitable for plant invasion in arid areas (Pyšek et al. 2017) and, 
for KNP specifically, it has been shown that high temperatures constrain the plant 
species richness in general (Hejda et al. 2022).

Even the losers: rapidly emerging invasion threats

Despite relatively stable invasion-related characteristics of the whole flora across 
the habitats studied, the rapid spread observed for some species, namely Cony-
za bonariensis (Asteraceae), indicates that future invaders may suddenly recruit 
from relatively small and inconspicuous populations that were persisting in the 
landscape for a long time. Conyza bonariensis was first recorded in KNP in 1952 
(Foxcroft et al. 2023), but remained rare for decades and, thus, was considered 
unsuccessful as an invader. Currently, this species has well-established populations 
in the southern part of the KNP (Fig. 1B), forming dominant stands in many 
places (Fig. 3). As one of a few spreading aliens, it is not restricted to river plots – 
36% of its occurrences are on crests (Suppl. material 1). Its spread may become a 
serious conservation problem because crests often harbour rare species (Hejda et al. 
2022). The rapid recent spread of this species is emphasised by it not being includ-
ed amongst invasive taxa even in the most recent edition of the catalogue of alien 
plants in KNP (Foxcroft et al. 2023). Currently, its populations are naturalised in 
KNP and starting to spread. Therefore, it can already be considered invasive by 
standard ecological definitions (Richardson et al. 2000; Blackburn et al. 2011), but 
to confirm this status with certainty, a longer observation period is needed. Seeds 
of this species are easily dispersed by wind and C. bonariensis could, therefore, 
invade large areas of savanna in KNP at the expense of resident vegetation and 
native species. Conyza bonariensis is a common weed in dryland minimum tillage 
farming systems in Australia and the Mediterranean, with seeds germinating best 
from shallow burial and in lighter soils (Wu et al. 2007). Conditions in savannas 
are likely similar to those in minimum tillage fields, with C. bonariensis occupying 
patches of bare soil disturbed by large herbivores. The species was documented to 
be resistant to glyphosate in the Mediterranean, South America and South Africa 
(Dinelli et al. 2008), which makes it difficult to manage. The invasion potential of 
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Figure 3. Conyza bonariensis is an alien species that was quite rare in studied plots in 2019–2024, 
but its presence increased more than five times (2 vs. 11 records) and it has become widespread and 
locally abundant beyond the surveyed plots in some parts of KNP. The upper image shows a stand 
near the N’waswitsontso River, the bottom image a detail of the inflorescence.

C. bonariensis, a species originating from South America, is confirmed by its rank-
ing amongst the naturalised alien species of the world, based on the analysis of the 
GloNAF database (van Kleunen et al. 2015, 2019). This species has been recorded 
as naturalised in 227 regions of the world (out of the 844 assessed), including 38 
regions in Africa, which ranks it as the 31st most widely distributed alien natu-
ralised species of the ~ 14,000 registered (Pyšek et al. 2017).
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In general terms, extreme environments, such as arid ones, may harbour rela-
tively few invasive species, but these are often strong invaders (e.g. Clarke et al. 
2005; Kumar and Mathur 2014) and their impact on biodiversity can be severe 
because dry habitats often host rare species that are threatened by the invader (e.g. 
Gaertner et al. 2009; Fried et al. 2014).

Achyranthes aspera (Amaranthaceae) is not as widespread and dominant beyond 
the surveyed plots as C. bonariensis, but it is not restricted to a specific part of KNP 
(Fig. 1B). It is listed as naturalised in the recent catalogue of alien plants in KNP 
(Foxcroft et al. 2023). The fruit of this species has spiny bracts that adhere to an-
imal skin and is thus effectively spread over a long distance (Bullock and Primack 
1977). Spread by animals may be a reason for the strong affiliation of this species 
with rivers (91% of occurrences are along rivers; Suppl. material 1). Reported as 
naturalised from 160 regions of the world, 52 of which are located in Africa (Pyšek 
et al. 2017), this species is another candidate for a future problematic invader.

Longitudinal field data from permanent plots are the best way to precisely record 
changes in the performance and distribution of alien species, for which rapid dy-
namics are typical. The relatively short period assessed in the current paper indicates 
that changes in the performance of individual alien and invasive species may occur 
relatively quickly. To determine the consistency of observed trends and whether the 
increases or decreases of some species are just fluctuations over time, it is advisable 
to collect such data over a more extended observation period. More generally, alien 
species are linked to biodiversity change, but the extent to which they are associat-
ed with the reshaping of ecological communities is not well understood; repeated 
sampling of plots where alien plants were recorded in the past, such as the BioTime 
database (Dornelas et al. 2018; Knollová et al. 2024) has potential to provide in-
sights into how alien species affect plant community dynamics. A study using data 
from repeated surveys found that, even in communities where alien species were 
typically rare, their presence was associated with an increase in the average rate of 
compositional change, mainly due to species replacement (Kortz et al. 2023).

Our paper shows that even small populations of alien species that fluctuate in 
their abundance and shift their distribution across savanna habitats may exhibit 
considerable dynamics over a short period of time and present threat to savanna bio-
diversity. These results can provide justification for managers in protected areas to 
argue for funding to repeatedly survey alien species, their distributions and impacts.

Acknowledgements

LCF thanks SANParks and acknowledges support from the Centre for Invasion 
Biology, Department of Botany and Zoology, Stellenbosch University. Thanks to 
Adolf Manganyi, Samantha Mabuza and Khensani Nkuna for logistic support and 
to our guards Obert Mathebula, Thomas Rikombe, Desmond Mabaso, Herman 
Ntimane, Annoit Mashele, Isaac Sedibe, Priska Rikombe and Velly Ndlovu for 
keeping us safe in the field.

