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Abstract 

For the effective prevention of biological invasions, the pathways responsible for introductions must 

be understood and managed. However introduction pathways, particularly for developing nations, 

have been understudied. Using the Hulme et al. (2008) pathway classification, we assessed the 

South African introduction pathways in terms of the number of introductions, the invasion success of 

introduced taxa, how the pathways have changed over time, and how these factors vary for 

vertebrates, invertebrates and plants. Pathway and date of introduction, region of origin, distribution 

and invasion status data for 2111 alien taxa were extracted from databases. Most alien and invasive 

taxa were deliberately introduced and subsequently escaped captivity or cultivation. Pathway 

prominence also varied temporally and across organism types. Vertebrates and plants were largely 

escapes and although most plant escapes have become invasive, this is not the case for vertebrates. 

However the number of new plant and vertebrate escapes has increased over time. Invertebrates 

have been deliberately released or unintentionally introduced as contaminants or stowaways. For 

invertebrates the number of release, contaminant and stowaway introductions has increased, and 

most contaminants and stowaways have become invasive. As effective screening procedures are in 

place for invertebrates released for biological control, the major threats for South Africa are from 

vertebrate and plant escapes and invertebrate contaminants and stowaways. We recommend 

improvements to risk assessment and education to prevent escapes, and prioritised inspection 

strategies to reduce stowaway and contaminant introductions. Finally, as introduction pathways and 

introduced taxa change temporally, biosecurity decisions need to be informed by information on 

current and future pathways. 

 

Keywords: Biological invasions, biosecurity, pre-border control, invasion success, mode of 

introduction, date of introduction 
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Introduction 

Preventing the introduction of alien taxa is often more cost-effective than managing these taxa after 

introduction (Leung et al. 2002; Puth and Post 2005; Wittenberg and Cock 2005; Simberloff 2006; 

Simberloff et al. 2013). Most efforts to prevent the introduction of alien taxa into a new region focus on 

species- or pathway-centred approaches (Hulme 2006). In species-centred approaches, alien taxa 

that pose a high invasion risk are identified, usually through risk assessments, and then targeted in 

prevention strategies (Pheloung et al. 1999; Kolar and Lodge 2002; Kumschick and Richardson 

2013). Species-centred approaches require a lot of investment (e.g. in taxonomic support and 

inspection capacity) and are often problematic to employ due to data deficiencies, difficulties 

associated with the identification of predictive traits, and as risk assessments have not been 

developed for all taxa (Everett 2000; Hulme 2006; Kumschick and Richardson 2013). Additionally, this 

approach is often reliant on knowing whether species have become invasive elsewhere, and so is of 

limited value for organisms that have not had a long and well-studied history of introduction (Williams 

and Newfield 2002). Consequently, the pathway-centred approach is often more effective (Hulme 

2006). This approach uses information on how or why alien taxa are introduced to develop 

preventative strategies, early detection methods and import regulations that target the most active 

pathways of introduction (Hulme 2006, 2009). In so doing, available and often limited resources can 

be distributed effectively (Everett 2000; Bacon et al. 2012). For any targeted pathway, colonisation 

pressure (i.e. the number of species introduced) and propagule pressure (i.e. the number of 

individuals introduced and/or the number of introduction events for a specific taxon) should decrease 

and the probability that introduced taxa will establish and spread will likely diminish (Kolar and Lodge 

2001; Simberloff 2009; Pyšek et al. 2011). For example, to decrease the invasion threat posed by 

shipping to the Great Lakes the mid-oceanic exchange of ballast water has been recommended 

(MacIsaac et al. 2002). This management technique greatly reduces the number of propagules 

released by arriving ships and consequently the number of taxa that are successfully introduced 

decreases (MacIsaac et al. 2002). 

 

Despite the management implications of research on the pathways of introduction, the initial stages of 

the invasion process (transport and introduction; see Blackburn et al. 2011) have been relatively 

understudied (Puth and Post 2005). Nevertheless, the body of work on these initial stages has grown 

over time (Puth and Post 2005) and has demonstrated that the significance of the pathways of 

introduction varies taxonomically, geographically and temporally (Kraus 2007; Hulme et al. 2008; 

Lambdon et al. 2008; Wilson et al. 2009; Pyšek et al. 2011; Lehan et al. 2013). It has thus been 

concluded that pathways of introduction are idiosyncratic in nature and are not only associated with 

organism traits, but are also shaped by historical social, economic and technological trends (Everett 

2000; Lambdon et al. 2008; Hulme 2009; Wilson et al. 2009). 

 

Recent analyses have also demonstrated a link between the pathways of introduction and 

subsequent invasion success (Pyšek et al. 2011). This association is not likely to be straightforward 

and may be driven by various processes (Lambdon et al. 2008; Wilson et al. 2009; Pyšek et al. 2011). 
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Firstly, this influence may be attributed to colonisation pressure (Lambdon et al. 2008; Lockwood et 

al. 2009). The greater the number of species introduced through a pathway, the greater the probability 

that some will possess the attributes required to successfully invade and the greater the probability 

that a successful invader will be introduced (Lambdon et al. 2008; Lockwood et al. 2009). Secondly, 

attributes (e.g. human assistance, propagule pressure, genetic diversity, probability of movement of 

co-evolved species and pathway duration) that vary across the pathways of introduction may have 

consequences for the relative success of introduced taxa (Mack 2005; Wilson et al. 2009; Pyšek et al. 

