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Abstract

Protected areas play an important role as refuges from invasive species impacts on biodiversity. Within
the MOSAIK (Monitoring Savanna Biodiversity in the Kruger National Park) project, plant species were
recorded in a representative set of 60 plots, 50 x 50 m in size, across the entire KNP, distributed so as to
cover a range of savanna habitats, i.e. perennial rivers, seasonal rivers and dry crests, and two main bedrock
types (granite and basalt). The data were used to assess the role of rivers in the dispersal of alien plants
and study whether the alien plant species spread from rivers to open dry savanna. The resulting dataset
provided the first thorough information on the spatial distribution of naturalised alien plants in KNP, In
total, we recorded 20 plant species that are alien to the park, four of them considered invasive: Parthenium
hysterophorus, Opuntia stricta, Xanthium strumarium and Zinnia peruviana. The most widespread species
in KNP was Tridax procumbens, recorded in 11 plots (i.e. 18% of all sampled), four other species were
found in > 10% of the plots. One species, Bidens bipinnata, was not previously reported from the park
and represents a new record. The majority of aliens were concentrated along perennial rivers (60% of all
occurrences), but some were repeatedly recorded at seasonal rivers as well and two of the most invasive
species in KNP, Opuntia stricta and Parthenium hysterophorus, occurred also on dry crests away from water.
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‘The average number of alien species per plot was low (1.6), as was their mean percentage contribution
to all species in a plot (2.2%), but some plots harboured as many as seven species and contributed up to
11.9%. Moreover, only 21 plots (35%) were alien-species free. In terms of the total species number per
habitat, perennial rivers had significantly more aliens than crests and were marginally significantly richer
than seasonal rivers. By recording all naturalised alien species occurring in the plots — many of them are
not invasive but may become so in the future — and by using the GIoNAF database of global distribution
of naturalised species, we assessed the invasion potential of the recorded species.
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Introduction

The majority of protected areas worldwide are vulnerable to invasions, with very few
completely free of alien species (Foxcroft et al. 2017; Moodley et al. 2020) and many
suffering various impacts at the species and community levels. These impacts include
the alteration of habitats, ecosystem regime shifts and losses to native species abundance,
diversity and richness (Foxcroft et al. 2013; Hulme et al. 2014; Pysek et al. 2020). In a
global assessment, De Poorter (2007) found there were 487 protected areas where inva-
sive alien species posed a serious threat to biodiversity. Along these lines, invasive plants
are almost universally regarded as a major threat by managers of protected areas (Pysek
etal. 2013). However, the situation is not improving over time, as shown by Shackleton
et al. (2020). These authors compared how the threat by and management of invasive
species have changed in a representative set of 21 protected areas that were included in
the international SCOPE programme on biological invasions in the mid-1980s (Drake
etal. 1989). Amongst the taxonomic groups analysed, invasive plants pose the greatest
continued threat, as documented by increased numbers in 31% of the protected areas
over ~30 years from 1980s to the present (Shackleton et al. 2020).

One of the iconic protected areas included into the SCOPE programme is the
Kruger National Park (KNP) in South Africa. Established in 1898, it is the largest
game reserve in South Africa and one of the oldest national parks in the world (Car-
ruthers 1995). It covers an area of ~20,000 km?, the majority in a subtropical climate
with the Tropic of Capricorn crossing the park in the North. Several large, mostly
perennial, rivers flow through the park in a west-east direction, including Sabie, Olif-
ants, Crocodile, Letaba, Shingwedzi, Luvuvhu and Limpopo (Fig. 1, MacFadyen et al.
2018). Environmental heterogeneity is generated by a mosaic of geological conditions
(granitoid bedrock in the western vs. basalt and gabro in the eastern part), altitude
(140-780 m a.s.l.), climate (450-750 mm of annual precipitation) and character of
vegetation (dominant woody species, proportional representation of woody cover vs.
open grassland; du Toit et al. 2003; MacFadyen et al. 2016).

