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Alien freshwater crayfish have been widely introduced worldwide for aquacul-
ture and the pet trade. Despite providing societal benefits, crayfish introductions
are also known to cause adverse impacts in areas of introduction. This study
used the recently developed Risk Analysis for Alien Taxa (RAAT) framework to
assess the risk associated with 14 alien freshwater crayfish introductions in South
Africa. Thirteen of the 14 species were assessed as high risk because they are
likely to be introduced to South Africa and have the potential to cause major
environmental impacts. Eight of these species are listed under the South African
National Environmental Management: Biodiversity Act (NEM:BA) Alien and In-
vasive Species (A&IS) Regulations, which implies there is an obligation to manage
them. This notion was supported by the recommendations from the risk analyses
for Cherax cainii, C. tenuimanus and C. quadricarinatus. The two marron species
(C. cainii and C. tenuimanus) have no known naturalised populations and are
likely confined to aquaculture facilities. Cherax quadricarinatus is already wide-
spread and control methods should focus on minimising spread, as eradication is
no longer feasible. The recommendations from some of the risk analyses do not
agree with the current listing under the A&IS Regulations. Procambarus clarkii is
already known to be invasive but is not listed and there is anecdotal evidence
that C. destructor, Faxonius limosus, F. rusticus, Pacifastacus leniusculus and Pon-
tastacus leptodactylus are present in the pet trade and their presence needs to
be verified. Crayfish can become conflict-generating alien species because they
have both major negative impacts and socio-economic benefits. Therefore, the
recommended management options aim to preserve benefits while limiting neg-
ative impacts by restricting the importation of high-risk species for new introduc-
tions and implementing interventions to prevent spread and minimise impacts for
established introductions.

Keywords: Environmental Impact Classification for Alien Taxa (EICAT), So-
cio-economic impact classification of alien taxa (SEICAT), Risk Analysis for Alien
Taxa (RAAT) framework, invasions, Alien and Invasive Species (A&IS) Regulations.

Introduction

Biological invasions are a significant global problem that seems to be growing
despite some concerted efforts to develop and implement measures to either
halt or minimise their impacts (Essl et al. 2020; Pysek et al. 2020; IPBES 2023).
The primary reason for the alien species introductions has been to meet soci-
etal needs such as the provision for food, raw materials such as timber, orna-
mental horticulture species and the pet trade (Hulme et al. 2008; Bernery et al.
2022). Some of these introduced species have become invasive and have been
implicated in causing adverse effects on biodiversity, ecosystem functioning
and human livelihood and health (IPBES 2023). This has necessitated the need
for risk analysis protocols that restrict the importation of high-risk alien species
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while allowing for the introduction and utilisation of such as hybridisation with native species (e.g., Perry et
low-risk species (e.g., Roy et al. 2018). This is especial- al. 2001), extirpation of native species through com-
ly pertinent as the number of established alien species petition and predation (e.g., Dunn et al. 2009), and/
has increased worldwide during the past two centuries, or disease transmission (e.g., Longshaw 2011; Chucholl
mainly because of increased connectivity through in- & Schimpf 2016), modifying aquatic-terrestrial linkag-
creased travel and trade (Seebens et al. 2017). es (e.g., Dana et al. 2010), altering food-web structure

(Jackson et al. 2016; Zengeya et al. 2022) and dis-
Freshwater crayfish are a diverse group of decapods rupting nutrient cycles (Eby et al. 2006). They are also
with over 600 species that naturally occur on all con- known to cause non-environmental impacts that affect
tinents except continental Africa and Antarctica (Cran- human livelihoods and well-being (Kouba et al. 2022).
dall & Budhay 2008). Despite their global distribution, For example, crayfish invasions have been implicated
crayfish are among some of the most widely introduced in disrupting recreational activities (Keller et al. 2008),
freshwater invertebrates around the world, mainly their feeding and burrowing activities impact aquacul-
through aquaculture and the aquarium trade (Crandall ture and crop production (Souty-Crosset et al. 2016)

& Buhay 2008; Chucholl 2013; Patoka et al. 2014; and damage fishing equipment (Cherardi et al. 2011b;
Faulkes 2015; FAO 2022; Olden & Carvalho 2024). Madzivanzira et al. 2023).
While aquaculture and aquarium trade provide posi-

tive impacts, crayfish introductions are also known to Eight crayfish species are presumed to be present in
have negative environmental and non-environmental South Africa based on historical introduction records
impacts (Lodge et al. 2012; Souty-Grosset et al. 2016; (Figure 1). However, there is uncertainty on the occur-
Madzivanzira et al. 2020). Crayfish invasions have been rence and identity of some of the species (De Moor
implicated in causing adverse environmental impacts 2002; Nunes et al. 2017a; Wilson & Kumschick 2024).

