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Abstract

The presence of the yabbie Cherax destructor in a number of wild aquatic systems in the Pilbara and
Southwest Coast Drainage Divisions of Western Australia is documented. This is of great concern as all
native freshwater crayfishes in Western Australia are endemic and restricted to the southwest, while the
Pilbara Division has no native species. An introduced population of C. destructor was sampled monthly
from the Hutt River (Pilbara Drainage Division) for determination of life-history and reproductive biology
in a wild aquatic system in Western Australia for the first time. Proliferation in that system was attributed
to specific traits including: attaining first maturity at the end of its first year of life; a protracted spawning
period (July—January); relatively high mean ovarian fecundity of 210.2 (£9.24 S.E.); and a rapid growth
rate (curvature parameter K = 0.78 and asymptotic orbital carapace length OCL.. = 51.25 mm ascer-
tained from a seasonal von Bertalanffy growth curve) that was comparable to the larger sympatric marron
Cherax cainii in this system. The life-history characteristics of C. destructor in the Hutt River were typical of
many other invasive crayfish species and it has the potential to impact the unique aquatic ecosystems and
the endemic freshwater crayfish species of the region.

Introduction

Once established in an aquatic system, the pres-
ence of exotic species is often viewed as perma-
nent, with eradication difficult or almost
impossible (Horwitz, 1990; Lodge et al., 1998).
The omnivorous nature of freshwater crayfishes
allows them to occupy many trophic levels, where
they contribute to the structuring of ecosystems
and may complicate predicted trophic cascades
(Lodge et al., 1994; Nystrom et al., 1996). Thus,
introductions of non-native freshwater crayfishes
are likely to alter the ecology of freshwater sys-
tems, and in particular the structure of food-webs
(e.g., Hanson et al.,, 1990; Olsen et al., 1991;
Momot, 1995; Nystrom & Strand, 1996; Nystrom

et al., 1999; Stenroth & Nystrém, 2003). Fur-
thermore, introductions of non-native crayfishes
have been shown to cause a decline of native
freshwater crayfish species or sub-species via pre-
dation and/or competition (e.g., Butler & Stein,
1985; Horwitz, 1990; Hill et al., 1993), the loss of
genetic and morphological variation as a result of
hybridisation (Horwitz, 1990), and/or the intro-
duction and spread of disease (Holdich, 1988;
Horwitz, 1990). Therefore, the translocation of
non-indigenous freshwater crayfishes has often
been detrimental to both naturally occurring
crayfish species in particular and the receiving
aquatic ecosystem in general.

Cherax destructor Clark, 1936 was first intro-
duced into Western Australian farm dams for
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aquaculture in 1932 (Austin, 1985; Morrissy &
Cassells, 1992). In an attempt to prevent the
spread of the species into wild aquatic systems of
the naturally forested, higher rainfall region of the
Southwest Coast Drainage Division that is home
to all 11 endemic freshwater crayfish species of this
State (Austin & Knott, 1996; Horwitz & Adams,
2000), the Department of Fisheries, Government
of Western Australia only allows the culture of
C. destructor east of Albany Highway between
Perth and Albany (see Fig. 1). Inevitably, and
despite this legislative restriction, C. destructor was
first collected with a native freshwater crayfish
species (Cherax quinquecarinatus Gray, 1845) in a
wild aquatic system in Western Australia in 1982
(Austin, 1985).

Since that first record in a natural system,
Morrissy & Cassells (1992) and Jasinska et al.
(1993) reported the occurrence of C. destructor in

natural watercourses of the southern Pilbara, i.e.,
the Irwin, Chapman, Bowes and Hutt Rivers
(Morrissy & Cassells, 1992) and in streams of the
Aiyennu and Beekeepers Caves, Hill River catch-
ment (Jasinska et al., 1993) (Fig. 1). Whilst the
latter two studies did not record it from the 26 sites
that they sampled in natural watercourses
throughout the Southwest Coast Drainage Divi-
sion, they documented a considerable increase in
its occurrence in farm dams west of Albany
Highway, and suggested that the risk of further
escape into natural river systems and coastal wet-
lands in the region was likely (Fig. 1).

Many biologists (i.e., Austin, 1985; Horwitz,
1990; Morrissy & Cassells, 1992; Jasinska et al.,
1993) consider that the invasion of C. destructor into
natural Western Australian aquatic systems poses a
serious threat not only to the endemic freshwater
crayfishes, but to the freshwater ecosystems of the
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Figure 1. The location of the Hutt River study site and the major rivers (black dots correspond to capture sites) within Western

Australia that Cherax destructor was captured.



region. Many of these concerns are based on the
ability of C. destructor to tolerate variable physi-
cochemical conditions thereby allowing it to inhabit
a wide range of aquatic habitats, including tempo-
rary and permanent systems (Austin, 1985; Jasinska
et al., 1993; Horwitz & Knott, 1995). Of particular
note is its tolerance of low oxygen levels (Morris &
Callaghan, 1998) and ability to burrow and survive
in ephemeral aquatic habitats; environmental con-
ditions that are common to many natural aquatic
systems and farm dams in Western Australia
(Morrissy, 1978). The success of C. destructor in
colonising the natural systems of the southern
Pilbara Drainage Division may also be attributable
to it possessing life-history traits that are commonly
displayed by other invasive species, e.g., rapid
growth rate, young age at first maturity and high
fecundity (see, for example, Honan & Mitchell,
1995).