Additional information
Conflict of interest
The authors have declared that no competing interests exist.



291NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

Ethical statement
No ethical statement was reported.

Funding
This work was supported by grant no. 22-23532S (Czech Science Foundation) and long-term re-
search development project RVO 67985939 (Czech Academy of Sciences). 

Author contributions
PP initiated the idea, MH, JČ and PP collected the data, MH analysed the data, PP and MH wrote 
the first draft of the manuscript, JČ, KP and MH prepared the figures, all authors discussed the 
results, contributed to editing and writing.

Author ORCIDs
Petr Pyšek  https://orcid.org/0000-0001-8500-442X
Jan Čuda  https://orcid.org/0000-0002-2370-2051
Llewellyn C. Foxcroft  https://orcid.org/0000-0002-7071-6739
Martin Hejda  https://orcid.org/0000-0002-0045-1974

Data availability
All of the data that support the findings of this study are available in the main text or Supplementary 
Information.

References

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using lme4. 
Journal of Statistical Software 67(1): 1–48. https://doi.org/10.18637/jss.v067.i01

Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, JaroŠík V, Wilson JRU, Richardson DM 
(2011) A proposed unified framework for biological invasions. Trends in Ecology & Evolution 
26(7): 333–339. https://doi.org/10.1016/j.tree.2011.03.023

Brundu G, Costello KE, Maggs G, Montagnani C, Nunes AL, Pergl J, Peyton J, Robertson P, Roy 
H, Scalera R, Smith K, Solarz W, Tricarico E, van Valkenburg J (2022) An introduction to the in-
vasive alien species of Union concern. Publications Office of the European Union, Luxembourg.

Bullock SH, Primack RB (1977) Comparative experimental study of seed dispersal on animals. Ecol-
ogy 58(3): 681–686. https://doi.org/10.2307/1939019

Carruthers J (1995) The Kruger National Park: A social and political history. University of Natal 
Press, Pietermaritzburg, 1–170.

Clarke PJ, Latz PK, Albrecht DE (2005) Long-term changes in semi-arid vegetation: Invasion of 
an exotic perennial grass has larger effects than rainfall variability. Journal of Vegetation Science 
16(2): 237–248. https://doi.org/10.1111/j.1654-1103.2005.tb02361.x

Čuda J, Rumlerová Z, Brůna J, Skálová H, Pyšek P (2017) Floods affect the abundance of inva-
sive Impatiens glandulifera and its spread from river corridors. Diversity & Distributions 23(4): 
342–354. https://doi.org/10.1111/ddi.12524

Čuda J, Skálová H, Pyšek P (2020) Spread of Impatiens glandulifera from riparian habitats to forests 
and its associated impacts: Insights from a new invasion. Weed Research 60(1): 8–15. https://doi.
org/10.1111/wre.12400

Čuda J, Pyšková K, Hejda M, Foxcroft LC, MacFadyen S, Storch D, Tropek R, Zambatis G, Pyšek P 
(2024) Habitat modifies the relationship between grass and herbivore species richness in a South 
African savanna. Ecology and Evolution 14(4): e11167. https://doi.org/10.1002/ece3.11167

https://orcid.org/0000-0001-8500-442X
https://orcid.org/0000-0002-2370-2051
https://orcid.org/0000-0002-7071-6739
https://orcid.org/0000-0002-0045-1974
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.2307/1939019
https://doi.org/10.1111/j.1654-1103.2005.tb02361.x
https://doi.org/10.1111/ddi.12524
https://doi.org/10.1111/wre.12400
https://doi.org/10.1111/wre.12400
https://doi.org/10.1002/ece3.11167


292NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

Delabye S, Gaona FP, Potocký P, Foxcroft LC, Halamová P, Hejda M, MacFadyen S, Pyšková K, 
Sedláček O, Staňková M, Storch D, Pyšek P, Tropek R (2022) Thirteen moth species (Lepidoptera, 
Erebidae, Noctuidae) newly recorded in South Africa, with comments on their distribution. Bio-
diversity Data Journal 10: e89729. https://doi.org/10.3897/BDJ.10.e89729

Dinelli G, Marotti I, Bonetti A, Catizone P, Urbano JM, Barnes J (2008) Physiological and molecular 
bases of glyphosate resistance in Conyza bonariensis biotypes from Spain. Weed Research 48(3): 
257–265. https://doi.org/10.1111/j.1365-3180.2008.00623.x

