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Abstract

Background: In many countries around the world, the most damaging invasive plant species are grasses. However, the status of grass invasions in South Africa has not been documented recently.

Objectives: To update Sue Milton’s 2004 review of grasses as invasive alien plants in South Africa, provide the first detailed species level inventory of alien grasses in South Africa and assess the invasion dynamics and management of the group.

Method: We compiled the most comprehensive inventory of alien grasses in South Africa to date using recorded occurrences of alien grasses in the country from various literature and database sources. Using historical literature, we reviewed past efforts to introduce alien grasses into South Africa. We sourced information on the origins, uses, distributions and minimum residence times to investigate pathways and patterns of spatial extent. We identified alien grasses in South Africa that are having environmental and economic impacts and determined whether management options have been identified, and legislation created, for these species.

Results: There are at least 256 alien grass species in the country, 37 of which have become invasive. Alien grass species richness increased most dramatically from the late 1800s to about 1940. Alien grass species that are not naturalised or invasive have much shorter residence times than those that have naturalised or become invasive. Most grasses were probably introduced for forage purposes, and a large number of alien grass species were trialled at pasture research stations. A large number of alien grass species in South Africa are of Eurasian origin, although more recent introductions include species from elsewhere in Africa and from Australasia. Alien grasses are most prevalent in the south-west of the country, and the Fynbos Biome has the most alien grasses and the most widespread species. We identified 11 species that have recorded environmental and economic impacts in the country. Few alien grasses have prescribed or researched management techniques. Moreover, current legislation neither adequately covers invasive species nor reflects the impacts and geographical extent of these species.

Conclusion: South Africa has few invasive grass species, but there is much uncertainty regarding the identity, numbers of species, distributions, abundances and impacts of alien grasses. Although introductions of alien grasses have declined in recent decades, South Africa has a potentially large invasion debt. This highlights the need for continued monitoring and much greater investment in alien grass management, research and legislation.
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Introduction

In many parts of the world, grasses are among the most damaging and widespread alien plant species (D’Antonio, Stahlheber & Molinari 2011; D’Antonio and Vitousek 1992; Gaertner et al. 2014). In the Americas, Australia and on many tropical islands, grasses have transformed ecosystems, usually by altering the natural fire cycle (D’Antonio and Vitousek 1992; Gaertner et al. 2014). By contrast, South Africa has fewer invasive grasses, and alien plant control efforts are dedicated primarily to combating woody plant invasions. The only grass species that has been widely targeted for control operations by the Working for Water Programme is Arundo donax, although < 0.5% of the total budget for alien plant control was allocated to managing this species (Table 2 in van Wilgen et al. 2012). Grasses also do not feature in the National Strategy for Dealing with Biological Invasions in South Africa (Department of Environmental Affairs [DEA] 2014). The relative paucity of grass invasions in South Africa might be because of high fire frequencies in African grasslands and savannas excluding alien grasses (Visser et al. 2016). It would, therefore, seem that grass invasions in South Africa are generally neither common nor widespread and that they do not pose a major risk. However, there are several reasons to be concerned about undetected and possible future grass invasions.

The last review of alien grasses in South Africa was published more than a decade ago (Milton 2004). This review highlighted major gaps in our knowledge. We do not know how many alien grasses are in South Africa nor their identity or status on the introduction-naturalisation-invasion (INI) continuum (Blackburn et al. 2011; Richardson and Pyšek 2012). While it appears that South Africa experienced lower introduction effort of alien grasses relative to other regions of the world, it was one of the countries most actively engaged in trialling alien grasses at pasture research stations (Visser et al. 2016). However, there is no consolidated inventory of species cultivated in these pasture research trials. Without a comprehensive (or as near as possible) inventory of alien grasses, it is impossible to ascertain all the risks.

We also have inadequate knowledge of the introduction pathways of alien grasses, which is needed to determine ‘introduction debt’, the number of species that are likely to be introduced to South Africa in the future (Rouget et al. 2016). Introduced but not yet naturalised or invasive grasses might also represent an invasion debt as they might invade in the future, while current invasions might spread to new areas and cause increasing negative impacts (Rouget et al. 2016). However, we need information on the origins of alien grasses, their residence times (Wilson et al. 2007) and propagule pressure to be able to estimate establishment and spread debts (Rouget et al. 2016). We also have very poor knowledge of alien grass impacts in South Africa, with Milton’s (2004) review relying mostly on published impacts of alien grasses in other parts of the world.

