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1 | INTRODUCTION

Non-native invasive species are a major driver of biodiversity de-
cline and economic burden globally (Kouba et al., 2022; Tickner
et al.,, 2020). For an introduced population to become invasive it
must transition through the invasion process by repeatedly over-
coming multiple abiotic and biotic barriers (Blackburn et al., 2011).
The leading-edge hypothesis indicates that a non-random subset
of individuals is likely to be driving invasion success and progress,
where physical, metabolic and behavioural trait values are different
at the invasion front to those at the invasion core (Briski et al., 2018;
Chapple et al., 2012; Myles-Gonzalez et al., 2015). This may be facili-
tated by selection for certain traits and expressing intra-specific trait
plasticity which promotes persistence, reproduction and dispersal
in a rapidly expanding population (Chapple et al., 2012). This may
be driven by non-random processes such as environmental filtering,
spatial sorting and intra-specific density dependence (Chuang &
Peterson, 2016). Understanding the processes which drive pheno-
typic trait variability is crucial to predicting ecological impact and de-
veloping appropriate models of dispersal dynamics for conservation
initiatives (Lang et al., 2021; Zavorka et al., 2020).

Environmental filtering influences the assemblage of commu-
nities suggesting that the abiotic environment acts as a trait filter
which selects for individuals that are not able to tolerate local con-
ditions as the population disperses and encounters new environ-
mental invasion barriers (Blackburn et al., 2011; Kraft et al., 2015;
Poff, 1997). This may be in response to habitat type, predation
pressure or temperature (Akmal et al., 2021; Carboni et al., 2016;
Lang et al., 2021; Laparie et al., 2010). Spatial sorting regards fil-
tering of genotypes across space, rather than time (i.e., natural se-
lection), whereupon assortative mating occurs because individuals
with dispersal-adapted traits are likely to reach the range front
and reproduce together, thus increasing trait expression (Phillips
et al., 2008; Shine et al., 2011; Travis & Dytham, 2002). Thereby,
rapid generational shifts lead to novel phenotypes adapted to dis-
persal (Chuang & Peterson, 2016). A notorious example is the cane
toad Rhinella marina invasion in Australia where individuals at the
front of the population had longer legs which facilitated rapid ex-
pansion (Phillips et al., 2006). Density-dependent processes are
induced by an intra-specific competition gradient that is high at
the invasion core and low at the invasion front, which may result
in selection for increased competitive ability and reproduction at
the expense of dispersal ability (Burton et al., 2010). However, low
population density at the invasion front may select for higher re-
production and dispersal instead of increased investment in com-
petitive traits such as weapons (Messager & Olden, 2019; Tarkan
etal., 2021).

Freshwater crayfish are a highly successful group of invasive spe-
cies as a consequence of their broad phenotypic plasticity, high fe-
cundity and omnivory (Lodge et al., 2012; Twardochleb et al., 2013).
Continental Africa has no native crayfish species; therefore, crayfish

invasions in Africa provide a unique opportunity to understand how

a phylogenetically unique species adapts to a novel environment
(Madzivanzira et al., 2020). The redclaw crayfish (Cherax quadricarina-
tus), native to northern Australia and Papua New Guinea, was first re-
ported to be introduced into the Upper Zambezi system in 2001 in the
Kafue Flats and Siavonga on the Zambian side of Lake Kariba in 2002
(Douthwaite et al., 2018). In 2014, C.quadricarinatus was reported
from the Barotse floodplain, the largest wetland in the Upper Zambezi
(Nunes et al., 2017). Establishment, distribution and abundance were
confirmed and quantified in the three invasion cores noting an in-
vasion gradient of larger mass and body size in the older invasions,
and more female and intersex individuals in the recent invasion in the
Barotse floodplain (Madzivanzira, South, Ellender, et al., 2021).

African floodplains are highly heterogenous and stoichastic
ecosystems which support diverse aquatic and terrestrial biota,
as well as providing integral ecosystem services to riparian human
communities (Tweddle, 2010). In tropical regions, dry-wet seasonal
variation drive changes in physiology, morphology and behaviour
of organisms (William et al., 2017). Impacts of introduced species
on floodplains are dependent on ecological matching of traits to
highly variable hydrological regimes (Catford et al., 2011). Flood
pulse dynamics may either promote or impede successful invasion
by non-native species, depending on the magnitude and timing of
flood regimes (Catford et al., 2011; Thomaz, 2021). Habitat hetero-
geneity and hydrological connectivity on floodplains may enhance
the spread of invasive species through active dispersal in river chan-
nels and passive movement by flood transport (Héfle et al., 2014;
Thomaz, 2021). Further spread, initially estimated at 49 km/year
downstream and 12km/year upstream, of invasive C.quadricarina-
tus through the Zambezi basin threatens ecological structure and
fish recruitment, and confers cost to artisanal fishers (Madzivanzira,
South, Ellender, et al., 2021; Madzivanzira, South, Nhiwatiwa,
et al., 2021; South et al.,, 2020). Determining spread, assessing
invasion processes and trait plasticity in the Upper Zambezi is of
the utmost priority as the invasion threatens two UNESCO World
Heritage sites. The Okavango Delta, which is connected through
the seasonally flooded Selinda Spillway (Nunes et al., 2017), and
Lake Malawi which may ultimately be at risk via the Shire River
tributaries connecting to the invaded Middle and Upper Zambezi
(Madzivanzira, South, Ellender, et al., 2021).

