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Abstract The rapidly spreading Australian red
claw crayfish Cherax quadricarinatus in the Zambezi
Basin is a cause for concern considering its potential
impacts. The assessment of the impacts of C. quad-
ricarinatus is critical for the prioritisation of policy
and management actions in Africa where literature
on impacts of C. quadricarinatus is generally scant.
We quantified the socioeconomic impacts conferred
by C. quadricarinatus on artisanal gillnetting fishery
in Lake Kariba to validate anecdotal fisher reports
regarding crayfish damage to fish catch on static
gillnets. From the catch assessments with registered
fishers, fish catch composition, catch per unit effort
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(CPUE), crayfish entangled on gillnets CPUE, dam-
aged fish CPUE, and damaged areas of the fish were
recorded. Basin 2 had significantly higher CPUE with
respect to fish catch and crayfish, as well as catch
damage, compared to other basins. Damage by cray-
fish on fish was recorded in all the basins except in
Basin 5. There was no correlation between number of
crayfish bycatch and fish catch damage. The most fre-
quently affected species was Oreochromis niloticus.
On all fish species, eyes, guts and the tail were the
frequently damaged parts. Due to C. quadricarinatus
damage, fishers are losing 212 tonnes per year which
translates to US$ 512 352.92 in Lake Kariba. Dam-
age losses are particularly high when the total income
per household in the region, which is mainly contrib-
uted by fishing, is considered. The lack of damage in
Basin 5 is likely due to fishers developing adaptive

S. Mashonga - J. V. Muzvondiwa

Department of Animal and Wildlife Sciences, Faculty
Agriculture, Environment and Natural Resource
Management, Midlands State University, Gweru,
Zimbabwe

J. South

Centre for Invasion Biology, School of Biology,
Faculty of Biological Sciences, University of Leeds,
Leeds LS2 9JT, UK

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



A. T. Chakandinakira et al.

new techniques which are less likely to be affected by
crayfish. This study is the first in Africa to quantify
the socio-economic losses due to crayfish in the field,
and the first globally to derive observed costs for C.
quadricarinatus. Data from this study have huge con-
servation and management implications, as crayfish
threaten food security as well as incur personal losses
to fishers via damage-related costs.

Keywords Economic cost - Fisheries damage -
Invasion impact - Scavenging - Decapoda - Africa

Introduction

Biological invasions are a major anthropogenic
stressor as many invasions confer negative impacts
on biodiversity (Gallardo et al. 2015; Seebens et al.
2017; Meyerson et al. 2019; Tickner et al. 2020) and
human livelihoods (Ellender et al. 2014; Blackburn
et al. 2019). Invasions result in new species interac-
tions which confer a variety of negative effects upon
indigenous populations such as direct predation (Weis
2011); hybridisation (Zengeya et al. 2015); disease
transfer (Prenter et al. 2004) and competition for
resources (Raymond et al. 2015). Invasive alien spe-
cies (IAS) can also have detrimental socioeconomic
impacts, affecting ecosystem services that are ben-
eficial for human well-being (Vila and Hulme 2017).
Although, conversely, IAS may give positive socio-
economic benefits to societies who use or value them
(Andriantsoa et al. 2020). Nonetheless, the damage
caused by IAS and the costs associated with their
management to control them can be a significant eco-
nomic burden and user conflicts may create difficulty
and community resistance to management (Hoffmann
and Broadhurst 2016; Oficialdegui et al. 2020).
Freshwater crayfish (Crustacea: Decapoda) are
among the most successful IAS and have been intro-
duced worldwide, with documented serious negative
impacts on resident biodiversity and extortionately
high economic costs (Lodge et al. 2012; Madzivan-
zira et al. 2020; Kouba et al. 2022). Global crayfish
introduction pathways are fisheries and aquaculture,
the aquarium trade, biological control of disease vec-
tors and for research purposes (Lodge et al. 2012),
with wild populations established due to accidental
and/or deliberate release (Geiger et al. 2005; Kouba
et al. 2014; Lodge et al. 2012; Oficialdegui et al.
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2019; Madzivanzira et al. 2020). Negative impacts
of invasive crayfish can either be direct (consump-
tive) or indirect (non-consumptive) and include the
loss of ecosystem services such as food provisioning
services through a reduction in native species used in
subsistence fisheries or of economic value; disrup-
tion of community food webs; disease vectoring; and
increased costs to agriculture and water management
(Lodge et al. 2012; Madzivanzira et al. 2020; Kouba
et al. 2022).

Crayfish are phylogenetically novel in continental
Africa, and nine species were introduced for socio-
economic purposes (Madzivanzira et al. 2020). Five
crayfish species have established populations. Of
particular concern is globally invasive Australian
red claw crayfish Cherax quadricarinatus (von Mar-
tens 1868) which is rapidly spreading across South-
ern Africa (Madzivanzira et al. 2020, 2021a). Cherax
quadricarinatus is native to Northern Australia and
south-eastern Papua New Guinea (Riek 1969). In
Southern Africa, C. quadricarinatus has established
in the Inkomati Basin (South Africa, Swaziland and
Mozambique) (Nunes et al. 2017; Madzivanzira et al.
2020), Zambezi Basin (Zambia, Namibia, Zimbabwe,
and Mozambique) (Madzivanzira et al. 2020, 2021a).
The first documented introduction of C. quadricari-
natus into the Zambezi system was in 2001 when this
species was introduced from Swaziland to two fish
farms in the Zambezi system, one at the eastern end
of the Kafue Flats, and the other at Siavonga on the
shore of Lake Kariba in Zambia (Madzivanzira et al.
2020). Wild populations of C. quadricarinatus were
first reported in the Kafue River in 2001 and in 2002
in Lake Kariba (Douthwaite et al. 2018).