We should be particularly wary of changes in invasions in the group in the face of rising atmospheric CO2 levels and concomitant global climatic change. Grass species using the C4 photosynthetic pathway have higher nitrogen-use efficiency relative to those that use the C3 photosynthetic pathway (Taylor et al. 2010). It has been suggested that the competitive dominance of C4 grasses across much of South Africa is because of this comparative advantage, but that at higher CO2 levels, this advantage disappears and alien C3 grasses will be more likely to invade South African grasslands in the future (Milton 2004; Richardson et al. 2000). Grasses have also been shown to exhibit strong phylogenetic conservatism of climatic niches (Edwards and Smith 2010) and climate change could have differential consequences for grasses of particular phylogenetic clades.

Since 2004, an increasing amount of information on alien grass distributions, origins, traits and impacts in South Africa has become available from online databases, surveys and research projects. The legal framework for alien grass management in South Africa has also changed substantially with the introduction of the Alien and Invasive Species (A&IS) regulations under the National Environmental Management: Biodiversity (NEM:BA) Act 10 of 2004. A number of alien grasses were listed as invasive in 2014 (NEM:BA Alien and Invasive Species List 2016; A&IS regulations) and now have specific management requirements or are prohibited from being imported. Moreover, the A&IS regulations require the publication of a national status report on listed invasive species every 3 years, the purpose of which is to monitor the status of listed species and the effectiveness of the regulations and associated control measures (Wilson et al. 2017).

Given the demonstrated potential for alien grasses to become problematic invaders elsewhere in the world, the increased availability of data in South Africa and new legislation regarding alien species, we aim to provide an updated review of the status of alien grasses in South Africa. To this end, we collate the first detailed species-level inventory of alien grasses in South Africa. We use this inventory, together with other literature, to address some of the information gaps identified above, including investigating (1) minimum residence times (MRTs) of alien grasses in South Africa, (2) pathways of introduction and spread, (3) areas that are potentially being most impacted by alien grasses, (4) impacting species and the nature of their impacts and (5) information on management of alien grasses. This information is needed to make recommendations for future management of alien grasses in South Africa.

Methods

Inventory

We produced an inventory of alien grasses in South Africa (Online Appendix) using additional data sources to contribute to an already extensive inventory that we used for a recent publication (Visser et al. 2016). The inventory is based on an extensive search of the scientific and grey literature and of distribution databases (Appendix 1). We first checked species names from all sources against The Plant List (www.theplantlist.org) and corrected them to accepted species. We changed infra-specific names to the species level and removed hybrid species, but kept unresolved names. In a final refinement of the list, we flagged all species for which there was only one data source for its occurrence in South Africa, or for which there were fewer than five distribution records (see below for more information on distribution data). These species were manually checked by inspecting the original data source (either a reference or herbarium specimen). As measures of confidence in the presence of an alien grass species in South Africa, we flagged all species (1) with only one data source for its occurrence in South Africa, (2) with no distribution data and (3) no herbarium records.

We also determined the status of each species on the INI continuum (introduced = species present outside of its native range either in cultivation or in the wild, but in the latter case, not yet reproducing. Hereafter, all references to species that are ‘introduced’ should be interpreted according to the aforementioned definition; naturalised = species that are reproducing in their alien range, but not spreading substantially; invasive = self-sustaining species that spread over large distances; Blackburn et al. 2011; Richardson and Pyšek 2012), relying on references to assign species’ statuses (Appendix 1).

Minimum residence time

We obtained the earliest record of occurrence of a species in South Africa to calculate the MRT (Wilson et al. 2007). We checked GBIF (http://www.gbif.org), Plants of Southern Africa (POSA) and a number of historical and archaeobotanical studies for MRTs (Appendix 1), using the oldest date from all these databases for the MRT. Using these data, we created species accumulation curves for alien grasses in South Africa.

Pathways of introduction and spread

To investigate likely pathways of introduction and spread, we collected information on the uses of species (Quattrocchi 2006). Uses were assigned to one of the six categories (horticulture, animal food, food or beverage, raw material, soil stabilisation or none). We assumed that these uses will be correlated with both the initial reason for introduction and how and why species were spread by humans around South Africa (e.g. known pasture grasses were likely introduced as such and distributed to appropriate pasture lands). We investigated temporal patterns of alien grass introductions with respect to their primary uses, using the MRT for each species.