ey B S e o s s .' 4 P ’3. po ok il 4 g # 4 P s
Figure 1. Nine crayfish species that are presumed to be present in South Africa. All of the images were obtained from https://commons.
wikimedia.org/wiki/Main_Page. A, Cherax cainii (© pimelea); B, Cherax tenuimanus (© OpenCage); C, Pacifastacus leniusculus (©
Astacoides); D, Cherax quadricarinatus (© 5snake5); E, Cherax destructor (© Cherax quadricarinatus); F, Pontastacus leptodactylus (©
Ullrich Miihlhoff); G, Faxonius rusticus (© Peterwchen); H, Faxonius limosus (© Holger Krisp); 1, Procambarus clarkii (© gailhampshire).
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There is evidence that redclaw crayfish (Cherax quadri-
carinatus) and red swamp crayfish (Procambarus clarkii)
are present in South Africa, as they have established
populations in river systems across several provinces
(De Moor 2002; Du Preez & Smit 2013; Nunes et al.
2017b; Nunes et al. 2017c; Barkhuizen et al. 2022;
CapeNature unpublished data).

There is, however, equivocal evidence that the other six
species are present in South Africa. Two marron species
(Cherax cainii and C. tenuimanus) were introduced for
aquaculture but it is uncertain if both species are pres-
ent in South Africa (Wilson & Kumschick 2024). A 2002
taxonomic revision of C. tenuimanus indicated that the
species was not homogenous but instead consisted of
two genetically distinct species, C. tenuimanus and
C. cainii (Austin & Ryan 2002; Duffy et al. 2014). As a
result, introduction records of marron in South Africa
prior to 2002 refer to C. tenuimanus but recent import
permit records indicate that both species are likely pres-
ent in the country (Wilson & Kumschick 2024). Cherax
destructor was introduced into South Africa in 1988 as
a possible candidate species for aquaculture, but it is
uncertain if it is still present in cultivation or in the wild
(Nunes et al. 2017a). There is also anecdotal evidence
that several crayfish species might be present in South
Africa through the pet trade. These include the spiny-
cheek crayfish (Faxonius limosus), rusty crayfish (Faxo-
nius rusticus), narrow-clawed crayfish (Pontastacus lep-
todactylus) and signal crayfish (Pacifastacus leniusculus).

In South Africa, biological invasions are managed
through the Alien and Invasive Species Regulations
(RSA 2020) of its National Environmental Manage-
ment: Biodiversity Act (NEM:BA) (Act no. 10 of 2004)
(RSA 2004). The rationale behind the A&IS Regulations
is to restrict the importation of high-risk alien species,
reduce the number of alien species becoming invasive,
and limit the extent and impact of well-established
invaders, while allowing for the utilisation of low-risk
alien species (Wilson & Kumschick 2024). The imple-
mentation of the A&IS Regulations is underpinned by
a South African-developed risk analysis framework,
termed Risk Analysis for Alien Taxa (RAAT) that outlines
a normative process to assess an alien taxon’s likelihood
of invasion, realised and potential impacts, and options
for management (Kumschick et al. 2020a). The RAAT
framework is an objective, transparent and consultative
process that ensures that it is clear what the risks posed
by the regulated species are and what can be done to
mitigate or prevent impacts (Kumschick et al. 2020b).
This paper applied the RAAT framework to evaluate the
risk posed by the introduction of freshwater crayfish in
South Africa. It provides an update on the status of alien
crayfish species that are known to occur in South Afri-
ca, and recommendations on appropriate management
interventions. It also identified alien freshwater crayfish
that have a global invasion history and have the poten-
tial to become invasive if introduced into South Africa,
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and provides policy decision-makers with information
both on the risks posed and on what can be done to
mitigate or prevent impacts.

Methods

Species selection

A database with all crayfish species was compiled from
the primary literature, the International Union for Con-
servation of Nature (IUCN) Red List (www.iucnredlist.
org/) and the Clobal Biodiversity Information Facility
(CBIF) (www.gbif.org/en/). The invasion status of the
crayfish species was quantified based on data from
the primary literature, the Centre for Agriculture and
Bioscience International (CABI) invasive species com-
pendium (www.cabi.org/isc), the Clobal Invasive Spe-
cies Database (GISD) (www.iucngisd.org/gisd/) and the
Non-Indigenous Aquatic Species (NAS) dataset (https://
nas.er.usgs.gov). Invasion status was defined according
to the different stages of the unified framework (see
Blackburn et al. 2011), and species were grouped in
four broad categories: 1) not introduced = species that
have no record of introduction to areas outside their
native range; 2) introduced = species that are intro-
duced to a country but are not naturalised in the wild;
3) established = species that have established in the
wild but are not yet invasive; and 4) invasive = species
with self-sustaining populations that have spread from
initial sites of introduction.