Dornelas M, Antão LH, Moyes F, Bates AE, Magurran AE, Adam D, Akhmetzhanova AA, Appeltans 
W, Arcos JM, Arnold H, Ayyappan N, Badihi G, Baird AH, Barbosa M, Barreto TE, Bässler C, 
Bellgrove A, Belmaker J, Benedetti-Cecchi L, Bett BJ, Bjorkman AD, Błażewicz M, Blowes SA, 
Bloch CP, Bonebrake TC, Boyd S, Bradford M, Brooks AJ, Brown JH, Bruelheide H, Budy P, 
Carvalho F, Castañeda-Moya E, Chen CA, Chamblee JF, Chase TJ, Siegwart Collier L, Collinge 
SK, Condit R, Cooper EJ, Cornelissen JHC, Cotano U, Kyle Crow S, Damasceno G, Davies CH, 
Davis RA, Day FP, Degraer S, Doherty TS, Dunn TE, Durigan G, Duffy JE, Edelist D, Edgar GJ, 
Elahi R, Elmendorf SC, Enemar A, Ernest SKM, Escribano R, Estiarte M, Evans BS, Fan T-Y, 
Turini Farah F, Loureiro Fernandes L, Farneda FZ, Fidelis A, Fitt R, Fosaa AM, Daher Correa 
Franco GA, Frank GE, Fraser WR, García H, Cazzolla Gatti R, Givan O, Gorgone-Barbosa E, 
Gould WA, Gries C, Grossman GD, Gutierréz JR, Hale S, Harmon ME, Harte J, Haskins G, 
Henshaw DL, Hermanutz L, Hidalgo P, Higuchi P, Hoey A, Van Hoey G, Hofgaard A, Holeck 
K, Hollister RD, Holmes R, Hoogenboom M, Hsieh C, Hubbell SP, Huettmann F, Huffard CL, 
Hurlbert AH, Macedo Ivanauskas N, Janík D, Jandt U, Jażdżewska A, Johannessen T, Johnstone 
J, Jones J, Jones FAM, Kang J, Kartawijaya T, Keeley EC, Kelt DA, Kinnear R, Klanderud K, 
Knutsen H, Koenig CC, Kortz AR, Král K, Kuhnz LA, Kuo C-Y, Kushner DJ, Laguionie-Mar-
chais C, Lancaster LT, Min Lee C, Lefcheck JS, Lévesque E, Lightfoot D, Lloret F, Lloyd JD, 
López-Baucells A, Louzao M, Madin JS, Magnússon B, Malamud S, Matthews I, McFarland KP, 
McGill B, McKnight D, McLarney WO, Meador J, Meserve PL, Metcalfe DJ, Meyer CFJ, Mi-
chelsen A, Milchakova N, Moens T, Moland E, Moore J, Mathias Moreira C, Müller J, Murphy 
G, Myers-Smith IH, Myster RW, Naumov A, Neat F, Nelson JA, Paul Nelson M, Newton SF, 
Norden N, Oliver JC, Olsen EM, Onipchenko VG, Pabis K, Pabst RJ, Paquette A, Pardede S, 
Paterson DM, Pélissier R, Peñuelas J, Pérez-Matus A, Pizarro O, Pomati F, Post E, Prins HHT, 
Priscu JC, Provoost P, Prudic KL, Pulliainen E, Ramesh BR, Mendivil Ramos O, Rassweiler A, 
Rebelo JE, Reed DC, Reich PB, Remillard SM, Richardson AJ, Richardson JP, van Rijn I, Rocha 
R, Rivera-Monroy VH, Rixen C, Robinson KP, Ribeiro Rodrigues R, de Cerqueira Rossa-Feres 
D, Rudstam L, Ruhl H, Ruz CS, Sampaio EM, Rybicki N, Rypel A, Sal S, Salgado B, Santos 
FAM, Savassi-Coutinho AP, Scanga S, Schmidt J, Schooley R, Setiawan F, Shao K-T, Shaver 
GR, Sherman S, Sherry TW, Siciński J, Sievers C, da Silva AC, Rodrigues da Silva F, Silveira 
FL, Slingsby J, Smart T, Snell SJ, Soudzilovskaia NA, Souza GBG, Maluf Souza F, Castro Souza 
V, Stallings CD, Stanforth R, Stanley EH, Mauro Sterza J, Stevens M, Stuart-Smith R, Rondon 
Suarez Y, Supp S, Yoshio Tamashiro J, Tarigan S, Thiede GP, Thorn S, Tolvanen A, Teresa Zugliani 
Toniato M, Totland Ø, Twilley RR, Vaitkus G, Valdivia N, Vallejo MI, Valone TJ, Van Colen C, 
Vanaverbeke J, Venturoli F, Verheye HM, Vianna M, Vieira RP, Vrška T, Quang Vu C, Van Vu L, 
Waide RB, Waldock C, Watts D, Webb S, Wesołowski T, White EP, Widdicombe CE, Wilgers D, 
Williams R, Williams SB, Williamson M, Willig MR, Willis TJ, Wipf S, Woods KD, Woehler EJ, 
Zawada K, Zettler ML (2018) BioTIME: A database of biodiversity time series for the Anthro-
pocene. Global Ecology and Biogeography 27(7): 760–786. https://doi.org/10.1111/geb.12729

Dostál P, Müllerová J, Pyšek P, Pergl J, Klinerová T (2013) The impact of an invasive plant changes 
over time. Ecology Letters 16(10): 1277–1284. https://doi.org/10.1111/ele.12166

Essl F, Bacher S, Genovesi P, Hulme PE, Jeschke JM, Katsanevakis S, Kowarik I, Kühn I, Pyšek P, 
Rabitsch W, Schindler S, van Kleunen M, Vilà M, Wilson JRU, Richardson DM (2018) Which 

https://doi.org/10.3897/BDJ.10.e89729
https://doi.org/10.1111/j.1365-3180.2008.00623.x
https://doi.org/10.1111/geb.12729
https://doi.org/10.1111/ele.12166


293NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

taxa are alien? Criteria, applications, and uncertainties. Bioscience 68(7): 496–509. https://doi.
org/10.1093/biosci/biy057

Foxcroft LC, Rouget M, Richardson DM (2007) Risk assessment of riparian plant invasions 
into protected areas. Conservation Biology 21(2): 412–421. https://doi.org/10.1111/j.1523-
1739.2007.00673.x