The origins of alien grasses can be useful for informing why species were introduced. We determined the native range of each species using the eMonocot database and manually assigned the native range of each species to one or more of six biogeographical realms: North America, South America, sub-Saharan Africa, temperate Eurasia, North Africa and Southeast Asia (Olson et al. 2001). We investigated temporal patterns of where species originated from using the same approach as for primary uses over time.

To test how the use and origin contribute to the progression of species across the INI continuum (from introduced to naturalised to invasive), we used ordinal logistic regression, with INI status as the response variable and use or origin as the predictor, using the R (R Core Team 2016) package ordinal (Christensen 2016).

To assess in more detail the role of the pasture industry in introducing alien grasses, we searched the literature for information on (1) the existence of pasture research stations in South Africa, (2) the duration that these stations operated for, and (3) the species that were trialled at these stations. These data were used to complement our inventory of alien grasses.

Prevalence

We collated species distribution data from online databases and scientific publications on alien grasses in South Africa (Appendix 1). We downscaled all coordinates to the centroid of the nearest quarter-degree-grid-cell (QDGC). We also recorded the year in which each grass occurrence was made. We calculated total alien species richness and numbers of records across South Africa. Observed species richness patterns likely suffer from sampling bias towards roads and urban centres, and rarefaction has been shown to be the best at reducing this bias, although it tends to underestimate richness (Engemann et al. 2015). We used the R package ‘vegan’ to estimate species richness, excluding QDGCs with less than 20 samples, because rarefaction is inaccurate for small sample sizes. We also investigated whether particular biomes have more alien grasses and whether protected areas have records of alien grasses, by overlaying observed alien grass species distributions (actual localities as well as overlap with QDGCs occupied) on a high-resolution map of South African biomes (Mucina et al. 2005) and of protected areas (DEA 2016). We then calculated numbers of alien grasses in each biome and the number of protected areas with alien grass records.

We calculated the area occupied by each species by summing the number of QDGCs occupied. We examined the area occupied by each species with respect to whether species have been recorded as having impacts (see below), INI status and legal status (see below).

Impacts

Empirical measures of impact (e.g. Hawkins et al. 2015) are unavailable for alien grasses in South Africa, and so we focus here on establishing a baseline of current understanding. We did this by assimilating information from the literature gathered for our inventory of alien grasses (Appendix 1). We selected all references that mention any changes caused to the native environment (mainly biodiversity) or harm caused on the socio-economy attributable to the alien species (cf. Jeschke et al. 2014). Studies mentioning the dominance or invasiveness of a species without referring to changes to the native environment were not considered (e.g. Musil, Milton & Davis 2005; Sharma et al. 2010). For the studies referring to environmental changes, we assigned the most likely Environmental Impact Classification of Alien Taxa (EICAT) score for South Africa noting the confidence level (Blackburn et al. 2014; Hawkins et al. 2015). Only references included in Appendix 1 were considered for the EICAT classification, and no standardised literature review was performed.

Management of alien grasses

To evaluate gaps in research on control measures for alien grasses, we searched the literature used for compiling our inventory (Appendix 1) and the Global Invasive Species Database (GISD; www.iucngisd.org/gisd/) for the 41 species that are either invasive or have impacts in South Africa. We grouped control measures into five categories: physical removal, fire, chemical, biocontrol and integrated control (based on the categories used in the GISD, with the addition of fire).

We used the prevalence and impact data collected in this study to evaluate the appropriateness of current NEM:BA categorisations (DEA 2016) of alien grass species [viz. prohibited species do not occur in the country and pose an unacceptable risk of invasion if they were to be introduced; category 1a species are those where eradication from the entire country is desirable and feasible (Wilson et al. 2013); category 1b species are those where ongoing control measures are required and all uses are prohibited; category 2 species can be used for commercial (or other) purposes provided that a permit is issued; otherwise, they are treated as category 1b species; finally, category 3 species are those where existing plantings can remain, but must be contained, no new plantings are allowed and a national management plan is required (DEA 2014)]. In brief, the differences between categories are because of whether an alien species is present in the country, whether eradication is feasible and some balance between benefits of plantings and risks of invasion. An accurate quantification for all species of both the feasibility of eradication and the net impact is beyond the scope of this study. Therefore, we used the spatial extent of each species as a proxy for eradication feasibility (Pluess et al. 2012a, 2012b; Rejmánek and Pitcairn 2002). Eradication feasibility is inversely proportional to the spatial extent (E), so we calculated a metric of relative invaded area (RIA) using the following formula:
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where Emax is the spatial extent of the species with the highest number of QDGCs occupied. RIA is 0 for species that are not present and 1 for the most widespread invasive grass. To estimate the net impact of each species (negative, neutral or positive), we used the data collected on impacts (previous paragraph) and on the uses of each species. Species with recorded impacts (Table 4) or that were found to be invasive in South Africa, and that have only one use, were given a ‘negative’ relative benefit. Species with a ‘neutral’ benefit were defined as those with recorded impacts or that are invasive, but have more than one use, or non-invasive species that have no or just one use. Species with a ‘positive’ benefit were defined as those that are non-invasive, do not have an impact and have more than one use.