Impact assessments

Environmental impacts were assessed using the En-
vironmental Impact Classification for Alien Taxa (El-
CAT; Blackburn et al. 2014; Hawkins et al. 2015) and
non-environmental impact using the Socio-Economic
Classification for Alien Taxa (SEICAT; Bacher et al.
2017). For both the EICAT and SEICAT assessments an
extensive literature review of impact studies was under-
taken using Google Scholar (https://scholar.google.co.
za) and Web of Science (http://apps.webofknowledge.
com) search engines. The search thread *invasive*cray-
fish* or *impacts*species name* were used. The rel-
evant literature was compiled, and recorded impacts
were then assessed and classified using procedures
outlined for EICAT and SEICAT. The EICAT assessment
classified environmental impacts across 12 different
mechanisms and assigned a magnitude score across
five impact levels [Minimal Concern (MC), Minor (MN),
Moderate (MO), Major (MR) and Massive (MV)] (Black-
burn et al. 2014; Hawkins et al. 2015). The SEICAT
was used to assess the impact alien freshwater crayfish
have on human well-being using four impact categories
(safety, material or immaterial assets, health, and social,
spiritual or cultural) and the magnitude of the impacts
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were assessed across five levels that are similar to the
EICAT assessment (Bacher et al. 2017).

Risk analysis

The risks associated with crayfish introduction were as-
sessed using the RAAT framework that consists of the
following four components: 1) risk identification; 2) risk
assessment; 3) risk management; and 4) risk communi-
cation (Kumschick et al. 2020a).

Risk identification

Biological invasions present various risks that can be
broadly grouped in terms of species, pathways and
areas, and in this study, the risks associated with bio-
logical invasions from alien crayfish were identified in
terms of species (Kumschick et al. 2020b).

Risk assessment

This step evaluated the likelihood of a particular crayfish
species being introduced, establishing and spreading in
South Africa, and the consequences (negative impacts)
thereof (Kumschick et al. 2020a). Information on en-
vironmental and non-environmental impacts were de-
rived from the EICAT and SEICAT assessments, and in
cases where a species had no documented impacts, it
was classified as Data Deficient (DD); potential impacts
were inferred from a closely related species (Kumschick
et al. 2020a). Non-environmental impact assessments
focus on human well-being and how the alien species
affects related issues such as livelihoods, farming prac-
tices and recreational activities (e.g., Westman et al.
2002; Laverty et al. 2015). The risk score was calculat-
ed using the outcomes of the assessment of: 1) likeli-
hood of introduction; 2) establishment and spread; and
3) potential to cause negative impacts (consequences)
(Kumschick et al. 2020a).

Risk management

This step included the evaluation of the best manage-
ment options for the freshwater crayfish species that are
known to be present in South Africa to mitigate spread
and impacts, while allowing utilisation (Kumschick et al.
2020a). In South Africa, alien taxa are managed under
A&IS Regulations, which comprise of lists (i.e., notices)
for regulated species and the management and con-
trol option for each listed species (Van Wilgen & Wil-
son 2018). The management options are grouped into
four categories: 1) Category 1a — species that should
be eradicated; 2) Category 1b — species that should be
controlled as part of national programmes, and cannot
be traded or allowed to spread; 3) Category 2 — species
that have the same restrictions as Category 1b species
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but a permit can be issued to allow utilisation under
specific conditions that aim to prevent spread and min-
imise impacts; and 4) Category 3 — species that can be
utilised without a permit but they cannot be traded or
further propagated and should be controlled when they
occur in biodiversity-sensitive areas such as protected
areas or riparian zones (Kumschick et al. 2020b). These
regulation categories apply only to species that are al-
ready present in the country. Permits are required for
new introductions into the country and these are only
considered if supported by a risk analysis (Kumschick
et al. 2020b). Possible management interventions were
then evaluated and allocated a score (low, medium and
high) based on ease of management score (Kumschick
et al. 2020a).

Risk communication and recommendations

This included the collation and summary of the com-
plete background information of the RAAT framework
process to make recommendations for management,
regulations and engagement with relevant stakeholders
(Kumschick et al. 2020a). The impact assessments were
done at a global scale, whereas for the risk analysis, the
area of interest was South Africa.

The risk analysis reports were prepared for submission
to the South African Alien Species Risk Analysis Re-
view Panel (ASRARP), a committee that is tasked with
reviewing risk analyses attached to import applications
and listing of species under national legislation to en-
sure they are scientifically robust and consider the best
available evidence (Kumschick et al. 2020b). ASRARP is
an independent body coordinated by the South African
Biodiversity Institute (SANBI) as the secretariat, and its
members consist of scientists and taxon experts working
on various issues in biological invasions. Risk analysis
reports submitted to ASRARP are peer-reviewed before
approval, following a process like that used by peer-
reviewed journals (Figure 2). The ASRARP committee
then provides recommendations to the Risk Analysis
Review Committee (RARC), an interdepartmental pan-
el set up by the South African Department of Forestry,
Fisheries, and the Environment (DFFE) that is tasked
with granting import permits and approving changes to
regulations on biological invasions. Seven risk analysis
reports included in this paper have already been sub-
mitted and approved by ASRARP. These include reports
for Cherax cainii, C. tenuimanus, C. destructor, Faxonius
rusticus, Procambarus clarkii, Pacifastacus leniusculus
and Pontastacus leptodactylus. These species were pri-
oritised because they are either listed under the A&IS
Regulations and/or are now invasive in the country. Risk
analysis reports for Faxonius immunis, F. juvenilis, F. li-
mosus, F. virilis, Procambarus acutus and P, virginalis are
in the process of being submitted to ASRARP.