There are about 360 alien plant species currently recorded in KNP (Foxcroft et
al. 2017), of which only a few are considered noxious invaders (Jaro$ik et al. 2011).
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Figure I. The Kruger National Park situated between latitudes 22°19'40"S to 25°31'44"S and longitudes
30°53'18"E to 32°01'59"E, with location of the 60 sampled sites, separated according to habitat and dis-
tributed across the four land systems. The size of the symbols indicates the number of alien plant species

recorded in the plot.
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The boundaries of KNP were shown to act as a barrier to invasions from the sur-
rounding intensively-used agricultural landscape or urbanised areas (Foxcroft et al.
2011), in accordance with the role protected areas play in other parts of the world by
offering refuges from invasive species (Pysek et al. 2003; Gallardo et al. 2017). For
KNP it has been shown that the best human-related predictors of the number of alien
invasive plants inside the park were the amount of water bringing propagules from
adjacent densely populated areas, together with density of major roads (Foxcroft et al.
2011) and human settlements in the park surroundings (Spear et al. 2013). A study
of invasive species across South African National Parks identified ornamental planting
and rivers as the primary pathways of invasion (Foxcroft et al. 2019) — a large number
of alien ornamental species and alien species occurring along rivers are reported for
KNP (Foxcroft et al. 2008). Therefore, a great threat from alien plant invasions to
KNP is associated with rivers that act as the most efficient pathways for propagules
from adjacent areas. However, while these indicators represent the potential for in-
troduction of alien plants into KNP, the context dependence of the invasion process
requires study at finer scales to determine which alien species may become naturalised
and invade within KNP,

In response to the escalating importance of plant invasions, KNP has initiated a
number of programmes aimed at preventing and mitigating incursions of alien species
(van Wilgen et al. 2017). These efforts have yielded data on the distribution of major in-
vaders through long-term monitoring (Foxcroft et al. 2009) and species-specific studies
on the ecology of particular invaders (Foxcroft et. al. 2004; Hui et al. 2011). However,
as is often the case in plant invasion research, the data collection focused on alien species
hotspots, such as human-disturbed habitats or rivers and, to date, none of the projects
in KNP has systematically investigated the distribution of alien plants across the entire
park or assessed how successfully they persist across a range of different habitats.

To contribute to closing this gap, we use our data collected by the MOSAIK
(Monitoring Savanna Biodiversity in the Kruger National Park) project aimed at
studying biodiversity across the entire KNP, within four distinct land systems with
variable supply of water and contrasting geologies. Here we aim to (i) describe the
distribution of alien plant species, (ii) assess to what extent alien plants are confined to
rivers as the main introduction pathways and dispersal vectors, versus how commonly
they occur in drier habitats away from rivers and (iii) identify potentially invasive
species of the future.

Methods

Data collection

The data analysed in this paper were collected within the MOSAIK project between
2018 and 2020. MOSAIK’s primary objective is to sample plant and animal (mam-
mals, birds, bats and moths) biodiversity in habitats across different land systems in
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KNP (as defined by Venter 1990). To this purpose, we established triplets of 50 x 50 m
plots, each triplet including a site (i) near a perennial river or another permanent 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. 2).
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 between plots. There were
20 triplets distributed so as to cover the four land systems (five triplets in each), giving
a total of 60 plots (Fig. 1). Consequently, each of the three habitats was sampled by 20
plots and each of the two bedrock types by 30 plots.

Plants were sampled during two rainy seasons, 16 January to 4 February 2019
and 17 January to 3 February 2020. All vascular plant species were recorded in each
2500 m? plot and their abundance estimated visually using the Braun-Blanquet cover-
abundance seven-grade scale (Mueller-Dombois and Ellenberg 1974). To quantify the
occurrence of species in plots, the Braun-Blanquet scores were tranformed to percent-
age values as follows: 5 = 87.5%, 4 = 62.5%, 3 = 37.5%, 2 = 15%, 1 = 2.5%, + = 1.0%,
r=0.02% (van der Maarel 1979). The time spent to sample a plot ranged from 1 to 7
hours, with an average of 2:15 £ 1:01 hour (mean + S.D.).

