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Abstract 
Following establishment, the probability of successful eradication of marine alien 
species is limited. In the context of kelp forest systems, this is particularly concerning 
as alien species can lead to dramatic changes in ecosystem structure and even the 
total loss of kelp. In South Africa, little is known about the status of alien species in 
kelp forests and there is a need for regular monitoring to support the early detection 
of incursions and maximise the potential for effective management interventions. 
However, limited resources dictate that monitoring be done in a cost-efficient 
manner. Watch lists can support such monitoring. In this study a watch list of alien 
species with the potential to invade South African kelp forests was developed 
through a climate-sensitive horizon-scanning approach that accounted for current 
conditions and predicted climate change. Temperature-matching was used to 
determine the suitability of the Benguela and Agulhas ecoregions for the watch list 
species under present and future climatic conditions. The watch list included seven 
species (the bryozoan Membranipora membranacea, and the algae Bonnemaisonia 
hamifera, Dasysiphonia japonica, Fucus serratus, Sargassum muticum, Sargassum 
horneri, and Undaria pinnatifida), some of which have had profound impacts in 
kelp forest ecosystems in other parts of the world. Overall, kelp forests in the cool 
temperate Benguela ecoregion appear most vulnerable to invasion, as current and 
future conditions closely match those under which the watch list species are known 
to occur elsewhere. This, together with the presence of important ports in the 
region, highlights the vulnerability of South African west coast kelp forests to 
invasions and the potential impacts that could result. 
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Introduction 

As the rate of biological invasions continues to rise (Seebens et al. 2021), 
associated impacts on natural systems and high costs for society become 
more prevalent (Diagne et al. 2021). In marine systems, management success 
is minimal once taxa become established (Hopkins et al. 2011; Ojaveer et al. 
2015) and interventions become very costly (e.g. Mabin et al. 2020). This is 
evidenced by few successful eradication attempts (but see Willan et al. 
2000; Culver and Kuris 2000; Miller et al. 2004; Anderson 2005; Hopkins et al. 
2011). Ultimately, these low success rates reflect a limited ability to reverse 
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the impacts of marine invasions post-establishment and highlight the 
need for preventative management (Ojaveer et al. 2015, 2018) and rapid 
management responses once incursions are detected (Bertolino et al. 2020; 
Wallace et al. 2020). 

Early Detection and Rapid Response (EDRR) to new introductions is 
facilitated by long-term standardised surveillance using consistent methods to 
track species occurrence, distribution, and impact through time and across 
different geographical scales (Pyšek et al. 2020; Loureiro et al. 2021). Long-
term surveillance is of particular importance within the context of global 
change, where many drivers of change (e.g. global warming and pollution) 
may interact with biological invasions (Pyšek et al. 2020; Robinson et al. 
2020a). Watch lists, (i.e. lists of non-native species that have the potential 
to invade and impact the biodiversity of a region of interest (sensu Roy et al. 
2014; Gallardo et al. 2016)) can be used as a tool to support cost-effective 
monitoring. Watch lists are developed using horizon scanning, a process of 
systematic examination of future potential threats and opportunities within a 
given context (Roy et al. 2014). In an invasion context, horizon scanning 
can be used to prioritise the potential threat posed by alien species that 
have not yet established within a region, making this an essential component 
of alien species management (Sutherland et al. 2015). Once watch lists have 
been developed for a region of interest, they can be used to direct monitoring 
efforts and enable rapid response to incursions, thus maximising the success 
of management interventions (Roy et al. 2019). Most importantly, targeted 
watch lists can make monitoring more cost-efficient (Minchin 2007), an 
important consideration in resource poor settings.  

Globally, watch lists have been developed for terrestrial, freshwater, and 
marine systems. These lists are an essential tool that support preventative 
management of invasions (Reaser et al. 2020) and have been applied in 
many regions including Great Britain (Roy et al. 2014), western Europe 
(Gallardo et al. 2016), Iberia (Oficialdegui et al. 2023), the European Union 
(Roy et al. 2019; Bertolino et al. 2020; Tsiamis et al. 2020) and North 
America (Davidson et al. 2021). While most watch lists are developed 
through a structured approach that combines literature reviews and risk 
assessments, with dynamic consensus methods, this two-phase approach is 
time consuming, data intensive and expensive, making it unsuitable for use 
in resource poor nations (Faulkner et al. 2014). Consequently, studies in 
South Africa have favoured a more rapid approach to horizon scanning. 
Here, Faulkner et al. (2014) developed a method for creating watch lists 
using invasion history, environmental suitability, and propagule pressure as 
predictors of invasion success. In an aligned approach, Swart and Robinson 
(2019) utilised the Blackburn framework for biological invasions (Blackburn 
et al. 2011) in horizon scanning for predatory marine crabs. As invasion 
stages are separated by barriers (biotic and/or abiotic) that must be overcome 
for species to advance to the next stage, the barriers can be applied as filters 
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to remove species from a starting list of potential invaders, ultimately 
creating a watch list of species of interest. It is important to bear in mind 
that watch lists based on the ability of potential invasive species to survive 
under present climatic conditions will not be useful as the climate continues to 
change at an unprecedented rate (Pörtner et al. 2019). Thus, in order to 
remain relevant, watch lists should account for both present and future 
climatic conditions (Swart and Robinson 2019).  