As both the introduction site and date of C.quadricarinatus is
known for the Barotse floodplain (2012 Lealui, near Mongu, Zambia
[Figure 1]; Madzivanzira et al., 2020) using a series of complementary
field-based investigations, we aim to test a series of hypotheses re-
garding C.quadricarinatus invasion dynamics and drivers of phenotypic
variation along the invasion gradient in a floodplain ecosystem. An ex-
tensive seasonal survey was carried out to assess changes in invasion
status from the initial 2019 survey, and traits were measured across
the invasion gradient to test for signals of environmental filtering,
spatial sorting and density-dependent processes. We expected that
there would be further dispersal up- and downstream and that there
will be a core-front invasion gradient of declining relative abundance,

and differing sex ratios across the gradient. Owing to the habitat
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FIGURE 1 Distribution (a) of 48 sampling sites across the three invasion regions (core, intermediate and front) on the Barotse floodplain
of the (b) Upper Zambezi System in Zambia; (c) shows sampling sites around the central section of the Barotse floodplain. Sites are numbered
in the order of increasing distance from the point of introduction in Lealui (Site 0).

heterogeneity of the floodplain, we hypothesised that environmen-
tal filtering may be seen where specific morphotypes would be found
in each habitat. Similar to the cane toad invasion, we expected that if
spatial sorting was acting on the population, crayfish at the periphery
of the invasion would have longer front legs as the walking legs are
used for active dispersal across the benthos (Pond, 1995). Density-
dependent trait plasticity was expected to be seen where individuals at
the invasion front would have better body condition as a consequence
of to less competition, whereas individuals at the core would be larger
as a consequence of longer establishment and with larger chelae as
competition increases weapon investment (Messager & Olden, 2019;
Moorhouse & Macdonald, 2011).

2 | METHODS

2.1 | Studyarea

The study was conducted on the Barotse floodplain of the Upper
Zambezi River system located in Western Zambia in the Zambezi
Floodplains Ecoregion (Abell et al., 2008). Covering an area of ap-
proximately 5,500km? (Turpie et al., 1999), the floodplain is an ex-
tensive lowland area that stretches from upstream at the confluence
of Zambezi and Kabompo rivers in Lukulu to downstream at Senanga
near the Ngonye falls (Cai et al., 2017). The landscape is character-

ised by Kalahari sands which are predominantly covered by grassland
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(Timberlake, 1997). The floodplain undergoes seasonal inundation
resulting from increased discharge of the Zambezi River caused by
rainfall of over 1,400mm experienced over the headwater catch-
ment areas in south-eastern Angola and north-western Zambia (Cai
et al., 2017). The minimum and maximum inundated area is approxi-
mately 2,500 and 5,520km?, respectively (Cai et al., 2017). The flood
period generally occurs between February and April before receding
between May and July (Zimba et al., 2018). The Barotse floodplain
comprises the main river channel, several small rivers, streams, la-
goons, swamps, ponds and man-made canals which support diverse
flora and fauna (Turpie et al., 1999). Aquatic habitats range from
rocky wooded substrate to sand habitats which support a high fish
diversity (Tweddle et al., 2004). During the flood period various water
bodies become interconnected into a large single expanse of water
for about 3months (Figure S1); as the floods recede the many water

bodies become disconnected and isolated once again.

2.2 | Field sampling

The study covered the entire longitudinal extent (=250km) of
the Barotse floodplain (upstream 14.343366S, 23.222265E;
downstream 16.235489S, 23.236797E) (Figure 1). Sampling was
conducted in 2021 during both wet season/high water period
(April-May) and dry season/low water period (October-November)
approximately 2years on from the initial Upper Zambezi survey in
2019 (Madzivanzira, South, Ellender, et al., 2021). The main river
channel, tributaries, backwaters, lagoons, canals and flooded plain
were sampled. Three distributional regions along the invasion range
were identified (Table 1; Figure 1): (1) the invasion core established
around the central section of the floodplain (Madzivanzira, South,
Ellender, et al., 2021) covering a radius of less than 5km from the
point of introduction, (2) the intermediate range between 5 to 18 km
along the radius and (3) the invasion front (mainly upstream and
downstream area) covering a radius ranging between 18 to 114km
from the point of introduction. A total of 48 sites were sampled from
the invasion core to the invasion front (Table 1; Figure 1) and the co-
ordinates for each sampling site were also recorded using a Garmin
GPSMAP 78s. The sites were chosen by focusing on areas where
C.quadricarinatus was suspected to be present based the previous
survey (Madzivanzira, South, Ellender, et al., 2021) as well as local
reports from fishers.