Crayfish have a damaging global invasion his-
tory (Lodge et al. 2012; Twardochleb et al. 2013).
Observed global damage costs from crayfish inva-
sions is around US $ 4.2 million, and specific losses
to fisheries is around US $6.6 million a year from a
mixture of damage and management costs (Kouba
et al. 2022). However, impact assessments need to be
context dependent to avoid making erroneous com-
parisons. In Africa, a few studies have attempted to
infer the impact of invasive crayfish species (Jackson
et al. 2016; South et al. 2019, 2020; Madzivanzira
et al. 2021b, 2022a, b). Nonetheless, there is very lit-
tle data evidencing field impact or providing accurate
estimates of socioeconomic cost incurred by damage
to fisheries. This information is essential to compel
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policy makers to prioritise their management and pre-
vent further introductions.

In Lake Kariba, similar to other locations (e.g.,
Kafue River, Weyl et al. 2017; Madzivanzira et al.
2022a), fishers have reported anecdotally how C.
quadricarinatus spoils catch through partial con-
sumption by crayfish of fish caught in gillnets. This
is of concern as fisheries are an important source of
livelihood as a source of protein and income, as well
as wider associated value chains for over 200 million
Africans livelihoods. The losses associated with C.
quadricarinatus damage, therefore, pose the poten-
tial for severe and escalating costs if mitigation efforts
are not undertaken. The catch losses associated with
crayfish spoilage have not been quantified in the field,
although Madzivanzira et al. (2022a) attempted to
estimate the losses using laboratory experimental
data. We therefore quantify observed fishery losses
for the first time in Africa, or for C. quadricarinatus
globally, using the artisanal gill net fishery in Lake
Kariba. Adaptive management and mitigation strat-
egies are further suggested which are applicable to
other invaded systems with valuable fisheries.

Materials and methods
Study area

The study was carried out in Lake Kariba, which is
the world’s largest man-made lake by volume, bor-
dering Zimbabwe and Zambia. The lake has a water
volume of 185 km?, a surface area of 5580 km? and a
length of 280 km. The lake supports a range of biodi-
versity and part of it is under the UNESCO Biosphere
Reserve (Magadza et al. 2020). Thirty-three fish
species have been recorded in Lake Kariba mainly
dominated by Cichlids, Cyprinids, Clarids, Charac-
ids, Momyrids and Alestids (Zengeya and Marshall
2008). Lake Kariba is divided into five basins namely:
Mlibizi (Basin 1), Binga (Basin 2), Sengwa (Basin 3),
Bumi (Basin 4) and Sanyati (Basin 5) (Fig. 1). On the
Zimbabwean shoreline of Lake Kariba, fishing camps
and villages in each basin have designated fishing
grounds with 1154 officially registered fishers (Frame
Survey 2011). Fishers fish for =~ 281 days in a year
with a week of rest in each month (the “full moon”
period) which is an attempt to reduce fishing effort.

Sampling

Data were collected from 23 fishing villages and
camps on the Zimbabwean shoreline of Lake
Kariba during a 12-day Catch Assessment Survey
in the hot dry season (August and September 2019)
characterised by maximum temperatures averaging
29.3-33.4 °C (weather-atlas.com). Data were
collected from 107 registered fishers at landing sites
of 23 fishing camps/villages when they returned from
retrieving their gillnets from the lake in the morning
(Table 1). The fishers are allowed to have a maximum
of 5 cotton/nylon nets measuring 100 m each with
mesh sizes of 4 inches and above (per fishing
authority guidance in Lake Kariba). These nets are
laid in designated fishing zones of the lake. Fishers
lay their gillnets at dusk and retrieve them at dawn
with an average soak time of 12 h. At the landing site,
after the nets were retrieved at dawn, the catches were
inspected and assessed for the relevant information
for data collection. Fish were identified to species
level to assess the catch composition and quantity,
fishing effort (number and mesh size of nets), number
and weight of crayfish entangled on gillnets, number
and weight of both whole and damaged fish, and
areas damaged were recorded from the inspection.
An informal questionnaire was also administered to
the same 107 fishers to get their perspective on the
depredation of their gillnet catches. The questionnaire
comprised of open ended questions regarding
perception of fish spoilage on gill nets and suspected
fish catch scavengers.

Data analysis

To standardise the data and to account for fish-
ing effort, we calculated the catch per unit effort
(CPUE;c), the spoiled fish CPUE (CPUEg,,;,,)
and the CPUE of entangled crayfish (CPUE,,,,4,) for
each basin according to the formulas below, where
effort is defined as 100 m net/night:

total mass intact fish

CPUE for intact fish (CPUE, ;) = ot
ey
CPUE for spoiled fish (CPUE, ,;,0) = 24 m“ijf > ;’”ed fish
)
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Content courtesy of Springer Nature, terms of use apply. Rights reserved.



A. T. Chakandinakira et al.

Basin II

asin I 50 0

Basin III

Kariba

-17.5°S

ZIMBABWE

Legend

B Town

River
------ Basin boundary
— National boundary
[] Lake

50 100 km

T I
28.0°E

Fig. 1 Map of Lake Kariba showing the hydrological basins sampled

Table 1 Distribution of sampled landing sites across the 5
basins in Lake Kariba

Basin Fishing camp/village (landing Number
sites) of fishers
5 3 17
4 7 30
3 5 24
2 7 30
1 1 6
Total 23 107

*Each fishing camp/village has a landing site

total number of crayfish
effort

CPUE for crayfish (CPUEcmyﬁsh) =

3

Both CPUE by number and mass were calculated
for all three metrics, although only CPUE by
number was used in statistical analyses as maximum
mass varies between fish species. CPUE by mass
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is included (S1) due to crayfish consumption rates
varying by mass and fisheries commodities being
sold by mass therefore CPUEy ;.4 by mass is needed
for loss calculations (Madzivanzira et al. 2022b).