Species that have been reported as alien in kelp forests around the world 
fall predominantly into the phyla and subphyla Bryozoa, Tunicata, Chlorophyta, 
and Rhodophyta (Harris and Tyrrell 2001; Levin et al. 2002; Dijkstra et al. 
2017). The invasive bryozoan Membranipora membranacea (Linnaeus, 1767) 
is one of the most impactful alien species on kelp forests. This epiphytic 
bryozoan is native to the North-east Atlantic, South-west, and South-east 
Pacific oceans. It was first detected in the Gulf of Maine in 1987, presumably 
introduced to the North-west Atlantic via ballast water (Lambert et al. 
1992). By 1992 the bryozoan was reported further north in Nova Scotia 
(Scheibling et al. 1999). Throughout the North-west Atlantic, heavy 
encrustations of M. membranacea have resulted in the defoliation of canopy 
forming kelps, leading to a marked decline in canopy cover (Scheibling et al. 
1999; Chapman et al. 2002). In all cases, the invasion of M. membranacea 
has led to invasional meltdown (sensu Simberloff and Von Holle (1999)), 
enabling the establishment of other alien species including the highly invasive 
green understory algae Codium fragile (Suringar, 1867) (Harris and Tyrrell 
2001; Levin et al. 2002; Scheibling and Gagnon 2006). Interestingly, C. fragile 
prevents the re-establishment of kelp in the region following defoliation by 
M. membranacea, resulting in a shift from kelp to understory algae dominated 
systems (Connell and Russell 2010). The invasion of M. membranacea in the 
North-west Atlantic provides a stark example of the potentially devastating 
impacts alien species can have on kelp forest ecosystems. 

The South African coast is bound by the cold Benguela current on the 
west coast and the warm Agulhas current on the east coast, with some mixing 
on the south coast. The temperature gradient from west to east results in 
diverse marine ecoregions, each with their own unique species assemblages 
(Sink et al. 2012). South Africa has six marine ecoregions, four inshore 
(Benguela, Agulhas, Natal, and Delagoa) and two offshore (South-east Atlantic 
and South-west Indian) (Sink et al. 2010). Coastal temperatures and how 
they are affected by climate change are well understood in South Africa 
(Rouault et al. 2010; Smit et al. 2013; Schlegel et al. 2017). In contrast to 
global expectations, the west coast of South Africa has undergone a decadal 
decline in temperature driven by an increase in the intensity and frequency 
of wind-driven upwelling (Rouault et al. 2010; Lamont et al. 2018). This 
regional cooling is a unique phenomenon, given the global trend of ocean 
warming.  
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Figure 1. The distribution of canopy-forming kelp forests (blue shading) across the Benguela 
and Agulhas coastal ecoregions of South Africa (following Sink et al. 2012). The dashed lines 
separating the coastal ecoregions extend offshore linearly for illustrative purposes only. Kwa-
Zulu Natal (KZN) is indicated on the insert map of South Africa along with other locations 
mentioned in the text. 

Canopy-forming kelp forests in South Africa dominate the nearshore 
subtidal zone along the west and south-west coasts (Blamey and Bolton 
2018), spanning the entire Benguela ecoregion with a small population on 
the western side of the Agulhas ecoregion (Figure 1). Four kelp species are 
currently recognised in South Africa: Macrocystis pyrifera (Linnaeus, 1771), 
Ecklonia maxima (Osbeck, 1757), Ecklonia radiata (C. Agardh, 1817), and 
Laminaria pallida Greville, 1848. In the Benguela, kelp forests on the west 
and south-west coasts are dominated by E. maxima in the shallows (~ 8 m 
depth) with L. pallida forming a subcanopy beneath, and eventually replacing 
E. maxima in deeper waters (~ 15–30 m) (Blamey and Bolton 2018). 
However, the benthic communities are markedly different between the two 
coasts, with the distinction occurring at Cape Point (Anderson et al. 1997). 
Coastal populations of E. radiata (the smaller congener of E. maxima) have 
been documented from De Hoop on the south coast all the way up the east 
coast to Kwa-Zulu Natal (Anderson et al. 2016). This species of kelp also 
has deeper populations in False Bay (~ 10–30 m), on the Agulhas Bank 
offshore from De Hoop (~35 m), and in northern Kwa-Zulu Natal (~ 60 m) 
(Anderson et al. 2016; Reddy 2024). Historically, E. radiata had been the 
only kelp species recorded on the south coast (Bolton and Stegenga 1990). 
However, since 2006 E. maxima has undergone an eastward shift along the 
south coast of South Africa, forming an established population in the De 
Hoop Nature Reserve (Bolton et al. 2012). In South Africa, kelp forest 
ecosystems provide a range of goods and services that are of immense 
ecological, social, and economic importance (Blamey and Bolton 2018). These 
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comprise a combination of commercial, recreational, and subsistence fishing, 
ecotourism, and other indirect services such as wave attenuation (Blamey 
and Bolton 2018). Overall, this ecosystem was valued at US$ 434 million year-1 
contributing US$ 290 million year-1 to the South African gross domestic profit 
(GDP) (Blamey and Bolton 2018). Given their immense value, monitoring 
these ecosystems for alien species is vital considering the devastation they 
have caused in kelp forests elsewhere.  