The number of sampling sites in each location ranged from one
to three depending on the availability of water bodies. In localities
with more than five water bodies (i.e., ponds), two or three water
bodies with surface area of at least 400m? were sampled. The dis-
tance between sampling sites varied between 0.3 and 1 km for sites
within the same locality, and between 2 and 26 km for sites in differ-
ent localities across the invasion range.

Collapsible Promar traps (610 mm x 460 mm x 200 mm: mesh size
10 mm) were used, baited with 100g dry dog food (Madzivanzira,
South, Nhiwatiwa, et al., 2021). Between 18 and 20 traps were de-
ployed at each site (17:00-18:00hr) with approximately 15-20m
between traps. The traps were left and retrieved the following
morning (06:00-08:00 hr) with a soak time of 13-14 hr. All crayfish
caught were counted, sexed and weighed (g). Individuals that ex-
hibited both male and female genitals were recorded as intersex
(Madzivanzira, South, Nhiwatiwa, et al., 2021). From each spec-
imen, five morphometric variables were measured using a digital
Vernier calliper: chelae length (CL), chelae width (CW), carapace
length (CPL), carapace width (CPW), front leg length (FLL) and total
length (TL).

2.3 | Dataanalyses

All statistical analyses were conducted within the R statistical soft-
ware environment (R Core Team, 2021). Mapping was completed in
QGIS 4.13 (QGIS Development Team, 2021).

2.3.1 | Presence/absence and spread rate

Detection probability (P expressed as a fraction of traps

capture)’
that caught at least one crayfish (Madzivanzira, South, Nhiwatiwa,
et al., 2021), was determined for each of the three invasion regions.

Differences in P across the invasion range and between inva-

capture
sion regions was a;alysed using the X2 test of independence via 2x 3
and 2x2 contingency tables, respectively. Spread rate was calcu-
lated using straight line distance (km) from the 2019 invasion front
(Madzivanzira, South, Ellender, et al., 2021) to the furthest sites
where crayfish were detected (both upstream and downstream)
using Google Earth divided by the number of years since the last

survey (i.e., 2years).

TABLE 1 Sites sampled during the wet and dry season across the three distributional regions (core, intermediate and front) on the

Barotse floodplain.

Sites sampled

Sampling radius around point of

Invasion region introduction (km) Wet & dry season Wet season Dry season Total no. of sites
Core <5 5 1 - 6
Intermediate >5<18 16 6 1 23
Front >18<114 7 - 13 20
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2.3.2 | Relative abundance

Catch per unit effort (CPUE) expressed as mean number of indi-
viduals caught per trap per night was used as a proxy for relative
abundance (Madzivanzira, South, Nhiwatiwa, et al., 2021). The
CPUE data were zero-inflated, so a delta-X transformation was
applied to correct standard errors (Ellender et al., 2010). A gen-
eralised additive model (GAM) was used to model CPUE trends
along the invasion gradient with respect to season. Changes in
sex ratios across the invasion range were analysed using a 2x 3
contingency table.

2.3.3 | Environmental filtering

All measured traits were firstly corrected and standardised to
account for allometry by applying Mosimann corrections, as this
provides the most accurate way of identifying shape differences
without losing information, as opposed to using residuals from lin-
ear regressions (Jungers et al., 1995). The framework developed by
Mosimann for extracting ratios and size variations in multivariate
morphological analyses is flexible, powerful and compatible with
other frameworks developed for similar purposes (reviewed and
tested extensively in Jungers et al., 1995; Klingenberg, 2016). To
do this, geometric mean (GM) was calculated and then individual
trait values were divided by GM to produce size-corrected values.
Then GM was used as a new trait variable to represent overall
body size instead of the correlated variables of mass, TL and CPL
(Figure S2). Therefore it can be understood as a conglomerate met-
ric indicating overall size/shape, while not losing information from
log-transformation or multivariate regression of residuals (Jungers
et al., 1995; Klingenberg, 2016).