Foxcroft LC, Jarošík V, Pyšek P, Richardson DM, Rouget M (2011) Protected-area boundaries as 
filters of plant invasions. Conservation Biology 25: 400–405. https://doi.org/10.1111/j.1523-
1739.2010.01617.x

Foxcroft LC, Pyšek P, Richardson DM, Genovesi P (2013) Plant Invasions in Protected Areas: Pat-
terns, Problems and Challenges. Springer, Dordrecht, 1–656. https://doi.org/10.1007/978-94-
007-7750-7

Foxcroft LC, Pyšek P, Richardson DM, Genovesi P, MacFadyen S (2017) Plant invasion science 
in protected areas: Progress and priorities. Biological Invasions 19(5): 1353–1378. https://doi.
org/10.1007/s10530-016-1367-z

Foxcroft LC, Moodley D, Nichols GR, Pyšek P (2023) Naturalized and invasive plants in the Kruger 
National Park, South Africa. Biological Invasions 25(10): 3049–3064. https://doi.org/10.1007/
s10530-023-03098-0

Foxcroft LC, Cole NS, te Beest M, Den Breeyen A, Čuda J, Foord S, Govender N, Hejda M, Khoza 
E, Macdonald IAW, MacFadyen S, Matsapula A, Novoa A, Pyšek P, Pyšková K, Reinhardt CF, 
Sheppard CS, Strathie L, Sukic T, Thwala T, Treydte AC (2024) Parthenium hysterophorus in Kru-
ger National Park: status, pathways, threats, and management recommendations. Internal Report 
10/2024, Scientific Services, South African National Parks, 55 pp.

Fried G, Laitung B, Pierre C, Chagué N, Panetta FD (2014) Impact of invasive plants in Mediterra-
nean habitats: Disentangling the effects of characteristics of invaders and recipient communities. 
Biological Invasions 16(8): 1639–1658. https://doi.org/10.1007/s10530-013-0597-6

Gaertner M, Breeyen AD, Hui C, Richardson DM (2009) Impacts of alien plant invasions on spe-
cies richness in Mediterranean-type ecosystems: A meta-analysis. Progress in Physical Geography 
33(3): 319–338. https://doi.org/10.1177/0309133309341607

Gallardo B, Aldridge DC, González-Moreno P, Pergl J, Pizarro M, Pyšek P, Thuiller W, Yesson C, 
Vilà M (2017) Protected areas offer refuge from invasive species spreading under climate change. 
Global Change Biology 23(12): 5331–5343. https://doi.org/10.1111/gcb.13798

Goodman PS (2003) Assessing management effectiveness and setting priorities in protected areas in 
KwaZulu-Natal. Bioscience 53(9): 843–850. https://doi.org/10.1641/0006-3568(2003)053[084
3:AMEASP]2.0.CO;2

Hejda M, Čuda J, Pyšková K, Zambatis G, Foxcroft LC, MacFadyen S, Storch D, Tropek R, Pyšek P 
(2022) Water availability, bedrock, disturbance by herbivores, and climate determine plant diversity in 
South-African savanna. Scientific Reports 12(1): 338. https://doi.org/10.1038/s41598-021-02870-3

Hejda M, Čuda J, Pyšková K, Foxcroft LC, Nkuna KV, Novoa A, Pyšek P (2023) Impacts of invasive 
alien species on riparian plant communities in South African savanna. Journal of Tropical Ecology 
39(e39): 1–13. https://doi.org/10.1017/S0266467423000299

Hulme PE, Pyšek P, Pergl J, Jarošík V, Schaffner U, Vilà M (2014) Greater focus needed on alien 
plant impacts in protected areas. Conservation Letters 7(5): 459–466. https://doi.org/10.1111/
conl.12061

Invasive Species Specialist Group [ISSG] (2013) 100 of the world’s worst invasive alien species. 
IUCN, Gland. http://www.iucngisd.org/gisd/100_worst.php

IPBES (2023) Summary for policymakers of the Thematic assessment report on invasive alien species 
and their control of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 
Services. In: Roy HE, Pauchard A, Stoett P, Renard Truong T, Bacher S, Galil BS, Hulme PE, Ike-
da T, Sankaran KV, McGeoch MA, Meyerson LA, Nuñez MA, Ordonez A, Rahlao SJ, Schwindt 

https://doi.org/10.1093/biosci/biy057
https://doi.org/10.1093/biosci/biy057
https://doi.org/10.1111/j.1523-1739.2007.00673.x
https://doi.org/10.1111/j.1523-1739.2007.00673.x
https://doi.org/10.1111/j.1523-1739.2010.01617.x
https://doi.org/10.1111/j.1523-1739.2010.01617.x
https://doi.org/10.1007/978-94-007-7750-7
https://doi.org/10.1007/978-94-007-7750-7
https://doi.org/10.1007/s10530-016-1367-z
https://doi.org/10.1007/s10530-016-1367-z
https://doi.org/10.1007/s10530-023-03098-0
https://doi.org/10.1007/s10530-023-03098-0
https://doi.org/10.1007/s10530-013-0597-6
https://doi.org/10.1177/0309133309341607
https://doi.org/10.1111/gcb.13798
https://doi.org/10.1641/0006-3568(2003)053%5B0843:AMEASP%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053%5B0843:AMEASP%5D2.0.CO;2
https://doi.org/10.1038/s41598-021-02870-3
https://doi.org/10.1017/S0266467423000299
https://doi.org/10.1111/conl.12061
https://doi.org/10.1111/conl.12061
http://www.iucngisd.org/gisd/100_worst.php


294NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

E, Seebens H, Sheppard AW, Vandvik V (Eds) The Thematic assessment report on invasive alien 
species and their control of the Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services, IPBES secretariat. Bonn, Germany. https://doi.org/10.5281/zenodo.7430682

Jäger H, Kowarik I, Tye A (2009) Destruction without extinction: Long-term impacts of an inva-
sive tree on Galápagos highland vegetation. Journal of Ecology 97(6): 1252–1263. https://doi.
org/10.1111/j.1365-2745.2009.01578.x

Kermavnar J, Kutnar L (2024) Habitat degradation facilitates the invasion of neophytes: A resurvey 
study based on permanent vegetation plots in oak forests in Slovenia (Europe). Plants 2024(13): 
962. https://doi.org/10.3390/plants13070962

Knollová I, Chytrý M, Bruelheide H, Dullinger S, Jandt U, Bernhardt-Römermann M, Biurrun I, de 
Bello F, Glaser M, Hennekens S, Jansen F, Jiménez-Alfaro B, Kadaš D, Kaplan E, Klinkovská K, 
Lenzner B, Pauli H, Sperandii MG, Verheyen K, Winkler M, Abdaladze O, Aćić S, Acosta ATR, 
Alignier A, Andrews C, Arlettaz R, Attorre F, Axmanová I, Babbi M, Baeten L, Baran J, Barni E, 
Benito-Alonso J-L, Berg C, Bergamini A, Berki I, Boch S, Bock B, Bode F, Bonari G, Boublík K, 
Britton AJ, Brunet J, Bruzzaniti V, Buholzer S, Burrascano S, Campos JA, Carlsson B-G, Carranza 
ML, Černý T, Charmillot K, Chiarucci A, Choler P, Chytrý K, Corcket E, Csecserits A, Cutini M, 
Czarniecka-Wiera M, Danihelka J, de Francesco MC, De Frenne P, Di Musciano M, De Sanctis M, 
Deák B, Decocq G, Dembicz I, Dengler J, Di Cecco V, Dick J, Diekmann M, Dierschke H, Dirn-
böck T, Doerfler I, Doležal J, Döring U, Durak T, Dwyer C, Ejrnæs R, Ermakova I, Erschbamer B, 
Fanelli G, Fernández-Calzado M-R, Fickert T, Fischer A, Fischer M, Foremnik K, Frouz J, García-
González R, García-Magro D, García-Mijangos I, Gavilán RG, Germ M, Ghosn D, Gigauri K, 
Gizela J, Golob A, Golub V, Gómez-García D, Gowing D, Grytnes J-A, Güler B, Gutiérrez-Girón 
A, Haase P, Haider S, Hájek M, Halassy M, Harásek M, Härdtle W, Heinken T, Hester A, Humbert 
J-Y, Ibáñez R, Illa E, Jaroszewicz B, Jensen K, Jentsch A, Jiroušek M, Kalníková V, Kanka R, Kapfer 
J, Kazakis G, Kermavnar J, Kesting S, Khanina L, Kindermann E, Kotrík M, Koutecký T, Kozub Ł, 
Kuhn G, Kutnar L, La Montagna D, Lamprecht A, Lenoir J, Lepš J, Leuschner C, Lorite J, Madsen 
B, Ugarte RM, Malicki M, Maliniemi T, Máliš F, Maringer A, Marrs R, Matesanz S, Metze K, Mey-
er S, Millett J, Mitchell RJ, Moeslund JE, Moiseev P, di Cella UM, Mudrák O, Müller F, Müller N, 
Naaf T, Nagy L, Napoleone F, Nascimbene J, Navrátilová J, Ninot JM, Niu Y, Normand S, Ogaya 
R, Onipchenko V, Orczewska A, Ortmann-Ajkai A, Pakeman RJ, Pardo I, Pätsch R, Peet RK, 
Penuelas J, Peppler-Lisbach C, Pérez-Hernández J, Pérez-Haase A, Petraglia A, Petřík P, Pielech R, 
Piórkowski H, Pladevall-Izard E, Poschlod P, Prach K, Praleskouskaya S, Prokhorov V, Provoost S, 
Pușcaș M, Pustková Š, Randin CF, Rašomavičius V, Reczyńska K, Rédei T, Řehounková K, Richner 
N, Risch AC, Rixen C, Rosbakh S, Roscher C, Rosenthal G, Rossi G, Rötzer H, Roux C, Rumpf 
SB, Ruprecht E, Rūsiņa S, Sanz-Zubizarreta I, Schindler M, Schmidt W, Schories D, Schrautzer J, 
Schubert H, Schuetz M, Schwabe A, Schwaiger H, Schwartze P, Šebesta J, Seiler H, Šilc U, Silva V, 
Šmilauer P, Šmilauerová M, Sperle T, Stachurska-Swakoń A, Stanik N, Stanisci A, Steffen K, Storm 
C, Stroh HG, Sugorkina N, Świerkosz K, Świerszcz S, Szymura M, Teleki B, Thébaud G, Theurillat 
J-P, Tichý L, Treier UA, Turtureanu PD, Ujházy K, Ujházyová M, Ursu TM, Uziębło AK, Valkó O, 
Van Calster H, Van Meerbeek K, Vandevoorde B, Vandvik V, Varricchione M, Vassilev K, Villar L, 
Virtanen R, Vittoz P, Voigt W, von Hessberg A, von Oheimb G, Wagner E, Walther G-R, Wellstein 
C, Wesche K, Wilhelm M, Willner W, Wipf S, Wittig B, Wohlgemuth T, Woodcock BA, Wulf M, 
Essl F (2024) ReSurveyEurope: A database of resurveyed vegetation plots in Europe. Journal of 
Vegetation Science 35(2): e13235. https://doi.org/10.1111/jvs.13235