Thus, the present study aimed to document the
current distribution of C. destructor in aquatic
systems in Western Australia and to describe the
life-history characteristics of a successful popula-
tion from the wild. These life-history parameters
will be compared with those of endemic congeners,
such as Cherax cainii Austin and Ryan, 2002;
furthering our understanding of the threat, this
species poses to sympatric native crayfishes.

Materials and methods

Distribution of Cherax destructor in Western
Australia

Between 1996 and 2003, over 1300 sites were
sampled for fish and decapods in all of the major
drainage systems between the Fitzroy River in the
north and the Thomas River in the south-east of
Western Australia. Freshwater crayfish were cap-
tured using a back-pack electro-fisher (Smith Root
Model 12-A); seine nets of 5 and 10 m lengths
(mesh width of 3 mm) that fished to a depth of
1.5 m, manual scoop netting (nets of mesh sizes
250 ym and 10 mm); and box-style crayfish traps
baited with poultry pellets. The latitude and lon-
gitude of each site as recorded using a hand-held
Global Positioning System (GPS) and the
MaplInfo™ programme was used to produce a
distribution map for C. destructor (see Fig. 1).

221
Hutt River study site and sampling regime

The Hutt River (Fig. 1) drains a catchment of
ca. 1080 km? that has been extensively cleared for
agriculture. In order to obtain a representative
sample from the entire river system, C. destructor
were captured from both the main channel of the
Hutt River (28.2395° S, 114.3654° E) and the
tributary Yerina Springs (28.1059° S, 114.3449° E)
that were approximately 8 and 25 river km from
the coast, respectively (Fig. 1). Between 50 and
182, C. destructor were captured from these sites
each calendar month between January and
December 2001 in the 2 h immediately after dusk.
Sampling involved those methods described
above. Considerable effort was employed to ensure
that all life-stages were captured (see Discussion).
Animals were placed immediately in an ice slurry
for transport to the laboratory. All crayfish were
dissected within 48 h of capture.

Environmental variables

Water temperature was recorded from the bottom
of the water column at three locations at each site
in the Hutt River. Day-lengths for Geraldton were
obtained from the Perth Observatory.

Reproductive biology

The orbital carapace length (OCL, measured from
the base of the orbital region to the posterior
margin of the branchiostegite) of each individual
was measured to the nearest 1 mm. The length at
which 50 (OCLs) and 95% (OCLys) of individuals
of female and male C. destructor matured in the
Hutt River was determined by undertaking logistic
regression analysis of the percentage contributions
made to each length class by individuals that
contained developing/mature gonads (stages ITI-
VII and stages III-VI for females and males,
respectively, see next section for staging protocol).
Data were randomly re-sampled and re-analysed
to create 1000 sets of bootstrap estimates. The
medians of the bootstrap estimates were used as
the point estimates of the parameters and the
probability of maturity at each length category.
The bootstrap estimates also determined the 95%
confidence limits of the parameters. The logistic
equation is:
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PocL = 1/[1 + efln19(OCL70CL50)/(OCL957OCL50)]
(1)

where Pocy is the proportion of C. destructor with
mature gonads (see below) at length interval OCL.
Only those individuals captured between May and
January (i.e., immediately prior to and throughout
the breeding period, see Results) were used in the
analysis.

The gonads of female and male C. destructor
were initially macroscopically assigned to devel-
opmental stages by following the descriptions of
Johnson (1979), McRae & Mitchell (1995) and
Beatty et al. (2003). As the macroscopic staging of
the ovaries of C. destructor has not previously been
verified histologically, and such an account of
ovarian development has recently been used to
provide a more comprehensive description of the
reproductive biology of a freshwater crayfish
(Beatty et al., 2003), the ovaries of up to 22 ran-
domly selected female C. destructor in each month,
and a sub-sample of up to three of each stage of
testicular development, were prepared for histo-
logical examination using the protocol of Beatty
et al. (2003). Histological sections of female and
male gonads and individual eggs were examined
under a compound microscope at 100x magnifi-
cation. The maximum and minimum diameters of
up to 30 randomly selected oocytes of each sec-
tioned gonad, and also a number of attached eggs,
were measured through the nucleus and the mean
diameter calculated. The proportions of oocytes at
different stages of development and within the
different months were also determined. The ovar-
ian stages were: I, virgin (immature); II, maturing
virgin/recovering; III, developing; IV, developed;
V, mature (gravid); VI, ripe (spawning) and VII,
spent. If larger, orange oocytes were present in
stage Il ovaries, they were classified as mature as it
was indicative of post-spawning resorption (see
Results). The testicular stages were: I, virgin
(immature); II, maturing virgin; III, mature; IV,
gravid; V, spawning and VI, spent. It was deemed
appropriate to add an additional male stage (i.e.,
VI, not described in Beatty et al., 2003) that was
typified by swollen, well-developed testes and
swollen proximal region of the vas deferens with
relatively flattened, clear distal region of the vas
deferens largely lacking spermatophore bundles.