Using GM and remaining measured traits (CL, CW, CPW, FLL), a
principal components analysis (PCA) was completed on the correla-
tion matrix to determine individual overlap in morphospace with
respect to habitat type and invaded range (i.e., core-front). We cal-
culated the total ellipse areas and performed an analysis of multivari-
ate homogeneity of group dispersions (i.e., variances) via’betadisper”
in vegan for both habitat type and invaded range, if significant a
permutation-based test of multivariate homogeneity of group dis-
persions was implemented through”permutest" in vegan with 99 per-
mutations, to derive post hoc differences between groups (Oksanen
et al., 2019). We would expect that group dispersion and ellipse size
would differ significantly between factor levels if there was environ-

mental filtering.

2.3.4 | Spatial sorting

Front leg length
A generalised linear model (GLM) with an inverse Gaussian error dis-
tribution was modelled to assess relationship with distance, sex and
season on FLL).

2.3.5 | Density dependence

Overall body size

A GLM with Gamma error distribution and a log-link function were
used to model whether GM has a relationship with distance, sex and
season.

Chelae length

A GLM with a Gamma error distribution and identity link function
was also fitted to determine the effect of distance, sex and season
on CL.

Body condition
Body condition was calculated for each individual using Fulton's

Condition Factor:

K =100 x (W /L%)

where Wiswet weight (g) and L is total length (mm) (Froese, 2006).
A GLM with Gamma error distribution and a log-link function was
used to determine the effect of range and season on body condition.
Given that body condition is sex-dependent (Streissl & Hold, 2002),
only same-sex comparisons were performed within analyses. All
crayfish with missing appendages were excluded from the analyses.

All model assumptions were checked firstly using the R package
DHARMa (Florian, 2022) by simulating and comparing predicted and
actual residual distributions. A model with full interaction terms was
initially fitted and then simplified stepwise, starting with the inter-
action terms. Variables were compared using analysis of deviance ta-
bles and Wald y? tests (Florian, 2022). The marginal estimated means
were then plotted using the R package emmeans (Lenth, 2022).

3 | RESULTS
3.1 | Presence/absence and spread rate

Cherax quadricarinatus was detected in all the three invasion regions
(core, intermediate and front ranges) across the Barotse flood-
plain with a total of 1,310 crayfish caught. Crayfish were caught in
19% of all traps set and were present at 33 of the 48 sites sampled
(Table S1). Using only the sites where C.quadricarinatus were de-
tected, the Pcapture across the three invasion regions was significantly
different (X22:730.87, p<0.01; Table S1). Detection probability at
the invasion core (P =0.41) was significantly higher than the
intermediate range (Pcapture=0.21: X22=45.58, p<0.01) and inva-
capture = 0-02: x%,=538.15, p<0.01) (Table S1). Detection
probability for intermediate range was also significantly higher than
the front (y°,=418.49, p<0.01) (Table S1).

The furthest distance on the invasion front where C.quadricar-

capture

sion front (P

inatus was detected from the point of introduction was 113.96km
downstream in Senanga and 54.80km upstream in Lukulu. A cray-
fish carcass was also observed further upstream (93.70km) on the
banks of the Zambezi River in Lukulu. Using the former invasion
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front estimation from 2019 and trap data from the present survey,
the current minimum spread rate is approximately at 53.92km/year
downstream and 27.4 km/year upstream, both faster than the previ-
ous estimates.

3.2 | Relative abundance

The CPUE of C.quadricarinatus changed significantly across the in-
vasion range (p <0.05), declining from the core to the front for both
dry and wet season (Figure 2). In the dry season CPUE was signifi-
cantly higher (p<0.05) than in the wet season (Figures 2 and 3). The
combined seasonal average CPUE at the invasion core and interme-
diate range was 1.471+0.685 and 0.695 +0.338 ind./trap/night, re-
spectively. Crayfish abundance at the invasion front was lower at
0.027 +£0.002 ind./trap/night.

The GAM showed that both distance and season had a signifi-
cant effect on CPUE (p <0.05), where CPUE declined at the range
front compared to the core regardless of season but the dry sea-
son showed a comparatively higher CPUE (Figures 3 and 4). The
average CPUE in the dry season was higher (0.789 +0.518 ind./
trap/night) than in the wet season (0.331+0.138 ind./trap/night).
When compared to the 2019 survey there was both an increase in

crayfish relative abundance at three of the 6 sampled sites and a

decrease at the three other sites (Figure 3).

3.3 | Sexratio

Overall, male-to-female sex ratio did not differ significantly between
the three sampled regions across the invasion range (X22=1.434,
df=2, p=0.489; Table S1). Crayfish caught at the invasion core con-
sisted of 35.1% males, 54.8% females and 10.1% intersex, whereas
the intermediate range comprised 34.1% male, 55.5% female and
10.4% intersex (Table S1). The sex ratio at the invasion front com-
prised 53.3% males and 46.7% females, with no intersex individuals

sampled from this region (Table S1).