Kortz AR, Moyes F, Pivello VR, Pyšek P, Dornelas M, Visconti P, Magurran AE (2023) Elevated 
compositional change in plant assemblages linked to invasion. Proceedings of the Royal Society B 
290(1998): 20222450. https://doi.org/10.1098/rspb.2022.2450

Kumar S, Mathur M (2014) Impact of invasion by Prosopis juliflora on plant communities in arid 
grazing lands. Tropical Ecology 55: 33–46.

https://doi.org/10.5281/zenodo.7430682
https://doi.org/10.1111/j.1365-2745.2009.01578.x
https://doi.org/10.1111/j.1365-2745.2009.01578.x
https://doi.org/10.3390/plants13070962
https://doi.org/10.1111/jvs.13235
https://doi.org/10.1098/rspb.2022.2450


295NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

Lenth R (2024) emmeans: Estimated marginal means, aka least-square means. R package version 
1.10.2. https://CRAN.R-project.org/package=emmeans

MacFadyen S, Hui C, Verburg PH, Van Teeffelen AJA (2016) Quantifying spatiotemporal drivers of 
environmental heterogeneity in Kruger National Park, South Africa. Landscape Ecology 31(9): 
2013–2029. https://doi.org/10.1007/s10980-016-0378-6

Miller KM, McGill BJ, Weed AS, Seirup CE, Comiskey JA, Matthews ER, Perles S, Schmit JP 
(2021) Long-term trends indicate that invasive plants are pervasive and increasing in eastern na-
tional parks. Ecological Applications 31(2): e02239. https://doi.org/10.1002/eap.2239

Milton SJ, Dean WRJ (2010) Plant invasions in arid areas: special problems and solutions: a South 
African perspective. Biological Invasions 12(12): 3935–3948. https://doi.org/10.1007/s10530-
010-9820-x

Moodley D, Foxcroft LC, Novoa A, Pyšková K, Pergl J, Pyšek P (2020) Invasive alien species add 
to the uncertain future of protected areas. NeoBiota 57: 1–5. https://doi.org/10.3897/neobio-
ta.57.52188

Mueller-Dombois D, Ellenberg H (1974) Aims and methods of vegetation ecology. John Wiley and 
Sons, New York, 1–547.

Müllerová J, Pyšek P, Jarošík V, Pergl J (2005) Aerial photographs as a tool for assessing the regional 
dynamics of the invasive plant species Heracleum mantegazzianum. Journal of Applied Ecology 
42(6): 1042–1053. https://doi.org/10.1111/j.1365-2664.2005.01092.x

Novoa A, Foxcroft LC, Keet J-H, Pyšek P, Le Roux JJ (2021) The invasive cactus Opuntia stricta cre-
ates fertility islands in African savannas and benefits from those created by native trees. Scientific 
Reports 11(1): 20748. https://doi.org/10.1038/s41598-021-99857-x

Padmanaba M, Tomlinson KW, Hughes AC, Corlett RT (2017) Alien plant invasions of protect-
ed areas in Java, Indonesia. Scientific Reports 7(1): 9334. https://doi.org/10.1038/s41598-017-
09768-z

Pauchard A, Alaback PB (2004) Influence of elevation, land use, and landscape context on patterns 
of alien plant invasions along roadsides in protected areas of south-central Chile. Conservation 
Biology 18(1): 238–248. https://doi.org/10.1111/j.1523-1739.2004.00300.x

Planty-Tabacchi AM, Tabacchi E, Naiman RJ, Deferarri C, Decamps H (1996) Invasibility of spe-
cies-rich communities in riparian zones. Conservation Biology 10(2): 598–607. https://doi.
org/10.1046/j.1523-1739.1996.10020598.x

Pooley E (1998) A field guide to wild flowers of Kwazulu-Natal and the Eastern Region. Natal Flora 
Publications Trust, Durban, 1–630.

Pyšek P, Prach K (1993) Plant invasions and the role of riparian habitats – a comparison of 
four species alien to central Europe. Journal of Biogeography 20(4): 413–420. https://doi.
org/10.2307/2845589

Pyšek P, Jarošík V, Kučera T (2003) Inclusion of native and alien species in temperate nature reserves: 
An historical study from Central Europe. Conservation Biology 17(5): 1414–1424. https://doi.
org/10.1046/j.1523-1739.2003.02248.x

Pyšek P, Richardson DM, Rejmánek M, Webster G, Williamson M, Kirschner J (2004) Alien plants 
in checklists and floras: Towards better communication between taxonomists and ecologists. Tax-
on 53(1): 131–143. https://doi.org/10.2307/4135498

Pyšek P, Bacher S, Chytrý M, Jarošík V, Wild J, Celesti-Grapow L, Gassó N, Kenis M, Lambdon PW, 
Nentwig W, Pergl J, Roques A, Sádlo J, Solarz W, Vilà M, Hulme PE (2010) Contrasting pat-
terns in the invasions of European terrestrial and freshwater habitats by alien plants, insects and 
vertebrates. Global Ecology and Biogeography 19(3): 317–331. https://doi.org/10.1111/j.1466-
8238.2009.00514.x