Species that are alien to South Africa were selected for analyses in this paper. To
assign species an alien status, we followed geographical criteria broadly accepted in the
invasion literature, referring to species introduced by humans to regions outside their
native range (see PysSek et al. 2004; Essl et al. 2018 for definitions). Further, to classify
which of the recorded alien species are naturalised (forming self-sustainable popula-
tions in the wild) or invasive (subgroup of naturalised species rapidly spreading in the
invaded area), we followed the definition proposed by Richardson et al. (2000) and
Blackburn et al. (2011). This classification of species was based on previous publica-
tions relevant to the study area (Foxcroft et al. 2017). For each species, we recorded the
region of origin and life history information.

To assess the invasion potential of the alien species recorded in KNP, we extracted
information on their global naturalisation success from the GloNAF (Global Natural-
ized Alien Flora) database (van Kleunen et al. 2015, 2019; Pysek et al. 2017). This
database includes information on the occurrence of naturalised plant species in 843
regions of the world (at the level of countries, states and provinces in case of large
countries and islands) and summarises the distributions of almost 14,000 taxa. For
each species recorded in our plots, we extracted the number of GIoNAF records glob-
ally and in Africa.

Statistical analysis

Differences amongst habitats and bedrock in the mean numbers of alien species in
plots were tested by using a Linear Mixed-Effects Model (LMM) (R Development
Core Team 2013; Bates et al. 2015). The square-root of the number of alien species
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Figure 2. Images of habitats that were considered in the Kruger National Park study: A perennial river,
B seasonal river and € dry crest. The plots were located in the vicinity of the rivers, near the river beds
and within the crest.
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was the response variable and the type of bedrock (granite vs. basalt), habitat (seasonal
rivers, perennial rivers, crests) and their interactions were the predictors. The triplets of
plots were set as the random effect factor (grouping variable). Possible autocorrelations,
based on the distances between individual triplets, were modelled as a continuous
function, using the “cor” parameter. The significances of different predictors (bedrock,
habitat, bedrock x habitat interaction) were tested using deletion tests, by compar-
ing the explanatory power of models with and without a particular term (Crawley
2007). The quality of models was checked visually, by plotting standardised residuals
against fitted values. Possible deviations from normality were inspected using prob-
ability plots. The data on the percentages of aliens amongst all species in plots were
arcsin-transformed.

A log-linear model (Crawley 2007) was used to test the differences in the total
numbers of aliens amongst different habitats and bedrocks. In this model, the total
number of aliens was the response variable and habitat (seasonal rivers, perennial rivers,
crests), bedrock (granite, basalt) and their interaction were the predictors. The signifi-
cance of individual terms was tested using deletion tests, by comparing the explanatory
power of models with and without that particular main effect or interaction (Crawley
2007). All models were created in the R software (R Development Core Team 2013).

Results

Structure of alien flora: effects of habitat and bedrock on species’ occurrence patterns

In total, we recorded 20 plant species that are classified as naturalised aliens to KNP
(Table 1). Family Asteraceae was most represented with nine species, followed by Ama-
ranthaceae with four species, Cactaceae with two species and the remaining five species
in five other families. There are 13 species that occur as annuals (50%), 10 as perennials
(39%), two as shrub or semi-shrub (Malvastrum coromandelianum and Datura innoxia,
respectively). Four of the species recorded are considered invasive in KNP: Parthenium
hysterophorus (recorded in nine plots, i.e. 15% of all sampled), Xanthium strumarium
(three plots), Opuntia stricta (three plots) and Zinnia peruviana (two plots). The re-
maining species are considered naturalised, except Bidens bipinnata that was not previ-
ously reported from the park and represents a new record; for this species, the status
remains to be confirmed.

The most widespread species in KNP was 7idax procumbens, recorded in 11 plots
(i.e. 18%), other species recorded in more than 10% of plots being Bidens biternata,
Malvastrum coromandelianum, Parthenium hysterophorus and Alternanthera pungens
(Table 1; Fig. 3). The majority of alien species recorded in our KNP plots have
successfully naturalised in various parts of the world, with 11 of them occurring in
more than 100 regions globally (Portulaca oleracea and Chenopodium album with 311
and 298 regions, respectively, are the most widespread). These data indicate the overall
potential of recorded alien plants to spread; the majority of them have also successfully
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Table 1. Overview of alien plant species recorded in savanna habitats in the Kruger National Park. Total
number of records, separately for basalt and granite bedrock, frequency of occurrence in plots (n = 60) and
the range of covers are given (one cover value indicates that the species occurred in plots with the same
cover). Species that are currently considered as invasive in KNP are marked with * (based on Foxcroft et
al. 2017). The naturalisation success is expressed as the number of regions in the GIoNAF 1.1 database
(n = 843, van Kleunen et al. 2015, 2019; Pysek et al. 2017) in which the species is recorded as naturalised,
shown globally and for Africa. Life history: a — annual herb, p — perennial herb, ss — subshrub. Species are