2011). Finally, organism traits that facilitate introduction through specific pathways (e.g. larger 

aquarium fish are more likely to be released by owners (Gertzen et al. 2008)) may confer success 

during the subsequent stages of invasion (Cassey et al. 2004; Mack 2005; Dehnen-Schmutz et al. 

2007). Assessing these processes and determining the relative invasion risk posed by the different 

pathways would facilitate the development of management strategies that target pathways with a high 

invasion risk and inform post-introduction management (Pyšek et al. 2011; Essl et al. in press). 

 

In addition to knowledge gaps, implementing pathway-centred prevention strategies and legislation 

can be challenging due to the sheer number of potential pathways (Hulme et al. 2008; Essl et al. in 

press). To facilitate such action Hulme et al. (2008) developed a framework that classifies the 

pathways of introduction into six categories based on their attributes (e.g. level of human assistance, 

means of transport and subsequent introduction). In so doing the level of detail that is required for 

management is retained, while overarching legislation for only six pathways needs be developed 

(Hulme et al. 2008).  

 

The pathways of introduction for parts of Europe (e.g. for plants in the Czech Republic, see Pyšek et 

al. 2011) and at a global scale (Hulme et al. 2008) have been comprehensively analysed using this 

framework. However, research on the introduction pathways for developing nations is lacking, 

possibly due to data deficiencies driven by economic priorities and practical restrictions (Pyšek et al. 

2008). Unfortunately, such research biases are likely hindering our understanding of the early stages 

of invasion and the overall progress of invasion biology (Pyšek et al. 2008). In South Africa, invasive 

taxa have significant impacts (van Wilgen et al. 2001). But, assessments of the South African 

pathways of introduction have been rudimentary and have either focused on specific taxa (e.g. 

Henderson 2006; Herbert 2010) or a few very specific pathways (e.g. Saccaggi and Pieterse 2013). 

Finally, due to South Africa‟s socio-economic history and relatively short introduction record, one 

would expect that South Africa‟s pathways of introduction would differ greatly from those of the 

nations that have already been assessed. Here we utilise the pathway classification framework of 

Hulme et al. (2008) to evaluate the pathways of introduction for South African alien taxa, and 

specifically assess: i) the number of alien taxa that have been introduced through the different 

pathways, ii) the invasion status of taxa (i.e. their position along the introduction-naturalisation-

invasion continuum) introduced through the different pathways, and iii) how the prominence of 

pathways have changed through time. In each case we explore whether the results differ for plants, 

vertebrates and invertebrates. 
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Methodology 

Data collection 

We assessed recent South African alien species databases and selected the most comprehensive 

databases with regard to the listed taxa and information content (for full details see Faulkner et al. in 

press). Data on taxonomy, pathway of introduction, date of introduction, region of origin, invasion 

status and distribution for 2111 alien taxa were extracted from the selected databases (for details on 

the types of data used see Faulkner et al. in press).  

 

Pathways of introduction were classified using the framework of Hulme et al. (2008). The pathway 

categories, arranged from greatest to least amount of human assistance, are as follows: 1) release, 2) 

escape, 3) contaminant, 4) stowaway, 5) corridor and 6) unaided (Hulme et al. 2008). Release is the 

intentional introduction of a commodity organism for release (e.g. biological control agents). Escape is 

the intentional introduction of a commodity organism that escapes unintentionally (e.g. pets). 

Contaminant is an unintentional introduction with a commodity (e.g. commensals on traded plants). 

Stowaway is an unintentional introduction attached to or within a transport vector (e.g. hull fouling 

marine taxa). Corridor is an unintentional introduction via human built corridors that link previously 

unconnected regions (e.g. Lessepsian migrants). Unaided is an unintentional introduction through the 

natural dispersal of alien taxa across political borders.  

 

Terrestrial, freshwater and marine organisms were considered together, however, we did separate 

taxa into broad taxonomic categories: vertebrates, invertebrates and plants (these categories are 

referred to as „organism type‟). Taxa introduced through more than one pathway were assigned to 

multiple pathway categories (consequently the total number of taxa across the pathways will be 

greater than the number of taxa analysed). The earliest date of introduction was utilised in instances 

where multiple introduction events occurred or if, due to uncertainty, a period of time was given. 

Invasion status data were only recorded if the classifications and definitions of Richardson et al. 

(2000) or Blackburn et al. (2011) were utilised. These classifications divide the invasion continuum 

into four stages: transport, introduction, establishment and spread (Richardson et al. 2000; Blackburn 

et al. 2011). The invasion status (i.e. introduced/casual, naturalised/established or invasive) of alien 

taxa is determined based on the invasion stage occupied (Richardson et al. 2000; Blackburn et al. 

2011). Taxa for which invasion status was not specified or for which a different classification was 

utilised were assigned an invasion status using distribution data and other useful information (see full 

methodology below). 