Pyšek P, Genovesi P, Pergl J, Monaco A, Wild J (2013) Plant invasions of protected areas in Europe: 
An old continent facing new problems. In: Foxcroft LC, Pyšek P, Richardson DM, Genovesi P 

https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1007/s10980-016-0378-6
https://doi.org/10.1002/eap.2239
https://doi.org/10.1007/s10530-010-9820-x
https://doi.org/10.1007/s10530-010-9820-x
https://doi.org/10.3897/neobiota.57.52188
https://doi.org/10.3897/neobiota.57.52188
https://doi.org/10.1111/j.1365-2664.2005.01092.x
https://doi.org/10.1038/s41598-021-99857-x
https://doi.org/10.1038/s41598-017-09768-z
https://doi.org/10.1038/s41598-017-09768-z
https://doi.org/10.1111/j.1523-1739.2004.00300.x
https://doi.org/10.1046/j.1523-1739.1996.10020598.x
https://doi.org/10.1046/j.1523-1739.1996.10020598.x
https://doi.org/10.2307/2845589
https://doi.org/10.2307/2845589
https://doi.org/10.1046/j.1523-1739.2003.02248.x
https://doi.org/10.1046/j.1523-1739.2003.02248.x
https://doi.org/10.2307/4135498
https://doi.org/10.1111/j.1466-8238.2009.00514.x
https://doi.org/10.1111/j.1466-8238.2009.00514.x


296NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

(Eds) Plant invasions in protected areas: Patterns, problems and challenges. Springer, Dordrecht, 
209–240. https://doi.org/10.1007/978-94-007-7750-7_11

Pyšek P, Pergl J, Essl F, Lenzner B, Dawson W, Kreft H, Weigelt P, Winter M, Kartesz J, Nishino M, 
Antonova LA, Barcelona JF, Cabezas FJ, Cárdenas D, Cárdenas-Toro J, Castaño N, Chacón E, 
Chatelain C, Dullinger S, Ebel AL, Figueiredo E, Fuentes N, Genovesi P, Groom QJ, Hender-
son L (2017) Naturalized alien flora of the world: Species diversity, taxonomic and phylogenetic 
patterns, geographic distribution and global hotspots of plant invasion. Preslia 89(3): 203–274. 
https://doi.org/10.23855/preslia.2017.203

Pyšek P, Hejda M, Čuda J, Zambatis G, Pyšková K, MacFadyen S, Storch D, Tropek R, Foxcroft L 
(2020a) Into the great wide open: Do alien plants spread from rivers to dry savanna in the Kruger 
National Park? NeoBiota 60: 61–77. https://doi.org/10.3897/neobiota.60.54608

Pyšek P, Hulme PE, Simberloff D, Bacher S, Blackburn TM, Carlton JT, Dawson W, Essl F, Foxcroft 
LC, Genovesi P, Jeschke JM, Kühn I, Liebhold AM, Mandrak NE, Meyerson LA, Pauchard A, 
Pergl J, Roy HE, Seebens H, van Kleunen M, Vilà M, Wingfield MJ, Richardson DM (2020b) 
Scientists’ warning on invasive alien species. Biological Reviews 95(6): 1511–1534. https://doi.
org/10.1111/brv.12627

Rejmánek M (1989) Invasibility of plant communities. In: Drake JA, Mooney HA, di Castri F, 
Groves RH, Kruger FJ, Rejmánek M, Williamson M (Eds) Biological invasions. A global perspec-
tive. John Wiley and Sons, Chichester, 369–388.

Richardson DM, Pyšek P, Rejmánek M, Barbour MG, Panetta FD, West CJ (2000) Naturalization 
and invasion of alien plants: Concepts and definitions. Diversity & Distributions 6(2): 93–107. 
https://doi.org/10.1046/j.1472-4642.2000.00083.x

Richardson DM, Holmes PM, Esler KJ, Galatowitsch SM, Stromberg JC, Kirkman SP, Pyšek P, Hobbs 
RJ (2007) Riparian vegetation: Degradation, alien plant invasions, and restoration prospects. 
Diversity & Distributions 13(1): 126–139. https://doi.org/10.1111/j.1366-9516.2006.00314.x

Shackleton RT, Foxcroft LC, Pyšek P, Wood LE, Richardson DM (2020) Assessing biological inva-
sions in protected areas after 30 years: Revisiting nature reserves targeted by the 1980s SCOPE pro-
gramme. Biological Conservation 243: 108424. https://doi.org/10.1016/j.biocon.2020.108424

Staudhammer CL, Escobedo FJ, Holt N, Young LJ, Brandeis TJ, Zipperer W (2015) Predictors, spa-
tial distribution, and occurrence of woody invasive plants in subtropical urban ecosystems. Journal 
of Environmental Management 155: 97–105. https://doi.org/10.1016/j.jenvman.2015.03.012

van der Walt R (2009) Wild flowers of the Limpopo Valley. Retha van der Walt, Musina, 1–394.
van Kleunen M, Dawson W, Essl F, Pergl J, Winter M, Weber E, Kreft H, Weigelt P, Kartesz J, 