| Open access
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Risk analysis conducted as
per RAAT framework
(Assessor)
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Independent expert panel and
Additional information or Quality control and internal peer review
revisions required review of risk analysis B > (ASRARP)
(SANBI)

Consider risk analysis and
other sources of information

(RARC)
> No change to A&IS Lists
v Risk analysis published
Revise draft after public )
comments — Publish proposed
(DFFE) amendments to A&IS List for

public comment (DFFE)

L l

Revised A&IS Lists
published
Risk analysis published

Figure 2. The process of how risk analysis reports are prepared, reviewed and used to inform the listing of alien species on the Alien and
Invasive Species Regulations in South Africa. SANBI = South African National Biodiversity Institute; ASRARP = Alien Species Risk
Analysis Review Panel; RARC = Risk Analysis Review Committee; DFFE = South African Department of Forestry, Fisheries, and the
Environment. Figure adapted from Wilson and Kumschick (2024).

Results

Species selection

The introduction status of 658 crayfish species was as-
sessed and 14 crayfish species that have been intro-
duced to areas outside their natural range, where they
have either become established and/or invasive, were
then selected for the impact assessments and risk anal-
yses (Table 1). These included five Faxonius species: cal-
ico crayfish (F. immunis), Kentucky River crayfish (F. ju-
venilis), spiny-cheek crayfish (F. limosus), rusty crayfish
(F rusticus) and virile crayfish (F. virilis); two Procam-
barus species: White River crayfish (P acutus) and red
swamp crayfish (P clarkii); and signal crayfish (Pacifasta-
cus leniusculus) that are native to North America; nar-
row clawed crayfish (Pontastacus leptodactylus), which
is native to Europe; and four Cherax species: smooth
marron (C. cainii), hairy marron (C. tenuimanus), yabby
crayfish (C. destructor) and redclaw crayfish (C. quadri-
carinatus) that are native to Australia. The marmorkrebs
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crayfish (Procambarus virginalis) has an unknown native
distribution.

Likelihood of entry

The likelihood of entry into South Africa for most of the
assessed crayfish species (64%) varied from fairly prob-
able to probable, because there is some evidence that
the species are present in the country in the pet trade,
aquaculture facilities and/or neighbouring countries
(Nunes et al. 2017a; Madzivanzira et al. 2020). How-
ever, the level of confidence in some of the evidence
is low and requires verification through follow up stud-
ies. For example, there is reliable evidence that Cherax
quadricarinatus and Procambarus clarkii are present in
South Africa, but it is unclear if both marron crayfish
species (Cherax cainii and C. tenuimanus) are present.
Three species (C. quadricarinatus, Pacifastacus lenius-
culus and Procambarus clarkii) were assigned a score of
probable for likelihood of entry into South Africa (Ta-
ble 2). Two of the three species (C. quadricarinatus and
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P clarkii) have been formally documented to be pres-
ent in the country and there is anecdotal evidence that
P leniusculus is likely present in the country through
the pet trade. Procambarus clarkii is known to occur in
South Africa at several sites that are located across three
provinces (Free State, Mpumalanga and Western Cape)
(Nunes et al. 2017c; Barkhuizen et al. 2022; Cape-
Nature unpublished data). Six species (Cherax cainii,
C. destructor, C. tenuimanus, Faxonius rusticus, F. viri-
lis and Procambarus virginalis) were assigned a score of
fairly probable because of their availability in the global

Original research

pet trade industry. Recent import permit records indi-
cate that C. tenuimanus may be present in the country;
however, this still needs to be confirmed because of
the taxonomic uncertainty of whether the species im-
ported was C. cainii or C. tenuimanus (Table 1). The
likelihood of entry for the remainder of the assessed
species was scored as unlikely for Faxonius immunis and
very unlikely for F. juvenilis, F. limosus, Pacifastacus lep-
todactylus and Procambarus acutus because there are
no known records of the species in South Africa or in
neighbouring countries (Table 1).

Table 2. Environmental Impact Classification for Alien Taxa (EICAT) assessments of 14 alien freshwater crayfish that have a global invasion
history. Key references provided but detailed information on EICAT assessments and literature cited are provided in Supplement 2.1.
Impact mechanisms: MR = local extinctions of at least one species; DD = Data Deficient