ranked by decreasing frequency in KNP.

«
3 s} = O z®

Tridax procumbens Asteraceae a central America 11 18.3 3 8 0.1 146/55
Bidens biternata Asteraceae a East Asia (Himalayas) 10 16.7 4 6 0.1-15.0 31/29
Malvastrum coromandelianum Malvaceae a, p, ss North America 10 16.7 55 0.1 161/29
Parthenium hysterophorus* Asteraceae p North America 9 15.0 45 0.1 119/13
Alternanthera pungens Amaranthaceaec  p tropical America 8 13.3 5 3 0.1-25 124/35
Bidens bipinnata Asteraceae a Asia, North America 6 10.0 2 4 0.1-15 88/26
Gomphrena celosioides Amaranthaceac  a, p tropical South America 6 10.0 2 4 0.1 94/43
Acanthospermum hispidum Asteraceac a tropical America 5 8.3 3 2 0.1-25 128/49
Portulaca oleracea Portulacaceae a Eurasia 4 6.7 3 1 0.1 311/56
Melanthera scandens Asteraceae p  tropical to subtropical Africa 4 6.7 31 0.1 12/12
Litogyne gariepina Asteraceae p obscure 3 1.7 21 0.1 -
Xanthium strumarium* Asteraceae a America' 3 5.0 21 0.1 147/18
Opuntia stricta* Cactaceae p North America 3 5.0 0 3 0.1 84/10
Achyranthes aspera Amaranthaceae  a, p Mediterranean 2 3.3 20 0.1 160/52
Zinnia peruviana* Asteraceae a North to South America 2 3.3 1 1 0.1 45/9
Opuntia ficus-indica Cactaceae p North America 1 1.7 0 1 0.1 139/40
Argemone ochroleuca Papaveraceae a North America 1 1.7 1 0 0.1 96/15
Chenopodium album agg. Amaranthaceae a Eurasia 1 1.7 10 0.1 298/28
Datura inoxia Solanaceae p»ss North America 1 1.7 1 0 0.1 126/29
Verbesina encelioides Asteraceae a South America 1 1.7 0 1 0.1 88/12

'some sources give Eurasia as the region of origin

naturalised in Africa. In particular, Portulaca oleracea (56 regions), Tridax procumbens
(55), Achyranthes aspera (52), Acanthospermum hispidum (49) and Gomphrena celosioides
(43) are species that are most widely naturalised in this continent (Table 1).

In terms of distribution of the recorded species by habitats, the majority were con-
centrated at perennial rivers. Some species, for example, Alternanthera pungens, Gom-
phrena celosioides and Acanthospermum hispidum, occurred almost exclusively in this
habitat, whilst others, for example, Bidens biternata, Malvastrum coromandelianum and
Parthenium hysterophorus, were repeatedly recorded also at seasonal rivers and Opuntia
stricta, Parthenium hysterophorus and Tridax procumbens on the crests, too (Fig. 3).

The majority of species did not prefer any particular bedrock, with the exception
of four species occurring more frequently on granites: Tridax procumbens (eight records
on granites vs. three on basalts), Bidens bipinnata, Gomphrena celosioides (four vs. two)
and Opuntia stricta (three records exclusively on granite). The species occurring more
often on basalt bedrock were Alternanthera pungens (three vs. five) and Melanthera
scandens (three vs. one) (Table 1).
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Figure 3. Distribution of alien species in the Kruger National Park according to the savanna habitats de-
limited within the MOSAIK project (perennial rivers, seasonal rivers, dry crest). Numbers of occurrences
(n = 20 per habitat) are shown. Species with * are considered invasive in KNP,

Levels of invasion in savanna habitats: rivers and beyond

The average number of alien species per plot was relatively low, 1.6 = 1.7 (mean
* S$.D.), but only 21 plots out of 60 were alien free, meaning that 65% of plots
harboured some alien species. The maximum number of alien species per plot was
seven. On average, the alien species made up 2.2% (range 0—11.9%) of all species in a
plot. The numbers of alien and native species in plots were not correlated (r = 0.067,
DF_, =58, p = 0.609).