 

Invasion status designation 

Using the framework of Blackburn et al. (2011) we determined, based on the types and level of 

information found in alien species databases, the evidence required to designate taxa into each 

invasion category (Table 1). It is important to note that due to the types of data available, organisms 
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Table 1 Biological invasion categorisations, related definitions and invasion status designations as defined by Blackburn et al. (2011), as well as the evidence required for categorisation 

 

Category Definition Status Evidence 

A Not transported beyond limits of native range. Not introduced Absent from alien species databases. 

B1 

Individuals transported beyond limits of native range, and in captivity or quarantine (i.e. 
individuals provided with conditions suitable for them, but explicit measures of containment 
are in place). 

Casual/ 
Introduced 

Records of individuals in captivity (e.g. in zoos or in quarantine). No 
individuals recorded outside captivity. 

B2 

Individuals transported beyond limits of native range, and in cultivation (i.e. individuals 
provided with conditions suitable for them, but explicit measures to prevent dispersal are 
limited at best). 

Casual/ 
Introduced 

No wild population documented. Individuals kept in cultivation 
and/or on a ranch or farm. 

B3 
Individuals transported beyond limits of native range, and directly released into a novel 
environment.  

Casual/ 
Introduced 

Records of individuals in the wild. Fate unknown or may be extinct 
from novel environment. 

C0 
Individuals released into the wild (i.e. outside of captivity or cultivation) in location where 
introduced, but incapable of surviving for a significant period. 

Casual/ 
Introduced Failed introductions. 

C1 
Individuals surviving in the wild (i.e. outside of captivity or cultivation) in location where 
introduced, no reproduction. 

Casual/ 
Introduced Distribution localised and population not reproducing. 

C2 
Individuals surviving in the wild in location where introduced, reproduction occurring, but 
population not self-sustaining. 

Casual/ 
Introduced Distribution localised and population not self-sustaining. 

C3 
Individuals surviving in the wild in location where introduced, reproduction occurring, and 
population self-sustaining. 

Naturalised/ 
Established 

Classified as established or naturalised in the literature AND 
distribution is localised OR population is reproducing and self-
sustaining AND distribution is localised. 

D1 
Self-sustaining population in the wild, with individuals surviving a significant distance from the 
original point of introduction. 

Naturalised/ 
Established 

Classified as established or naturalised in the literature AND 
distribution is either limited or widespread. 

D2 
Self-sustaining population in the wild, with individuals surviving and reproducing a significant 
distance from the original point of introduction. Locally invasive 

Classified as locally invasive in the literature OR distribution is 
limited.  

E 
Fully invasive species, with individuals dispersing, surviving and reproducing at multiple sites 
across a greater or lesser spectrum of habitats and extent of occurrence. 

Widespread 
Invasive Classified as invasive in the literature OR distribution is widespread.  
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classified as D1 were regarded as naturalised but not invasive, this is not the case in Blackburn et al. 

(2011) in which D1 is classified as naturalised and invasive. 

 

Designations for each alien taxon were made using the data extracted from alien species databases 

(e.g. distribution data). If invasion status as per Richardson et al. (2000) or Blackburn et al. (2011) 

was specified this information was utilised and any additional evidence was only employed to assign 

an invasion category (e.g. naturalised but not invasive taxa as C3 or D1) within the specified invasion 

status (Table 1). To facilitate invasion category assignments, extracted distribution data were utilised 

to designate each organism as having a localised, limited or widespread distribution. An organism has 

a localised distribution if found in only one locality (i.e. one locality point or place name is given) or, for 

fresh water fish, in small streams or ponds. Taxa with a limited distribution occur in one province (i.e. 

two or more locality points limited to one province or one province name is given) or river system. 

Here the term „province‟ refers to biogeographical provinces for marine taxa (see Mead et al. 2011) 

and political provinces for terrestrial taxa. Taxa that occur in multiple provinces or river systems or 

whose distribution was described as „widespread‟ were considered to have a widespread distribution. 

Taxa with no distribution information had an „unknown‟ distribution. Dubious distribution records were 

not utilised when assigning distribution classifications.  

 

Uncertainty, due to insufficient or vague evidence, often led to taxa being assigned to multiple 

invasion categories (e.g. D1-D2). A set of rules was developed to standardise invasion category or 

distribution classification assignments in instances of uncertainty (see Online Resource 1). 

Additionally, uncertainty was accounted for by rating confidence in invasion status as low, medium or 

high. Low confidence was assigned if the invasion status of an organism could not be defined (e.g. 

C1-D1: could be casual or naturalised). If the invasion status of an organism could be determined but 

the organism‟s invasion category could not be defined then medium confidence was assigned (e.g. 

C3 and D1: is naturalised but it is not clear to what extent). A high level of confidence was assigned 

when the invasion category of an organism could be determined (e.g. C1: casual).  

 

The various levels and types of information utilised in the invasion status designations were 

accounted for by rating the content of the information used from 0 to 3. An information content rating 

of 0 was given if no information was provided. Short descriptions were given a rating of 1 and detailed 

descriptions were given a rating of 2. Information content was given a rating of 3 if a map of point 

distribution data with or without additional information was used, or if invasion status at a country wide 

level was specified. 