A Generalised Linear Model (GLM) with a quasi-
poisson error distribution to account for overdisper-
sion in the model was used to determine whether
there were basin level differences in CPUE, g,
Factor differences were explored post-hoc using the
package “emmeans” (Lenth 2020).

To assess whether there were basin level differ-
ences in CPUE,,,;,,, while accounting for overall
fish catch (i.e. CPUE,,,.) we calculated the ratio of
CPUE,jjcq: CPUE;, and arcsine square root trans-
formed the ratio. The transformed ratio was used as
the response variable in a GLM with a poisson error
distribution after checking qqg-plots for residual distri-
bution and overdispersion.

To determine whether the number of crayfish
caught as bycatch in the nets was related to the
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number of fish damaged, Kendall’s rank correlation
was performed on the arcsine square root transformed
ratio and CPUE, 4, to account for non-normality
of data. The purpose of this was to identify whether
there was proportional retention of crayfish bycatch
to fish damage, which could be used as a proxy for
abundance measures in the future as the standard
methodology for crayfish trapping in southern Africa
is generally used by practitioners rather than fishers.

To calculate the maximum monetary loss that fish-
ers incur due to crayfish damage, the following equa-
tions were used:

Table 2 CPUE by number by basin

Basin CPUEcrayfish CPUEspoiled CPUEintact
1 0.75+0.29 0.12+0.25 312425

2 17.34+18.42 0.5+0.49 8.32+7.95
3 1.96+1.6 0.16 +0.09 2.74+2.78
4 0.06+0.18 0.09+0.19 1.27+1.47
5 0.25+0.58 0.0+£0.0 2.88+2.88

subrufa) (0.9%), and 2.8% of the fishers did not
experience catch damages. Fishers determined catch

Monetary loss per day = CPUEspoiled (kg) * maximum effort * price of fish per kg C))
Monetary loss per year = Monetary loss per day - 281 fishing days %)
Total Monetary loss per year = Monetary loss per year - number of registered fishers (6)

where the maximum effort is 500 m per night, the
average price of all fish landed into Kariba ports is
US $2.50 and the number of registered fishers in
2021 was 1154.

Results

Overall, there was a 16,800 m of gillnet analysed,
equating to a fishing effort of 8, 20, 60, 29 and 50
(100 m per net per night), in Basins 1-5 respectively.

Crayfish presence

Cherax quadricarinatus were present in all the basins
sampled. There was a significant effect of Basin on
CPUE,,,yfish (x* = 68.82,df = 4,p < 0.001), where
Basin 2 had a higher CPUE, g, than Basin 3
(»<0.01) and Basin 5 (p <0.05) (Table 2; Fig. 2).

Crayfish damage

From the questionnaire, fishers claimed the primary
species scavenging their catch were Nile croco-
diles (Crocodylus niloticus) (51.4%), redclaw cray-
fish (44.9%), African helmeted turtle (Pelomedusa

damage by crayfish by presence on the net, stereo-
typical visible slicing wounds on the fish, and the
fish rotting quickly. The fishers also reported that,
damage as a result from crocodile scavenging usu-
ally results in large holes and damage to the nets, as
well as loss of substantial parts of the fish.

Damage by crayfish on fish was recorded in all
the basins except in Basin 5, however, there was no
effect of basin on ratio of spoiled: intact fish CPUE
(¥*=0.52,df =4,p=0.97) (Table 3; Fig. 3).
There was a significant weak relationship between
ratio of spoiled:intact fish CPUE and CPUE_, g,
(z=3.59, R=0.45, p<0.001; Fig. 4). In one
instance there were typical crayfish damage marks
recorded on Hydrocynus vitattus but no crayfish
were caught in the net, indicating that crayfish are
not readily retained by the gillnets mesh size.

The highest percentage catch loss was recorded
in Basin 2 (20% of catch), Basin 1 experienced
13% catch loss from crayfish, and Basin 3 and 4
had less than 15% loss (Table 3). Damage marks
were detected on 43 individual fish, species dam-
aged include: Oreochromis niloticus (45%), Clarias
gariepinus (10%), Mormyrus longirostris (15%),
Synodontis zambezensis (20%), Coptodon rendalii
(5%) and H. vitattus (5%). In all fish species, the
eyes, guts and the tail were all frequently damaged.