In South Africa there has been little consideration of biological invasions 
in kelp forest habitats. Currently, only one study has documented the presence 
of alien species in South African kelp forests (i.e. Lindberg et al. 2020). The 
authors found that the alien Mediterranean mussel Mytilus galloprovincialis 
Lamarck, 1819 had expanded its range subtidally, with mussels settling on 
the heads and stipes of the kelp E. maxima, ultimately causing the kelp to 
fall to the sea floor. Three alien species associated with the mussels were 
noted (i.e., the bryozoans Virididentula dentata (Lamouroux, 1816), 
Watersipora subtorquata (d’Orbigny, 1852), together with the hydrozoan 
Pennaria disticha Goldfuss, 1820). In recognition of the need for monitoring 
South African kelp forests for alien species, and the fact that this needs to 
be done in a cost-effective manner, this study aimed to develop a watch list 
of potential alien species that may arrive and establish in South African 
coastal kelp forests under both present day and future conditions. This 
study focused on inshore and canopy-forming kelp populations in South 
Africa, as such the ranges for offshore E. radiata kelp beds on the east coast 
in the Natal and Delagoa ecoregions were not included. The watch list 
developed will support the early detection of alien kelp forest species, 
minimising the probability of establishment and the impacts such an incursion 
may cause.  

Materials and methods 

Literature review 

Following the approach developed by Swart and Robinson (2019), a global 
systematic literature review was carried out to identify reports of invasions 
in kelp forest ecosystems. The resulting list of alien species was established 
using information from peer reviewed papers and books. All information 
was sourced using Google Scholar, Scopus, and Web of Science. The search 
string used was: ((“alien species” OR “invasive species” OR “non-native 
species” OR “non-indigenous species” OR “introduced species” OR 
“invasion*”) AND (“kelp forest*” OR “kelp bed*”)) NOT (“aquaculture” 
OR “mariculture” OR “teacher”). Due to limited capabilities in Google 
Scholar, the above had to be separated into two strings: one using the term 
“kelp forest*” and another using “kelp bed*” when working in this search 
engine. Searches were conducted in April and May 2023. For each species 
identified in the literature review, information on their native range, alien 
distribution and pathway of introduction was sourced from the literature. 
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Horizon scanning using the Blackburn framework 

Species that are native to South Africa or already recognised as established 
aliens in the country (following Robinson et al. 2020b), were excluded 
from the list of species resulting from the literature search. The remaining 
list was filtered using the Blackburn framework. Firstly, species without a 
pathway of introduction (sensu Faulkner et al. 2020) to South Africa were 
excluded from the list. Secondly, the congruence between the temperature 
in the realised range of each species (i.e., the native, alien, and cryptogenic 
ecoregions occupied), and the Benguela and Agulhas ecoregions was assessed. 
Although the Benguela ecoregion contains the majority of South African 
kelp forests, the Agulhas ecoregion has also been included given the recent 
establishment of Ecklonia maxima in this region (Bolton et al. 2012). To 
assess temperature congruency, the minimum and maximum sea surface 
temperatures (SSTs) of the realised range of each species, as well as that for 
the two South African ecoregions, were extracted from Bio-ORACLE, 
which provides marine data layers for ecological modelling (https://www.bio-
oracle.org/index.php). Using these data, the present day (2000–2104) mean, 
and 95% CI of the minimum and maximum SSTs were calculated for each 
South African ecoregion and each alien species’ realised range. Minimum 
and maximum SSTs were chosen, rather than mean SSTs, because it is more 
likely that species will be constrained by the extreme conditions in new regions, 
rather than their average environmental states (Swart and Robinson 2019). 
To account for near future (2040–2050) and long-term (2090–2100) changes 
in temperature, the predicted climate-induced changes in SSTs were extracted 
for two RCP (Representative Concentration Pathway) scenarios described 
by the Intergovernmental Panel on Climate Change (Pörtner et al. 2019) 
(i.e. RCP 2.6, a stringent emissions mitigating scenario that aims to keep 
global warming below 2 °C above pre-industrial temperatures, and RCP 
8.5, a high emissions scenario where warming is likely to reach between 
2.6–4.8 °C above pre-industrial temperatures by 2100).  

Despite ocean temperatures increasing at the global scale, temperatures 
on the South African west coast and parts of the south coast have shown a 
cooling trend that is expected to continue into the future (Rouault et al. 
2010; Dufois and Rouault 2012; Lamont et al. 2018; Duncan et al. 2019). 
Between 1982–2009, Rouault et al. (2010) measured a decline in temperature 
of 0.55 °C and 0.35 °C per decade on the west and south coasts respectively. 
In our study, this pattern was extrapolated to 2040–2050 and 2090–2100 as 
cooling scenarios for the southern Benguela (west coast) and Agulhas (south 
coast) ecoregions. Additionally, a more conservative cooling scenario (i.e. 
half the decadal decline measured by Rouault et al. 2010) was also considered.  