Species Maximum  Mechanism(s) Region Key references
impact
Redclaw crayfish MR Competition, predation, Africa, Asia  Todd & D Andrea (2003);
(Cherax quadricarinatus) transmission of disease, Australia, Robinet (2010); Marufu et al.
poisoning/toxicity, grazing, ~ North (2018); Haubrock et al. (2021);
structural changes America Madzivanzira et al. (2021, 2022);
Zengeya et al. (2022)
Calico crayfish MR Competition, predation, Europe, Chucholl (2012); Schrimpf et al.
(Faxonius immunis) transmission of diseases, North (2013); Souty-Grosset et al. (2016);
physical disturbance, America European Commission (2022)
grazing
Spiny-cheek crayfish MR Competition, predation, Europe Holdich et al. (2006); Holdich &
(Faxonius limosus) transmission of disease, Black (2007); Kozak et al. (2007);
grazing, structural changes Musil et al. (2010); Parvulescu et al.
(2012)
Rusty crayfish MR Competition, predation, North Wilson et al. (2004); Kreps et al.
(Faxonius rusticus) hybridisation, transmission ~ America (2012)
of diseases, grazing,
indirect impacts
Virile crayfish MR Competition, predation, Europe, Hanson et al. (1990); Rogowski
(Faxonius virilis) transmission of disease, North & Stockwell (2006); Phillips et al.
grazing, structural changes ~ America (2009); Loughman & Welsh (2010);
Shaw et al. (2021)
Signal crayfish MR Competition, predation, Europe, Pockl & Pekny (2002); Westman
(Pacifastacus leniusculus) transmission of disease, North et al. (2002); Huber & Schubart
structural changes America (2005); Crawford et al. (2006); Dana
et al. (2010); Weinlander & Fiireder
(2009); Almeida et al. (2014);
Chucholl & Schrimpf (2016)
Red swamp crayfish MR Competition, predation, Africa, Gamradt & Kats (1996); Cruz et al.
(Procambarus clarkii) transmission of disease, Europe, USA  (2006); Cruz et al. (2008); Gherardi
poisoning/toxicity, grazing, (2010); Jackson et al. (2016); Souty-
structural changes, indirect Grosset et al. (2016)
Marbled crayfish DD - -
(Procambarus virginalis)
Smooth marron DD - -
(Cherax cainii)
Yabby DD - -
(Cherax destructor)
Hairy marron DD - -

(Cherax tenuimanus)
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Table 2. Environmental Impact Classification for Alien Taxa (EICAT) assessments of 14 alien freshwater crayfish that have a global invasion
history. Key references provided but detailed information on EICAT assessments and literature cited are provided in Supplement 2.1.
Impact mechanisms: MR = local extinctions of at least one species; DD = Data Deficient (continued)

Species Maximum Mechanism(s) Region Key references
impact

Kentucky River crayfish DD - -

(Faxonius juvenilis)

Narrow-clawed crayfish DD - -

(Pontastacus leptodactylus)

White river crayfish DD - -

(Procambarus acutus)

Consequences

Of the 14 alien freshwater crayfish species assessed,
seven species (Cherax quadricarinatus, Faxonius im-
munis, F. limosus, F. rusticus, F. virilis, Pacifastacus le-
niusculus and Procambarus clarkii) had recorded envi-
ronmental impacts in their introduced range and the
remainder were all classified as Data Deficient (DD)
(Table 2). The environmental impacts were mainly
associated with predation, competition, transmission
of diseases, and the magnitude of the impacts varied
mainly from minor (24%), moderate (34%) to major
(32%) (Figure 3). Most of the impact studies were re-
corded from Europe and North America, with a few
case studies from Africa, Asia, Australia and South
America (Figure 3).

Similar to the EICAT, seven species (Cherax quadrica-
rinatus, Faxonius immunis, F. limosus, F. rusticus, F. vi-
rilis, Pacifastacus leniusculus and Procambarus clarkii)

had recorded non-environmental impacts in their
alien range and the remainder were all classified as
Data Deficient (DD) (Table 3). The non-environmen-
tal impacts were mainly on material and immaterial
assets, human health and social, spiritual and cultural
activities, and the magnitude of the impacts was either
minor (30%) or moderate (70%) (Figure 2). Most of the
impacts (61%) were recorded from Europe and only a
few studies were from Africa, Asia and North America
(Figure 3).

There are several management options and recommen-
dations for management of 14 alien crayfish species in
South Africa (Table 4). Four species (Cherax cainii, C. te-
nuimanus, C. quadricarinatus and Procambarus clarkii)
are known to occur in South Africa and are currently
listed under the A&IS Regulations. Management op-
tions should focus on genetically-verifying species iden-
tity (Cherax cainii and C. tenuimanus) and containing
further spread of C. quadricarinatus and Procambarus

Mechanism Magnitude Region
Predation Minimal Concern Africa
Competition Asia
[T] Disease transmission Minor
—_ Structural changes Australia
@) Grazing Moderate
> Indirect impacts . Europe
= Poisoning/toxicity Major North America
Physical disturbance Massi .
Hybridisation assive South America
0 5 10 15 20 25 o 5 10 15 20 25 0 5 10 15 20 25 30 35 40 45
Material and Africa [T
immaterial assets
Minimal Concern Asia EI
Health
w Minor Australia
m
6 Social, spiritual and I:I Moderate Europe
> cultural activities
— Major North America
Safety . .
Massive South America
0 5 10 15 0 5 10 15 20 0 5 10 15

Figure 3. The mechanism, magnitude and region associated with environmental and non-environmental impacts of alien crayfish in their
global invasive range. EICAT = Environmental Impact Classification for Alien Taxa; SEICAT = Socio-Economic Impact Classification

for Alien.
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clarkii. Five species (Cherax destructor, Faxonius limo-
sus, F. rusticus, Pacifastacus leniusculus and Pontastacus
leptodactylus) are listed under the A&IS Regulations but
there is no evidence that they are present in the coun-
try, and management options should focus on con-
firming presence through dedicated assessment of the

Original research

ornamental trade. The remainder (Faxonius immunis,
F. juvenilis, F. virilis, Procambarus acutus and P, virgina-
lis) have no documented evidence that they are present
in South Africa and are not listed on the A&IS Regula-
tions. Management options should therefore focus on
preventing introduction.