@ Springer
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Fig. 2 Linear predic-
tions (indicating level of
predicted differences using
estimated marginal means)
of CPUE,, 4, in each
Basin of Lake Kariba from
a GLM with quasi-poisson
error distributions

Linear prediction

0+
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®
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Table 3 CPUE of intact and spoiled fish in and monetary
value (in US $) per night in Lake Kariba

Basin CPUE,,, CPUE,,,, % loss Monetary value
(kg/100 m (kg/100 m of loss per
net) net) 100 m ($)

1 1.26 0.19 13.34 048

2 9.04 2.25 19.97 5.63

3 2.75 0.45 14.16 1.13

4 2.21 0.25 10.04 0.63

5 1.05 0.00 0.00 0.00

@ Springer

Basin

Economic losses

The highest damage was recorded in Basin 2, where
an average CPUE of 2.3 kg/100 m of fish are being
lost per day per fisher due to crayfish damage. The
loss due to crayfish spoilage in Lake Kariba is
0.63 kg/fisher/day (Table 4). When all losses are
combined, 212 tonnes are lost annually which trans-
lates to ~ US$ 512 352.92 (Table 4).
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Fig. 3 Arcsine square
root transformed ratio of
CPUE,;j.q: CPUElintact
of fish catch in gillnets in
each Basin of Lake Kariba.
CPUE;jcq indicates that
fish have scavenging dam-
age from crayfish. Points
indicate raw data, lower
and upper limits indicate
25-75% quantiles and line
indicates median. Smaller
points indicate outliers

0.100 A

0.075

0.050

CPUE spoiled:CPUE intact

0.025 -

0.000 -

Discussion

Socioeconomic impacts of IAS provide crucial
insights for efficient management and policy, yet reli-
able syntheses are still lacking (Diagne et al. 2021).
Socioeconomic impacts of IAS are also more easily
perceived and more likely to be addressed by stake-
holders than ecological losses. Here, we provide the
first observed economic cost assessment of C. quadri-
carinatus globally and the first observed cost assess-
ment for crayfish in Africa. The catch assessment
survey conducted in the small-scale artisanal gill-
net fishery of Lake Kariba identified high observed

2 3 4 5
Basin

fisheries damage costs due to C. quadricarinatus.
We demonstrate the presence of C. quadricarinatus
in all the sampled basins, indicating that the invader
is still well established, 19 years after its introduction
(Madzivanzira et al. 2020). High costs are seen, not
as a result of high damage rates, but due to the dis-
carding of whole fish as they are considered culturally
to be contaminated. The establishment of C. quadri-
carinatus throughout the Zambezi Basin may pose a
major threat to livelihoods in the Zambezi Basin rely-
ing on fisheries.

Within the present study, we have validated
anecdotal reports of fisheries damage by C.

@ Springer
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Fig. 4 Proportion of intact 124
and spoiled fish in Lake
Kariba

10

CPUE kg/100 m net/night

[JCPUEintact

# CPUEspoiled

Basin

Table 4 Monetary losses
incurred by fishers due to

Weight value (kg) Monetary value (US$)

crayfish damage in Lake

Catch loss/fisher/day (kg)
Kariba, Zimbabwe

Catch loss/day x 1 154 fishers (kg)
Annual loss X 281 fishing days

0.63 1.58
756.03 1823.32
199,591.92 512,352.92

quadricarinatus in gillnet fisheries. Similar com-
plains of spoilage of fish on gillnets and the damage
caused to gillnets when pulling the crayfish off the
gillnets have been reported (Lowery and Mendes
1977). The crayfish are attracted to any fish caught
in the net and partially consume the catch, while
simultaneously spoiling the value of the catch (Weyl
et al. 2017; Madzivanzira et al. 2022b). Crayfish have
been proved by an experimental study by Madzivan-
zira et al. (2022b), to be fish catch scavengers and
images of the damage are provided. The proportion of
spoiled to intact fish did not change with basin, sug-
gesting that despite differences in overall fish catch
CPUE there is a similar extent of damage expected
if there are fish caught in the nets. As crayfish are
opportunistic generalists scavenging is common and
can substantially mediate phosphorous recycling rates
by sequestering carcass nutrients (Boros et al. 2020).
The extent of impact on catch was weakly related
to the abundance of crayfish entangled in the net.

@ Springer

Retention of crayfish in the gillnets is not quantified
but compared to trapping methods it is extremely low
(Mhlanga et al. 2020; Madzivanzira et al. 2021a,c;
Madzivanzira et al. 2023). We caution that the rela-
tionship between crayfish bycatch and fish damage is
not truly informative without also performing stand-
ard methods for estimating abundance (See Madzi-
vanzira et al. 2021c). Low total numbers of crayfish
scavenging are reflected in Lake Kariba, where stable
isotope analysis indicated a prevalence of fish in up to
12% of medium sized crayfish (30-59 mm carapace
length) diets (Marufu et al. 2018). Similar to labo-
ratory studies, the eyes, stomach and tail were fre-
quently damaged which suggests opportunistic dam-
age to accessible parts of the fish (Madzivanzira et al.
2022b). In the Lake Kariba fishery, and indeed others
in the Upper Zambezi (e.g. Barotse floodplain), aes-
thetic damage to catch often translates to economic
loss regardless of extent. When crayfish causes a per-
centage of the catch to be unmarketable, targets are
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not met and the impacts cascade through the value
chain (Madzivanzira et al. 2022b). If crayfish bycatch
in the nets was considerable it could be recommended
to create a supplemental market to offset this. How-
ever, as bycatch is low, we recommend instead the use
of misdirection traps to simultaneously catch crayfish
for bycatch, reduce damage to fish catch, and sup-
press population (Madzivanzira et al. 2022b).