The invasion potential of each species was considered for each ecoregion, 
to account for the thermal variability among these regions and the fact that 
they may support different suites of species with different environmental 
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Table 1. Criteria used to determine degree of congruency between the thermal ranges of the 
potentially invasive kelp forest species and the Benguela and Agulhas ecoregions (following 
Swart and Robinson (2019)). 

Description of thermal range congruency Classification of ecoregion 
Species minimum (min.) and maximum (max.) 
above the ecoregion min. and max. Too cold 

Species min. 95% CI overlaps with the ecoregion 
max. CI. Probably too cold 

Species max. above the ecoregion max., and 
species min. mean falls between the ecoregion 
min. and max. (no overlap of species CI with 
ecoregion min.) 

Possibly too cold 

Species min. and max. fall below and above the 
ecoregion min. and max., respectively Suitable 

Species min. below the ecoregion min., and 
species max. mean falls between the ecoregion 
min. and max. (no overlap of species CI with the 
ecoregion max.) 

Possibly too warm 

Species max. CI overlaps with ecoregion min. CI. Probably too warm 
Species min. and max. below the ecoregion min. 
and max. Too warm 

tolerances. Any species for which temperature-matching indicated that 
they would be unable to survive under present-day or future climatic conditions 
were removed from the list. The degree of congruency between the thermal 
ranges of the alien species and the thermal characteristics of the two South 
African ecoregions was determined following Swart and Robinson (2019) 
(Table 1). This classified the ecoregions as: (i) too cold, (ii) probably too 
cold, (iii) possibly too cold, (iv) suitable, (v) possibly too warm, (vi) 
probably too warm, or (vii) too warm to support each alien species. When 
an ecoregion was too cold or too warm to support a species, that species 
was excluded from the watch list. Using a cautionary approach, when 
ecoregions are determined to be probably or possibly too cold or too warm, 
the species was retained.  

Results 

Literature search 

The literature search yielded a total of 2099 records, of which 120 were 
detected by Scopus, 89 by Web of Science, 1530 by Google Scholar using 
the term “kelp forest*”, and 360 by Google Scholar using the term “kelp 
bed*”. Of these only 8.5% (179 papers) were relevant. A list of 15 potential 
alien species was extracted from this literature. Of these 15 potential alien 
species, eight were discarded as they are already present in South Africa as 
established alien species (Supplementary material Table S1), yielding a 
total of 7 potential species. 

Watch list 

The remaining seven species with invasion histories were found to have 
pathways to South Africa and are expected to survive under present and all 
future potential thermal conditions (Table 2, Figure 2). Of these, six were 
algal species from the phyla Rhodophyta and Ochrophyta, with the remaining 
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Table 2. Watch list depicting the potential survivability of likely alien species in the Benguela and Agulhas ecoregions under 
present and future predicted temperature conditions.  indicates that a species could survive in an ecoregion. Colours correspond 
to those in Table 1 and denote the degree of congruency between each species’ thermal range and that of the ecoregion. Species codes are 
used in Figures 3–7. Potential pathways (sensu Faulkner et al. (2020)) are provided: E = Escape, C = Contaminant, S = Stowaway. 

Taxa Species 
Codes 

Potential 
pathways Present 

Moderate warming Severe warming Moderate cooling Severe cooling 
2040–
2050 

2090–
2100 

2040–
2050 

2090–
2100 

2040–
2050 

2090–
2100 

2040–
2050 

2090–
2100 

Benguela 
Bryozoa 

Membranipora 
membranacea Mm S          

Rhodophyta 
Bonnemaisonia 
hamifera Bh S, C          

Dasysiphonia 
japonica Dj S, C          

Ochrophyta 
Fucus serratus Fs S          
Sargassum horneri Sh S          
Sargassum muticum Sm S, C, E          
Undaria pinnatifida Up S, C, E,          

Agulhas 
Bryozoa 

Membranipora 
membranacea Mm S          

Rhodophyta 
Bonnemaisonia 
hamifera Bh S, C          

Dasysiphonia 
japonica Dj S, C          

Ochrophyta 
Fucus serratus Fs S          
Sargassum horneri Sh S          
Sargassum muticum Sm S, C, E          
Undaria pinnatifida Up S, C, E,          

 
Figure 2. Descriptive drawings of the seven watch list species (a) Membranipora membranacea, (b) Bonnemaisonia hamifera, 
(c) Dasysiphonia japonica, (d) Fucus serratus, (e) Sargassum horneri, (f) Sargassum muticum, and (g) Undaria pinnatifida. 
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Figure 3. Mean minimum (± 95% CI) and maximum (± 95% CI) temperatures of the realised 
thermal range of the seven watch list species (Membranipora membranacea (Mm), 
Bonnemaisonia hamifera (Bh), Dasysiphonia japonica (Dj), Fucus serratus (Fs), Sargassum 
horneri, Sargassum muticum (Sm), Undaria pinnatifida (Up)). Overlayed are the present mean 
minimum SST ± 95% CI (lower dashed black line with CI indicated in blue) and maximum SST 
± 95% CI (upper dashed black line with CI indicated in red for the (a) Benguela and (b) Agulhas 
ecoregions (Data provided in Supplementary material Table S3). The coloured vertical bars 
indicate the degree of congruency between the species thermal range and that of the ecoregion. 
No colour represents the most suitable temperature for survivability. Colours correspond to 
those in Table 2.  

species being a bryozoan. Three potential pathway categories were identified: 
(1) escape (via aquaculture or research activities), (2) contaminant (as a food 
or animal contaminant), and (3) stowaway (via shipping, hull fouling, and 
ballast water). All species share stowaway as a common pathway, while four of 
the seven could be introduced by more than one pathway. 