The gonads of up to 116 C. destructor were
removed in each month under a dissecting micro-
scope. The excess moisture was removed and the
ovary or testes weighed to the nearest 0.01 g. The
GSI was calculated using the equation:

GSI = 100(W,/ W>) (2)

where W, is wet weight of the gonad and W, is
total wet weight of the animal. The GSIs of both
mature (stage III-VII for females and III-VI for
males) and immature (stages I/II) gonads were
plotted separately so as not to bias the trend in the
GSI of those that had spawned with those that had
not (i.e., with immature gonads).

There was a single ovigerous C. destructor
captured during the study period. The ovarian
fecundity (F,) was determined using ovaries at
stages V and VI of 21 female C. destructor.
Ovaries were removed and fixed in Bouin’s fixa-
tive (Beatty et al., 2003). Fixed gonads were
padded dry, weighed to the nearest 0.01 g, and a
sub-sample of oocytes removed and counted un-
der a dissecting microscope. The ovarian fecun-
dity was then determined using the following
formula:

Fo = Ny - Wy W, (3)

where F, is the potential fecundity of the individ-
ual, N is the number of oocytes in the sub-sample
of the ovary, W, is the weight of the entire ovary
and W is the weight of the sub-sample of oocytes.

The relationship between the F, and OCL of
C. destructor was determined by testing a number
of regression equations, and that which displayed
the highest coefficient of determination was used
to describe the relationship.

Growth and mortality

The most appropriate description of the growth
data for C. destructor was initially determined
utilising the chi-squared method described in
Schnute & Fournier (1980) and using the mod-
ification described in de Lestang et al. (2003).
Although the Schnute & Fournier (1980) method
fitted two or three normal distributions to the
monthly length—frequencies, it was decided that
age cohorts could only confidently be discerned in
the first 12 months of life (see below) as



considerable overlap in the age cohorts of C.
destructor existed for most months and therefore,
a single or two normal distributions were fitted to
length—frequency distributions in 2 mm OCL
increments in each month.

Peak spawning activity during the extended
breeding period of C. destructor was found to be
July to August (see Results for rationale),
however, the most easily followed 0+ length—fre-
quency cohort was recorded for a 12-month-peri-
od from January as a result of an apparent
spawning event between October and November.
Therefore, December 1st was assigned as the
hatching date; allowing for embryo development.
The relationship of the OCL range of a cohort,
within each monthly length—frequency distribu-
tion, to the previous and subsequent months was
used to assign that cohort as either 0+ or 1+.

A modified version of the von Bertalanffy
growth curve of Hanumara & Hoenig (1987) was
fitted to the mean OCL distributions of either the
one (0+) or two (0+ and 1+) age cohorts of C.
destructor present in each month in the Hutt River.
As growth is most rapid in the first few months of
life in freshwater crayfish due to greater moult
frequency (Reynolds, 2002), the modification of
the equation was undertaken so that it was
assumed that the maximum growth rate occurred
in young C. destructor, i.c., less than approxi-
mately 5 months (de Lestang et al., 2003):

OCLOO{I— exp [—{% + %fsin 2#%}] }
_)ift<t +3
P 0L 1 e[ {8 4 g gnan )]}
if¢>t,+3
(4)
where OCL, is the orbital carapace length estimate
at age t months, OCL., is the asymptotic orbital
carapace length, K is the curvature parameter, ¢ is
the theoretical age at which the estimated orbital
carapace length is zero (¢t = o — (6C/
n) sin(0.57w)), C determines the relative amplitude
of the seasonal oscillation (where 0 < C < 1)
and ¢, determines the phase of seasonal oscillation
relative to t,.
The instantaneous total mortality rate (Z,
1 year™") of C. destructor in the Hutt River was
determined by employing a catch curve that plot-
ted the natural logarithms of numbers surviving
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over age (Beverton & Holt, 1957; Ricker, 1975).
An age-frequency distribution was generated via
the creation of a length-converted catch curve
(Pauly, 1983; King, 1995):

In[%] =a—2Z4 (5)

where N; is the number of individuals in size class
1, At the time taken to grow through the size class
i, t; is the relative age of the size class i, ¢ is a
constant and Z is the instantaneous total mor-
tality rate (1 year™'). The relative ages were
determined using the inverse of the modified
seasonal von Bertalanffy growth equation with
to = 0 as only relative ages were required (King,
1995).

The empirical equation of Pauly (1980) was
used to estimate the instantaneous natural mor-
tality rate (M, 1 year™").

In(M) = —0.0152 — 0.279In(L..)