The future and providing a framework for assessing the status of grass invasions in South Africa

We highlighted two areas of concern for potential grass invasions in the future: invasion debt and global change. We do not attempt to calculate all aspects of invasion debt as defined in Rouget et al. (2016), but instead focus on one of the key components of these calculations: identifying species that are not yet invasive in South Africa, but which are known to be invasive elsewhere (this has been shown to be a useful indicator of a species becoming invasive in novel regions, e.g. Kumschick and Richardson 2013; Panetta 1993). We used the weed status in the Global Compendium of Weeds (GCW; Randall 2012) to identify species that are invasive anywhere in the world (species with a GCW status of ‘environmental weed’, ‘invasive’ or ‘noxious weed’), but that are non-invasive in South Africa (introduced or naturalised).

To provide an indication of future grass invasions because of global change, we investigated relative frequencies of photosynthetic pathway type (C3, C4 or intermediate C3-C4) and of taxonomic affiliation as these have been shown to influence grass biogeographical patterns in relation to climate. We used Osborne et al. (2014) to assign grass species’ photosynthetic type. To assign taxonomic affiliation, we used grass tribe information from GrassBase (Clayton et al. 2006 onwards) together with a recent phylogeny of grasses (Soreng et al. 2015) to assign species to one of the nine grass subfamilies (Aristidoideae, Arundinoideae, Bambusoideae, Chloridoideae, Danthonioideae, Ehrhartoideae, Micrairoideae, Panicoideae and Pooideae).

To assist with the NEM:BA A&IS regulations requirement for a national status report (due October 2017, see Wilson et al. 2017) and to provide simple, useful indicators of the status of alien grasses in South Africa, we have proposed a framework that can be regularly updated and improved on over time (Table 1). This framework covers all aspects of grass invasions covered in this paper (species presence, pathways, prevalence, impacts and management). Where possible, we compare the current situation with that in 2004. We also make recommendations for improved indicators for 2020, when the next national status report is due to be published.
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Results

Inventory

A total of 256 alien grass species were found to have been introduced to South Africa by human activity (Table 1; Online appendix). Of these species, 122 (48%) are considered naturalised, and 37 of these naturalised species have become invasive (representing ~14% of all introduced alien grass species and 30% of naturalised species; Table 1). For many species, there was little confidence regarding their presence in South Africa: 33% of species only had one record of occurrence in South Africa, 42% of species had no distribution data, 30% of species had only one reference and no distribution data, 30% had no herbarium record and 26% were lacking in all the aforementioned aspects (Table 1). A further 29 species are potentially native species, but we classified these as extra-limital because they are native to one of South Africa’s neighbouring countries, but alien to South Africa based on our data sources (Online appendix). Some of these could potentially represent intra-African spread (Faulkner et al., 2017).

Minimum residence time

The first alien grasses in South Africa were crops, such as Eleusine coracana, Pennisetum glaucum and Sorghum bicolor, which were brought to the region by Iron Age farmers early in the first millennium (Antonites and Antonites 2014). Maize (Zea mays) was introduced much later, sometime in the 17th or 18th centuries (Antonites and Antonites 2014). The oldest alien grass herbarium records were collected just over 200 years ago (in 1811) for Arundo donax near Tulbagh in the Western Cape and Rostraria pumila near Fraserburg in the Northern Cape (Online appendix). The number of alien grasses recorded in South Africa increased rapidly until about 1940 (90% of species were recorded before 1955); for many species, the first record of occurrence is 1938 because of introductions by pasture research stations (Figure 1, see discussion below). There are far fewer first records after 1940 (Figure 1). Species that have naturalised or become invasive have much longer residence times in South Africa than species that are not recorded as naturalised or invasive (mean MRT in years: introduced = 86, naturalised = 131, invasive = 123; one-way ANOVA, F = 38.62, n = 234, d.f. = 2, P < 0.0001; Figure 1).
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Pathways of introduction and spread