Nishino M, Antonova LA, Barcelona JF, Cabezas FJ, Cárdenas D, Cárdenas-Toro J, Castaño N, 
Chacón E, Chatelain C, Ebel AL, Figueiredo E, Fuentes N, Groom QJ, Henderson L, Inderjit, 
Kupriyanov A, Masciadri S, Meerman J, Morozova O, Moser D, Nickrent DL, Patzelt A, Pelser 
PB, Baptiste MP, Poopath M, Schulze M, Seebens H, Shu W, Thomas J, Velayos M, Wieringa 
JJ, Pyšek P (2015) Global exchange and accumulation of non-native plants. Nature 525(7567): 
100–103. https://doi.org/10.1038/nature14910

van Kleunen M, Pyšek P, Dawson W, Essl F, Kreft H, Pergl J, Weigelt P, Stein A, Dullinger S, König 
C, Lenzner B, Maurel N, Moser D, Seebens H, Kartesz J, Nishino M, Aleksanyan A, Ansong M, 
Antonova LA, Barcelona JF, Breckle SW, Brundu G, Cabezas FJ, Cárdenas D, Cárdenas-Toro J, 
Castaño N, Chacón E, Chatelain C, Conn B, de Sá Dechoum M, Dufour-Dror JM, Ebel AL, 
Figueiredo E, Fragman-Sapir O, Fuentes N, Groom QJ, Henderson L, Inderjit, Jogan N, Krestov 
P, Kupriyanov A, Masciadri S, Meerman J, Morozova O, Nickrent D, Nowak A, Patzelt A, Pelser 
PB, Shu W, Thomas J, Uludag A, Velayos M, Verkhosina A, Villaseñor JL, Weber E, Wieringa JJ, 
Yazlık A, Zeddam A, Zykova E, Winter M (2019) The Global Naturalized Alien Flora (GloNAF) 
database. Ecology 100(1): e02542. https://doi.org/10.1002/ecy.2542

https://doi.org/10.1007/978-94-007-7750-7_11
https://doi.org/10.23855/preslia.2017.203
https://doi.org/10.3897/neobiota.60.54608
https://doi.org/10.1111/brv.12627
https://doi.org/10.1111/brv.12627
https://doi.org/10.1046/j.1472-4642.2000.00083.x
https://doi.org/10.1111/j.1366-9516.2006.00314.x
https://doi.org/10.1016/j.biocon.2020.108424
https://doi.org/10.1016/j.jenvman.2015.03.012
https://doi.org/10.1038/nature14910
https://doi.org/10.1002/ecy.2542


297NeoBiota 96: 279–297 (2024), DOI: 10.3897/neobiota.96.131634

Petr Pyšek et al.: Plant invasions in African savanna

Venter FJ (1990) A classification of land for management planning in the Kruger National Park. PhD 
Thesis, University of South Africa, Pretoria, 1–786.

Wu H, Walker S, Rollin MJ, Tan DKY, Robinson G, Werth J (2007) Germination, persistence, and 
emergence of flaxleaf fleabane (Conyza bonariensis [L.] Cronquist). Weed Biology and Manage-
ment 7(3): 192–199. https://doi.org/10.1111/j.1445-6664.2007.00256.x

Yurkonis KA, Meiners SJ (2004) Invasion impacts local species turnover in a successional system. 
Ecology Letters 7(9): 764–769. https://doi.org/10.1111/j.1461-0248.2004.00636.x

Supplementary material 1

Number of records of species whose frequency has significantly changed between 
the first and second sampling, shown separately for particular habitats

Authors: Petr Pyšek, Jan Čuda, Llewellyn C. Foxcroft, Klára Pyšková, Martin Hejda
Data type: docx
Copyright notice: This dataset is made available under the Open Database License (http://opendata-

commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement 
intended to allow users to freely share, modify, and use this Dataset while maintaining this same 
freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.96.131634.suppl1

Supplementary material 2

Direct ordination (CCA) plot showing the overall differences in the distribution of 
aliens between the first sampling in 2019–2020 and resampling in 2024 (p = 0.002)

Authors: Petr Pyšek, Jan Čuda, Llewellyn C. Foxcroft, Klára Pyšková, Martin Hejda
Data type: docx
Explanation note: The plot shows that some aliens, like Amaranthus standleyanus, were more frequent 

in 2019–2020, while others, like Conyza bonariensis, were more frequent in 2024. AcanHisp = 
Acanthospermum hispidum, AchrAspr = Achyranthes aspera, AltPung = Althernanthera pungens, 
AmarStan = Amaranthus standleyanus, ArgmOchr = Argemone ochroleuca, BidnBipn = Bidens bi-
pinnata, BidnBitr = B. biternata, BoerDiff = Boerhavia diffusa, ConzBonr = Conyza bonariensis, 
DatrInox = Datura inoxia, GompCels = Gomphrena celosioides, ChnAlbAg = Chenopodium album 
agg., MalvCorm = Malvastrum coromandelianum, MollNud = Mollugo nudicaulis, OpunFics = 
Opuntia ficus-indica, OpunStrc = Opuntia stricta, PartHyst = Parthenium hysterophorus, PortOler 
= Portulacca oleracea, SchkPinn = Schkuhria pinnata, SennSept = Senna septentrionalis, SesbBisp = 
Sesbania bispinosa, TridProc = Tridax procumbens, XantStrm = Xanthium strumarium, VerbEnce = 
Verbesina encelioides, ZinnPerv = Zinnia peruviana.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement 
intended to allow users to freely share, modify, and use this Dataset while maintaining this same 
freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.96.131634.suppl2

https://doi.org/10.1111/j.1445-6664.2007.00256.x
https://doi.org/10.1111/j.1461-0248.2004.00636.x
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.96.131634.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.96.131634.suppl2

	Even the losers: five-year distribution dynamics of alien plant species in South African savanna
	Abstract
	Introduction
	Methods
	Study area
	Data collection
	Statistical analysis

	Results
	Numbers and frequencies of alien species
	Persistence of alien species
	Changes in frequencies of individual alien species

	Discussion
	Stable alien flora composed of fluctuating species
	The role of habitat
	Even the losers: rapidly emerging invasion threats

	Acknowledgements
	Additional information
	References