6
+0.6543 In(K) + 0.463 In(T) ()

where L. (OCL,) and K are the growth param-
eters of the modified seasonal von Bertalanffy
growth equation and 7 is the average mean annual
water temperature in the Hutt River. The instan-
taneous rate of fishing mortality (F, 1 year™') was
determined using the equation (King, 1995):

F=Z-M (7)

The exploitation rate (£) was then determined
using the equation of Quinn & Deriso (1999):
F

E=- (®)

Results

Present distribution of Cherax destructor in
Western Australia

Cherax destructor was recorded at 15 sites in the
main channel and/or tributaries of the following
major rivers of the Pilbara Drainage Division:
Hutt, Bowes, Chapman, Greenough and Irwin
rivers (Fig. 1). In the Southwest Coast Drainage
Division, it was captured at 26 sites in the main
channel, tributaries and/or water-supply dams
constructed on the tributaries of the: Arrowsmith,
Hill, Avon, Canning, Murray, Harvey, Vasse,
Gunyulgup, Blackwood, Warren, Kalgan,
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Gairdner, Fitzgerald and Phillips rivers (Fig. 1).
Cherax destructor was also captured in Canegrass
Swamp, a natural water body, and the Malcolm,
Niagra and Bromus public water-supply reser-
voirs; located on natural watercourses in the Zone
of Uncoordinated Drainage (see Fig. 1).

Environmental variables

The mean water temperatures for the Hutt River
were reflective of the Mediterranean climate of the
region; ranging from a minimum of 16.3 °C in
August to a maximum of 27.7 °C in February.
Day-lengths for nearby Geraldton increased from
a minimum of 618 min in mid-winter to a maxi-
mum of 840 min in mid-summer.

Reproductive biology

The smallest mature female and male C. destructor
captured during the spawning period measured 17
and 20 mm OCL, respectively (Fig. 2). The logistic
regression analysis yielded an OCLs, of 21.6 mm
OCL (95% confidence limits = 20.7, 22.4 mm
OCL) and 26.5 mm OCL (95% confidence lim-
its = 25.8, 27.1 mm OCL) for female and male
C. destructor, respectively (Fig. 2). The OCLgs of
female and male C. destructor was 28.0 mm OCL
(95% confidence limits = 26.6, 29.6 mm OCL)
and 31.2mm OCL (95% confidence lim-
its = 29.7, 32.8 mm OCL), respectively (Fig. 2).

Immature ovaries (stages I and II) were
dominated by oogonia and chromatin nucleolar
oocytes (stage 1), with stage II ovaries also con-
taining perinucleolar oocytes that had a size range
of 100-600 um with a modal ovarian diameter of
100-200 um (Table 1 and Fig. 3). Perinucleolar
oocytes continued to be present in stages 111, IV,
V, VI and VII ovaries with a bimodal distribution
of mean oocyte diameters developing from stage
IV. There was only one ovigerous female (stage
VII) captured and it contained all developmental
stages of oocytes (Fig. 3), including an apparent
resorbing un-released yolk granule oocyte (mean
diameter 1180 um) (Table 1).

Virgin (immature, stage I) testes were very
small, with a clear testicular mass and a thin, clear
thread-like vas deferens that did not contain
spermatophores. Maturing virgin (stage II) testes
were semi-opaque and slightly thickened with

discernable spermatocyte bundles, the vas deferens
was thin and clear, and lacked spermatophores.
Mature stages (III-VI) contained bundles of
spermatozoa within spermatophores in the vas
deferens, with stages V and VI also displaying
clear distal regions of the vas deferens that lacked
spermatophores (Table 2).

The temporal pattern in the mean oocyte
diameter frequency distribution of C. destructor
in the Hutt River was indicative of a protracted
spawning period from July to January.
Oocytes that had undergone primary vitellogenesis
(100-600 um) were found in all months of the
year, whereas oocytes greater than 1000 um (late
yolk vesicle and yolk granule, Table 1) were found
in females in all months aside from February and
March. The onset of spawning occurred in July
with the maximum oocyte size of C. destructor
being 900, 1200, 1400, 1800 and 1650 um in
March, April, May, June and July, respectively.

The temporal trend in ovarian maturation also
suggested a prolonged spawning period occurred
(Fig. 4). Females with stage III gonads, which had
completed primary vitellogenesis and contained
late perinucleolar oocytes, were present in all
months (Fig. 4). The percentage of stage VI (ripe)
ovaries increased from 8.3% in May to 13.1 and
28.6% in June and July, respectively (Fig. 4). The
single ovigerous individual (stage VII) was cap-
tured in August (Fig. 4). Stage VI ovaries contin-
ued to be recorded until December and were found
in 4.6% of females (Fig. 4).

The temporal pattern in the developmental
stages of the testes of male C. destructor in the
Hutt River also suggested that an extended
spawning period had occurred (Fig. 4). Between
July and August, the percentage of male
C. destructor with stages V increased from 0 to
3.7%, and those with stage VI rose from 0 to
18.5% (Fig. 4). The percentage of spawning
(stage VI) testes then declined progressively to be
present in 2.2% of male C. destructor in
December (Fig. 4).