Under present conditions all species have the potential to survive in both 
the Benguela and Agulhas ecoregions (Figure 3; Table S2). In the Benguela 
ecoregion, the cooler thermal range is suitable for four algae species i.e. the 
red hookweed Bonnemaisonia hamifera Hariot, 1891 and siphoned feather 
weed Dasysiphonia japonica (Yendo, 1920), and the brown wireweed Sargassum 
muticum (Yendo, 1907) and Undaria pinnatifida (Harvey, 1860) commonly 
known as wakame. In contrast, temperatures in this region could possibly 
be too warm for the brown toothed wrack Fucus serratus Linnaeus, 1753 and 
the white, lacy encrusting bryozoan Membranipora membranacea, yet probably 
too cold for the brown devil weed Sargassum horneri (Turner, 1808). The 
warmer Agulhas region is probably too warm for M. membranacea, and 
possibly too warm for almost all algae, except for S. horneri.  

Future warming 

In the Benguela ecoregion under moderate warming conditions, the degree 
of congruency between each species’ thermal range and that of the ecoregion 
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Figure 4. Mean minimum (± 95% CI) and maximum (± 95% CI) temperatures of the realised 
thermal range of the seven watch list species (Membranipora membranacea (Mm), 
Bonnemaisonia hamifera (Bh), Dasysiphonia japonica (Dj), Fucus serratus (Fs), Sargassum 
horneri, Sargassum muticum (Sm), Undaria pinnatifida (Up)) under future (2040–2050 and 
2090–2100) moderate and severe warming conditions projected using the RCP 2.6 (moderate 
warming) and RCP 8.5 (severe warming) scenarios for the Benguela ecoregion. See Figure 3 for 
a full explanation of the graph features. The coloured vertical bars indicate the degree of 
congruency between the species thermal range and that of the ecoregion. No colour represents 
the most suitable temperature for survivability. Colours correspond to those in Table 2. 

remain the same for both near future and long-term warming (Figure 4). 
Under these conditions, temperatures remain suitable for the red alga 
D. japonica, and the two brown algae S muticum and U. pinnatifida. Under 
severe warming conditions, temperatures remain suitable for D. japonica and 
U. pinnatifida in the near future and D. japonica in the long-term future. 
However, conditions could become too warm for the remaining species, except 
S. horneri which typically occurs in warmer waters. Long-term warming in this 
region will increase the probability of conditions becoming too warm for 
M. membranacea and U. pinnatifida, but they could remain too cold for 
S. horneri. 

In the Agulhas ecoregion, moderate and severe warming conditions are not 
expected to be well suited to any species regardless of the time frame considered 
(Figure 5). Under warming conditions, temperatures could possibly be too 
warm for five out of six algae species, while probably being too warm for 
M. membranacea, yet possibly too cold for S. horneri. Under severe warming 
conditions the degree of congruency between species and ecoregion thermal 
range remains the same over both timeframes. The only change from a 
moderate to severe warming scenario is that conditions would probably 
become too warm for F. serratus. 
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Figure 5. Mean minimum (± 95% CI) and maximum (± 95% CI) temperatures of the realised 
thermal range of the seven watch list species (Membranipora membranacea (Mm), 
Bonnemaisonia hamifera (Bh), Dasysiphonia japonica (Dj), Fucus serratus (Fs), Sargassum 
horneri, Sargassum muticum (Sm), Undaria pinnatifida (Up)) under future (2040–2050 and 
2090–2100) moderate and severe warming conditions projected using the RCP 2.6 (moderate) 
and RCP 8.5 (severe) scenarios for the Agulhas ecoregion. See Figure 3 for a full explanation of 
the graph features. The coloured vertical bars indicate the degree of congruency between the 
species thermal range and that of the ecoregion. No colour represents the most suitable 
temperature for survivability. Colours correspond to those in Table 2. 

Future cooling 

Under moderate cooling, the near future temperature of the Benguela ecoregion 
is expected to be suitable for the red algae B. hamifera and D. japonica, and 
brown algae S. muticum and U. pinnatifida (Figure 6). Temperatures will 
possibly be too warm for the brown alga F. serratus and the bryozoan 
M. membranacea and are likely to be too cold for S. horneri. In the long-term, 
there was little change in suitability of temperatures compared to the near-
term. However, it could become too cold for the alga U. pinnatifida. Under 
severe cooling, long-term future temperatures are expected to be suitable 
for most species, but could pose a challenge for S. horneri, S. muticum, and 
U. pinnatifida.  