Forage represents the most common use of alien grasses in South Africa (62.2%; Figure 2a). The other most common use categories are horticulture, soil stabilisation, food and beverages, raw materials and lastly those with no known use (Figure 2a). Species with no use (‘none’) were the most likely to be invasive, followed closely by species used for forage (Figure 2a; Appendix 2, Table 1-A2). Fewer species used for forage have been introduced into South Africa since about 1950 (as a proportion of all use categories; Figure 2b). Concomitantly, there has been an increase in species being introduced that have no use (Figure 2b).
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Alien grasses in South Africa are native to (in decreasing order of contribution) Eurasia, Southeast Asia, sub-Saharan Africa, South America, North America, Australasia and the Pacific (Figure 3a). Species native to South America were proportionally the most likely to be invasive, followed by species native to Eurasia (Figure 3a; Appendix 2, Table 2-A2). Species native to North America were proportionately the least likely to be invasive (Figure 3a; Appendix, Table 2-A2). The proportion of species being introduced that are native to Eurasia has steadily declined over time, with a relative increase in the introduction of grasses native to Australasia (Figure 3b). More recently, since about the 1950s, an increasing proportion of introductions has been of species native to sub-Saharan Africa (Figure 3b, cf. Faulkner et al. 2017).
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We found evidence of 14 different pasture research stations being active at some point in South Africa (Appendix 3, Table 1-A3), although some of these appear not to have existed for very long, or they cultivated very few alien grass species. Five stations (Prinshof, Athole, Leeuwkuil, Estcourt and Cedara) were responsible for introducing 95% of the 81 alien grass species cultivated at these stations, with Prinshof alone having cultivated 63 species (Appendix 3, Table 2-A3). Pasture research stations were responsible for introductions of 40 alien grass species in South Africa (~16% of all alien species), a conclusion reached because the starting date of trials at pasture stations involving these species preceded any other records of them in South Africa.

Prevalence

At present about 76% of QDGCs in South Africa have recorded occurrences of alien grasses, compared with 71% in 2004 (Table 1). The raw species occurrence data show that QDGCs with the most number of alien grass species are in the south-west of the country and that there are other notable pockets of high species richness around the major cities of Johannesburg and Port Elizabeth, and across much of the eastern escarpment (Figure 4a). A slightly different pattern emerges when we examine the number of records in QDGCs of these same species: the south-west of the country once again has the highest values, with the rest of the country generally having low numbers of records, apart from the areas around Johannesburg, Port Elizabeth and Durban (Figure 4b). However, as with most herbarium data, it is evident that there has been much more intensive collection of alien grasses along roads and around major urban centres (Figure 4a,b). After attempting to correct for sampling bias, it appears that alien grass species richness is still high in the Fynbos, but is possibly higher in the east of the country – in the grasslands of the Free State and in the southern Lowveld (Figure 4c). However, alien grass sampling was insufficient in many QDGCs, resulting in a much more restricted overview of alien grass species richness across the country compared with the raw data (Figure 4). When examining observed alien grass spatial patterns over time, we see that the high number of species and records in the south-west of the country is a fairly recent phenomenon, which has increased greatly in the last ~50 years, but is possibly the result of greater collection effort in this area during this time period (Appendix 4, Figure 1-A4).
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In contrast to the high percentage of QDGCs occupied by alien grasses, only 148 of 1097 protected areas recorded the presence of alien grasses (Table 1). However, 195 protected areas occur in QDGCs where alien grasses were recorded. Alien grasses were recorded for the first time between 2004 and 2016 in an additional 24 protected areas.

In terms of the extent of individual species, we found that relatively few alien grasses occur across large areas of South Africa. Most alien grasses occupy relatively limited areas (Appendix 4, Figure 2-A4), although invasive grasses were much more widespread than other alien grasses (mean number of QDGCs ± SE: invasive = 88.08 ± 24.19, naturalised = 29.10 ± 7.67, introduced = 3.79 ± 2.44; Appendix 4, Figure 2-A4).

The results in terms of presence and abundance in the different biomes of South Africa are presented in detail in Appendix 4.