The trend in the mean GSI of mature
C. destructor also supports the spawning period
elucidated by the analysis of the temporal patterns
in oocyte development and gonad stage develop-
ment (Fig. 5). The mean GSI of mature female
C. destructor increased from a minimum of 0.65
(£0.18 S.E.) in February to a maximum of 2.69
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males, respectively) gonadal development stages in sequential 2 mm OCL intervals of female and male Cherax destructor during the
breeding season in the Hutt River, i.e., May to January. N.B.: The logistic curves (including 95% confidence limits) were fitted to the
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(£1.15 S.E.) in July. The GSI then gradually
declined to 1.27 (#£0.25 S.E.) in December
(Fig. 5).

A similar temporal trend was found in the
mean GSI of mature males during the spawning
period (Fig. 5). The major rise in the mean GSI of

mature males occurred simultancously with the
rise in female GSI from May to July (Fig. 5)
before gradually declining to 0.34 (£0.04).

The gradual decline in mature GSIs between
July and December combined with the occurrence
of stage VI gonads and also those stages that were
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th

Stage II: Virgin (maturing)

Stage III: Developing Stage VI: Shows magnified oogonia

Figure 3. Microscopic appearance of the different ovarian developmental stage of Cherax destructor from the Hutt River, Western
Australia. CN = Chromatin nucleolar; NI = nucleoli; YG = yolk granule; YV = yolk vesicle; POF = post-ovulatory follicle;
FC = Follicle cell; OE = Ovarian epithelium; OL = Ovarian lumen; Og = Oogonia; PN = perinucleolar oocyte.

re-maturing suggest strongly that C. destructor in The one ovigerous C. destructor captured
the Hutt River had an extended breeding season in during the study in the Hutt River, which was
which it could spawn more than once. recorded in August, had an OCL of 37 mm and a
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Table 2. Macroscopic descriptions of the different stages of testicular development for male Cherax destructor (adapted from Beatty

et al., 2003)

Testicular stage Mean GSI (1 S.E.)

Macroscopic description

1. Virgin 0.17 £ 0.01
II. Maturing virgin 0.27 £ 0.02
III. Mature 0.35 £ 0.02
IV. Gravid 0.41 £+ 0.03
V. Spawning 0.44 £ 0.03
VI. Spent 0.53 £ 0.03

Very thin testes, strand-like transparent vas deferens
Slightly thickened testes and vas deferens

Thickened testes, opaque vas deferens

Swollen testes, milky opaque vas deferens

Swollen, milky vas deferens with distal region being less
opaque than proximal and mid regions

Well developed testes and relatively flattened, clear distal
region of the vas deferens

pleopodal fecundity of 263. The ovarian fecundity
of 21 female C. destructor (size range of between
32 and 39 mm OCL) ranged from 149 to 295
with a mean of 210.2 (£9.24 S.E.). The
relationship between the F, and OCL of 21
C. destructor was best described by the qua-
dratic equation: F, = 0.6980CL? — 36.7510CL
+671.056, R = 0.627.

Growth and mortality

The sex ratio of C. destructor in the Hutt River
was 1 female: 1.066 males. The length—frequency
distributions of C. destructor largely supported the
spawning periods ascertained by the above analy-
sis of the temporal trends in gonadal and oocyte
development with newly released individuals first
captured in November (size range of between 6
and 14 mm OCL and a mode of 10.6 mm OCL)
estimated to be 2-month-old allowing for a rela-
tively short, 1 month, incubation period prior to
hatching, i.e., based on birth (hatching) in Sep-
tember (Figs. 6 and 7). The estimation of the
incubation period is based on the study of Mitchell
& Collins (1989), who found a short brooding
period (i.e., egg and hatchling attachment) of
60 days between previous mating and re-spawning
for C. albidus (now synonymised with C. destructor
sensu Austin et al., 2003) and also that of (Rouse
& Yeh, 1995) who found a 1-month incubation
period.

The growth curve was fitted to the subsequent
modes of the monthly normal distributions of OCL
cohorts from ages 1 (January) to 12 (December)
months (Figs. 6 and 7). The mode of the normal
distribution of this subsequent 0+ cohort increased

progressively to 13.9, 25.2 and 29.7 mm OCL in
March, September and December at ages 3, 9 and
12 months, respectively (Fig. 6).

The modified seasonal von-Bertalanffy growth
equation displayed a good fit to the modes of the
monthly normal distributions of OCL cohorts
(coefficient of determination 0.9989) (Table 3 and
Fig. 7). The equation yielded values for K, OCL..
and 7o of 51.25 mm, 0.78 and —1.54 (Table 3).
Using the growth equation, the predicted OCLs of
C. destructor at ages 6 and 12 months were 18.5 and
29.0 mm OCL, respectively (Table 3 and Fig. 7).

The length-converted catch curve revealed a
total instantaneous mortality rate for C. destructor
in the Hutt River of 2.91 year™' (Table 3 and
Fig. 8). From the empirical formula of Pauly
(1980), the instantaneous natural mortality was
1.09 year™' and therefore fishing mortality and
exploitation rates were 0.62 and 1.82 year™',
respectively (Table 3).