 

Analyses 

Data analysed 

Excluded from all analyses were hybrid taxa, dubious records (for example the mollusc Vertigo 

antivertigo which has only been found as a subfossil, see Herbert 2010), taxa in captivity or under 

cultivation and those whose region of origin extends into South Africa. Taxa with an uncertain region 
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of origin were excluded unless currently believed not to be of South African origin. Taxa which were 

listed as alien but for which no information on region of origin was given were assumed to be alien 

and were included in the analyses. Pathways of introduction were unknown for 1093 of the 1839 alien 

taxa selected for the analyses (see Online Resource 2 for the types of organisms included in the 

selected vertebrate and invertebrate taxa). Thus only 746 taxa were included in the statistical 

analyses. There were no records of the corridor pathway being utilised by alien taxa to enter South 

Africa and thus this pathway was not considered. Analyses were performed in R version 3.0.0 (R Core 

Team 2013). 

 

The number of taxa introduced through the different pathways 

To evaluate how many taxa have been introduced through the different pathways, the counts of taxa 

were analysed as a two-way (pathway and organism type) contingency table using generalised linear 

models (Poisson error distribution and log link) to test the association between pathway and organism 

type (Crawley 2007). Models were checked for overdispersion by dividing the residual deviance by 

residual degrees of freedom (Crawley 2007; Zuur et al. 2009). No instances of overdispersion were 

identified. Following Everitt (1977) and Bewick et al. (2004) counts that were significantly lower or 

higher than expected based on chance alone were identified by calculating the standardised adjusted 

residuals and comparing these values with critical values of the normal distribution.  

 

Invasion status of taxa introduced by different pathways 

To determine whether taxa introduced through the different pathways vary in their invasion success, 

generalised linear models (Poisson error distribution and log link) were used to analyse a three-way 

contingency table (pathway, invasion status and organism type) of taxa counts and to determine if 

invasion status, pathway and organism type are associated (Crawley 2007). The number of taxa that 

are casual (introduced and outside captivity/cultivation but not naturalised), naturalised but not 

invasive, and invasive were compared and only taxa with invasion status designations with medium or 

high confidence (540 taxa) were included. All local and widespread invasive taxa were classified as 

invasive (Table 1). Models were checked for overdispersion, but no instances were identified (Crawley 

2007; Zuur et al. 2009). To determine which counts were significantly different from what was 

expected based on chance alone, the standardised adjusted residuals were calculated and these 

values were compared with critical values of the normal distribution (Everitt 1977; Bewick et al. 2004). 

 

Temporal variations in the pathways of introduction 

To determine how the pathways of introduction have changed over time, analyses were performed on 

taxa for which pathway and date of introduction data were available (408 taxa). To determine the 

pattern of increase over time, the cumulative counts were regressed against date of introduction. As 

these relationships were not linear, generalised additive models with loess smoothing from the “gam” 

package (Hastie 2013) were used. Models with varying degrees of span were assessed starting at 0.1 

and then increasing the span by small increments. Model selection was based on the Akaike 

Information Criterion (AIC) and plotting techniques were used to determine whether model 
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assumptions had been met (Zuur et al. 2009). These analyses were not performed for pathways with 

few (< 20) records available (i.e. contaminant, stowaway, unaided and unknown for vertebrates and 

plants, escape for invertebrates, and release for plants). 

 

Results 

The number of taxa introduced varied greatly across the pathways of introduction, but the majority of 

taxa were escapes (Fig. 1). The number of taxa introduced through the different pathways varied 

significantly between vertebrates, invertebrates and plants (significant association between pathway 

and organism type; Table 2). Although significantly more vertebrates and plants were escapes than 

was expected, significantly more invertebrates were either released or introduced as contaminants or 

stowaways than was expected by chance. There were a large number of plant and invertebrate taxa 

for which pathway of introduction is unknown, however, this was not the case for vertebrates.  
  

 

Fig. 1 The number of alien vertebrates, invertebrates and plants introduced to South Africa through the pathways of 

introduction. The break in the y-axis extends from 510 to 950 

 
Table 2 Observed counts and expected values from a generalised linear model testing the association between organism type 

and pathway of introduction (d.f. = 8, χ2 = 608.6, P = < 0.001) for taxa introduced to South Africa. Values that are significantly 

higher or lower than expected by chance are indicated using an asterisk. Taxa for which the pathways of introduction are 

unknown were not included in the statistical analysis 

 

Pathway of introduction Organism type 
 Vertebrates Invertebrates Plants 
 Observed Expected Observed Expected Observed Expected 
Release 
Escape 
Contaminant 
Stowaway 
Unaided 

28 
127* 
2* 
8* 
5* 

31.8 
89.4 
20.8 
25.9 
2.2 

106* 
16* 
79* 
115* 
5 

60.0 
168.8 
39.2 
48.8 
4.2 

22* 
296* 
21* 
4* 
1* 

64.3 
180.9 
42.0 
52.3 
4.5 

 

The invasion status of introduced taxa varied across the pathways of introduction (Fig. 2). The 
majority of casual, naturalised and invasive taxa were escapes. The association between the 
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pathways of introduction and invasion status varied significantly between vertebrates, invertebrates 
and plants (significant association between status, pathway and organism type; Table 3). For 
vertebrates, significantly fewer casual taxa but significantly more naturalised and invasive taxa were 
released than was expected. Significantly more casual vertebrate taxa were introduced through the 
escape pathway than expected, and although most invasive vertebrates were escapes this number 
was not significantly different to what is expected based on chance. Significantly more casual 
invertebrates were released than was expected, but significantly fewer invasive invertebrates were 