3.4 | Environmental filtering

The PCA explained 87.4% of the variance along the first and second
axes. Principal component 1 (PC 1) of the PCA accounted for 63.2%
(eigenvalue=3.17) and was characterised by GM, while principal com-
ponent 2 (PC 2) accounted for 24.2% (eigenvalue=1.21). There was
no effect of habitat type on morphological variance (F4,1279=1'17’

© 0<025
O 025<05

FIGURE 2 Relative abundance and spatial distribution of Cherax quadricarinatus in (a) dry and (b) wet season across the three
distributional regions (core, intermediate and front) on the Barotse floodplain. Catch per unit effort (CPUE) is represented by circles and

absence of crayfish is indicated by open squares.
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FIGURE 3 Seasonal change in catch per unit effort (CPUE) of Cherax quadricarinatus across the invasion range on the Barotse floodplain,
Upper Zambezi River, Zambia. Zero (0) is the core and distance is outward from the core to the front. Wet and dry season CPUE are
comparable at the front.
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FIGURE 4 Dry season catch per unit effort (CPUE) of Cherax quadricarinatus for sites sampled in the year 2019 and 2021 on the Barotse
floodplain, Upper Zambezi River, Zambia. Sites arranged in the order of increasing distance from the point of introduction. Plot of means
showing 95% confidence interval.

p=0.31; Table S2) and there was no separation along either PC1 or (Figure 5). Invasion range had a significant effect on morphological
PC2 indicating no clear distinction in morphometric traits of C.quad- variance (F2’1281=4.15, p<0.05; Figure 6; Table S2) whereby variance
ricarinatus sampled from different habitats across the floodplain and ellipse size were higher in the core compared to in the front and
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FIGURE 5 A principal components analysis (PCA) plot showing broad overlap in morphometric traits of Cherax quadricarinatus along both
PC1 and PC2. Crayfish sampled from different aquatic habitats across the Barotse floodplain.
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FIGURE 6 A principal components analysis (PCA) plot showing
broad overlap in morphometric traits of Cherax quadricarinatus

along both PC1 and PC2. Crayfish sampled from three regions
across the invasion range on the Barotse floodplain.

intermediate ranges, and there was less variance in the front com-
pared to in the core (all permuted p>0.05; Figure 6; Table S2).

3.5 | Spatial sorting

3.5.1 | Frontleglength

There was a significant three-way interaction between distance,
sex and season (Table 2) whereby male and female FLL were longer

TABLE 2 Model terms for all factors from a generalised linear
model (GLM) with a gamma distribution used to determine effects
on front leg length with regards to factors “distance”, “sex” and
“season”, using Type 3 ANOVA and ;(2 to report the effect size of a

factor on the dependent variable.

Model term Ve df p-value
Distance 34.49 1 0.094
Sex 34.47 2 0.729
Season 33.69 1 <0.001
Distance x Sex 33.32 2 <0.001
Distance x Season 33.32 1 0.085
Sex x Season 31.68 2 <0.001
Distance x Sex x Season 31.40 2 <0.05

towards the front in the wet season (Figure 7). Distance signifi-
cantly interacted with sex (Table 2) whereby FLL for all sexes got
longer towards the front (Figure 7). Sex significantly interacted
with season (Table 2) whereby male and female front legs were
longer in the wet season, whereas chelae of intersex were longer

in the dry season (Figure 7).

3.6 | Density dependence

3.6.1 | Geometric mean

There was a significant interaction effect between sex and season on
GM, a proxy for overall body size, (Table 3) whereby males and females
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FIGURE 7 Predicted relationship of corrected front leg length (FLL) with distance from introduction site with respect to sex and season.
Large points indicate predicted values from the generalised linear model (GLM) and small points indicate individual data points of crayfish

FLL.

TABLE 3 Model terms for all factors from a generalised linear
model (GLM) with a gamma distribution used to determine effects
on geometric mean (GM) with regards to factors “distance”, “sex”
and “season”, using Type 3 ANOVA and ;(2 to report the effect size

of a factor on the dependent variable.

Model term Ve df p-value
Distance 69.69 1 0.062
Sex 60.48 2 <0.001
Season 59.44 1 <0.001
Distance x Sex 58.53 2 <0.001
Sex x Season 57.35 2 <0.001

had higher GM than intersex individuals (both, p<0.01), whereas males
had higher GM than females (p<0.01). All sexes were bigger overall
in the wet season compared to the dry season (p<0.01) (Figure 8).
Distance significantly interacted with sex (Table 3) whereby male and
female individuals had increased GM at the invasion front whereas in-

tersex individuals had decreased GM (Figure 8).