Table 3. Socio-Economic Impact Classification for Alien Taxa (SEICAT) assessments of 14 alien freshwater crayfish that are currently
known to have a global invasion history. Detailed information on SEICAT assessments and the relevant literature cited are provided in
Supplement 2.2. Impact mechanisms: MN = well-being of individual people is reduced; MO = change to human activity sizes; MR

= local extinctions of at least one species; and DD = Data Deficient

Species Maximum Mechanism(s) Region(s) where Key references
impact impacts were
recorded
Redclaw crayfish MO Material and Africa, North Vega-Villasante et al. (2015);
(Cherax quadricarinatus) immaterial assets America Douthwaite et al. (2018);
Haubrock et al. (2021);
Madzivanzira et al. (2022);
Chakandinakira et al. (2023);
Madzivanzira et al. (2023)
Calico crayfish MN Material assets Europe Souty-Grosset et al. (2016)
(Faxonius immunis)
Spiny-cheek crayfish MO Material and Europe Souty-Grosset et al. (2006);
(Faxonius limosus) immaterial assets, Aldridge (2011)
social, spiritual and
cultural relations
Rusty crayfish MO Material and North America Keller et al. (2008)
(Faxonius rusticus) immaterial assets
Virile crayfish MN Material and North America Global Invasive Species Database
(Faxonius virilis) immaterial assets (2023); NEMESIS (2023)
Signal crayfish MO Material and Europe Holdich et al. (2009); Gherardi
(Pacifastacus leniusculus) immaterial assets, et al. (2011b); Kouba et al.
social, spiritual and (2022)
cultural activities
Red swamp MO Material assets, Africa, Europe, Lane et al. (2009); Anda et al.
(Procambarus clarkii) health, social, North America (2011); Gherardi et al. (2011b);
spiritual and cultural Souty-Grosset et al. (2016);
relations Putra et al. (2018); Sara & El
Moutaouakil (2019)
Smooth marron DD - -
(Cherax cainii)
Yabby DD - -
(Cherax destructor)
Hairy marron DD - -
(Cherax tenuimanus)
Kentucky River crayfish DD - -
(Faxonius juvenilis)
Narrow-clawed crayfish DD - -
(Pontastacus leptodactylus)
White river crayfish DD - -
(Procambarus acutus)
Marbled crayfish DD - -

(Procambarus virginalis)
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Discussion

The risk analyses in this study identified 14 crayfish
species that have a global invasion history of which 13
species were classified as a high risk for South Africa
because they have a potential to cause major negative
impacts. Alien freshwater crayfish have been widely in-
troduced worldwide for aquaculture and the pet trade
(Faulkes 2015; Olden & Carvalho 2024). For example,
freshwater crayfish account for 5% of global aquaculture
production annually by quantity (2.5 million tonnes)
and 13% by value (USD 21 billion) per annum (FAO
2022). About 91% of the global crayfish production is
provided by alien crayfish species, mainly from the pro-
duction of Procambarus clarkii (Lodge et al. 2012; FAO
2022). There is also extensive trade of crayfish species
as pets in aquariums globally and over 120 crayfish
species are available for sale as pets (Chucholl 2013;
Faulkes 2015; Olden & Carvalho 2024). The socio-
economic benefits derived from alien crayfish in South
Africa is however low. Aquaculture of crayfish is restrict-
ed to marron (Cherax cainii and C. tenuimanus) in a few
small-scale aquaculture farms in Eastern and Western
Cape provinces (Nunes et al. 2017a; Madzivanzira et
al. 2020). The benefits derived from alien crayfish in
the pet trade in South Africa is unknown and it is likely
going to be difficult to quantify because trade data are
not available. This lack of trade information in the pet
trade is a common global problem and is likely due to
several reasons (Bush et al. 2014). For example, traded
animals and plants transit through many different en-
tities and locations before they reach a consumer and
trade data are not always systematically collected, cu-
rated and made readily accessible (Sinclair et al. 2021).
Some of the pet trade activities are illegal and difficult
to track because they try to circumvent regulations that
protect endangered plants and animals from the threats
of international trade (Olden & Carvalho 2024).

