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Executive summary

The Western School Prawn Metapenaeus dalli (an estuarine species in south-western Australia)
and the Western King Prawn Penaeus latisulcatus (a marine species) were the focus of a small
commercial and iconic recreational fishery in the Swan-Canning Estuary. However, the
commercial fishery closed in the mid-1970s and recreational fishing participation also declined
from the 1990s, with the last significant catches of M. dalli recorded in the late 1990s. The
reasons for the decline in M. dalli are unclear and, despite a large reduction in fishing pressure,
stocks of this penaeid had not recovered by 2007. Therefore, restocking was seen as a possible
means of increasing the population size of M. dalli in the estuary.

Restocking was undertaken over four years between 2012/13 and 2015/16 and involved
the release of ~4.65 million post-larval M. dalli. The abundance, size and reproductive status
of male and female M. dalli and P. latisulcatus were recorded at 20 sites in the shallow,
nearshore waters (from hand trawls) and 16 sites in the deeper, offshore waters of the Swan-
Canning Estuary (from otter trawls), every lunar month between October and March (the
breeding season) over five years between October 2013 and March 2018. The resultant data,
derived from 1,240 hand trawls and 962 otter trawls, were used to determine whether the
density and population fecundity of M. dalli changed over those five years and if P. latisulcatus
showed similar patterns of change in abundance to M. dalli.

Densities of M. dalli increased sequentially from 2013/14 to 2015/16, in both nearshore
waters, where individuals migrate to spawn, and offshore waters. In this later year densities
had increased by 58 and 109% in nearshore and offshore waters, respectively, compared to
those at the start of the study (2013/14) and after the release of only ~1,000 post-larvae.
However, the extent to which the restocking contributed to the increased abundance of M. dalli
is not definitively known, as the hatchery-reared individuals were unable to be marked to
distinguish them from wild-spawned stock. The increased abundance and/or size of M. dalli
led to successive increases in egg production in both water depths between 2013/14 and
2015/16 with the combined value for 2015/16 being twice that of the previous year and over

three times greater than that in 2013/14.



Given the relatively large size of the M. dalli population and egg production in 2015/16
it was surprising that densities in both water depths in 2016/17 decreased by > 90% and egg
production by 85% compared to 2013/14. This may reflect hypoxic events that occurred
between April and June 2016 in the Middle Swan Estuary, a key habitat at that time of year,
areas and the atypically low air and water temperatures that occurred during winter of 2016
and extended into spring. Metapenaeus dalli is a subtropical species, sensitive to hypoxia and
whose population in the Swan-Canning Estuary is almost at the poleward limits of its range.
Thus, in south-western Australia, it is confined to estuaries rather than the coastal waters due
to the relative warmth they provide. These cooler waters could have resulted in direct mortality,
but would also have reduced the period of the year when individuals could grow to reduce their
susceptibility to predation, resulting in increased levels of indirect mortality. This
overwintering mortality is known to similarly affect populations of portunid crabs towards the
limit of their spatial range. The cooler temperatures and slower growth also delay the onset of
maturity in M. dalli.

The lower abundances, delayed maturity and typically smaller size of M. dalli reduced
egg production at the start of the 2016/17 breeding season. Moreover, in February 2017, when
some of those individuals would have attained sexual maturity and spawned, an aseasonal
rainfall event occurred, leading to marked increases in freshwater discharge, water column
stratification and hypoxia. This was mainly seen in the Lower Canning Estuary and Melville
Water, which, at this time of year, harbour large numbers of M. dalli in both water depths.
Following this event, very low numbers of M. dalli were caught in the remaining two months
of the breeding season and none were gravid (i.e. egg production = zero). Even fewer M. dalli
were collected in 2017/18; only 4 and 3% of the 2013/14 population in the nearshore and
offshore waters, respectively. By contrast, numbers of P. latisulcatus remained relatively
consistent over the five years of the study, and even increased significantly in abundance in the
nearshore waters in 2017/18 compared with 2013/14.

In summary, the dramatic changes in the abundance of M. dalli over the five years was
most likely caused by the releases of hatchery-reared post-larval prawns and the persistence of

marine-like salinities and predominantly normoxic conditions in the first three years (2013/14-



2015/16) providing positive influences on density. These were then followed by a series of
hypoxic events (April-June 2016) and a cooler than average overwintering period in 2016,
which extended into spring. These negative influences culminated in an aseasonal rainfall event
causing widespread hypoxia during the breeding season of 2016/17. The spatial extent of this
hypoxia affected the primary area of the estuary most utilised by M. dalli. These events have
resulted in the current abundance of M. dalli being very low in 2017/18, even compared to pre-
restocking levels. This species is particularly vulnerable to changing conditions in the estuary,
as it spends its entire life within the Swan-Canning and is thus unable to recruit from outside
populations. Moreover, crustaceans are typically sensitive to low levels of oxygen, and are less
mobile than other taxa, (e.g. pelagic teleosts) and thus less able to readily escape relatively
large areas of hypoxia.

The current abundance of M. dalli is very low, to the point where collecting enough
broodstock for another restocking project may be difficult and thus very expensive. Given the
iconic nature of this species, there is value in monitoring the population in the future in
association with management of the fishery, but not until several breeding seasons have passed,

and no aseasonal summer rainfall events have occurred.



Introduction

Agquaculture-based enhancement (ABE), which encompasses restocking, stock enhancement
and sea ranching, provides a mechanism to supplement fishery resources and restore, maintain
and increase productivity (Lorenzen et al., 2013; Taylor et al., 2017a). If implemented
successfully, such enhancement can support systems recovering from anthropogenic
perturbations, such as over-exploitation and habitat degradation, increase food security and
augment economic and social values (Bell et al., 2005; Kitada and Kishino, 2006; Arlinghaus
et al., 2014). These programs are often popular with recreational fishers, as they are seen as
ways of increasing the availability of fish without placing input, output and/or access controls
on the fishery, and align with the fishers’ preference for a higher abundance of fish, larger size
of fish and a greater chance of a catch (Arlinghaus and Mehner, 2005; Garlock and Lorenzen,
2017; Obregodn et al., in press).

Despite the attraction of such programs, the performance of many has been mixed and,
more often than not, disappointing (Bell et al., 2005; Lorenzen, 2005). Indeed, many have
failed to significantly increase fishery production, provide economic benefits and/or have had
detrimental effects on the natural population of the targeted species (Hilborn, 1998; Levin et
al., 2001; Kitada et al., 2009; Kitada, 2018). Thus, there has been a major effort to improve the
way release programs are developed, implemented and assessed, resulting in the development
of the responsible approach to stock enhancement (Blankenship and Leber, 1995; Lorenzen et
al., 2010). The revised responsible approach is a set of 15 principles representing three stages;
i) initial appraisal and goal setting; ii) research and technology development and iii) operational
implementation and adaptive management, considered essential to control and optimise
enhancement (Lorenzen et al., 2010).