 

Fig. 2 The invasion status of alien vertebrates, invertebrates and plants introduced to South Africa through the pathways of 

introduction. Taxa that are casual (Cas) have been introduced but are neither naturalised nor invasive, naturalised taxa (Nat) 

are naturalised but not invasive and invasive taxa (Inv) are naturalised and invasive. The break in the y-axis extends from 80 to 

250 

 

Table 3 Observed counts and expected values from a generalised linear model testing the association between invasion 

status, pathway of introduction and organism type (d.f. = 16, χ2 = 63.0, P = < 0.001) for taxa introduced to South Africa. Values 

that are significantly higher or lower than expected by chance are indicated using an asterisk. Taxa for which the pathways of 

introduction are unknown were not included in the statistical analysis 

 

Organism type Pathway of 
introduction 

Invasion status 

  Casual Naturalised Invasive 
  Observed Expected Observed Expected Observed Expected 
Vertebrates 

 
 
Release 
Escape 
Contaminant 
Stowaway 
Unaided 

 
6* 
50* 
0 
2* 
4* 

 
13.2 
45.8 
0.2 
0.4 
2.4 

 
3* 
10 
2* 
0 
0 

 
1.3 
11.7 
0.7 
1.3 
0.0 

 
17* 
19 
0 
4 
1* 

 
11.4 
21.5 
1.1 
4.4 
2.6 

Invertebrates 
 

 
Release 
Escape 
Contaminant 
Stowaway 
Unaided 

 
27* 
2* 
7 
3* 
0* 

 
19.7 
5.2 
6.8 
5.6 
1.6 

 
0 
2 
18 
15 
0 

 
1.4 
0.9 
19.0 
13.7 
0.0 

 
7* 
4* 
33 
52 
3* 

 
12.9 
1.9 
32.2 
50.7 
1.4 

Plants 
 

 
Release 
Escape 
Contaminant 
Stowaway 
Unaided 

 
0 
0* 
0 
1* 
0 

 
0.0 
1.0 
0.0 
0.0 
0.0 

 
0 
18 
1 
0 
0 

 
0.3 
17.4 
1.3 
0.0 
0.0 

 
22 

264 
17 
0* 
1 

 
21.7 

263.7 
16.7 
1.0 
1.0 
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Fig. 3 Temporal pathway of introduction patterns for (a) vertebrates, (b) invertebrates and (c) plants introduced to South Africa. 

Fitted lines are loess best regression curves selected using AIC. Curves were not fitted to pathways with less than 20 

introduction records 

introduced through this pathway than expected based on chance. For invertebrates, most invasive 
taxa were introduced through the contaminant and stowaway pathways, but these numbers were not 
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significantly different to what was expected. Significantly fewer plant escapees were casual than was 

expected, and although there are a large number of invasive plant escapees, this quantity was no 

greater than what is expected based on chance.  

 

For vertebrates, invertebrates and plants the number of taxa introduced through the pathways has 

changed temporally (Fig. 3). The number of vertebrate escapes has increased over time and has 

accelerated since 1950. In contrast, few new vertebrate taxa have been released since the 1950s, 

and no new releases have been recorded since 1980. For invertebrates the number of stowaways, 

contaminants and releases has increased over time. The number of released invertebrates has 

increased sharply since 1970. In contrast, the increase in invertebrate contaminant and stowaway 

introductions in the 1900s was more gradual, particularly since the early 1900s for contaminants and 

the 1950s for stowaways. However, invertebrate contaminant and stowaway introductions accelerated 

in the 2000s. The number of plant escapes has gradually increased over time. The number of 

invertebrates and plants for which pathway of introduction is unknown has increased over time, and 

for invertebrates has accelerated since the 1990s.    

 

Discussion 

The innate idiosyncrasies of the pathways of introduction (e.g. geographical, taxonomic and temporal 

variations) for alien taxa have been demonstrated in various global and country-level analyses (Kraus 

2007; Hulme et al. 2008; Lambdon et al. 2008; Wilson et al. 2009; Pyšek et al. 2011; Lehan et al. 

2013). Consistent with these analyses, the South African pathways of introduction vary in their 

significance across organism types, in their influence on invasion success and temporally. 

 

The number of taxa introduced through the different pathways 

In line with global trends (Hulme et al. 2008), most introduced taxa in South Africa are escapes. 

However, as shown here and in studies on global (Kraus 2007; Hulme et al. 2008), European (Hulme 

et al. 2008) and Chinese (Xu et al. 2006) data, the relative importance of different pathways of 

introduction varies across organism types. Similar to our results, escapes are important for the 

introduction of vertebrates globally (Kraus 2007; Hulme et al. 2008) and plants in China (Xu et al. 

2006), the USA (Lehan et al. 2013) and Europe (Hulme et al. 2008; Lambdon et al. 2008; Pyšek et al. 