3.6.2 | Chelaelength

There was a significant three-way interaction between distance, sex
and season on CL (Table 4) whereby male and female chelae were
longer towards the range front in the wet season, whereas chelae of

intersex were longer in the dry season (Figure 9).

3.6.3 | Body condition

Invasion range had a significant effect on body condition of both
male and female crayfish (Table 5, models A,B). Where individuals
in the invasion core were in better condition than at the front (male,
p=0.02; female, p<0.001; Figure 10) but there was no difference
in body condition between the core and intermediate range (male,
p=0.706; female, p=0.846; Figure 10). Individuals in the intermedi-
ate range had better body condition than those at the front (male,
p=0.033; female, p<0.001; Figure 10). Body condition was better
in the wet season for males and females (male, p<0.001; female,

p<0.05; Table 5, models A,B; Figure 10). Neither invasion range nor
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FIGURE 8 Predicted relationship of geometric mean (GM) with distance from introduction site with respect to sex and season. Large
points indicate predicted values from the generalised linear model (GLM) and small points indicate individual data points of crayfish GM.

TABLE 4 Model terms for all factors from a generalised linear

model (GLM) with a gamma distribution used to determine effects
on chelae length mean with regards to factors “distance”, “sex” and
“season”, using Type 3 ANOVA and ;(2 to report the effect size of a

factor on the dependent variable.

Model term V' df p value
Distance 38.82 1 <0.001
Sex 35.58 2 <0.001
Season 33.88 1 <0.001
Distance x Sex 33.65 2 <0.01

Distance x Season 33.32 1 <0.001
Sex x Season 31.68 2 <0.001
Distance x Sex x Season 31.40 2 <0.01

season affected the body condition of intersex individuals (Table 5,
model C).

4 | DISCUSSION

Understanding the interactions between the individual, environment
and colonisation processes which drive phenotypic variation and

dispersal in invasive species is an on-going challenge, yet essential
in determining intra-individual responses to environmental change.
Our results indicate that the C. quadricarinatus invasion is indeed pro-
gressing rapidly through the Upper Zambezi system and represents
a cause for concern. There was a clear core-front invasion gradient
in the population abundance and traits, but there was no evidence
of environmental filtering acting on traits of individuals in different
habitats. Our hypothesis regarding spatial sorting was confirmed as
individuals at the invasion front had longer front legs. Our hypothesis
regarding density dependence was not confirmed as individuals at
the core were larger overall and had better body condition than those
at the front, yet weapons investment (CL) at the front was stronger
than at the core, opposing our hypothesis. This indicates that there
may be other factors, such as predation pressure, driving trait differ-
ences across the invasion gradient.

Within the Barotse floodplain C.quadricarinatus has expanded
its range approximately 107.84km downstream and 93.70km up-
stream over a period of 2years (Madzivanzira, South, Ellender,
et al., 2021). Detection probability declined at the invasion
front and was lower than the detection probability determined
in 2019 at the previous front (Madzivanzira, South, Ellender,
et al., 2021). This is indicative of a very recently colonised inva-
sion front (Hudina et al., 2012). The current downstream spread
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FIGURE 9 Predicted relationship of corrected chelae length (CL) with distance from introduction site with respect to sex and season.
Large points indicate predicted values from the generalised linear model (GLM) and small points indicate individual data points of crayfish

CL.

TABLE 5 Model terms for all factors from a generalised linear
model (GLM) with a gamma distribution used to determine effects
on body condition with regards to factors “range” and “season”,
using Type 2 ANOVA and ;(2 to report the effect size of a factor on
the dependent variable.

Model Model term Ve df p value
A (Male) Range 7.901 2 0.021
Season 7.448 1 <0.001
B (Female) Range 11.672 2 <0.001
Season 11.599 1 0.024
C (intersex) Range 2.688 1 0.059
Season 2.688 1 0.96

Note: Model A for male, Model B for female and Model C for intersex.

rate of C.quadricarinatus falls within the earlier estimated range
(49 + 29 km/year) while the upstream spread rate is 2 to 3 times
higher than the earlier estimation (12+7km/year; Madzivanzira,
South, Ellender, et al., 2021), both of which are higher than the
spread in the Inkomati Basin in South Africa (Nunes et al., 2017) and
other non-native crayfish species in Europe (Hudina et al., 2009;
Soto et al., 2023). The flood pulse in the Upper Zambezi was very