In the near future under moderate cooling conditions, temperatures in 
the Agulhas ecoregion will likely only be suitable for the red alga D. japonica 
(Figure 7). Conditions are expected to possibly be too warm for almost all 
remaining species, except for the brown alga S. horneri, for which temperatures 
will possibly be too cold. In the long-term, further declines in temperature could 
result in the ecoregion becoming suitable for the brown alga U. pinnatifida. 
Long-term severe cooling conditions are expected to increase the thermal 
suitability of the region for B. hamifera and S. muticum, but temperatures 
will probably become too cold for S. horneri. 
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Figure 6. Mean minimum (± 95% CI) and maximum (± 95% CI) temperatures of the realised 
thermal range of the seven watch list species (Membranipora membranacea (Mm), 
Bonnemaisonia hamifera (Bh), Dasysiphonia japonica (Dj), Fucus serratus (Fs), Sargassum 
horneri, Sargassum muticum (Sm), Undaria pinnatifida (Up)) under future (2040–2050 and 
2090–2100) moderate and severe cooling conditions projected using trends calculated from 
Rouault et al. (2010) for the Benguela ecoregion. See Figure 3 for a full explanation of the 
graph features. The coloured vertical bars indicate the degree of congruency between the species 
thermal range and that of the ecoregion. No colour represents the most suitable temperature for 
survivability. Colours correspond to those in Table 2. 

 
Figure 7. Mean minimum (± 95% CI) and maximum (± 95% CI) temperatures of the realised 
thermal range of the seven watch list species (Membranipora membranacea (Mm), Bonnemaisonia 
hamifera (Bh), Dasysiphonia japonica (Dj), Fucus serratus (Fs), Sargassum horneri, Sargassum 
muticum (Sm), Undaria pinnatifida (Up)) under future (2040–2050 and 2090–2100) moderate and 
severe cooling conditions projected using trends calculated from Rouault et al. (2010) for the Agulhas 
ecoregion. See Figure 3 for a full explanation of the graph features. The coloured vertical bars indicate 
the degree of congruency between the species thermal range and that of the ecoregion. No colour 
represents the most suitable temperature for survivability. Colours correspond to those in Table 2. 
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Discussion 

In a changing climate, the risk of biological invasions is particularly concerning 
as previously unsuitable environments may become suitable to new alien 
species (Sorte et al. 2010; Finch et al. 2021). In kelp forest ecosystems, 
invasions of a single species can lead to invasional meltdown (Chapman et al. 
2002) and ultimately an ecosystem regime shift (Levin et al. 2002). Alien 
species are understudied in South African kelp forests, with only a single 
study documenting three species (Lindberg et al. 2020). As such, the potential 
risks to these important ecosystems remain largely unknown. Consequently, 
understanding which species may have the ability to invade South African 
kelp forests is of utmost importance if they are to be prevented. This study 
identified 15 alien species with an invasion history in other kelp forests that 
could pose a threat to South African systems. Of the 15 species, eight are 
already present in South Africa. While these species have not been included in 
the watch list, it would be prudent for any future monitoring efforts to look 
out for them, as they have been recorded in South Africa, although not yet 
specifically in South African kelp forests to the best of our knowledge. This 
could be achieved by placing them on a Black list (sensu Gallardo et al. 
(2016)) that would support directed field surveys. The remaining seven 
species make up the watch list identified in our study. These species pose a 
potential threat to the South African coast as they have invaded kelp systems 
elsewhere, and this threat remains even under future climate conditions. 
Kelp forests in the Benguela ecoregion appear more vulnerable to invasion 
than the Agulhas under current and warming conditions, highlighted by 
this ecoregion being suitable for at least one species (Dasysiphonia japonica) 
under present and all potential future conditions. However, continued cooling 
could increase the suitability of the Agulhas ecoregion for some species.  