2011). Additionally as shown here for South Africa, in global and European studies invertebrate 

introductions are dominated by contaminants and stowaways (Kenis et al. 2007; Hulme et al. 2008) 

and the unaided pathway plays a small role (Hulme et al. 2008; Pyšek et al. 2011). However, due to 

difficulties in recognising and reporting unaided introductions, the importance of this pathway is likely 

underestimated in most assessments (Hulme et al. 2008; Essl et al. in press). 

 

In contrast to our findings for South Africa, in Europe vertebrates are more commonly released than 

escape (Hulme et al. 2008), and plants are more often unintentionally introduced (e.g. as 

contaminants (Lambdon et al. 2008; Pyšek et al. 2011); see Lehan et al. (2013) for similar results for 

the USA). These differences could be because South Africa is a developing nation with a relatively 
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short introduction history. For instance, Europe‟s long history of agriculture would have provided many 

chances for the deliberate and accidental introduction of plants (Mack and Erneberg 2002). Despite 

the large role that releases play in invertebrate introductions in South Africa, this pathway plays a 

relatively small role globally and in Europe (Kenis et al. 2007; Hulme et al. 2008). In South Africa alien 

invertebrates are released for the biological control of alien organisms, and the importance of this 

pathway demonstrates the significance of South African biological control projects (Moran et al. 2005; 

Klein 2011; Moran et al. 2013). Finally, while the corridor pathway plays an important role in some 

regions (e.g. Lessepsian migrants in Europe, see Katsanevakis et al. 2013), this pathway does not 

facilitate the introduction of taxa to South Africa. However, in South Africa human-made corridors do 

aid the spread of alien taxa (e.g. human made tunnels allow fish to disperse) once introduced 

(Richardson et al. 2003). 

 

All assessments of the pathways of introduction are limited by the quality and scope of the available 

data (Mack and Erneberg 2002; Lambdon et al. 2008). In South Africa, pathway of introduction 

information was not available for a large proportion of alien plants (71%) and invertebrates (42%). In 

comparison, these data were not available for ~30% of plants in the USA (Mack and Erneberg 2002; 

Lehan et al. 2013) and for between 2 and 8% of invertebrates in Europe (Hulme et al. 2008). The 

availability of pathway of introduction data may depend on how well-known the alien taxa are. For 

example, these data may be available for taxa that are widespread invasive species, but may not be 

available for those that have a limited distribution. Indeed for South Africa, these data are available for 

many invasive plants, but for few casual plant taxa (Fig. 2). Pathway of introduction data may also be 

more easily recorded for organisms that are intentionally introduced than for those that are introduced 

unintentionally (Lehan et al. 2013). Thus although most introduced invertebrates were stowaways and 

contaminants, in this assessment the importance of these pathways for invertebrates may be 

underestimated. For plants, the number of taxa introduced as contaminants may also be 

underestimated, however, of the plants that do not have data available most are likely to have 

escaped from cultivation. Although these data gaps could be due to diffused or inaccessible data and 

may be remedied through directed action (Faulkner et al. in press), additional data may therefore 

strengthen our results for invertebrates and plants (i.e. most invertebrates are contaminants or 

stowaways and most plants are escapes). 

 

Invasion status of taxa introduced by different pathways 

To our knowledge the contribution of different pathways to the numbers of invasive (as opposed to 

simply introduced) taxa has not been previously explored for vertebrates and invertebrates, however, 

this aspect has been investigated for plants (see Pyšek et al. 2011). Our results show that plants 

introduced through the release or escape pathways in South Africa are no more likely to be 

successful invaders than plants introduced through any of the other pathways. In line with these 

results, ornamental plants (escapes) in the Mediterranean have a low average invasibility (low 

probability of becoming naturalised on a randomly selected island; Lambdon et al. 2008). However in 
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contrast to our findings, released plants in the Czech Republic have a high likelihood of being 

successful invaders (Pyšek et al. 2011). 

 

If colonisation pressure (the number of species introduced, see Lockwood et al. 2009) was the 

absolute driver behind invasion success, one would expect the escape pathway for plants and 

vertebrates, and the release, contaminant and stowaway pathways for invertebrates to be associated 

with invasiveness. However, this was not the case, and the identified associations, or lack thereof, 

may instead be due to pathway attributes and in particular to the degree of human assistance 

involved in introductions. The high degree of human assistance associated with releases may have 

aided vertebrates introduced through this pathway by acting as a buffer against hazards (e.g. 

environmental stochasticity; Mack 2005). Additionally, taxa that are intentionally introduced are often 

selected based on traits that may aid their success, and are often introduced in high numbers during 

multiple introduction events (Mack 2005). Pathway attributes and in particular human intention have 

also determined the level of success attained by released invertebrates. As these invertebrates are 

biological control agents, they are unlikely to have large-scale negative impacts due to the 

competency of pre-release screening protocols (Moran et al. 2005; Klein 2011; Moran et al. 2013). In 

contrast, invertebrate contaminants and stowaways receive little human assistance and thus although 

a large number of invertebrates were introduced through these pathways, there was no significant 

association between these unintentional introductions and invasion.  