Fisheries in Lake Kariba contribute to liveli-
hoods through both local sale and the international
export market. However, any fish damaged by cray-
fish are not marketable and, in most cases, will not
be consumed even by the fishers. The most damage
impacted fish species by C. quadricarinatus was O.
niloticus which is likely due to the species higher
relative abundance in the lake among other cichlids,
as well as the type of gears (e.g. large mesh gillnets)
that are used by fishers (which targets mostly tilapia
species). This, therefore, does not necessarily mean
that C. quadricarinatus highly preferred O. niloticus
to other fish species. Oreochromis niloticus makes up
to 80% of the catch in Lake Kariba (excluding kap-
enta)  (https://www.fao.org/fi/oldsite/FCP/en/ZWE/
profile.htm). Despite O. niloticus being an introduced
species in Lake Kariba, the species contributes sig-
nificantly to the fishery of Lake Kariba as well as
other aquatic systems in southern Africa (Ellender
et al. 2014; Madzivanzira et al. 2022a). Oreochromis
niloticus from Lake Kariba is sold locally in Zimba-
bwe and exported as frozen whole fish or fillets to the
European market mainly supermarket chains across
northern Europe and Spain and in the southern Africa
region (https://www.fao.org/fishery/en/facp/zwe).
Therefore, the damage caused by C. quadricarina-
tus is a cause for concern across multiple scales as
it threatens both local food security as well as the
broader economy as damaged fish cannot be sold at
the international scale.

The fishery impacts from C. quadricarinatus are
a food security concern as riparian communities in
Lake Kariba, as well as the entire African continent
(associated with high levels of poverty) highly rely
on fish for protein. The potential losses in catch and
income as recorded and calculated for Lake Kariba
could be more than half a million US$ per year due
to spoilage by C. quadricarinatus. From this annual
loss, each fisher is likely to be losing ~ US$ 50 per
month. This amount lost is significant, considering
that the total income per household in Kariba fishing

camps ranges between US$ 140 — 233 per month
(Maggqina et al. 2020). Despite the catch assessment
being the most comprehensive to date, some uncer-
tainties remain in the dataset. For example, not all of
the 957 registered fishers fish every day of the 281
fishing days (over estimation) and poaching by unreg-
istered fishers during the full moon period is highly
likely (under estimation). The potential overall loss in
catch and income shown in this study could be less
in the winter season and greater in the summer sea-
son as impacts of crayfish increase with temperature
(Madzivanzira et al. 2021b, 2022a). This is because
of the effects of temperature on crayfish physiology
(Uiterwaal and DeLong 2020; Madzivanzira et al.
2021b, 2022a), as well as the effects of season on
water levels. Water levels in Lake Kariba decline dur-
ing the summer season before significant rains (Sep-
tember—December) which could increase the rate of
crayfish/caught fish encounters, and this drives the
additive impact during this season. A combination of
these factors which are both driven by summer tem-
peratures could act in tandem thereby further caus-
ing devastating socioeconomic impacts. As crayfish
entangle themselves on the gillnets, they reduce their
efficiency and result in low fish catches (Weyl et al.
2017). The gillnets are also damaged when crayfish
are removed from the gillnets. Fishers must then
increase their fishing effort to compensate for the lost
catch, and in some cases, they resort to the use of ille-
gal methods such as fish driving, as well as using ille-
gal gears (pers obs ATC, TCM).

Economic aspects are critical in this context,
especially regarding the limited economic capacity
of most African countries to counteract invasions.
Indeed, information on the economic impacts of bio-
logical invasions is important at several levels, espe-
cially for increasing societal awareness of the substan-
tial losses caused by invasions (Diagne et al., 2020).
It was therefore vital to calculate the losses associ-
ated with C. quadricarinatus invasions in the field, as
socioeconomic impacts are more easily perceived and
more likely to be addressed by stakeholders to avoid
further escalating cost (Cuthbert et al. 2022). While
various studies have demonstrated how virtually
impossible it is to eradicate crayfish once they have
established owing to the interconnected nature of
aquatic environments and at times human-mediated
movement (Madzivanzira et al. 2021a; Barkhuizen
et al. 2022), the irreversible socioeconomic impacts
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are likely to persist and worsen (Kerby et al. 2005),
especially considering the low level of conservation
management resources in many African countries.

Adaptive measures may be a useful tool in socially
combatting the economic loss from crayfish. Fish-
ers might need to redesign their fishing techniques in
order to reduce the associated losses. Fishers in some
basins of Lake Kariba where C. quadricarinatus
impacts were low stated that they were setting their
nets in such a way that the bottom parts of the nets
do not touch the bottom of the lake making the nets
inaccessible to C. quadricarinatus (ATC pers obs.).
This technique was likely responsible for the lack of
crayfish incurred losses in Basin 5 (Sanyati) and may
be attributed to the fact that the Sanyati Basin was the
initial introduction site (Madzivanzira et al. 2020) and
therefore social adaptation is more likely with longer
invasion time. Setting nets when the weather is bad
should be avoided by all means as this will increase
the soak time of nets, increasing the exposure time of
caught fish to C. quadricarinatus spoilage since the
fishers will not be able to retrieve the nets during the
bad weather. As crayfish damage is related to cray-
fish abundance, methods of population suppression
should be developed to keep abundances low (Man-
frin et al. 2019; Madzivanzira et al. 2022b).

Mitigation of invasion impacts is essential as the
food security and livelihoods in invaded regions is
being affected, which further strains the attainment
of Sustainable Development Goal 1 (No Poverty),
2 (Zero Hunger) and Decent Work and Economic
Growth (SDG 8);see https://www.un.org/sustainabl
edevelopment/. This is especially concerning in
southern Africa where there are high levels of pov-
erty and little cohesive transboundary policy despite
multiple shared watersheds. Crayfish invasions have
clear capacity to cause damage across many sectors
and need to be prioritised with respect to research,
policy and community engagement to limit further
spread.