Typically, ABEs have occurred mainly in freshwater or marine/coastal environments
(Welcomme and Bartley, 1998; Bartley et al., 2015; Ingram and De Silva, 2015). For example,
more than 160 freshwater species are farmed commercially and available for enhancement.
Ingram and De Silva (2015) and Lorenzen et al. (2000) estimated that the culture-based
fisheries for freshwater and diadromous organisms contributed 2 million mt per year,

accounting for about 20% of recorded freshwater capture yields. Moreover, approximately 180



different species have been released into marine and coastal environments in a total of 64
countries worldwide (Born et al., 2004). This global trend also applies to Australia, where ABE
has been used to primarily benefit freshwater and marine fisheries, in particular, for salmonids
(Blount et al., 2017; Partridge et al., 2017), with few releases undertaken in estuaries
(Loneragan et al., 2013). Despite this, Taylor et al. (2005) argued that due to the lack of any
substantial upwelling in coastal Australia waters and the demonstrated lack of success in
stocking oceanic species, ABE releases in Australia should be confined to estuaries, and on
species that are obligate users of the estuary and are recruitment limited. Further justification
of this is provided by Creighton et al. (2015) who estimated that, in Australia, estuarine species
comprise > 75% of the commercial fish catch in coastal waters and, in some regions, up to 90%
of the recreational angling catch.

A number of biological characteristics make a species suitable for ABE (Garlock et al.,
2017), including fast growth rate and high site fidelity. Due to the high productivity in estuaries,
which, in turn, provides large quantities of food, coupled with the typically reduced presence
of large predator species (Tweedley et al., 2016b), fish have been shown to grow faster and
suffer lower natural mortality in estuarine than adjacent coastal waters (Potter et al., 2011).
Moreover, the stocking of species that complete their life cycle in estuaries ensures that they
remain within the systems, and are ‘available’ for reproduction and harvest (Cottingham et al.,
2015). However, while the provision of nutrients through allochthonous inputs can increase
primary productivity, excess nutrients can lead to a range of deleterious effects, such as algal
blooms and hypoxia (Davis and Koop, 2006; Anderson et al., 2008a; Zhang et al., 2010). The
effects of such anthropogenic perturbations are amplified in microtidal estuaries in
Mediterranean climates, such as those in south-western Australia, due to their long water
residence times and highly seasonal rainfall (Tweedley et al., 2014; Warwick et al., 2018).
Moreover, extreme climatic events, such as aseasonal rainfall from cyclones, e.g. significant
rainfall in the typically dry summer months, can influence the physico-chemical environment
of microtidal estuaries, which, in turn, alter the composition of faunal communities (Tweedley

et al., 2016a; Hoeksema et al., 2018).



While crustaceans are particularly sensitive to the impacts of natural and anthropogenic
perturbations (Warwick and Clarke, 1993; Wu et al., 2002; Tweedley et al., 2016a), species
such as crabs and penaeid prawns are often targeted by commercial and recreational fishers.
The genus Metapenaeus is one of 25 extant genera belonging to the Penaeidae, and comprises
29 species that occur exclusively throughout the inshore coastal and estuarine waters of the
Indo-West Pacific (De Grave, 2014). In this region, species of Metapenaeus contribute to
important commercial and recreational fisheries and aquaculture production (Dichmont et al.,
2006; Kompas et al., 2010). For example, in subtropical and temperate New South Wales, an
average of 1,410 tonnes of prawns, valued at more than AUD $18 million, were caught annually
between 2004 to 2009 in inshore and estuarine environments, with Metapenaeus macleayi and
Metapenaeus bennettae comprising 54% and 32% of the total catch by weight and value,
respectively (Montgomery, 2010). Prawns found in estuaries in this region, mainly Penaeus
(=Melicertus) plebejus and M. macleayi, are also exploited by recreational fishers who remove
~4,700 tonnes annually (Montgomery, 2010).

Metapenaeus dalli, the Western School Prawn, is the only metapenaeid found in
temperate south-western Australia (Racek, 1957). This species typically occurs in shallow,
inshore marine waters (< 30 m deep) along the western coast of Australia from Darwin in the
north to Cape Naturaliste in the south and also occur in Java, Indonesia (Grey et al., 1983;
Fig. 1). However, in latitudes below 31° S, it is only found in estuaries (Potter et al., 1986;
Potter et al., 1989) and is believed to complete its entire life cycle within these systems
(Broadley et al., 2017; Crisp et al., 2017b; 2018b). It is thus classified as a solely estuarine
species in this region (Potter et al., 2015a; 2015b; Fig. 2), whereas the co-occurring Western
King Prawn Penaeus (= Melicertus) latisulcatus (Poh et al., 2019), a species that spawns in the
marine environment, whose juveniles spend significant time in estuaries, is classified as a
marine estuarine-opportunist (Fig. 1; Penn, 1980).

Both M. dalli and P. latisulcatus were the focus of a small commercial and iconic
recreational fishery in the Swan-Canning Estuary. The commercial fishery catch peaked at
15 tonnes in 1959, but declined afterwards leading to its closure in the mid-1970s (Smith,

2006). At its peak, recreational prawning in this estuary involved over 50,000 people and
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became an iconic pastime, particularly during the Christmas period (Smithwick et al., 2011).
However, recreational catch rates also declined, with the last significant catches recorded in
the late 1990s (Maher, 2002). This decline is thought to be due to a combination of overfishing,
changing environmental conditions and recruitment failure (Smith, 2006; Smith et al., 2007).
Despite the large reduction in fishing pressure, M. dalli populations had not recovered and thus
a restocking program was initiated (Tweedley et al., 2017b).

Following the principles of responsible aquaculture-based enhancement (Lorenzen et
al., 2010) approaches, this restocking was accompanied by a research and development
program that i) developed new aquaculture techniques (Crisp et al., 2016; 2017c; Jenkins et al.,
2017; Crisp et al., 2018a), ii) determined the growth, mortality and reproduction of M. dalli
(Broadley et al., 2017; Crisp et al., 2018b; Fig. 2), iii) investigated the ecology of M. dalli and
co-occurring species to better understand factors affecting their natural recruitment and to
develop a sound a release strategy (Tweedley et al., 2017a; Poh et al., 2018) and iv) established
a monitoring program to track the changes in abundance of M. dalli over time to help evaluate
the success of the restocking. The aims of the current study were to i) document any changes
in abundance and population fecundity of M. dalli in the nearshore and offshore waters of the
Swan-Canning Estuary in the five years since the start of the restocking program and

il) compare the trends in abundance M. dalli to those of the co-occurring P. latisulcatus.