 

Temporal variations in the pathways of introduction 

In South Africa, as in other parts of the world, the pathways of introduction vary temporally, and while 

some pathways increase in importance over time, others decline in significance (Hulme et al. 2008; 

Lambdon et al. 2008; Wilson et al. 2009; Pyšek et al. 2011). For alien vertebrates in South Africa the 

decline in releases is due to a decrease in aesthetic and angling releases, while the pet trade could 

be facilitating the increase in escapes. Since 1975 there has been a dramatic increase in the number 

of reptiles (individuals and species) imported into South Africa for the pet trade (van Wilgen et al. 

2010). Similarly, the increasing number of plant escapes likely reflects the prominent role of the 

ornamental plant trade (Foxcroft et al. 2008; Martin and Coetzee 2011). These trends are not unique 

and globally there has been a decline in the release pathway for vertebrates (since ~1900; Hulme et 

al. 2008) and an increase in the escape pathway for vertebrates (~1940s; Kraus 2007) and plants 

(from ~1780; Hulme et al. 2008). The dramatic increase in the importance of the release pathway for 

invertebrate introductions mirrors an increase, from 1970, in the number of biological control agents 

released (Moran et al. 2005; Klein 2011). Regulatory process complications resulted in a decline in 

the number of biological control agents released between 2000 and 2011 (Klein 2011). However, as 

these complications have been remedied we expect a future increase in invertebrate releases (Klein 

2011).  

 

A relationship between the amount of trade and accidental introductions has been demonstrated 

(Levine and D‟Antonio 2003; Westphal et al. 2008). Each ship or container will not bring with it the 
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entire species pool but rather a sample of species, some of which would have already been 

introduced (Levine and D‟Antonio 2003). Thus, over time the number of new species introduced will 

not accumulate at the same rate as the number of visiting ships or the value of imports. 

Consequently, the relationship between trade and the number of introductions is not linear, and as 

trade increases the per unit (e.g. ship or container) probability of introducing a new species decreases 

(Levine and D‟Antonio 2003). In South Africa, the number of unintentional invertebrate introductions 

(contaminants and stowaways) has increased over time, and although this increase slowed in the 20th 

century, since 2000 the number of contaminant and stowaway introductions has accelerated (Fig. 3). 

Additionally, although the value of merchandise imports has accumulated exponentially over time, 

there has been a linear accumulation of new accidental introductions (Fig. 4). This uncoupled 

increase in trade and accidental introductions (from ~1975) may indicate that a large proportion of the 

taxa associated with South Africa‟s trading partners have already been introduced. There has, 

however, been a recent shift in South Africa‟s trading partners and countries like India, China and 

Brazil have become more prominent (Gonzalez-Nuñez 2008). As these countries will expose South 

Africa to new pools of alien species it is likely that the number of new unintentional introductions will 

continue to accelerate (Levine and D‟Antonio 2003). Finally, although accidental introductions have 

played a relatively small role in the introduction of plants to South Africa, these pathways are playing 

an increasing role for alien plants in the USA and Europe (Lambdon et al. 2008; Lehan et al. 2013). In 

the USA this increase has been attributed to the import of contaminated seed (Lehan et al. 2013). A 

number of plant species have been introduced to South Africa as contaminants (e.g. Cosmos 

bipinnatus) and thus this pathway should not be neglected. 

 

 

 

Fig. 4 Temporal trends in the value of South African merchandise imports and the number of taxa introduced unintentionally to 

South Africa. Import data for 1908 to 1959 were obtained from the United Nations, and data for 1960 to 2012 were obtained 

from the World Bank. All import values were converted to 2010 U.S. dollars 
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Management implications and recommendations 

To obtain a more reliable indication of the pathways that require management, the idiosyncrasies 

discussed above must be taken into account. For instance, although the majority of alien and invasive 

taxa (vertebrates and plants) introduced to South Africa are escapes, and the number of taxa 

introduced through this pathway has increased over time, this is not the only pathway that should be a 

priority for management and legislation. For invertebrates the association between the contaminant 

and stowaway pathways and invasion was not significant, however, a high number of invasive 

invertebrates have been introduced through these pathways. Additionally the contaminant and 

stowaway pathways have increased in importance over time, and the emergence of new trading 

partners may significantly increase the risk of these unintentional introductions. Thus the contaminant 

and stowaway pathways also pose a biosecurity risk and must be a priority for management. Finally, 

despite the release pathway‟s apparent importance for vertebrate and invertebrate introductions, as 

vertebrate releases have declined over time and invertebrate releases are biological control agents, 

this pathway actually poses little risk to South Africa.  

 

In South Africa intentional introductions are managed under the National Environmental Management 

Biodiversity Act (No 10 of 2004). Under this act 168 vertebrate entities and 240 plant entities are 

prohibited from import. Although such legislation is a start, to prevent introductions through the 

escape pathway the problem must be tackled from numerous fronts. Firstly, before importation all taxa 

should be evaluated using a full risk assessment (Pheloung et al. 1999; Simberloff 2006; Kraus 2007). 

Those involved in the trade of alien taxa (e.g. pet store or nursery owners) as well as the general 

public need to be educated on the risks posed, existing protocols and the identification of banned taxa 

(Reichard and White 2001; Martin and Coetzee 2011). To decrease propagule pressure (abundance 

in trade) and in turn the likelihood of escape, the sale price of high risk taxa could be increased 

(Dehnen-Schmutz et al. 2007; van Wilgen et al. 2010). For vertebrates, restrictions on how and where 

individuals are kept need to be developed and enforced, and owners must be identifiable (e.g. 

through microchip implants) and held to account if escapes occur (Hulme et al. 2008). Finally, the 

attention of management and policy makers must be drawn to new, inconspicuous pathways that 

facilitate escapes, e.g. internet and traditional medicine trade (see Martin and Coetzee 2011; Wojtasik 

2013). 