Acknowledgements We acknowledge the logistical sup-
port provided by the Lake Kariba Fisheries Research Insti-
tute under the Zimbabwe Parks and Wildlife Management
Authority (ZPWMA). TCM and JS acknowledge funding
from the National Research Foundation (NRF)—South Afri-
can Research Chairs Initiative of the Department of Science
and Innovation (DSI). TCM acknowledges funding from The
Rufford Foundation (Grant No. 32702-1). This research was
authorized by the ZPWMA. Any opinion, finding and conclu-
sion or recommendation expressed in this material is that of the

@ Springer

authors. The ZPWMA and Rufford Foundation do not accept
any liability in this regard. We also thank Dr Anna Riach for
statistical advice.

Author contributions All authors conceived the study. ATC,
SM and NN conducted the fieldwork. ATC, TCM, SM, JVM
and JS analysed the data. ATC led writing of the manuscript
and all authors contributed critically to the drafts and gave final
approval for publication.

Data availability The datasets generated during and/or ana-
lysed during the current study are available from the corre-
sponding author on reasonable request.

Declarations

Conflict of interest The authors declare that there are no con-
flict of interest.

References

Andriantsoa R, Jones JP, Achimescu V, Randrianarison H,
Raselimanana M, Andriatsitohaina M, Rasamy J, Lyko
F (2020) Perceived socio-economic impacts of the
marbled crayfish invasion in Madagascar. PLOS ONE
15(4):¢0231773

Barkhuizen LM, Madzivanzira TC, South J (2022) Population
ecology of a wild population of red swamp crayfish Pro-
cambarus clarkii (Girard, 1852) in the Free State Prov-
ince, South Africa and implications for eradication efforts.
Biolnvasions Rec. https://doi.org/10.3391/bir.2022.11.1.
18

Blackburn TM, Bellard C, Ricciardi A (2019) Alien versus
native species as drivers of recent extinctions. Front Ecol
Environ 17:203-207. https://doi.org/10.1002/fee.2020

Boros G, Czeglédi I, Erés T, Preiszner B (2020) Scavenger-
driven fish carcass decomposition and phosphorus recy-
cling: Laboratory experiments with freshwater fish and
crayfish. Freshw Biol 65(10):1740-1751. https://doi.org/
10.1111/fwb.13576

Cuthbert RN, Diagne C, Hudgins EJ, Turbelin A, Ahmed DA,
Albert C, Bodey TW, Briski E, Essl F, Haubrock PJ,
Gozlan RE, Kirichenko N, Kourantidou M, Kramer AM,
Courchamp F (2022) Biological invasion costs reveal
insufficient proactive management worldwide. Sci Total
Environ 819:153404. https://doi.org/10.1016/j.scitotenv.
2022.153404

Diagne C, Turbelin AJ, Moodley D, Novoa A, Leroy B, Angulo
E, Adamjy T, Dia CAKM, Taheri A, Tambo J, Dobigny
G, Courchamp F (2021) The economic costs of biologi-
cal invasions in Africa: A growing but neglected threat?
In: Zenni RD, McDermott S, Garcia-Berthou E, Essl F
(eds) The economic costs of biological invasions around
the world, vol 67. NeoBiota, pp 11-51. https://doi.org/10.
3897/neobiota.67.59132

Douthwaite RJ, Jones EW, Tyser AB, Vrdoljak SM (2018)
The introduction, spread and ecology of redclaw crayfish
Cherax quadricarinatus in the Zambezi catchment. Afr J

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Socioeconomic impacts of Australian redclaw crayfish Cherax quadricarinatus in Lake Kariba

Aquat Sci 43:353-366. https://doi.org/10.2989/16085914.
2018.1517080

Ellender BR, Woodford DJ, Weyl OLF, Cowx IG (2014)
Managing conflicts arising from fisheries enhancements
based on non-native fishes in southern Africa. J Fish Biol
85(6):1890-1906. https://doi.org/10.1111/jfb.12512

Food and Agricultire Organisation. (2011) Zimbabwe lake kar-
iba fisheries frame survey report

Gallardo B, Clavero M, Sanchez MI, Vila M (2015) Global
ecological impacts of invasive species in aquatic ecosys-
tems. Glob Change Biol 22(1):151-163. https://doi.org/
10.1111/gcb.13004

Geiger W, Alcorlo P, Baltanas A, Montes C (2005) Impact of
an introduced crustacean on the trophic webs of Mediter-
ranean wetlands. Biol Invasions 7(1):49-73. https://doi.
org/10.1007/s10530-004-9635-8

Hoffmann BD, Broadhurst LM (2016) The economic cost of
managing invasive species in Australia. NeoBiota 31:1—
18. https://doi.org/10.3897/neobiota.31.6960

Jackson MC, Gryy J, Miller K, Britton JR, Donohue I (2016)
Dietary niche constriction when invaders meet natives:
evidence from freshwater decapods. J Anim Ecol
85(4):1098-1107. https://doi.org/10.1111/1365-2656.
12533

Kerby JL, Riley SP, Kats LB, Wilson P (2005) Barriers and
flow as limiting factors in the spread of an invasive cray-
fish (Procambarus clarkii) in southern California streams.
Biol Cons 126(3):402-409

Kouba A, Petrusek A, Kozdk P (2014) Continental-wide dis-
tribution of crayfish species in Europe: update and maps.
Knowl Manag Aquat Ecosyst 413:05. https://doi.org/10.
1051/KMAE/2014007

Kouba A, Oficialdegui FJ, Cuthbert RN, Kourantidou M,
South J, Tricarico E, Gozlan RE, Courchamp F, Haubrock
PJ (2022) Identifying economic costs and knowledge
gaps of invasive aquatic crustaceans. Sci. Total Environ
813:152325. https://doi.org/10.1016/j.scitotenv.2021.
152325