Marine environment

(b) Marine estuarine-opportunist

Riverine environment

Estuarine environment

Marine environment
Fig. 1. Conceptual models of the life cycle of the (a) solely estuarine Western School Prawn
Metapenaeus dalli and (b) the marine estuarine-opportunist Western King Prawn Penaeus
latisulcatus in the Swan-Canning Estuary. Note that north of 31 °S, M. dalli is found in coastal marine
embayments. Modified from Potter et al. (2015b).
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Fig. 2. Conceptual models of the life-history characteristics of Metapenaeus dalli in the Swan-
Canning Estuary. Adapted from Broadley et al. (2017).
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Materials and methods
Study site
The Swan-Canning Estuary is a drowned river valley system located in south-western
Australia, which is ~50 km long, covers an area of ~55 km? and remains permanently-open to
the Indian Ocean (Brearley, 2005). The estuary comprises a narrow entrance channel that opens
into two basins (Melville and Perth Water) and the tidal portions of the Swan and Canning
Rivers, which extend ~29 and 13 km upstream from their entry points into Melville Water,
respectively. Although the majority of the estuary is shallow, i.e. <2 m in depth, it reaches a
maximum depth of ~20 m in the entrance channel. South-western Australia experiences a
Mediterranean climate, with hot, dry summers and cool, wet winters with ~80% of rainfall
occurring between June and September (Gentilli, 1971; Hodgkin and Hesp, 1998; Hallett et al.,
2018). This, combined with the microtidal tidal regime (< 2 m variation in tide height), results
in marked seasonal variations in water physical-chemical conditions in this salt-wedge estuary.
Salinities are typically stable and relatively high throughout much of the estuary during the
austral summer (December to February), but during winter, may vary markedly along the
estuary following substantial freshwater discharge, leading to pronounced stratification of the
water column and hypoxia (Tweedley et al., 2016a; 2016b).

The estuary flows through the capital city of Perth, which supports ~78% of the
2.6 million people in the state of Western Australia (Australian Bureau of Statistics, 2015). It
is highly valued for its aesthetic, commercial, environmental and cultural importance (Malseed
and Sumner, 2001). Recreational fishing is an iconic activity in WA, with an estimated 711,000
participants in 2014/15 (Ryan et al., 2015), and the Swan-Canning Estuary is a popular hotspot
for recreational fishers, with an estimated effort of 30,338 fisher days occurring in 1998/99

(Malseed and Sumner, 2001).

Sampling regime
Prawns were sampled at two locations within 20 nearshore (< 2 m deep) and 16 offshore
sites (2-17 m deep) in the Swan-Canning Estuary at night between ~18:00 and 01:00, on every

new moon phase (moon <10% illumination), between October and March (i.e. the breeding season;

13



Broadley et al., 2017) in each of five years between 2013/14 and 2017/18 (Fig. 3). During the
course of this study, ~4.65 million post-larval M. dalli were released during the austral summer
and autumn between December 2012 and March 2016. The number released increased
sequentially among years with ~1,000 released in 2012/13, ~635,000 in 2013/14 and
~2,000,000 in both 2014/15 and 2015/16 (Jenkins et al., 2017; Tweedley et al., 2017). Thus
the first four years of data follow releases of post-larval M. dalli in the previous year, whereas

no releases were carried out in the year before the final sampling in 2017/18 (Fig. 4).

115950' E Key

O Nearshore locations

. Offshore locations
. Water quaility

Middle
Swan Estuary

Swan-Canning Estuary

(b)

= 32°00'S

Upper .
Melville
Water

\

[MS]

Nearshore subregions

1) Entrance Channel [EC]

2) North Melville Water [NM]
3) South Melville Water [SM]
4) Perth Water [PW]

5) Middle Swan River [MS]

6) Lower Canning River [LC]
7) Middle Canning River [MC]
8) Upper Canning River [UC]
9) Canning Apex [CA]

Offshore subregions
1) Entrance Channel [EC]
2) Lower Melville Water [LM]

3) Matilda Bay [MB]

4) Upper Melville Water [UM]
5) Perth Water [PW]

6) Middle Swan River [MS]

fL' 7) Lower Canning River [LC]
S 8) Middle Canning River [MC]

Upper Canning Estuary [UC]

A

>4V
Canning Estuary vs’)@ h
Melville Water [LC] 1 |
[LM]

10 km

Fig. 3. Map showing (a) Australia and the distribution of Metapenaeus dalli in inshore marine waters
(light grey) and solely in estuaries (dark grey) and (b) 20 nearshore (®) and 16 offshore (@) sites in
Swan-Canning Estuary sampled in each month between October and March in the five years between
2013/14 and 2017/18. Dotted lines denote the separation among the five broad regions (bold face) of
the estuary. Codes for regions and subregions are given in square brackets. M denotes the sites at which
weekly water quality measurement were taken by the Department of Water and Environmental
Regulation for the Department of Biodiversity, Conservation and Attractions.
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Sites were spread from close to the mouth of the estuary (~2.5 km) to 34 and 27 km
upstream in the Swan and Canning rivers, respectively. Sites were categorized into five broad
regions in nearshore waters (which comprised nine subregions) and four broad regions in the
offshore waters (comprised of eight subregions), respectively (Fig. 3). Nearshore sites were
sampled using a 4 m wide hand trawl constructed from 9 mm mesh. The width of the hand
trawl net during trawling was, on average, ~2.85 m, but varied slightly amongst trawls
depending on the condition of the substratum, presence of submerged obstacles and localised
wind and wave conditions. Each hand trawl was 200 m in length and swept an area of ~570 m?
and, on any single lunar cycle, covered a total area of 22,800 m?.

Offshore waters were sampled using a small otter trawl that was 2.6 m wide and constructed
of 25 mm mesh in the body and 9 mm mesh in the cod-end. The net was towed at an average speed
of 1.6 knots (~3 km h') for 5 min, covering a distance of ~250 m (swept area ~650 m?) on each
sampling period, covering a total area of 20,800 m?. Note that due to a boat engine malfunction
in December 2014, catch data were not obtained from all offshore sites and thus data from this

month were removed from all analyses.
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Fig. 4. Timeline showing the timing and magnitude of the release of post-larval Metapenaeus dalli,
including the cumulative number of M. dalli released during each breeding season (October to March)
and the duration of the restocking project. Months where monitoring of the prawn populations was
undertaken are shaded in black. No M. dalli released after March 2016.

Prawns caught from October 2013 to December 2014 were euthanized in an ice slurry and
transported to the laboratory for measurement (see below), except when a large trawl catch was

made. A portion of these large catches was retained and the remainder of the catch returned to the
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water alive, with counts then scaled up accordingly. From January 2015 to March 2018, all retained
prawns were counted, sized, sexed and presence or absence of a spermatophore identified (in
females), before being returned to the water alive.