Discussion

Distribution of Cherax destructor in Western
Australia

The current study confirmed the presence of
C. destructor in natural water bodies of the Pilbara
Drainage Division as previously recorded by
Morrissy & Cassells (1992) and Jasinska et al.
(1993). In contrast to these studies, and that of
Austin (1985) who collected C. destructor from
wild systems outside of the ‘yabbie exclusion zone’
in the Southwest Coast Drainage Division of
Western Australia, this study also documents the
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Figure 4. Monthly frequencies of different gonad developmental stages of female and male Cherax destructor in the Hutt River.

presence of this species in wild systems in the Zone
of Uncoordinated Drainage and within the ‘yabbie

exclusion zone’ (Fig. 1).
Many of the aquatic

systems in the Southwest

Coast Drainage Division have become salinised,

which has resulted in a reduction in the inland

ranges of native fish and crayfish

species

(Morrissy, 1978; Morgan et al., 2003). The ability
of C. destructor to tolerate relatively high salinities
(~12 ppt in Mills & Geddes, 1980), coupled with
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Figure 5. Mean gonadosomatic indices (£1 S.E.) for female and male Cherax destructor in the Hutt River with gonad stages I/II (i.e.,
immature) and gonad stages III-VII and III-VI (i.e., mature/maturing) for females and males, respectively.

its tolerance of hypoxic conditions (Morris &
Callaghan, 1998), would be conducive to it further
expanding its range in southwestern Australia. The
potential impact on the structure and function of
aquatic ecosystems in southwestern Australia, and
particularly those occupied by endemic freshwater
crayfishes, is of major concern given the life his-
tory parameters exhibited by C. destructor in the
Hutt River (see below).

Reproductive biology

Abdu et al. (2000) and Beatty et al. (2003, 2005)
clearly demonstrated that histological examination

provides a very precise description of ovarian
development in freshwater crayfishes. Further-
more, Beatty et al. (2005) showed that patterns in
the frequencies of female gonadal development
stages (based on histological examination) pro-
vided an accurate description of their reproductive
biology. Thus, although only one ovigerous female
was captured in the current study, presumably as a
result of the burrowing behaviour of ovigerous
females (e.g., Beatty et al., 2005), the use of the
above techniques is likely to provide the most
accurate description of the reproductive biology of
C. destructor. The capture of juveniles in every
month further supports the descriptions of the
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Figure 6. Orbital carapace length—frequency histograms in each
month for Cherax destructor in the Hutt River. Normal dis-
tributions have been fitted to the one or two size cohorts present
in each month used to fit the von Bertalanffy growth curve.
N.B.: n = sample size.

reproductive biology of this species provided be-
low.

The spawning period of C. destructor in the
Hutt River occurred between July and January
(Figs. 4 and 5) and was similar to that recorded in
farm dams in southwestern Western Australia,
where newly released juveniles were found
throughout the period between October and
February (Morrissy & Cassells, 1992). Given the
prolonged spawning period, it is likely that
C. destructor underwent multiple spawning events
as evidenced by GSIs and length—frequency dis-
tributions with newly released juveniles being
captured in November and again in January
(Fig. 6).

The initiation of secondary vitellogenesis in
the current study occurred from stage III as
revealed by the presence of early yolk vesicles
(Table 1). Of particular note was the presence of
this stage in all months, this is in contrast to their
absence in C. cainii in all months from June to
November, inclusive (Beatty et al., 2003). Based
on specimens of C. albidus (C. destructor sensu
Austin et al., 2003) held in aquaria McRae &
Mitchell (1995) proposed that, following spawn-
ing, ovaries were held in a constant state of
readiness, with oocytes present at the end of
primary vitellogenesis able to undergo secondary
vitellogenesis (increase in mean size from 400 to
2000 um) rapidly. In a later study, McRae &
Mitchell (1997) noted that, provided the female
C. destructor was not ovigerous and had sufficient
nutritional reserves, the presence of males was a
cue for rematuration. Thus, the demonstrated
ability of C. destructor to undergo rapid ovarian
rematuration and the fact that males were always
present, further supports our argument that this
species underwent multiple spawning in the Hutt
River, and is likely to be able to spawn multiple
times in other southwestern Australian systems
given such favourable conditions.

Multiple spawning has previously been
documented in the invasive freshwater crayfish,
Procambarus clarkii (Girard, 1852) (Gutiérrez-
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Figure 7. Modified seasonal von Bertalanffy growth curves of Cherax destructor in the Hutt River. Curves are fitted to the monthly

mean orbital carapace lengths at age of the 0+ and 1+ cohorts.