Testing the average number of aliens per plot (Fig. 4A) revealed a significant ef-
fect of habitat (LMM: deletion test, DE_ ., =5vs. 7, L-ratio = 22.175, p < 0.001),
with perennial rivers being significantly richer than seasonal rivers and crests (LMM:
DF_ =36,T=-2.751,p=0.0092; DF__ =36,T =-3.662, p = 0.0008, respectively).

In total, there were 17, 11 and 8 species recorded at perennial rivers, seasonal rivers
and on the crest, respectively, and the total numbers of alien species in a habitat (Fig. 4B)
significantly differed (log-linear model: deletion test, DE _ =2 vs. 4, Dev. =-10.76, p =

0.005). Perennial rivers had significantly more aliens than crests (z = -2.842, p = 0.0125)
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and seasonal rivers (z = 2.361, p = 0.048). Only three species (7ridax procumbens, Mal-
vastrum coromandelianum and Parthenium hysterophorus) occurred in all three habitats.
Perennial rivers had six species occurring exclusively in this habitat and another six they
share with seasonal rivers (see Fig. 3), one species was found exclusively on crests (Opuntia
ficus-indica) and none only at seasonal-river sites (Fig. 5). In terms of the number of occur-
rences (defined as the sum of the numbers of records over all alien species), the importance
of the perennial rivers was even more pronounced. The 55 occurrences at perennial rivers
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Figure 4. Level of invasion by bedrock and habitat. A Mean numbers * S. D. of species per plot (n =
20 per habitat) B total species numbers and € percentage of alien species amongst all species in a plot are
shown for particular factors. The habitats bearing the same letter were not significantly different in the
respective characteristics; the effect of bedrock was not significant.
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Figure 5. Venn diagram showing the sharing of alien species by habitats in the Kruger National Park.
Tridax procumbens, Malvastrum coromandelianum and Parthenium hysterophorus were the species recorded

at all three habitats.

(compared to 18 at seasonal rivers and 18 in crest plots) means that 60.4% of all alien
species” occurrences were associated with the former habitat.

The percentage of alien species per plot (Fig. 4C) differed amongst habitats (LMM:
deletion test, DF_ . =5vs. 7, L-ratio = 7.884, p = 0.005), with perennial rivers being
marginally significantly richer than crests (LMM: DF__ =36, T =-2.004, p = 0.053)
and significantly richer than seasonal rivers (LMM: DF__ =36,T=-2.218,p=0.033).

Levels of invasion: no effect of bedrock

Of the 20 alien species recorded in total, 16 were found on granites and 17 on basalts,
with corresponding averages per plot 1.6 £ 1.9 and 1.5 £ 1.5, respectively. Neither the
main effect of bedrock, nor the bedrock x habitat interaction had significant effects on
the mean number of aliens per plot (LMM: deletion test, DF_ = 6 vs. 7, L-ratio =
0.895, p = 0.344, and DF__, =7 vs. 9, L-ratio = 0.294, p = 0.634, respectively; Fig.
4A), the total number of aliens in a given category (log-linear model: deletion test,
DF_, =2vs. 3, Dev. = -4.55, p = 0.5; and DF ., =0vs. 2, Dev. = -0.056, p = 0.972,
respectively; Fig. 4B) and the percentage of aliens amongst all species per plot (LMM:
deletion test, DF ., =6vs.7, L-ratio = 1.242,p =0.537; and DF_ =5 vs.7, L-ratio =
1.355, p = 0.322, respectively; Fig. 4C).