For prawns that were retained in the laboratory, the carapace length (CL), i.e. the
distance from the post-orbital margin to the dorso-posterior point of the carapace (= 0.01 mm)
and wet weight (£ 0.01 g) were measured and their sex recorded in the laboratory. A subset of
individuals was also measured for total length, with measurements taken from the anterior tip
of the rostrum to the posterior tip of the telson, and wet weight (n = 797). Females and males
were distinguished by the presence of a thelycum and petasma, respectively. The presence or
absence of a spermatophore on females was recorded. Gravid M. dalli, with ovaries showing
macroscopic signs of being at the late maturing or mature stages, as described by Crisp et al.
(2017b), were recorded.

Water temperature, salinity, and dissolved oxygen concentration were measured at 50
cm intervals throughout the entire water column on a weekly basis at eleven sites throughout
the area where sampling for prawns was undertaken (by Department of Water and
Environmental Regulation [DWER] for the Department of Biodiversity, Conservation and
Attractions [DBCA], Western Australia; Fig. 3). Thus, these data were measured regardless of
whether prawns were collected. Data from April 2013 to March 2018 were extracted from an

online database (http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx) and the

water temperature, salinity and dissolved oxygen concentration in the surface and bottom 1 m
of the water column at each site in each week were averaged. Daily records of rainfall and
average minimum and maximum air temperature for Perth airport were obtained from the

Bureau of Meteorology (http://www.bom.gov.au/climate/data/) between April 2013 and March

2018.
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Statistical analyses

A data matrix containing the daily value for rainfall and average minimum and
maximum air temperature was used to construct a separate Euclidean distance matrix for each
climatic variable. Each matrix was subjected to two-way Permutational Multivariate Analysis
of Variance (PERMANOVA; Anderson et al., 2008b) to determine whether that variable
differed among Year (five levels; 2013/14, 2014/15, 2015/16; 2016/17 and 2017/18) and
Month (12 levels; i.e. each month of the year), both of which were considered fixed. Note that
as the M. dalli breeding season finishes in March (Broadley et al., 2017; Crisp et al., 2018b),
each Year in the current study comprised the month from April of one calendar year to March
in the following year. Prior to running PERMANOVA, the extent of the linear relationship
between the loge transformed mean and standard deviation for each of the various sets of
replicate samples for each variable was examined. This approach was used to determine
whether the data for each variable required transformation to meet the test assumption of
homogenous dispersions among a priori groups and, if so, then to identify the appropriate
transformation required (Clarke and Warwick, 2001). This analysis determined that none of
the variables required transformation.

In this, and all other tests, the null hypothesis of no significant difference among a
priori groups was rejected if the test statistic (P) was < 0.05. The percentage contribution made
by the mean square for each main effect and interaction term to the total mean squares was
calculated to provide an estimate of the relative importance of each term in the model. When a
significant difference was detected, in any PERMANOVA test, a pairwise PERMANOVA test,
together with a plot of the means and associated 95% confidence limits, was used to identify
the pairwise combination of a priori groups responsible for that difference. Note that the main
focus of these and other PERMANOVA tests was to determine whether there were inter-annual
differences, but also investigated the Month main effect and the potentially confounding
influence of the Year x Month interaction.

The averaged value for each of water temperature, salinity and dissolved oxygen
concentration at the surface and bottom of the water column at each site on each of the weekly

sampling occasions were used to make six separate Euclidean distance matrices. These were,
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in turn, subjected to the same PERMANOVA design used above, only with the additional of a
third fixed factor, i.e. Region (5 levels; Fig. 3). Visual examination using a Draftsman plot
showed that none of these variables required transformation.

The numbers of M dalli caught in each sample from nearshore and offshore waters were
standardized to a density of prawns 500 m, as were those for P. latisulcatus. As above, the
relationship between the loge transformed mean and standard deviation of each species in each
water depth was examined to determine whether a transformation was required; this showed
that no transformation was necessary. Each of the four data sets was used to construct a
Euclidean distance matrix and subjected to three-way PERMANOVA to determine whether
the density of either species in either water depth differed significantly among Year (five levels;
2013/14, 2014/15, 2015/16, 2016/17 and 2017/18), Month (six levels; Oct, Nov, Dec, Jan, Feb
and Mar) and Subregion (nine levels for the nearshore and eight levels for the offshore, see
Fig. 3). All factors were fixed.

One-way Spearman’s rank correlation was used to test the hypothesis that the average
densities (500 m) of M. dalli among corresponding sites in the nearshore and offshore waters,
averaged over all years, were positively correlated (p < 0.05). The same test was also conducted
using the average density of P. latisulcatus. Note data from the Upper Canning Estuary regions

were excluded from this test, as only the nearshore waters were sampled in this region.

Length frequency distributions and egg production estimation
The size structure of the M. dalli population during the breeding season (October to

March) was examined by constructing carapace length (CL) distributions (1 mm size classes)
for the hand trawl nets in the nearshore waters and otter trawl nets in the offshore for each of
the five years separately.

Fecundity was estimated for each gravid female M. dalli using the methodology developed
by Crisp et al. (2018b). In brief, this involved converting the CL (mm) of each individual to a
total wet weight (g) using (1), estimating the gonad weight from the total weight using (2) and
then multiplying this by the fecundity per gram of gonad weight from Crisp et al. (2018b),
i.e. 80,000 * 7,500 (95% confidence limits), n = 35.

18



(1) total wet weight (y) and CL (x) of females:
y = 0.0037x>444%; r2=0.97, n = 1,366, and
(2) gonad weight in grams (y) and total wet weight in grams (x):
y = 0.0005x>%°; r2 = 0.69, n = 125.
Using these equations it was possible to estimate the fecundity of maturing females at
a given carapace length. The total number of eggs produced by gravid M. dalli in each
individual sample from nearshore and offshore waters was standardized to calculate egg
production 500 m. Note that the monthly estimates of egg production assume that all gravid
M. dalli will spawn before the next new moon (~28 days later). This assumption was made on
the basis that M. dalli of similar ovarian condition spawned within ~48 h of transfer to an
aquaculture facility, without the need for eyestalk ablation (Crisp et al., 2017a). The total egg
production estimates were subjected to the same one-way Spearman’s rank correlation test as
described earlier for the relationship between total numbers of prawns in the nearshore and

offshore waters.
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Results
Climatic conditions and water physico-chemistry

Two-way PERMANOVA demonstrated that daily rainfall differed significantly among
months but not among years (ranging between 1.5 and 2.1 mm day; Fig. 5a) and the Year x
Month interaction was not significant (Table 1). The greatest rainfall in each year occurred in
the months between May and September, i.e. the austral winter and autumn, although there
were two notable months where heavy summer rainfall occurred, namely February 2017 and
January 2018 (Fig 5b). In these two months mean rainfall was ~ 3 mm day* compared to 0.39
mm day* in the corresponding months of the other years.