Yurrita & Montes, 1999). Those authors con-
sidered that such a reproductive strategy allowed it
to become established in new and varied environ-
ments. At high densities P. clarkii was found to
have the ability to alter the structure and function
of ecosystems, becoming an ecosystem engineer
(keystone) species (Gutiérrez-Yurrita & Montes,
1999 and references therein). Given the previously
mentioned wide range of impacts that introduced
species of freshwater crayfish may have, the
establishment of C. destructor in the Hutt River
would have likely resulted in it altering the struc-
ture and function of this ecosystem and others in
which it has become established (Fig. 1).
Life-history strategies of freshwater crayfishes
have previously been placed into two categories;
winter and summer brooders. Many crayfishes that
are considered invasive species (e.g., P. clarkii,
Gutiérrez-Yurrita & Montes, 1999) are summer
brooders. Summer brooders generally have strate-
gies that include: short brooding periods in summer;
an a-synchronous spawning regime within the
breeding period (that may include multiple spawning
events); the ability to exist in a wide range of per-
manent and temporary aquatic systems; relatively
high fecundities with small eggs; rapid growth
rates and a short life span (Honan & Mitchell, 1995).
Many of these traits are typical of those
generally associated with r-selected life-histories.
Cherax destructor in the Hutt River therefore

displayed life-history traits consistent with a sum-
mer-brooding, r-selected species (Table 3).

The ability to undergo multiple spawning,
when conditions are suitable undoubtedly aids in
the ability of C. destructor to occupy temporary
habitats and rapidly colonise a range of new
aquatic environments. This strategy is also exhib-
ited by the endemic congener C. quinquecarinatus,
which also occupies a wide variety of temporary
and permanent habitats in this region (Table 3,
Beatty et al., 2005). By contrast, the large sym-
patric endemic C. cainii only spawns once during
its breeding period, occupying permanent aquatic
systems (Table 3, Beatty et al., 2003, 2004). The
reproductive strategy exhibited by C. destructor
would have enabled it to rapidly proliferate in the
Hutt River; attaining a similar density to that of
C. cainii (Beatty et al., 2004) that was translocated
into this system prior to the introduction of
C. destructor (Morrissy & Cassells, 1992). Simi-
larly, its establishment in other aquatic systems in
Western Australia would be aided by its
reproductive strategy; potentially enabling it to
become the most abundant crayfish species in
many of those systems.

Growth

The length—frequency distribution of C. destruc-
tor in the Hutt River revealed the main recruit-
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Table 3. Comparison of life-history parameters for: Cherax destructor in the Hutt River, Cherax cainii in Lake Navarino (Beatty et al.,
2003) and the Hutt River (Beatty et al., 2004), and Cherax quinquecarinatus in Bull Creek (Beatty et al., 2005)

Parameter Cherax destructor

Cherax cainii Cherax quinquecarinatus

Habitat range Perennial/ephemeral

Habitat of population studied Perennial river
Breeding period July—January
Potential for multiple spawning? Yes

Spawning rate of mature females (%) 29

Ovarian fecundity 210

Length at first maturity (OCLs, Females = 21.6;
mm OCL) Males = 26.5
OCL.. (mm) 51.25

K 0.78

to (month) -1.54

C 0.36

t 0

Age at OCLs, (months) Females = 9; Males
Size at age 12 months (mm OCL) 29.0

Z (1 year™") 291

M (1 year™) 1.09

F (1 year™) 1.82

E 0.62

Perennial Perennial/ephemeral

Perennial river + reservoir Perennial stream

July—December August—February

No Yes
10-96 43
443 82
Females = 32.1-70.4; Females = 18.8;
Males = 28.6-39.6 Males = 24.5
101.9 Females = 59.6;
Males = 73.8
0.42 Females = 0.29;
Males = 0.25
1.54 Females = 0.18;
Males = 0.44
0.37 Females = 1.00;
Males = 0.71
3.85 Females = 8.64;
Males = 5.83
11 Females = 36; Males = 16 Females = 19;
Males = 19
27.9 Females = 14.7;
Males = 14.1
1.79 Females = 2.34;
Males = 1.95
0.60 Females = 0.55;
Males = 0.48
1.19 Females = 1.78;
Males = 1.47
0.66 Females = 0.76;
Males = 0.75

N.B.: Breeding period refers the period from initial spawning through the release of juveniles from pleopods of females. Spawning rate
of mature females is based on the maximum percentage of mature females that possessed stage VII (i.e., ovigerous), stage V (mature) or
VI (gravid) ovaries in any month during the breeding period. OCL.. is the asymptotic orbital carapace length, K is the curvature
parameter, f, is the theoretical age at which the estimated orbital carapace length is zero, C determines the relative amplitude of the
seasonal oscillation (where 0 < C < 1), 1 determines the phase of seasonal oscillation relative to 7, 12 is the coefficient of deter-
mination of the growth curve, Z is the instantaneous rate of total mortality determined by a length converted catch curve, M is the
instantaneous rate of natural mortality, F is the instantaneous rate of fishing mortality and E is the exploitation rate.

ment period (juvenile release) was spring/early
summer as supported by initial capture of 0+
individuals in November. However, the pro-
tracted spawning period of C. destructor in the
Hutt River resulted in another recruitment event
occurring in January, which subsequently became
the most easily discerned cohort thereafter until
the following December, at 12 months of age.