Lenth R (2020) emmeans: Estimated marginal means, aka
Least-Squares Means. R package version 1.4.6. https://
CRAN.R-project.org/package=emmeans

Lodge DM, Deines A, Gherardi F, Yeo DCJ, Arcella T,
Baldridge AK, Barnes MA, Chadderton WL, Feder JL,
Gantz CA, Howard GW, Jerde CL, Peters BW, Peters JA,
Sargent LW, Turner CR, Wittmann ME, Zeng Y (2012)
Global introductions of crayfishes: evaluating the impact
of species invasions on ecosystem services. Annu Rev
Ecol Evol Syst 43:449-472. https://doi.org/10.1146/annur
ev-ecolsys-111511-103919

Lowery RS, Mendes AJ (1977) Procambarus clarkii in Lake
Naivasha, Kenya, and its effects on established and poten-
tial fisheries. Aquaculture 11(2):111-121

Madzivanzira TC, South J, Wood LE, Nunes AL, Weyl OLF
(2020) A review of freshwater crayfish introductions in
Africa. Rev Fish Sci Aquac 29:218-241. https://doi.org/
10.1080/23308249.2020.1802405

Madzivanzira TC, South J, Ellender BR, Chalmers R, Chisule
G, Coppinger CR, Khaebeb FH, Jacobs FJ, Chomba M,
Musando B, Mwale C, Nhiwatiwa T, Rennie CL, Rich-
ardson N, Weyl OLF (2021) Distribution and establish-
ment of the alien Australian redclaw crayfish, Cherax

quadricarinatus, in the Zambezi Basin. Aquat. Conserv.
Mar. Freshw. Ecosyst. 31:3156-3168. https://doi.org/10.
1002/aqc.3703

Madzivanzira TC, South J, Nhiwatiwa T, Weyl OLF (2021)
Standardisation of alien invasive Australian redclaw cray-
fish Cherax quadricarinatus sampling gear in Africa.
Water SA 47:380-384. https://doi.org/10.17159/wsa/
2021.v47.i3.11866

Madzivanzira TC, South J, Weyl OLF (2021b) Invasive cray-
fish outperform Potamonautid crabs at higher tempera-
tures. Freshw Biol 66:978-991. https://doi.org/10.1111/
FWB.13691

Madzivanzira TC, Weyl OLF, South J (2022a) Ecological and
potential socioeconomic impacts of two globally-invasive
crayfish. NeoBiota 72:25-43. https://doi.org/10.3897/
neobiota.72.71868

Madzivanzira TC, Chakandinakira AT, Mungenge CP, O’Brien
G, Dalu T, South J (2022b) Get it before it gets to my
catch: misdirection traps to mitigate against socioeco-
nomic impacts associated with crayfish invasion. Manag
Biol Invasions

Madzivanzira TC, Chakandinakira AT, Mungenge CP, O’Brien
G, Dalu T, South J (2023) Get it before it gets to my catch:
misdirection traps to mitigate against socioeconomic
impacts associated with crayfish invasion. Management of
Biological Invasions, 14

Magadza CHD, Madzivanzira TC, Chifamba PC (2020)
Decline of zooplankton food resources of Limnothrissa
miodon fishery in Lake Kariba: global warming induced
ecosystem disruption by Cylindrospermopsis raciborskii.
Lakes Reserv 25:117-132. https://doi.org/10.1111/1re.
12318

Magqina T, Nhiwatiwa T, Dalu MTB, Mhlanga L, Dalu T
(2020) Challenges and possible impacts of artisanal and
recreational fisheries on tigerfish Hydrocynus vittatus
Castelnau 1861 populations in Lake Kariba, Zimbabwe.
Sci Afr 10:e00613. https://doi.org/10.1016/j.sciaf.2020.
e00613

Manfrin C, Souty-Grosset C, Anasticio PM, Reynolds J,
Giulianini PG (2019) Detection and control of invasive
freshwater crayfish: from traditional to innovative meth-
ods. Diversity 11(1):5

Marufu LT, Dalu T, Phiri C, Barson M, Simango R, Utete B,
Nhiwatiwa T (2018) The diet of an invasive crayfish, Che-
rax quadricarinatus (Von Martens, 1868), in Lake Kariba,
inferred using stomach content and stable isotope analy-
ses. https://doi.org/10.3391/bir.2018.7.2.03

Meyerson LA, Simberloff D, Boardman L, Lockwood JL
(2019) Toward “Rules” for studying biological invasions.
Bull Ecol Soc Am 100(4):e01607

Mhlanga L, Marufu L, Mupandawana G, Nhiwatiwa T (2020)
An examination of the effectiveness of traps and baits as a
possible means of harvesting crayfish, Cherax quadricari-
natus in Sanyati Basin, Lake Kariba, Zimbabwe. Water
SA 46(4):675-678. https://doi.org/10.17159/wsa/2020.
v46.14.9083

Nunes AL, Zengeya TA, Measey GJ, Weyl OLF (2017) Fresh-
water crayfish invasions in South Africa: past, present
and potential future. African Journal of Aquatic Science
42(4):309-323

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



A. T. Chakandinakira et al.

Oficialdegui FJ, Delibes Mateos M, Green AJ, Sanchez MI,
Boyero L, Clavero M (2020) Rigid laws and invasive spe-
cies management

Oficialdegui FJ, Clavero M, Sanchez MI, Green AJ, Boyero L,
Michot TC, Klose K, Kawai T, Lejeusne C (2019) Unrav-
elling the global invasion routes of a worldwide invader,
the red swamp crayfish (Procambarus clarkii). Freshw
Biol 64(8):1382-1400. https://doi.org/10.1111/fwb.13312