Despite providing societal benefits, crayfish introduc-
tions are also known to cause adverse impacts in areas
of introduction. The environmental impacts of inva-
sive crayfish are mainly associated with competition,
predation and transmission of diseases. For example,
crayfish species such as Faxonius rusticus and Procam-
barus clarkii are facultative omnivores and aggressive
competitors that often displace native species through
competition and predation (Jonas et al. 2005; Cruz et
al. 2006; Roth et al. 2006; Bobeldyk & Lamberti 2008;
Keller et al. 2008; Jackson et al. 2016). Alien crayfish
can also harbour pathogens, parasites and diseases that
can be transmitted to native congeneric species and
cause major impacts in recipient ecological communi-
ties (Mastitsky et al. 2010; Longshaw 2011; Lodge et al.
2012). For example, several North American crayfish
species such as Pacifastacus leniusculus and Procam-
barus clarkii have been implicated in the transmission
of crayfish plague to native crayfish species in Europe
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leading to a decline in populations and in some cas-
es the collapse of ecological communities (Holdich &
Reeve 1991; Holdich et al. 2009; Chucholl & Schimpf
2016; Souty-Grosset et al. 2016).

Invasive crayfish can cause substantial economic loss-
es, and they have been estimated to have caused up
to USD 120 million in reported costs on material and
immaterial assets, human health, and social and cul-
tural activities (Kouba et al. 2022). For example, some
crayfish species such as P clarkii construct burrows in
rice fields that can affect crop vyields, leading to a loss
in revenue (Souty-Crosset et al. 2016). Its burrows can
also compromise bank morphology and accelerate soil
erosion, making invaded areas susceptible to flooding
(Haubrock et al. 2019). The presence of alien crayfish
can also threaten human livelihoods by replacing native
species with higher economic value (Marbuah et. al.
2014). Alien crayfish can also affect artisanal fisheries
by damaging nets and spoiling catches leading to eco-
nomic losses for fishers (Keller et al. 2008; Gherardi et
al. 2011b; Chakandinakira et al. 2023; Madzivanzira et
al. 2023). Alien crayfish can also cause human health
issues, for example when poorly cooked crayfish are
consumed (Lane et al. 2009) or when handling infected
crayfish (Anda et al. 2001).

Most of the impacts from crayfish invasions have been
documented for Europe and North America and a few
from countries in the global south (Lodge et al 2012).
This highlights the need for more studies on impacts,
especially in Africa, where there are no native fresh-
water crayfish (except for Madagascar) and invasive
crayfish are phenotypically novel and can cause major
impacts as they can act as novel predators, competitors
and vectors of pathogens (Lodge et al. 2012; Twardoch-
leb et al. 2013; Madzivanzira et al. 2020). For example,
crayfish invasions might accelerate ecosystem functions
such as shredding and decomposition rates of plant
material leading to altered ecosystem functions (e.g.,
Jackson et al. 2016). In South Africa, there is a growing
body of research around invasive crayfish (Zengeya &
Wilson 2020; Van Wilgen et al. 2022). These include
reviews of status and trends of crayfish invasions (Nunes
et al. 2017a, ¢; Madzivanzira et al. 2020; Weyl et al.
2020), the extent and distribution of crayfish introduc-
tions (Nunes et al. 2017b), aspects of ecological com-
munity invisibility (e.g., South et al. 2020) and eval-
uations of potential impacts (e.g., Du Preez & Smith
2013; Tavakol et al. 2021; Madzivanzira et al. 2021,
2022; Zengeya et al. 2022). There is also a growing
number of studies on crayfish invasion in neighbouring
countries, especially in the upper and middle Zambezi
River (e.g., Douthwaite et al. 2018; Marufu et al. 2018;
Madzivanzira et al. 2021; Chakandinakira et al. 2023;
Nawa et al. 2024).

There are several crayfish species that have a global
invasion history but are not present in South Africa.
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This signifies a significant invasion debt to South Africa
and management efforts should focus on preventing
introductions, especially illegal introductions through
the pet trade. For example, Procambarus virginalis was
first discovered in the pet trade in Germany and is
now also known to occur in several countries in Eu-
rope (Faulkes 2010; Gutekunst et al. 2021; Olden &
Carvalho 2024) and Madagascar (Jones et al. 2009).
This species poses a significant threat in areas of intro-
duction as it reproduces through parthenogenesis and
there is limited information on potential impacts in
invaded areas (Jones et al. 2009). The pet trade indus-
try is a cause for concern, particularly in South Africa,
because the movement of crayfish has not been eval-
uated (De Moor 2002; Nunes et al. 2017a; Madzivan-
zira et al. 2020). Other countries such as Australia
and New Zealand have used risk analysis protocols
to identify and prohibit imports of potential harmful
species through prominent pathways such as the pet
trade (Lodge et al. 2016). South Africa is adopting a
similar approach, where risk analyses will form the
basis of evidence to inform management and devel-
op policy of alien species (Kumschick et al. 2020b).
The importation of alien freshwater species for aqua-
culture appears to be regulated better under a func-
tioning permitting system (Wilson & Kumschick 2024).
However, the situation is not clear in the pet trade and
live bait industries (e.g., Douthwaite et al. 2018; Vezi
et al. 2024). Various studies have reported that these
industries are generally not well-regulated (Distefano
et al. 2009) and where regulations have been devel-
oped, they are either not enforced adequately or are
difficult to enforce (Kilian et al. 2012; Patoka et al.
2018). In South Africa, several alien crayfish species
are available to buy online and in pet shops, although
there is no legal documentation of their introduction
(De Moor 2002; Nunes et al. 2017a; Madzivanzira
et al. 2020). From the information available, there is
no indication whether the movement of crayfish spe-
cies through the pet trade and aquarium industries has
been evaluated to fully anticipate the level of risk they
pose as pathways of introduction (Nunes et al. 2017a;
Madzivanzira et al. 2020).