Maximum and minimum air temperature differed significantly with Year and the
Year x Month interaction was also significant (Table 1b,c), due to temperatures being lower in
2016/17 than the other years, i.e. ~24 °C vs ~26 °C and ~12 °C vs ~13 °C, respectively
(P < 0.05, pairwise PERMANOVA tests, Fig. 5¢, 5e). At a finer temporal scale, maximum and
minimum temperatures in August, September and October were all significantly lower in
2016/17 than in the other years. This equated to an average of 2.5t0 2.9 °C and 2.1 t0 3.3 °C
cooler in terms of maximum and minimum temperature, respectively in those three winter

months (Fig. 5d, f).

Table 1. Mean squares (MS), percentage contribution of mean squares to the total mean squares (%MS)
and significance levels (P) from two-way PERMANOVA tests to test whether daily (a) rainfall, (b)
maximum air temperature and (c) minimum air temperature measured at Perth Airport differed
significantly with Year and Month between April 2013 and March 2018. df = degrees of freedom.
Significant results are highlighted in bold.

(a) Rainfall (b) Max. air temp. (c) Min. air temp.
Source df MS  %MS P MS %MS P MS %MS P
Year 4 1595 3.87 0.756 231.99 522 0.001 126.39  5.82 0.001
Month 11 33547 81.34 0.001 4163.50 93.73 0.001 2003.40 92.22 0.001
Year x Month 44 29.03 7.04 0.624 32.95 0.74 0.001 32.00 1.47 0.001
Residual 1766 3196  7.75 1343  0.30 10.66
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Fig. 5. Mean daily rainfall (mm), maximum and minimum air temperatures (°C) at Perth Airport
among (a, ¢, ) years and (b, d, f) month and year combinations between April 2013 and March 2018.
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a, ¢, and e. Data obtained from the Bureau of Meteorology (http://www.bom.gov.au/climate/data/).

Within the Swan-Canning Estuary, surface and bottom water temperatures differed
significantly among years, months, regions and the Year x Month and Month x Region
interactions were also significant (Table 2a,b). Among years, temperatures in both water depths
were > 20 °C (and usally ~ 20.5 °C) in each year except 2016/17, when they were significantly
lower at ~ 19 °C (Fig 6a, b). The Year x Month interaction was caused by surface temperatures
in July, August and September of 2016/17 (i.e. 13.2, 14.0 and 15.3, respectively) being lower

than those of the other years (average = 14.7, 15.8 and 17.3, respectively; Fig. 7a) but not in
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other months. A trend that also occurred in the bottom waters with values of 15.1, 15.1 and

15.6 recorded in 2016/17 vs an average of 16.0, 16.4 and 17.5 in the other years (Fig. 7b).

Table 2: Mean squares (MS), percentage contribution of mean squares to the total mean squares (%MS)
and significance levels (P) from three-way PERMANOVA to test whether (a) surface and (b) bottom
water temperature, (c) surface and (d) bottom salinity and (e) surface and (f) bottom dissolved oxygen
concentration differed significantly among years, months and regions of the Swan-Canning Estuary
between April 2013 and March 2018. df = degrees of freedom. Significant results are highlighted in

bold.
(a) Surface water temp. (b) Bottom water temp.

Source df MS %MS P df MS %MS P
Year 4 69.61 2.64 0.001 4 38.49 244 0.001
Month 11 2457.00 93.21 0.001 11 1405.70 89.06  0.001
Region 4 81.74 3.10 0.001 4 102.83 6.51 0.001
Year x Month 44 13.72 0.52 0.001 44 10.88 0.69 0.001
Year x Region 16 0.98 0.04 0.963 16 2.16 0.14  0.083
Month x Region 44 10.42 0.40 0.001 44 15.75 1.00 0.001
Yearx Month x Region 176 0.68 0.03 1.000 176 1.20 0.08 0.912
Residual 2281 1.90 0.07 2046 1.42 0.09

(c) Surface salinity

(d) Bottom salinity

Source df MS %MS P df MS %MS P

Year 4 3691.00 16.16  0.001 4 691.28 534 0.001
Month 11 8137.00 35.62 0.001 11 1777.90 13.73  0.001
Region 4 10237.00 4482  0.001 4 9857.40 76.13  0.001

Year x Month

Year x Region

Month x Region

Year x Month x Region
Residual

44 575.27 252 0.001
16 64.22 0.28 0.001
44 99.85 0.44 0.001
176 17.94 0.08 0.702
2281 19.07 0.08

44 93.05 0.72 0.001
16 190.49 1.47  0.001
44 291.38 2.25 0.001
176 25.16 0.19 0.085
2046 21.66 0.17

(e) Surface diss. oxygen conc.

(f) Bottom diss. oxygen conc.

Source df MS %MS P df MS %MS P
Year 4 19.73 6.28  0.001 4 48.70 15,55 0.001
Month 11 124.66 39.68 0.001 11 14.41 460 0.001
Region 4 158.26 50.37 0.001 4 207.77 66.34  0.001
Year x Month 44 2.94 0.94 0.001 44 12.64 4.04 0.001
Year x Region 16 3.18 1.01 0.001 16 10.74 343 0.001
Month x Region 44 3.75 1.19 0.001 44 12.45 3.97 0.001
Year x Month x Region 176 0.87 0.28 0.141 176 4.33 1.38  0.001
Residual 2281 0.78 0.25 2046 2.14 0.68
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Water temperature underwent a pronounced seasonal pattern in each region, typically
ranging from ~14 °C in June/July to ~26 °C in Janurary/February (Fig. 7b). Seasonal
differences were greatest in the Midde Swan Estuary and Upper Canning Estuary and lowest
in the Upper and Lower Melville Water and the Lower Canning Estuary. Temperatures in
surface waters were almost always > 20 °C between October and April and <20 °C during
May-September (Fig. 7b). Temporal patterns in bottom water temperature mirrored those in
the surface waters, but showed less variation, particularly in both Melville Water regions
I.e. temperatures were typically greater in the bottom than surface waters in the colder months
between May and September, and the converse applied in the warmer months between October
and March (cf. Fig. 7b,d).