low before sampling in 2019, whereas the flood in 2020 was a re-
cord high. Seasonal hydrological variability is likely to contribute
to the spread rate as shown by crayfish being found on the flood-
plain during high water and also in isolated ponds not connected
to flowing water channels. Invasion processes in intermittent wa-
terbodies are an emerging and understudied dynamic which would
benefit from further research in floodplain ecosystems (Guareschi
& South, 2024). Episodic flood events have been associated
with transporting other non-native species such as P.leniuscu-
lus (Bubb et al., 2004), rusty crayfish Faxonuis rusticus (Messager
& Olden, 2018) and golden mussels Limnoperna fortunei (de Amo
et al., 2021) to new habitats. Furthermore, climate-induced fre-
quency of flash floods is expected to increase C.quadricarinatus
dispersal in South Africa (van Wilgen et al., 2022). Seasonal floods
may therefore be contributing to the observed nonlinear dispersal
pattern of crayfish on the Barotse floodplain. The lack of environ-
mental filtering on morphometric traits is probably a consequence
of hydrological connectivity of the population and habitats in the
wet season as floods facilitate admixture of seasonally isolated
individuals and homogenises environmental conditions (de Amo
et al., 2021; Thomaz et al., 2007). Furthermore, in the dry season
the ponds distributed across the Barotse floodplain provide refuge
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regions (C=Core; | =Intermediate; F=front) and (b) seasons. Boxplots represents median and 25%-75% interquartile range. Points are

individual Fulton's condition data.

from the receding water level and are likely to act as source pop-
ulation or stepping-stones for further range expansion (Johnson
et al., 2008; Madzivanzira, South, Ellender, et al., 2021; Nunes
et al., 2017). Given that crayfish were detected at Kalongola, the
furthest sampling sites downstream, it is not surprising that reports
of crayfish occurrence much further downstream at Katima Mulilo
have recently emerged (Madzivanzira, South, Ellender, et al., 2021;
F Jacobs, pers. com). However, it remains to be ascertained whether
these reported changes are the result of natural spread or human-
mediated translocation.

The sex structure of C.quadricarinatus was not different across
the three invasion regions, suggesting that both males and females
are contributing towards range expansion. However, very few in-
dividuals were sampled at the front of the invasion range which is
characteristic of invasive populations but ultimately limits relation-
ship confidence (Hudina et al., 2012). In linear riverine systems, cray-
fish species tend to show a more male-biased sex ratio towards the
invasion front (Durig et al., 2006; Hudina et al., 2012); a male-biased
sex ratio was also found in the invasive freshwater fish round goby
Neogobius melanostomus (Gutowsky & Fox, 2011). The present study
confirmed intersex individuals in the core and intermediate popula-
tions, but not in the front. Intersex individuals skew the population
to a more female-dominated population as crosses between intersex
and normal female tend to produce female-biased progeny (Levy
et al., 2020). Intersex individuals may be an ecologically stable strat-
egy to enhance population fitness in highly stochastic environments
such as the floodplains where C. quadricarinatus evolved and invaded
(Levy et al., 2020). Intersex proportional representation across three
invasion cores in Southern Africa declined with time since invasion
(Madzivanzira, South, Ellender, et al., 2021). Monitoring sex ratios

may be an informative index to assess overall population status with

respect to identifying boom-bust dynamics along the invasion curve
(Haubrock et al., 2022).

We report on the first evidence of spatial sorting in an invasive
population of C.quadricarinatus. Spatial sorting of dispersal traits
has been reported in rusty crayfish Faxonius rusticus (Messager &
Olden, 2019), signal crayfish (Hudina et al., 2012), cane toads (Brown
et al.,, 2014; Clarke et al., 2019) and African clawed frog Xenopus
laevis (Kruger et al., 2021). Longer walking legs are a dispersal trait
facilitating faster movement across the floodplain (Pond, 1995),
while well documented in cane toads (Brown et al., 2014; Phillips
et al, 2006, 2008) and the flightless predatory ground beetle,
Merizodus soledadinus (Laparie et al., 2013), this is the first record
of selection for this trait in a crayfish invasion. Longer walking legs
may also increase ability to move across terrestrial habitats between
water bodies on the floodplain as C.quadricarinatus has been found
walking overland in the Kafue Flats and the Barotse floodplain
(Madzivanzira, South, Ellender, et al., 2021). Overland movement is
expected in response to inclement environmental conditions (i.e.,
poor water quality, overcrowding and predation) which character-
ises water bodies during the dry season (Light, 2003). Despite this,
loss or injury of walking legs does not impede instream dispersal po-
tential in crayfish, but this has not been assessed for overland move-
ment (Galib et al., 2022). During the dry season, the receding water
level could be restricting C. quadricarinatus to permanent water bod-
ies, which would explain the high observed detection probability.
Seasonal changes in phenotype at the invasion front of round goby
invasions were also detected with patterns not obvious during the
summer period (Gutowsky & Fox, 2011).