Currently six algae species from the phyla Rhodophyta (Antithamnionella 
spirographidis (Schiffner, 1916), Asparagopsis armata Harvey, 1855, Asparagopsis 
taxiformis (Delile, 1813), Schimmelmannia elegans Baardseth, 1941) and 
Chlorophyta (Cladophora prolifera (Roth, 1797), Codium fragile) are recognised 
as alien in South Africa (Robinson et al. 2020b) These algae have been found 
in a variety of habitats including on artificial substrata like boats and harbours, 
rocky shores, saltmarshes, and estuaries (Robinson et al. 2016). Of the six 
species, five (A. spirographidis, A. armata, A. taxiformis, C. prolifera, C. fragile) 
are considered invasive (Robinson et al. 2016). In addition, A. armata, 
A. taxiformis, S. elegans are listed under South Africa’s national legislation 
(i.e. National Environmental Management: Biodiversity Act of 2004 (NEM:BA)) 
that prohibits their import, movement, and sale within South Africa. 
Interestingly, the edible brown algae Undaria pinnatifida, which is not present 
in South Africa and has been placed on the watch list, has pre-emptively 
been listed as a species requiring control, should it be detected. Globally, 
invasions by non-indigenous algae are becoming increasingly problematic 
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(Filbee-Dexter and Wernberg 2018), and in some cases have led to a complete 
shift from kelp forest ecosystems to degraded turf algae dominated ecosystems 
(Wernberg et al. 2016; Filbee-Dexter and Wernberg 2018). Alien algae threaten 
biodiversity by outcompeting and inhibiting native taxa (Ambrose and Nelson 
1982; Svensson et al. 2013), monopolising space, and altering both ecosystem 
structure and function (Dijkstra et al. 2017). Given that the watch list 
developed in this study is comprising mostly algae and the fact that alien 
algae are increasingly being reported elsewhere, careful attention should be 
paid to this group in the context of invasions in South African kelp forests. 
For the most part, the algae on the watch list are easily distinguishable from 
native species. However, D. japonica could be easily confused with the native 
red algae Pseudoceramium planum (Kützing, 1849) in the field as both algae 
are small, delicate, and flattened with many branches. This is concerning 
given the level of compatibility D. japonica has with conditions in the Benguela 
ecoregion. Furthermore, D. japonica is known to be problematic elsewhere 
as it forms harmful blooms that can lead to mortality of fish and bivalves 
(Young et al. 2022). In light of this, future studies in South African kelp 
forests could use tools such as eDNA to identify the presence cryptogenic 
species like D. japonica (e.g. Ellis et al. 2022; Zeng et al. 2024). This method 
should be used in conjunction with the targeted collection of specimens 
that look like P. planum for taxonomic verification. This would provide a 
robust means to ensure that any incursions of D. japonica are detected early. 
The early detection of D. japonica in the Benguela ecoregion is critical given 
the suitability of the ecoregion for this species. Although detection on its own 
cannot address the issue of an alien species incursion, it does highlight the 
need to establish a management protocol where roles and responsibilities 
are predefined as demonstrated in Loureiro et al. (2021). Despite being the 
only animal on the watch list, the bryozoan M. membranacea is a species of 
great concern given its destructive invasion history elsewhere (Lambert 
et al. 1992; Scheibling et al. 1999; Chapman et al. 2002). In South Africa, 
samples found in False Bay were previously misidentified as M. membranacea 
(Florence et al. 2007). However, further examination of these specimens 
determined them to be the native species Membranipora rustica Florence, 
Hayward & Gibbons, 2007. The two species are only distinguishable under a 
microscope, highlighting the need for future monitoring efforts to include 
routine collection of specimens of white, lacy encrusting bryozoans for 
taxonomic verification.  