Salinities in both the surface and bottom waters were shown by PERMANOVA to differ
significantly among years, months, regions and all interactions except the
Year x Month x Region interaction were also significant (Table 2c,d). Mean surface salinities
were significantly lower in 2016/17 (20.6) and 2017/18 (23.6) than in the three preceeding
years (25.6 to 29.0; Fig. 6¢); with a similar, albeit less pronounced decline also occuring in the
bottom waters (i.e. 28.1 and 29.2 in 2016/17 and 2017/18, respectively and 30.6 to 32.2 in the
remaining years; Fig. 6d). Surface salinities were markedly lower in February (11.1) and March
(16.1) of 2016/17 declining from 31.7 in January of that year; making salinies in those two
months 22 and 19 lower than the average of the other years, which contributes the significant
Month x Year interaction (Fig. 7c). A second aseasonal decline in surface salinities occurred
in January 2017/18, where mean salinitiy was 27.1, compard to 32.5 in other years, which also
contributes to the interaction. Declines in salinity were also recorded in the bottom waters in
February and March 2016/17 and January 2017/18, although the magnititude of the reduction
was far less pronounced (cf. Fig. 7¢,d).

On average, salinities were greatest in Lower and Upper Melville Water (29.8 and 28.5,
respectively), followed by the Lower Canning Estuary (25.9) and least in the Middle Swan
Estuary and Upper Canning Estuary (20.2 and 20.1, respectively; Fig. 6¢). Among regions and
months, surface salinity ranged from 2 in the Upper Canning Estuary during October 2014 to

37.6 in Upper Melville Water and the Lower Canning Estuary in March 2016 (Fig. 6¢). Within
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a lunar month, salinities were most similar across regions during summer/early autumn
(December - April), typically differing by < 8, but could be as different as > 15 in September
and/or October. The lowest bottom salinity was 7.6 in the Lower Canning Estuary in September
2013, while the highest was 37.8 in that same region during March 2016 (Fig. 7d). Salinities
in the bottom waters varied far less than the corresponding surface waters as they were always
greater and did not decline as precipitously following rainfall. For example, bottom salinities
in Lower Melville Water differed by only 4.6 over the five years, compared to 25.3 in the
surface waters of this region and this difference was as high was 35.4 in the Upper Canning
Estuary.

PERMANOVA demonstrated that dissolved oxygen concentrations differed
significantly among years, months and regions and that all interactions except the
Year x Month x Region interaction were significant (Table 2e,f). In the surface waters, mean
annual values exceeded 7 mg L, but were significantly greater in 2016/17 and 2017/18 than
in the previous years (Fig. 6e). Values were lower at the bottom of the water column ranging
from 4.3 mg L™ in 2016/17 to 5.5 mg L™ in 2015/16 (Fig. 7e). Concentrations in the surface
waters were generally always lower in the Upper Canning Estuary than the other regions, which
are all fairly similar, with the highest values in the bottom waters occuring in Lower Melville
Water (average = 6.6 mg L1), compared to values of ~4 mg Lt in the Lower and Upper Canning
Estuary and Middle Swan Estuary. The significant Year x Month interation in the bottom
waters was due to the occurrence of hypoxic conditions (i.e. <2 mg/L™; Tweedley et al., 2016a)
in the Lower Canning Estuary in September/October 2013 and August/September 2016, in the
Middle Swan Estuary between April and June 2016, and the Lower Canning Estuary and Upper
Melville Water in February and March 2017 (Fig. 7f).
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Overall distribution of Metapenaeus dalli and Penaeus latisulcatus

The mean density of M. dalli (500 m™) in the nearshore waters of the Swan-Canning
Estuary over all years ranged from 0.05 to 4.97 (Fig. 8a). Catches were greatest in the Middle
Swan and Lower Canning regions and the North Melville Water subregion, with comparatively
low and very low densities recorded in the Upper Canning region and Entrance Channel
subregion, respectively. At all sites, densities of M. dalli were greater in the offshore than the
nearshore waters, ranging from 1.68 to 23.57 individuals 500 m; Fig 8b). As in the nearshore
waters, the Middle Swan and Lower Canning regions yielded the largest catches and, while
comparatively few M. dalli were obtained from the Entrance Channel, the low densities also
extended throughout the deeper parts of Melville Water. There was a strong positive correlation
between the average density of M. dalli among corresponding sites in nearshore and offshore
waters (r =0.774; p =< 0.001; n = 16).

The pattern of distribution of mean densities of P. latisculatus was similar in the
nearshore and offshore waters with approximately parallel abundances (Fig. 9), but differed
markedly from the patterns for M. dalli. Densities were greatest in the Lower Melville Water
region and declined progressively in an upstream direction. Individuals of P. latisulcatus
extended in to the nearshore waters of the Perth Water subregion, but were not recorded in the
corresponding deeper, offshore waters and none were caught in the Middle Swan River
subregion. Likewise, few individuals penetrated into the nearshore waters of the Upper
Canning region and none reached the most upstream site (Fig. 9b). As with M. dalli, there was
a strong positive correlation between P. latisulcatus densities in nearshore and offshore waters

(r=0.773; p=<0.001; n = 16).
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(a) Metapenaeus dalli nearshore

(b) Metapenaeus dalli offshore

Fig. 8. Heat map showing the mean density (500 m2) of Metapenaeus dalli in each (a) nearshore and
(b) offshore site between October and March averaged over the five breeding seasons between
2013/14 and 2017/18. Colour scale is standardized independently for each subfigure, ranging from
red for the lowest density to green for the greatest density.
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(a) Penaeus latisulcatus nearshore

Fig. 9. Heat map showing the mean density (500 m) of Penaeus latisulcatus in each (a) nearshore
and (b) offshore site between October and March averaged over the five breeding seasons between
2013/14 and 2017/18. Colour scale is standardized independently for each subfigure, ranging from
red for the lowest density to green for the greatest density.
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Density of Metapenaeus dalli among years, month and subregions

The density of M. dalli in the nearshore waters of the Swan-Canning Estuary differed
significantly among all main effects and all interaction terms were also significant (Table 3a).
On the basis of the percentage mean squares the largest proportions of the variance were
explained by Year (46%), Month (20%) and Subregion (15%), with each of the interactions
contributing < ~6% to the total variation. Pairwise PERMANOVA showed that the density of
M. dalli differed in each year comparison except the first two, i.e. 2013/14 and 2014/15 (2.5
and 2.7 M. dalli 500 m, respectively; Table 4a). Densities increased significantly to 3.9 in
2015/16 before decreasing markedly to only 0.3 in 2016/17 and even more so to 0.1 M. dalli
500 m2 in 2017/18 (Fig. 10a). The density of M. dalli varied significantly over the breeding
season (Table 4b) with, on average, 1.6 individuals 500 m in October, increasing to a peak in
November of 3.9 before declining in a sequential manner to a minimum of 0.4 individuals
500 m in March (Fig. 10b). Subregions in the middle of the Swan-Canning Estuary had the
highest mean densities, namely Perth Water, Middle Swan Estuary and the Lower and Middle
Canning Estuary, i.e.2.1 to 4.1 M. dalli 500 m?, with very low densities at the most
downstream (Entrance Channel, 0.07 M. dalli 500 m) and upstream sites (Canning Apex

0.8 M. dalli 500 m™%; Fig. 10c).

Table 3: Mean squares (MS), percentage contribution of mean squares to the total mean squares (%MS)
and significance levels (P) from three-way PERMANOVA tests on the density of Metapenaeus dalli
500 m2, caught in (a) nearshore and (b) offshore waters of the Swan-Canning Estuary, over the breeding
periods of October to March in 2013/14 to 2017/18. df = degrees of freedom. Significant results are
highlighted in bold and those with a %MS > 10 shaded in grey.