Impacts

We found recorded impacts for only 11 alien grass species in South Africa (Table 2). Of these, two species have major impacts (MR), two have moderate impact (MO), two minor impacts (MN) and five were data deficient (DD) according to our scoring of the EICAT due to a lack of environmental impact and the availability of only records of socio-economic impact (Table 2; Blackburn et al. 2014; Hawkins et al. 2015). Species with notable impacts were widespread, being recorded in 72% of QDGCs in South Africa (Table 1), although this is largely because of widespread species such as Arundo donax and Pennisetum setaceum – other species with notable impacts are not widespread (Appendix 4, Figure 2-A4). There was a great deal of uncertainty about ecological and socio-economic impacts caused by alien grasses in South Africa. Numerous studies have described alien grasses as dominant or invasive, without specifying the changes to the native environment (e.g. Musil et al. 2005; Rahlao et al. 2009; Sharma et al. 2010). However, few direct data exist: the EICAT score of only two species was with medium certainty and the rest with low certainty (Table 2).
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Management of alien grasses

A literature search revealed that of the 41 species identified as being invasive or having recorded impacts, management options have been described for only 11 species (27%) (Appendix 5). The most commonly suggested management strategy is physical removal (11 species), followed by chemical control (10 species), integrated control (8 species), using fire (6 species) and biological control (3 species) (Appendix 5).

Prior to 2004, only nine grass species were legislated for management and 33 taxa were prohibited from being introduced (Table 1; Appendix 6). Currently, under NEM:BA 14 species are legislated for management and 38 species are prohibited from being introduced (Table 1; Appendix 6). The current NEM:BA categorisation of species (NEM:BA Alien and Invasive Species List, 2016) is for the most part in accordance with our evaluation based on the spatial extent of a species’ invaded area and the relative benefits of alien grasses in South Africa (Figure 5b). The one category 1a species (Paspalum quadrifarium), six of the eight category 1b species and the one category 3 species (Ammophila arenaria) were correctly categorised based on our scheme (Figure 5b). However, only 14 species, or 5.5% of all alien grass species in South Africa, are listed under the A&IS regulations (Figure 5b; Online appendix; Appendix 6). Based on our analysis, at least one other uncategorised species (Bromus madritensis) should be in category 1a; another 11 species in category 1b; 29 in category 2; 52 in category 3 and for 20, our analysis does not support their listing (Figure 5b). Some unlisted species are common agricultural grasses (e.g. wheat, Triticum aestivum etc.) and, therefore, do not require any regulation, but these only account for a small proportion of unlisted species. There is also one A&IS listed species where it is not clear whether it is present in South Africa [we could find no references for Sasa ramosa being present, but it is listed as category 3 (Appendix 6)]. We also found that 3 of 38 species on the NEM:BA A&IS prohibited list are already present in South Africa (Panicum antidotale, Pennisetum polystachion and Themeda quadrivalvis) (Appendix 6). However, they do not appear to have naturalised and are not yet widespread (Figure 5b; Online appendix).
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The future and providing a framework for assessing the status of grass invasions in South Africa

To provide an indication of possible invasion debt, we investigated the number of non-invasive (introduced and naturalised) grasses in South Africa that are invasive elsewhere in the world. We found that 118 species (66% of 180 non-invasive species) are invasive elsewhere in the world (Online appendix). Of these species, 67 have naturalised in South Africa.

We also investigated the type of photosynthetic pathway used by alien grass species, and the taxonomic affinity of these species, as possible indicators of future invasion trends. Most alien grasses in South Africa use the C3 photosynthetic pathway (61.4%; Appendix 7, Figure 1-A7), and these species are more common in the south-west of the country (Appendix 7, Figure 2-A7). However, most C3 species belong to the subfamily Pooideae, with the next largest C3 clade being represented by the clade Bambusoideae (Appendix 7, Figure 3-A7). There are only six C3 alien grass species in South Africa in the largely C4 Panicoideae clade (Appendix 7, Figure 3-A7).

Discussion

This study provides a much needed reassessment and improved clarity on the status of alien grass species in South Africa. Based on our inventory (Online appendix), at least 256 alien grass species have been introduced to the country. This list and its ancillary data can help inform alien grass research and management, as we shall discuss here.