 

Contaminant introductions are managed under The Agricultural Pests Act (Act No 36 of 1983), which 

requires that all consignments of plant materials are inspected before import to South Africa and upon 

arrival by officials from the Department of Agriculture, Forestry and Fisheries. Despite this, between 

2004 and 2011, 24% of all budwood (dormant cuttings for propagation) inspected after import was 

contaminated (Saccaggi and Pieterse 2013). Unfortunately the effectiveness of South Africa‟s 

inspection protocols is unknown, and the increasing number of unintentional introductions indicates 

that quarantine services do not have the resources to properly police ports of entry (Giliomee 2011). 

Following the polluter pays principle, companies exporting consignments that are contaminated 

should be held accountable (Hulme et al. 2008). More resources should be allocated for inspections 
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and detailed records of inspection outcomes, be they positive or negative, must be kept. Inspection 

records can be used to evaluate the efficiency of current protocols and to develop prioritised 

inspection strategies (Areal et al. 2008; Bacon et al. 2012). To prevent stowaway introductions ballast 

water legislation is currently being developed (Draft Ballast Water Bill, 2013). However, to further 

tackle stowaways the polluter pays principle could again be instituted, whereby the owner of the 

vector (e.g. shipping company) is liable if either the vector or the transported goods are contaminated 

(Hulme et al. 2008).  

 

Conclusions 

In South Africa, the pathways of introduction for alien taxa are idiosyncratic in nature, and vary in the 

number of taxa introduced, in their influence on invasion success and temporally. Additionally, the 

number of taxa introduced and the success of introduced taxa varies across organism types. These 

idiosyncrasies have consequences for decision making, and to be effective pathway-centred 

prevention strategies must be informed by context-specific studies. Additionally, through the utilisation 

of temporal introduction and trade data, as well as trade predictions, an indication of the future 

significance of unintentional pathways may be obtained (Levine and D‟Antonio 2003). Unfortunately 

due to geographical variations in the pathways of introduction, the results of detailed studies in one 

part of the world are unlikely to be applicable in other regions, thus making it necessary for each 

nation or region to undertake assessments. We believe that further work on the link between the 

pathways of introduction and subsequent invasion success and impact, particularly focussing on the 

underlying drivers, is required and that this may be a particularly fruitful avenue of research. 
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Electronic supplementary material 

 

Online Resource 1 Rules for the assignment of invasion categories and distribution classifications in instances of uncertainty (see Table 1 in the manuscript 

for invasion category definitions) 

Evidence Invasion category or distribution 
assignments  

Invasion status 

‘Invasive’ and no other useable information Category: D2 and E D2: locally invasive  
E: widespread invasive 

‘Naturalised/ Established’ and no other useable information Category: C3 and D1 C3 and D1: naturalised/ established 
‘Introduced’ and no other useable information Category: B1-C2 B1-C2: casual/ introduced 
‘Not established’ and no other useable information  Category: C1-C2 C1-C2: casual/ introduced 
Unknown status and no other useable information Category: B1-E B1-E: casual/ introduced or naturalised/ established or 

locally invasive or widespread invasive 
Taxa listed in invasive species legislation Category: E E: widespread invasive 
Biological control agents described as ‘Established’ Category: C3-E C3-E: naturalised/ established or locally invasive or 

widespread invasive 
‘Occasional weed’ and no other useable information Category: C1-D2 C1-D2: casual/ introduced or naturalised/ established or 

locally invasive 
‘Invasive’ but distribution is limited or localised Category: D2 D2: locally invasive  
‘Widespread’ and no other useable information Category: E; Confidence: 

medium 
E: widespread invasive 

‘Limited’ and no other useable information Category: D1 and D2 D1 and D2: naturalised/ established or locally invasive 
‘Localised’ and no other useable information Category: C1-C3 C1-C3: casual/ introduced or naturalised/ established 
‘Localised/ Limited’ and no other useable information  Category: C1-D2 C1-D2: casual/ introduced or naturalised/ established or 

locally invasive 
‘Limited/ Widespread’ and no other useable information Category: D1-E D1-E: naturalised/ established or locally invasive or 

widespread invasive 
Widespread distribution but specified as locally invasive Category: D2 and E D2: locally invasive  

E: widespread invasive 
Distributions described as ‘scattered’, ‘fairly widespread’ or 
‘many areas’ 

Distribution: limited/ widespread  

Distributions described as ‘restricted’ Distribution: localised/ limited  
Distributions described as e.g. ‘eastern parts’, ‘summer rainfall 
areas’ or ‘common in South African harbours and estuaries’ 

Distribution: widespread  

Taxa has not recently been collected or recorded  Category: B3-E B3-E: casual/ introduced or naturalised/ established or 
locally invasive or widespread invasive 
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Online Resource 2 The types of organisms included in the (a) vertebrates and (b) invertebrates 

selected for study 
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