(a) Nearshore (b) Offshore

Source df MS %MS P df MS  %MS P
Year 4 682 4553 0.001 4 11,763 56.60 0.001
Month 5 298 19.88 0.001 5 915 4.40 0.002
Subregion 8 218 1455 0.001 7 3656 17.60 0.001
Year x Month 20 73 4.88 0.001 20 1,467 7.06 0.001
Year x Subregion 32 91 6.05 0.001 28 1,876 9.03 0.001
Month x Subregion 40 62 416 0.001 35 534 257 0.001
Year x Month x Subregion 160 49 3.26  0.002 140 398 1.92 0.001
Residual 930 25 1.70 720 173  0.83
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Fig. 10. Mean density (500 m?) of Metapenaeus dalli in (a) years, (b) months and (c) subregions in
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Estuary. Data based on monthly sampling between October and March in each of five years between
2013/14 and 2017/18. Error bars represent £ 95% confidence limits. EC = Entrance Channel; NM =
North Melville Water; SM = South Melville Water; MS, Middle Swan Estuary; LC, Lower Canning
Estuary; UC, Upper Canning Estuary; CA = Canning Apex; LM, Lower Melville Water; MB, Matilda
Bay; UM, Upper Melville Water; MC = Middle Canning Estuary.
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Table 4: t values and significance levels (P) from pairwise PERMANOVA tests on the density of Metapenaeus dalli 500 m™ in nearshore waters of the Swan-
Canning Estuary, over the breeding periods of October to March in 2013/14 to 2017/18, among (a) years, (b) months and (c) subregions and in offshore waters
of the same estuary among (d) years and (e) subregions. Non-significant results shaded in grey and the extent of significant difference denoted in superscript, 3
=P <0.05,2=P < 0.01 and = P < 0.001. EC = Entrance Channel; NM = North Melville Water; SM = South Melville Water; MS, Middle Swan Estuary; LC,
Lower Canning Estuary; UC, Upper Canning Estuary; CA = Canning Apex; LM, Lower Melville Water; MB, Matilda Bay; UM, Upper Melville Water; MC =
Middle Canning Estuary.

Nearshore waters Offshore waters

(a) Year 13/14 14/15 15/16 16/17 (d) Year 13/14 14/15 15/16 16/17

14/15 0.50 14/15 3.017

15/16 3192 2.37% 15/16 5.20' 3.26'

16/17 499 4.94% 10.63° 16/17 7.78' 12.36' 10.13!

17/18 541% 530° 11.16% 2612 17/18 9.70' 1454 11.13' 6.65!

(b) Month Oct  Nov Dec Jan Feb

Nov 2.912

Dec 2.892 1.30

Jan 0.57 3.33% 3.99!

Feb 0.87 351! 452! 0.34

Mar 3521 476' 754' 392! 4.16!

(c) Subregion EC NM SM PW  MS LC MC UC (e) Subregion EC LM MB UM PW MS LC
NM 6.20! LM 3.94!

SM 1.813 2.63? MB 3.41' 019

PW 7451 2642 423! UM 508" 015 0.34

MS 7228 039 2592 2073 PW 8.761 587' 535 6.36°

LC 3231 056 2.09° 1.02 027 MS 450 2.85% 265° 3.00° 1.12

MC 7.17¢ 092 170 323! 132 0.93 LC 8.63! 6.70' 6351 7.00% 213% 2.75°

uc 4072 466 0.81 6.241 540! 2591 4772 MC 8541 554! 502! 6.04' 041 082 248
CA 3.05! 385! 043 5491 429" 230 3412 0.74
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In offshore waters, the density of M. dalli differed among all main effects and the
interaction terms were all significant, with Year and Subregion explaining the largest
proportions of the variance (i.e. 57 and 18%, respectively; Table 3b). The interaction terms
each accounted for < ~9% of the total mean squares. Pairwise PERMANOVA demonstrated
that the density of M. dalli differed in each year, increasing sequentially from 9.1 M. dalli 500
m2 in 2013/14 to a peak of 19.1 M. dalli 500 m? in 2015/16, before undergoing a dramatic
decline to only 1.8 and 0.3 M. dalli 500 m in 2016/17 and 2017/18, respectively (Fig. 10d).
Densities were lowest and highest in the Entrance Channel and Lower Canning Estuary,
respectively (1.7 and 17.7 M. dalli 500 m), with these subregions being statistically different
from all others. The remaining subregions formed one of two groups, the first with low
intermediate densities of 4.5 to 4.9 M. dalli 500 mcomprised those located in Melville Water,
while the second group of subregions, namely Perth Water, Middle Swan Estuary and Lower
Canning Estuary yielded, on average, high intermediate densities (10.4 to 13.0 individuals 500
m?; Fig. 10e). The monthly pattern in density in the offshore waters followed that in nearshore
waters, being greatest in November and lowest in February and March (12.3, 5.8 and 6.3
M. dalli 500 m, respectively; data not shown) but Month accounted for only ~4% of the total
mean squares in the offshore compared with 19.9% in the nearshore.

On the basis of percentage change in catches from 2013/14 (a surrogate for the base
level prior to restocking), the density of M. dalli in nearshore waters had increased by 58% by
2015/16, before declining massively to 11% of the starting population in 2016/17, which
decreased to further to only 4% of the 2013/14 density in 2017/18 (Fig. 11). In offshore waters,
mean densities followed a similar pattern of increase followed by precipitous decline: first, a
progressive increase to 141 and 209% in 2014/15 and 2015/16, respectively, and then a marked
decline in 2016/17 (20% of the 2013/14 level) and 2017/18 (only 3% of that in 2013/14; Fig.
11). A total of 53 and 215 gravid M. dalli were collected in nearshore and offshore waters in
the 2013/14 breeding season, with these numbers increasing to 213 and 253, respectively in
2015/16; percentage increases of 302 and 18%. However, only 23 and 2 gravid females were
caught in nearshore waters in 2016/17 (44 and 4% of the 2013/14 total) and 2017/18,
respectively, with 17 and 4 collected in the corresponding offshore waters in those two seasons

(8 and 2% of the 2013/14 total).
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Fig. 11. Percentage change in the density of Metapenaeus dalli in nearshore and offshore waters of

the Swan-Canning Estuary from the ‘base level” in 2013/14.