In both absolute and relative terms, the number of invasive grasses in South Africa is lower than in many other countries (Visser et al. 2016). Around 14% of alien grasses introduced into South Africa have become invasive (Table 1), which is lower than Europe (19%) or the USA (34%) (Visser et al. 2016). Our knowledge of alien grasses in South Africa is generally very patchy; only 70% have herbarium records (Table 1). The identity of many alien grasses in South Africa is therefore uncertain. Moreover, the status of species on the INI continuum is often based solely on anecdotal published information. We might therefore be greatly underestimating the number of invasive grasses in the country. For a third of all alien grass species, we found one reference for their occurrence in South Africa; this, together with the large number of species with no herbarium records or distribution data (Table 1), makes it difficult to be certain that these species are indeed in the country. We suggest that future evaluations of alien grasses should make a concerted effort to address some of these shortcomings (Table 1).

Alien grasses are present throughout most of South Africa (Figure 4). However, this pattern is biased at least in part, by ad hoc botanical collections, with extensive sampling bias, for example, towards major urban centres (Figure 4c; see Engemann et al. 2015 and Richardson et al. 2005 for discussion on these collection biases and the implications for analyses). Nevertheless, it appears that the Fynbos Biome has among the highest number of alien grass species and that alien grasses in the fynbos tend to be more abundant and widespread than in other biomes (Figure 4; Appendix 4, Figure 4-A4). Of the 11 species with recorded impacts, six affect the Fynbos Biome. There is also considerable anecdotal evidence to suggest that alien grasses are having large impacts in the Fynbos Biome (Musil et al. 2005; Sharma et al. 2010; Vlok 1988), but these impacts have been poorly quantified. Our knowledge of alien grass impacts in South Africa in general is very poor (Table 2), and further research is needed. Interestingly, protected areas were mostly free of alien grasses (in terms of actual records of occurrence; Table 1; see also Foxcroft et al. 2017). One possible interpretation of this result is that protected areas are somehow more resistant to alien grass invasions, possibly because it is more difficult to invade undisturbed vegetation, or because fire and/or herbivores prevent the establishment of alien grasses (Mack and Thompson 1982; Visser et al. 2016). Another possibility is that sampling of alien grasses in protected areas has been poor. There is some justification to suspect the latter reason because of recent publications describing grass invasions in South African National Parks, which are perhaps better monitored than other protected areas (Spear et al. 2011).

It is difficult to predict what the future holds with regard to grass invasions, but some trends are apparent. New introductions into South Africa have declined steadily over the last 70 years; although probably because of poor data, no new alien species have been recorded since 2004 (Figure 1). This suggests that the socio-economic factors that led to the introduction of many alien grasses in the past have changed and that the risk of this introduction pathway causing major problems in the future has been greatly reduced. It seems that South African ecosystems are inherently less open to invasion by alien grasses than those in many other parts of the world (Visser et al. 2016). However, it is likely that some of the species already present in South Africa will become naturalised or invasive in the future, representing a considerable invasion debt (~66% of non-invasive alien grass species in South Africa are known to be invasive elsewhere in the world). More than half (57%) of these species have naturalised and some are possibly on their way to becoming invasive. This is all the more likely because recent introductions were from regions with similar climates to South Africa, for example, Australia and sub-Saharan Africa (Figure 3b). Recent introductions were also relatively more likely to be of species with no known use (Figure 2b), those species that tended to be the mostly likely to become invasive. Pasture grasses were also more likely to be invasive than were species in other usage categories (Appendix 2, Table 1-A2). We found that the most common use for grasses in South Africa was for forage (Figure 2a), and that pasture research stations were responsible for introducing many novel alien grass species. Similar situations with regard to pasture grasses have been observed elsewhere in the world, for example, Australia and the USA (Cook and Dias 2006; Lonsdale 1994; Ryerson 1976; Visser et al. 2016). Australia is notable for the number of grass species that were introduced (~1600 species; Cook & Dias 2006; Visser et al. 2016) and also the subsequent number of problematic pasture grass invaders (Cook & Dias 2006). Of the 118 grass species that are not invasive in South Africa, but are invasive elsewhere, 74% are used for pasture, and 32% were trialled at pasture research stations. This suggests that pasture grasses present a considerable invasion debt for South Africa, as exemplified by the recent observation of a pasture species, Glyceria maxima, invading wetlands in KwaZulu-Natal (Mugwedi 2012). Another consideration for predicting future invasions is changing trends in the purposes for which grasses are used. We found few changes over the last two centuries in this regard (Figure 2b). However, recently there has been considerable interest in introducing grasses for novel uses such as biofuels (Blanchard et al. 2011) or for species that are thought to have potential for multiple purposes (e.g. bamboos; Canavan et al. 2016). Propagule pressure is likely to be high for these species, because they are likely to be cultivated in large-scale agricultural settings, and the chances of these species then naturalising in adjacent areas is all the more likely (Simberloff 2009). Natural and human-mediated spread of introduced grasses between South Africa and Africa also represents a potentially increasing threat (Faulkner et al. 2017).