Cherax quadricarinatus and Procambarus clarkii are
now widespread across several catchments in South
Africa and neighbouring countries and further spread
is likely through connected waterways, so eradication
is not feasible. Procambarus clarkii is not currently list-
ed under the A&IS Regulations, but it is now wide-
spread across several sites in South Africa (Nunes
et al. 2017b; Barkhuizen et al. 2022; CapeNature
unpublished data). It was previously listed as a pro-
hibited species (i.e., a species that is not present in
South Africa and import is not permitted) but was re-
moved when the A&IS Regulations were updated in
2021 (Wilson & Kumschick 2024). The rationale for
removing the prohibited list was that there were no
risk analyses done to inform why a species should be
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prohibited and therefore the lists might have been
subject to disapproval. Therefore, for any species that
is not present in South Africa, a risk analysis is required
to inform whether the introduction should be allowed
and if so, what are the appropriate management in-
terventions required to minimise risk of spread and
impacts. The utilisation and spread of P clarkii were
therefore illegal and this was likely confounded by
the uncertainty around its listing and unfortunately
likely lead to its spread across the country. The pri-
mary pathway of introduction and spread are likely
through the pet trade and intentional release as bait
for angling (Nunes et al. 2017b). Procambarus clarkii is
popular in the global pet trade (Faulkes 2015; Patoka
et al. 2018) and as bait for angling (Olden et al. 2009;
Larson & Olden 2011; Kilian et al. 2012; Kerr 2014).
Previous attempts to eradicate P clarkii in South Afri-
ca using mechanical methods at two sites in the Free
State and Mpumalanga provinces were unsuccessful
(Nunes et al. 2017c; Barkhuizen et al. 2022). There
are several reasons why the methods (partial dewater-
ing and physical removal) were not effective. The con-
trol methods were implemented over a short period
of time with no long-term commitment to follow up
to ensure complete eradication (e.g., Loureiro et al.
2018). Procambarus clarkii can construct burrows that
can impede control methods (e.g., Gherardi 2006;
Gherardi 2011a; Nunes et al. 2017¢c; Haubrock et
al. 2019), and mechanical removal methods can be
size-selective leading to community compensatory
mechanisms that counteract removal efforts (Manfrin
et al. 2019; Chadwick et al. 2020).

Conclusion

Thirteen crayfish were assessed as high risk because
they are likely to be introduced into South Africa and
have the potential to cause major impacts. The en-
vironmental impacts of invasive crayfish are mainly
associated with competition, predation and transmis-
sion of diseases, while non-environmental impacts are
associated with material and immaterial assets, hu-
man health and social and cultural activities. Most of
these impacts were documented in Europe and North
America and a few from countries in the global south.
This highlights the need for more studies on impacts,
especially in Africa, where there are no native fresh-
water crayfish (except for Madagascar) and invasive
crayfish are phenotypically novel and can cause major
impacts. This study provides several recommendations
for management of alien crayfish species in South Af-
rica. There is evidence that four crayfish species are
present in the country and the proposed management
actions include genetically verifying the identity of
marron species (Cherax cainii and C. tenuimanus) and
containing further spread of widespread species such
as Cherax quadricarinatus and Procambarus clarkii.
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There is anecdotal evidence that Faxonius limosus,
F. rusticus, Cherax destructor, Pontastacus leptodacty-
lus and Pacifastacus leniusculus are present through
the pet trade but this needs to be verified. The pet
trade is a significant pathway for the introduction of
crayfish globally, and it is concerning that the move-
ment of crayfish into South Africa through this path-
way has not been evaluated. There are several other
crayfish species (Faxonius immunis, F. juvenilis, F. vir-
ilis, Procambarus acutus and P virginalis) that have a
global invasion history but are not present in South
Africa and this signifies a significant invasion debt for
the country and beyond. Management options should
therefore focus on preventing introduction.

This paper demonstrated the use of a formal science-
based risk analysis framework and how it can be used
to support policy decision-makers on the risks posed
by alien crayfish introductions in South Africa and
provided recommendations on potential mitigation
measures that can prevent the introduction of harmful
species and minimise impacts. It is envisaged that the
risk analyses could inform the implementation appro-
priate control methods and policies that improve the
management of alien freshwater crayfish in South Afri-
ca and beyond.
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