Identifying pathways of invasion is an important step in alien species 
management (Hulme 2008; Lodge et al. 2016). In this study, stowaway, 
contaminant, and escape were all identified as potential pathways of 
introduction. The fact that multiple potential pathways exist for the 
introduction of alien species to South African kelp systems highlights the 
risk of potential invasion. All the watch list species shared stowaway as a 
common pathway to introduction. This is reflective of these taxa having 
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been transported by ships as hull fouling or in ballast water. Currently, 
South Africa is a signatory to the International Convention for the Control 
and Management of Ship’s Ballast Water and Sediments (BWM Convention) 
but is yet to sign a bill into law to guide the implementation of this legal 
tool at a national level. As in most countries, hull fouling remains unregulated 
in South Africa, despite the important role this pathway plays in dispersing 
marine alien taxa (Peters and Robinson 2017; Peters et al. 2019). The fact 
that these important pathways remain unregulated in South Africa highlights 
South Africa’s vulnerability to new introductions. Alien species introduced 
as contaminants are often done so through mariculture (Faulkner et al. 2020). 
In South Africa, the Pacific oyster Magallana gigas (Thunberg, 1793) is 
farmed in sheltered bays along the west and south coasts (Haupt et al. 
2010a, b). The oysters are grown from spat imported primarily from Namibia, 
Chile, and France (Nel et al. 2014). Haupt et al. (2012) found that despite 
cleansing and treatment measures, some epifaunal taxa survived and could 
be successfully translocated. Several introductions of alien species into South 
Africa have been linked to the translocation of M. gigas (Haupt et al. 2010a). 
All four watch list species associated with the contaminant pathway (i.e. 
B. hamifera, D. japonica, S. muticum, and U. pinnatifida) have a history of 
invasion linked to the translocation of M. gigas and other shellfish (Sabour 
et al. 2013). This is worrying in the South African context as farming of 
shellfish (particularly M. gigas) has been a particular focus in efforts to develop 
the South African blue economy (Findlay 2018). It is thus clear that biosecurity 
agencies need to play a crucial role going forward, as economic development 
needs to be facilitated while concurrently protecting against introductions that 
could negatively affect ecosystem services. The final pathway of introduction 
identified in this study was escape. The intentional importation, growing, 
translocating, or release of the highly invasive species U. pinnatifida is 
prohibited by law in South Africa according to NEM:BA. Given that 
U. pinnatifida is not present in South Africa and possessing live specimens 
in the country is prohibited, the escape of this species into South Africa 
should not be possible. Conversely, the brown wireweed S. muticum is not 
regulated in the same way despite a similarly significant invasion history 
(Salvaterra et al. 2013; Engelen et al. 2015; Marks et al. 2015). This allows 
for permit applications to be made to import the species. Sargassum muticum 
is widely used in traditional oriental medicine for the treatment of a variety 
of ailments (Sharifuddin et al. 2015) and is being studied for its antioxidant, 
antimicrobial, anti-inflammatory, and photoprotective properties (Pinteus 
et al. 2017; Susano et al. 2022). As such, demand for this species to be grown or 
imported into South Africa for medicinal or nutritional use may grow. The 
possibility of increasing interest in S. muticum is worrying given that there 
are no regulations in place preventing the application to import this species. 
As a precautionary measure this species should be subject to a Risk Analysis 
for Alien Taxa (Kumschick et al. 2020). The results from this analysis can then 
be used to inform steps to more tightly regulate the species. 
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Temperature is an important factor influencing the distribution of marine 
species (Tittensor et al. 2010) and the invasion potential of species is expected 
to be greatest in areas that are thermally similar to their native range (Peterson 
2003). Consequently, temperature-matching is a vital tool in predicting the 
invasion potential and the potential distribution of alien species (Matthews 
et al. 2017). On a practical level, information gained from temperature matching 
enables monitoring to be more targeted in terms of knowing which areas 
to prioritise. Ultimately, this minimises costs. In our study, temperature-
matching revealed that the thermal characteristics for both the Benguela and 
Agulhas ecoregions would not automatically exclude any of the seven species 
on the watch list, although the likelihood of the various species being regulated 
by temperature varied. Overall, the temperature of the Benguela ecoregion 
is better matched to the thermal landscape that the watch list species experience 
in their realised ranges, with four out of seven species being well suited to 
the Benguela ecoregion under present conditions, compared to none in the 
Agulhas ecoregion. Consequently, the kelp forests in the Benguela ecoregion 
could be more vulnerable to incursions. As such, this ecoregion should be 
prioritised for monitoring, particularly given the high volume of ship traffic 
along this coastline. The suitability of the Benguela ecoregion is not surprising, 
as kelps themselves are considered temperate species (Steneck et al. 2002; 
Wernberg et al. 2019), and the Benguela ecoregion reflects the core of the range 
for South African kelp forests (Blamey and Bolton 2018), with only a small 
range in the western part of the Agulhas region. Kelp forests in the Agulhas 
ecoregion reflect a recent eastward spread in response to cooling of the warmer 
south coast (Bolton et al. 2012). Thus, the Agulhas kelp forests are likely on 
the thermal cusp for kelp and less suitable for alien taxa that would normally 
invade temperate regions. Of the future conditions that could manifest along 
the south and south-west coasts of South Africa, cooling improved the thermal 
suitability for more than half the species on the watch list, whilst conditions 
become increasingly less favourable for the brown algae Sargassum horneri, 
Sargassum muticum, and Undaria pinnatifida. Given that the south-west 
and south coasts of South Africa are expected to continue cooling rather 
than warming (Rouault et al. 2010; Lamont et al. 2018), with time South 
African kelp forests will likely become more vulnerable to invasion by the 
taxa on the watch list. These results highlight the importance of using localised 
patterns of change when considering the implications of global change. Despite 
the value of using thermal matching, areas suitable for invasion may not 
always be identified if the fundamental niche of the species is not fully 
captured (de Andrade et al. 2019). Furthermore, Laeseke et al. (2024) has 
shown that thermal limits, particularly the cold tolerance of seaweeds, have 
limited predictive power for seaweed distribution and may have large 
deviations. Consequently, species which appear to be on their lower thermal 
limit in the Benguela and Agulhas ecoregions may have a much greater 
thermal tolerance and a greater chance of successfully invading these ecoregions 
than identified in this study.  
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As applied in this study, horizon scanning offers an evidence-based approach 
to identifying species that might reach the region and helps to develop a watch 
list of species which may be used by management to monitor local kelp forest 
ecosystems. However, this method relies on a global review of species with 
an invasion history. Invasions that have not been detected or reported have 
thus inherently not been captured in this study, although such species may 
be able to reach South Africa and survive local conditions. As such the 
watch list developed in this study offers a foundation on which to begin 
long-term monitoring for alien species that could invade South African 
kelp forests.  

To mitigate potential impacts and avoid costly eradication programs, the 
pro-active prevention of alien establishment is needed. While preventative 
measures are most effective when focused on preventing the arrival of new 
taxa (Ojaveer et al. 2015), prevention of establishment post-arrival can occur if 
management action is swift (e.g. Anderson 2005). Rapid response could be 
facilitated by the establishment of a standardised monitoring program that 
routinely surveys kelp forests to (1) detect new alien species; (2) track the 
spread of incursions and (3) measure impacts on native species. The watch 
list developed in this study can be used to facilitate targeted and cost-effective 
monitoring. While it would be desirable to monitor both ecoregions, the 
vulnerability of the Benguela ecoregion suggests that should resources not 
be available to monitor both, efforts should focus on the west coast. This initial 
monitoring program could be used as a test case to streamline administration 
and on the ground implementation, that can then inform an extended program 
into the Agulhas ecoregion. As harbours and aquaculture facilities are most 
likely the sources of introductions, kelp forests near these should be prioritised 
for monitoring. Key locations to survey would be those that support 
international ports like Table Bay and Saldanha Bay. Collaboration with 
scientists and taxonomists is essential to establish a monitoring protocol 
and train divers in field methodology and taxonomy (Douglas et al. 2009; 
Loureiro et al. 2021). The value of a monitoring program would be maximised 
if it were embedded into a broader biosecurity system where roles and 
responsibilities are well established (Loureiro et al. 2021). This would likely 
draw together various government departments including those focused 
on biosecurity, biodiversity, and aquaculture. To remain current, the watch 
list must be updated as new invasions are recorded in kelp forests elsewhere in 
the world. 
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