Another possible contributor to future grass invasions is global change (climate, atmospheric CO2, N pollution, land-use change, etc.). One of the reasons that C4 grasses are thought to dominate South African grasslands is their higher nitrogen-use efficiencies at pre-industrial CO2 levels (Milton 2004; Richardson et al. 2000). Rising atmospheric CO2 levels could, therefore, contribute to increased invasions by C3 grasses (Milton 2004; Richardson et al. 2000). Moreover, altered nitrogen cycles because of nitrogen pollution or from nitrogen-fixing invasive species would similarly favour C3 grass species. Weedy native and alien grasses have been documented to dominate nitrogen-enriched soils in fynbos and renosterveld (Sharma et al. 2010; Yelenik, Stock & Richardson 2004). However, C4 grasses are also thought to be dominant in South African grasslands (and many other grasslands around the world) because of their higher water-use efficiencies under high light and low moisture and CO2 conditions (Edwards et al. 2010; Edwards and Smith 2010; Osborne and Sack 2012). Therefore, reduced precipitation because of anthropogenic climate change would maintain the competitive advantage of native C4 species, but perhaps allow for the establishment of alien C4 species. Warmer temperatures would therefore also favour C4 species. However, grasses have been shown to exhibit strong phylogenetic conservatism of climatic niches, principally in relation to temperature (Edwards and Smith 2010). The occurrence of C3 grasses in cooler climes and C4 grasses in warmer climes is now thought to be largely an artefact of the large number of species within the C3 grass subfamily Pooideae and the large number of C4 species in the subfamilies Panicoideae, Aristidoideae and Chloridoideae (Edwards & Smith 2010). Most grasses introduced into South Africa and most of the current invasive species belong to the subfamily Pooideae (Appendix 7). Given these species’ affinity for cooler climates, it is unlikely that many new invaders will emerge from this clade and that these species will expand their distributions as the climate warms. Using a climate-envelope approach to predict the future distributions of grass invaders in South Africa, Parker-Allie, Musil & Thuiller (2009) provided support for such a notion. Overall, given the combination of the above factors (nitrogen-use efficiency, water-use efficiency and phylogenetic niche conservatism), we suggest that the alien grasses most likely to be favoured in South African by global change are C3 Panicoideae species. Only six species in this group are known to have been introduced to South Africa (Appendix 7), which is possibly a contributing factor to the relative paucity of invasive grasses. Other aspects of global change such as land-use change and changing invasion pathways are also likely to affect possible future grass invasions. Transformation of natural environments can aid the establishment of invasive species, particularly many grass species (e.g. Rahlao et al. 2014; Veldman et al. 2009). Alien grasses are also commonly used for revegetation, particularly along roadsides (pers. obs.), and sometimes after mining operations have ended (Rahlao et al. 2014). We might therefore expect increasing land transformation to aid the spread and establishment of invasive grasses in South Africa. Novel invasion pathways, such as the introduction of grasses for biofuels or in carbon mitigation schemes, could also cause new grass invasions (Blanchard et al. 2011; Canavan et al. 2016).

Our results suggest numerous avenues for improved alien grass management in South Africa. Mechanical and chemical controls are the most commonly employed techniques for alien grass control (albeit for only a few species; Appendix 5), though biological control is used much less frequently when compared with other taxa (Hill and Coetzee 2017; Zachariades et al. 2017). These techniques are already widely employed by the Working for Water programme (van Wilgen et al. 2012). However, very few resources are being allocated to alien grass management (Table 1), and the current NEM:BA categorisations of grasses do not encourage much more investment, as only 14 species are listed (Figure 5). Our scheme to evaluate NEM:BA categorisations for species suggests that only about 8% of the 256 alien grasses in South Africa probably do not need to be on the NEM:BA A&IS 2016 list, but currently only 5.5% of species that should be listed are on this list. Further research in providing a simple, but objective and scientifically defensible method for categorising alien species is therefore urgently needed.

Conclusions

There are many alien but few invasive grass species in South Africa. Much uncertainty exists with respect to their identity, numbers of species, distributions, abundances and impacts. Given the potentially large grass invasion debt in South Africa, continued monitoring of alien grass distributions and abundances and much greater engagement with authorities is needed to limit future problems.
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