The cause of the apparent higher survivorship of
the progeny of the second spawning event in
November than the initial, more major event that
occurred in August is unknown but a period of
high juvenile mortality appears to have occurred
in early summer.

Extended hatching periods and highly variable
individual growth rates, resulting in a considerable
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Ln(F/dt) = -2.91(t) + 9.78 r>= 0.93

In (F/dt)

1 2

Relative age (t years)

Figure 8. Length-converted catch curve of Cherax destructor in the Hutt River. N.B.: Slope of the regression line represents the
instantaneous mortality rate (Z) and data points with open circles were excluded as they represent mean ages that were not fully
recruited (ascending data points) or those with small sample sizes (less than 10 individuals).

overlap of successive age groups, complicate size-
frequency analyses in freshwater crayfishes (e.g.,
Morrissy, 1975; Jones, 1981; Gutiérrez-Yurrita &
Latournerié-Cervera, 1999). Whilst there was a
high degree of overlap in cohorts in the Hutt River
population of C. destructor, the extremely high
coefficient of determination estimated for the
modified seasonal von Bertalanffy growth curve
suggest a good description of growth for the first
12 months (Fig. 6).

Although the growth rate of C. destructor in
the Hutt River was comparable to that recorded
for C. cainii in that system (Beatty et al., 2004),
the OCL,, was less, ie., ca. 51 mm OCL for
C. destructor cf. ca. 102 mm OCL for C. cainii
(Table 3). However, as the K was greater for
C. destructor (0.78 cf. 0.42 for C. cainii), its length
at 12 months of age (29 mm OCL) was as great as
that of C. cainii in the Hutt River (ca. 28 mm
OCL, Table 3, Beatty et al., 2004). Furthermore,
based on the lengths at first maturity estimated in
this study, the majority of the population of
C. destructor will have reproduced by this time,
whereas female C. cainii matured much later and
at a much larger size (i.e., OCL5, for female

C. cainii in this system was ca. 70 mm OCL
equating to an age of ca. 36 months (Table 3,
Beatty et al., 2004). Cherax destructor in the Hutt
River also had a much greater growth rate com-
pared with that recorded for the endemic C. quin-
quecarinatus in a permanent stream in
southwestern Western Australia (K for C. de-
structor and C. quinquecarinatus were 0.78 and
0.25-0.29, respectively) and attained a far larger
size after 1 year (29 and ca. 14 mm OCL for
C. destructor and C. quinquecarinatus, respec-
tively) (Table 3).

Size is a major factor determining the outcome
of competitive interactions between individual
freshwater crayfish (e.g., Momot & Leering, 1986;
Pavey & Fielder, 1996). Chelae size is also
important in determining the outcome of agonistic
encounters (Gherardi et al., 1999). As C. destruc-
tor is adapted to burrowing in temporary envi-
ronments, it possesses chelae of considerable size
(see also Austin & Knott, 1996), and, based on size
attained in its first year, it would be capable of
competing with C. cainii and out-competing the
relatively small C. gquinquecarinatus for resources
(Table 3).



Mortality

The estimate of total mortality of C. destructor in
the Hutt River was 2.91 year ', relatively high
compared to that for C. cainii in the Hutt River
(1.79 year™") (Table 3, Beatty et al., 2004). Cherax
quinquecarinatus was also found to have a rela-
tively high total mortality rate in a permanent
Western Australian stream (2.34 and 1.95 year™
for females and males, respectively (Table 3,
Beatty et al., 2005)). The exploitation rate re-
corded here (0.62) suggests that most of the total
instantaneous mortality of C. destructor in the
Hutt River was due to fishing mortality. The main
sampling site had very easy public access relative
to the remainder of the Hutt River, which largely
passes through privately owned land. Therefore, a
relatively high level of fishing pressure may be
expected at this site, particularly in light of the
good palatability of this species and the fact that
its capture in Western Australia is not restricted by
fishery regulations (cf. the 3 weeks allowed for the
recreational capture of the highly sought after
C. cainii).

Conclusions

Cherax destructor has become established in many
wild aquatic systems in Western Australia in the
past decade. The ability of C. destructor to with-
stand relatively extreme physicochemical condi-
tions would help to facilitate this establishment.
Life history traits described for C. destructor in the
Hutt River are typical of an invasive, r-strategist
crayfish species, i.e., an extended breeding period
with multiple spawning events, a high spawning
frequency, a rapid growth rate and the attainment
of maturity at the end of its first year of life
(Table 3). These traits are likely to have facilitated
the proliferation of this species in the Hutt
River and also aided its establishment in other
Western Australian systems. Furthermore, the
comparison of life-history traits of C. destructor
determined in the present study with those recently
described for the endemic congeners C. cainii and
C. quinquecarinatus, suggests that it has the
potential to become the most abundant species of
crayfish once established in an aquatic system that
houses these endemics. Given the uniqueness of
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the freshwater crayfish fauna of the Southwest
Coast Drainage Division of Western Australia, the
recent spread of C. destructor into wild aquatic
systems in the region is of serious concern.
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