Prenter J, MacNeil C, Dick JTA, Dunn AM (2004) Roles
of parasites in animal invasions. Trends Ecol Evol
19(7):385-390. https://doi.org/10.1016/j.tree.2004.05.002

Raymond WW, Albins MA, Pusack TJ (2015) Competitive
interactions for shelter between invasive Pacific red lion-
fish and native Nassau grouper. Environ Biol Fish 98:57—
65. https://doi.org/10.1007/s10641-014-0236-9

Riek EF (1969) The Australian freshwater crayfish (Crustacea:
Decapoda: Parastacidae), with descriptions of a new spe-
cies. Australian Journal of Zoology, 17(5):855-918

Seebens H, Blackburn TM, Dyer EE, Genovesi P, Hulme PE,
Jeschke JM, Pagad S, PysSek P, Winter M, Arianoutsou
M, Bacher S, Blasius B, Brundu G, Capinha C, Celesti-
Grapow L, Dawson W, Dullinger S, Fuentes N, Jager H,
Kartesz J, Kenis M, Kreft H, Kiihn I, Lenzner B, Lieb-
hold A, Mosena A, Moser D, Nishino M, Pearman D,
Pergl J, Rabitsch W, Rojas-Sandoval J, Roques A, Rorke
S, Rossinelli S, Roy HE, Scalera R, Schindler S, §tajerové
K, Tokarska-Guzik B, van Kleunen M, Walker K, Weigelt
P, Yamanaka T, Essl F (2017) No saturation in the accu-
mulation of alien species worldwide. Nat Commun 8:1-9.
https://doi.org/10.1038/ncomms 14435

South J, McCard M, Khosa D, Mofu L, Madzivanzira TC,
Dick JTA, Weyl OLF (2019) The effect of prey identity
and substrate type on the functional response of a glob-
ally invasive crayfish. NeoBiota 52:9-24. https://doi.org/
10.3897/neobiota.52.39245

South J, Madzivanzira TC, Tshali N, Measey J, Weyl OLF
(2020) In a pinch: mechanisms behind potential biotic
resistance toward two invasive crayfish by native African
freshwater crabs. Front Ecol Evol 8:72. https://doi.org/10.
3389/fev0.2020.00072

Tickner D, Opperman JJ, Abell R, Acreman M, Arthington
AH, Bunn SE, Cooke SJ, Dalton J, Darwall W, Edwards
G, Harrison I, Hughes K, Jones T, Leclére D, Lynch AJ,
Leonard P, McClain ME, Muruven D, Olden JD, Ormerod
SJ, Robinson J, Tharme RE, Thieme M, Tockner K,

@ Springer

Wright M, Young L (2020) Bending the curve of global
freshwater biodiversity loss: an emergency recovery plan.
Bioscience 70(4):330-342. https://doi.org/10.1093/biosci/
biaa002

Twardochleb LA, Olden JD, Larson ER (2013) A global meta-
analysis of the ecological impacts of nonnative crayfish.
Freshw Sci 32(4):1367-1382. https://doi.org/10.1899/
12-203.1

Uiterwaal SF, DeLong JP (2020) Functional responses are
maximized at intermediate temperatures. Ecology
101(4):e02975. https://doi.org/10.1002/ecy.2975

Vila M, Hulme PE (eds) (2017) Impact of biological invasions
on ecosystem services. Springer International, Cham, pp
1-359. https://doi.org/10.1007/978-3-319-45121-3

Weis J (2011) Invasion and predation in aquatic ecosystems.
Curr Zool 57(5):613-624. https://doi.org/10.1093/czoolo/
57.5.613

Weyl OLF, Nunes AL, Ellender BR, Weyl PSR, Chilala AC,
Jacobs FG, Murray-Hudson M, Douthwaite RJ (2017)
Why suggesting Australian redclaw crayfish Cherax quad-
ricarinatus as biological control agents for snails is a bad
idea. Afr J Aquat Sci 42(4):325-327. https://doi.org/10.
2989/16085914.2017.1414685

Zengeya TA, Marshall BE (2008) The inshore fish commu-
nity of Lake Kariba half a century after its creation: What
happened to the Upper Zambezi species invasion? Afr J
Aquat Sci 33(1):99-102. https://doi.org/10.2989/AJAS.
2007.33.1.12.396

Zengeya TA, Booth AJ, Chimimba CT (2015) Broad niche
overlap between invasive Nile tilapia Oreochromis niloti-
cus and indigenous congenerics in southern Africa:
Should we be concerned? Entropy 17:4959-4973. https://
doi.org/10.3390/e17074959

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).
Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”),
for small-scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are
maintained. By accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use
(“Terms”). For these purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or
a personal subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or
a personal subscription (to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the
Creative Commons license used will apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data
internally within ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking,
analysis and reporting. We will not otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of
companies unless we have your permission as detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that
Users may not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to
circumvent access control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil
liability, or is otherwise unlawful,

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by
Springer Nature in writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer
Nature journal content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates
revenue, royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain.
Springer Nature journal content cannot be used for inter-library loans and librarians may not upload Springer Nature journal
content on a large scale into their, or any other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any
information or content on this website and may remove it or features or functionality at our sole discretion, at any time with or
without notice. Springer Nature may revoke this licence to you at any time and remove access to any copies of the Springer Nature
journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express
or implied with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or
warranties imposed by law, including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be
licensed from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other
manner not expressly permitted by these Terms, please contact Springer Nature at

onlineservice@springernature.com



mailto:onlineservice@springernature.com