We found a trend of increasing overall body size, decreasing
body condition and increasing chelae length at the invasion front

compared to the core. The clear invasion gradient in terms of density
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across the length of the floodplain and overall body size reflects the
differencesidentified betweeninvasion coresin Madzivanzira, South,
Ellender, et al. (2021). These findings are contrary to the dynamics
in rusty crayfish which had lower body mass and smaller chelae at
the invasion front (Messager & Olden, 2019), and partially similar to
signal crayfish which had smaller sized individuals but larger chelae
in males at the invasion front (Hudina et al., 2012). Density, person-
ality (i.e., boldness in an open field test) and habitat were driving fac-
tors in riverine dispersal of signal crayfish (Galib et al., 2022). Chelae
length was expected to decrease with increased distance from the
core because the population was released from density-dependent
high intra-specific competition, or because sub-dominant individu-
als would be leading the invasion front as they were excluded from
the core population (Galib et al., 2022; Messager & Olden, 2019).
Relative chelae size is associated with resource holding potential and
behavioural traits, such as aggression and boldness, which may be
selected during dispersal (Hudina et al., 2015; Pintor et al., 2009).
Although relative chelae size is important in agonistic interactions
(Streissl & Hold, 2002), CL is an unreliable indicator of inter-specific
agonistic interaction in C.quadricarinatus as closing force is related
to body mass (South et al., 2020). In this regard, the individuals at
the invasion front would appear to be sub-dominant owing to their
lower body condition but instead are dishonest signallers through
investment in larger chelae and larger overall body size (i.e., GM)
(Graham et al., 2020; South et al., 2020). Another reason for con-
tinued investment in weapons may be predation pressure, as fish
select crayfish with smaller chelae, or niche competition with na-
tive functional analogues potamonautid crabs (South et al., 2020;
Stein, 1977). Resolving these dynamics using stable isotope analysis
of the aquatic community across the invasion gradient would pro-
vide valuable insight into the relationship between the whole food
web and invasion processes.

Lower body condition at the invasion front also contrasts with
our initial hypothesis, as release from high conspecific competi-
tion at the densely populated core sites ought to result in greater
resource availability. Crayfish in other systems showed the oppo-
site trend from our results, demonstrating that release from com-
petition at the invasion front increased body condition (Messager
& Olden, 2019; Rebrina et al., 2015); however, these studies were
completed in riverine environments which may be more resource-
restricted than in the Barotse floodplain. Body condition may be a
misleading trait in crayfish species, as rusty crayfish had lower rel-
ative weight at the invasion front but were in better physiological
condition (i.e., anabolic activity) than those at the core (Messager &
Olden, 2019). Furthermore, an alternative hypothesis to be consid-
ered could be that carapace thickness was not measured, and this
could be affecting body condition calculations. Carapace thickness
is related to calcium deposition and, thus, mineral concentration in
the environment (Ahearn et al. 2004; Wheatly, 1996), and therefore
we would expect that the carapace thickness in the Barotse flood-
plain would be related to calcium concentration. Across the flood-
plain there is relatively high calcium content which varies by year
and decreases somewhat in the dry season (Nyambe et al., 2018).

The upper extent of the floodplain (Lukulu-northern invasion front)
has a lower calcium content in the dry season compared to the
southern portion, but there was a more homogenous calcium con-
tent across the floodplain in the wet season (Nyambe et al., 2018).
Our results indicate better body condition in the wet season which
may be partly to do with increased shell thickness, along with lack of
thermal stress, and more resources. However, GM increased at the
invasion front which contradicts the pattern of calcium concentra-
tion, whereas body condition showed the opposite trend.

These results indicate that the phenotypic variation in the
Barotse floodplain invasion by C.quadricarinatus can be charac-
terised by complex processes of spatial sorting of dispersal traits
related to walking, density-dependent processes pushing out less
competitive individuals from the core and phenotypic variation po-
tentially because of predation pressure. All of these processes are
further mediated by the flood pulse regime, as body condition was
consistently better in the wet season, when resources are plenti-
ful and, thus, competition and physiological stress are reduced. The
colonisation and community dynamics of the Barotse floodplain
ponds during the dry season are not well-understood, yet drought
conditions increasing fishless ponds supports crayfish populations
in North American seasonal wetlands (Dorn, 2008). Better under-
standing of the interplay of the annual flood and hydrological vari-
ability with regards to eco-evolutionary drivers of invasions is crucial
(Chuang & Peterson, 2016; Perry et al., 2013). Targeted removal and
population control in the front populations may reduce density-
dependent processes and remove disperser-adapted phenotypes
from the gene pool. Implementation of molecular methods, such as
single nucleotide polymorphism analysis, may elucidate the popula-
tion dynamics and trait heritability within this expanding invasion
(Chuang & Peterson, 2016).
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