Discussion

It has been suggested that the negative impacts of plant invasions in protected areas in
African savannas are less dramatic than in the savanna regions and ecosystems in the
Neotropics and Australia. Foxcroft et al. (2010) reviewed this issue and concluded that
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the rather low levels of savanna invasions are in part due to lower rates of intentional
plant introductions to Africa, for example, less widespread planting of large numbers
of grass species, the key role of large mammalian herbivores in these ecosystems, his-
torical and biogeographical issues related to the regions of origin of introduced species
and the adaptation of African ecosystems to fire. Most of these factors are especially
relevant in large protected areas, such as KNP, where the above constraints to invasion
are strengthened by the fact that the protected areas act as barriers to colonisation of
alien species from the outside (Pysek et al. 2003; Foxcroft et al. 2011). They also act
as refuges protecting native species against combined effects of invasion and climate
change, as shown for European protected areas (Gallardo et al. 2017).

Due to research conducted mostly in the temperate areas, rivers have long been
recognised as major pathways of alien plant introduction to new regions; they are high-
ly prone to invasion by alien plants, largely because of their dynamic hydrology that
makes them conduits for efficient dispersal of propagules (Planty-Tabacchi et al. 1996;
Hood and Naiman 2000; Sibiya 2019). Fluctuating water levels provide space for new
species by removing vegetation and increasing resources by making nutrients and light
available (Richardson et al. 2007; Sibiya 2019). As most rivers flow through human
settlements, there are multiple opportunities for the introduction of alien propagules
into riparian zones and there is quantitative evidence that alien plants concentrate in
riparian sites (e.g. Chytry et al. 2008; Pysek et al. 2010). While some species invading
riparian habitats remain restricted to the vicinity of the river, other plants spread away
from the river often after a considerable time lag spanning decades (Cuda et al. 2020).
This represents a major threat to vegetation beyond the riparian ecosystems and can
start new invasions into habitats previously not affected.

However, we found that the threat of invasion beyond the main perennial rivers
and adjacent floodplain areas, where the major invaders are concentrated (Jarosik et
al. 2011), is currently relatively minor in KNP, The majority of aliens recorded by our
survey still occur at plots located near perennial rivers — but not all (Fig. 1). Some
of the species not confined to rivers are amongst the most widespread, for example,
Bidens biternata, Malvastrum coromandelianum and Parthenium hysterophorus and
were repeatedly recorded also at seasonal-river plots. More importantly, two of the
most invasive plants in the park, Opuntia stricta and Parthenium hysterophorus, were
also found on the crest plots. Apparently, despite the successful biological control of
Opuntia stricta in KNP in 1980s—1990s (Foxcroft et al. 2004), this invasive species
is still present in dry areas of the savanna and could potentially start a new invasion.
In addition, almost all of the alien plants we recorded in KNP have successfully
naturalised in many regions of the world, half of them in more than 100 regions,
which needs to be taken as a warning of the potential for many species to become
serious invaders in KNP in the future. That these alien species successfully persist in
subtropical and tropical climates is evident from all of them having naturalised in many
other African regions, too, and five being distributed in more than 40 regions on this
continent (Portulaca oleracea, Tridax procumbens, Achyranthes aspera, Acanthospermum
hispidum and Gomphrena celosioides). None of these most widely naturalised species in
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Africa is currently considered invasive in KNP, but attention should be paid by park
management, especially in surveillance programmes.

It needs to be pointed out, however, that alien species recorded in our plots mostly
occur in low abundance. Bidens bipinnata occasionally reached up to 15% of cover
and Alternanthera pungens and Acanthospermum hispidum -5%. Aliens also account for
a rather small proportion of the total plant richness; on average, there were less than
two alien species per plot, with maximum of seven and contribute less than 3% to the
total plot richness. However, in two plots at perennial rivers, alien species contributed
11.9% and 9.2% and additional seven plots harboured more than 5% of aliens. This,
together with the fact that almost three quarters of all sampled plots had at least one
alien species, indicates that KNP needs to monitor the occurrence of these species,
ideally on a regular and systematic basis. Our detailed survey covered, in cumulative
terms, 15 hectares and, extrapolating the figures to the total park area, implies that al-
ien plant species are already a fairly common phenomenon throughout the whole park.
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