Carapace length frequency distributions of Metapenaeus dalli

The carapace length (CL) frequency of female prawns in the nearshore waters ranged
from 2 mm (2014/15 breeding season) to 30 mm (2015/16 breeding season). During the first
three years of the study, a good range of carapace lengths were recorded, particularly between
10 and 25 mm CL, while in the last two years, the CL distributions were more disjoint because
of small sample sizes, particularly in 2017/18 (Fig. 12). Very few mature female prawns were
caught in these last two years (22 females > 20 mm CL in 2016/17 and 3 in 2017/18). The
modal size of females in 2015/16 was between 20 and 22 mm CL, larger than in the two
previous years (18 to 20 mm and 19 to 20 mm). The modal size of males was smaller than
females and showed the same pattern of variation between 2015/16 and the previous two years
— modal size in 2015/16 = ~17-18 mm CL compared with 15-16 mm in 2014/15 and 2013/14
(Fig. 12).

Two modes were evident in the carapace length distributions of females prawns caught
in otter trawls in the offshore waters in 2013/14 and 2014/15, with the first mode at ~ 10 mm
and the second at 19-21 mm CL (Fig. 13). These modes were less evident in the following four
years. In contrast to the size distribution in the nearshore waters, in 2015/16 the CL
distributions of males and females did not appear to be larger than in the previous two years.

Few females larger > 20 mm CL were caught in 2016/17 (~50) and 2017/18 (~16; Fig. 13).

34



Female Male
(a) 2013/14 () 2013/14
g 129 n=256 -0 n=266
< 104 _ M _
E 154
£ 3-
g
S 64 104
@
=1
£ 5
5]
&~ gd [==] 04 =
rrrrrrrrrrrrrrroerrrrrroerrrrrrrrrrrnoai rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrnm
(b) 201415 (g) 2014/15
g 107 n=329 207 n=254
= 144 — I
- - —
2 124 154 —
=
= 10 4
3 84 10 4
5]
2 6-
N
S 4 54
= 0_ = 0_=
rrrrrrrroerrrrrorrrroorrrrrrrrrrrrimi FTrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrraTi
(c) 2015/16 (h) 2015/16
= n=423 27 n=523
£ 124 M m T
= | 20 B
= 104
£ 15
S 4
[¥]
z,, 64 10 -
T
o 54
2 24
[F]
&~ gd = = 04 — ==
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrri rrrrrrrerrrrrrrrrrrrrrrrrrrrrrrrnri
(d) 2016117 (i) 2016/17
g 307 n=28 7 n=37
s 254 __ 304 _
=
E 204 254
g 20
<@ 154
:é;,, o 15
s ] 10
e I il
= 7] 54
5]
=, 0 00 ]
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrroromi rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrri
(e) 2017/18 () 201718
301 254 B
’E B n=15 - n=9
5 309 20 4
=
= 20
= 15 4
S 151
"]
2 10 10
g
=
Bt
-5
=5 J | 0

rrrrrrrrt
2 4 6 8 101214 16 18 20 22 24 26 28 30 32
Carapace length (mm)

24 6 8 1012

Carapace length (mm)

TT T T TT T T T T TTTTTITTIT1T11
14 16 18 20 22 24 26 28 30 32

Fig. 12. Carapace length (mm) frequency histograms for male and female Metapenaeus dalli in 1
mm length classes from the nearshore waters of the Swan-Canning Estuary between October and
March of (a, b) 2013/14, (c, d) 2014/15, (e, f) 2015/16, (g, h) 2016/17 and (i, j) 2017/18.
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March of (a, b) 2013/14, (c, d) 2014/15, (e, f) 2015/16, (g, h) 2016/17 and (i, j) 2017/18.
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Egg production

The estimated total number of eggs 500 m produced by gravid M. dalli in nearshore
waters over the duration of the study ranged from 0 in sites in the Entrance Channel and the
upper most site in the Canning Estuary, to 1,243,508 at Garrett Road Bridge in the Middle
Swan Estuary (Fig. 14a). Other sites that yielded relatively large quantities of eggs were
Maylands, also in the Middle Swan Estuary, and Canning Bridge and Deep Water Point in the
Lower Canning Estuary (all 650,000 — 950,000), followed by Dalkeith (400,000) and sites in
Perth Water (234,000 — 350,000). Relatively few eggs were produced at the remaining sites in
Melville Water and, in particular, Ardross and Como.

In offshore waters, as in the nearshore, the lowest estimated egg production was in the
Entrance Channel (as in the nearshore), but the areas with the largest numbers of eggs in the
offshore (i.e. > 950,000 eggs) were more spread out into ‘local hotspots’ than in the nearshore
(Fig. 14b). These areas of high egg production included two sites in the Lower Canning and
Middle Swan Estuary regions, as well as Dalkeith in Lower Melville Water. Despite the more
variable spatial pattern of egg production in the offshore than nearshore waters, there was a
significant correlation between total egg production among sites in the two water depths
(r =0.528; p = 0.035; n = 16).

In nearshore waters, typically the monthly egg production 500 m peaked twice during
most breeding seasons, once in November/December and again in February (Fig. 15a). The
timing and magnitude of this production changed markedly among years. Thus, it was greatest
in 2015/16, due to peaks in November, December and most notably February and also
relatively high in the preceding year due to relatively large numbers of eggs being produced in
November (Fig 15a). The cumulative egg production each breeding season increased
sequentially from ~5,600 in 2013/14 to 22,600 in 2014/15 through to a peak of 114,000 500 m
in 2015/16, 20 times larger than in 2013/14 (Fig. 15b). Production then decreased by over 90%
t0 9,000 in 2016/17 and a further 90% in the following year to only ~ 900, i.e. < 1% of the egg
production 500 m in 2015/16 and < 20% of that in 2013/14.
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(a) Metapenaeus dalli nearshore

(b) Metapenaeus dalli offshore

Fig. 14. Heat map showing the total number of eggs produced by gravid Metapenaeus dalli (thousand
eggs 500 m2) at each site in the (a) nearshore and (b) offshore waters Swan-Canning Estuary over
the five breeding seasons between October and March in each year between 2013/14 and 2017/18.
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Fig. 15. Average egg production by female Metapenaeus dalli 500 m per month (a, ¢, €) and cumulative
(b, d, f) in (a, b) nearshore, (c, d), offshore and (e, f) combined (nearshore and offshore) waters of the
Swan-Canning Estuary. Dashed line indicates absence of values in offshore waters due to boat
breakdown in December 2014.

Production in the offshore waters peaked in different months in the various years,
occurring in November and February in 2014/15, in December and February in 2013/14 and
then in January in 2015/16 and 2016/17 and in February in 2017/18 (Fig. 15c¢). As in the
nearshore waters, production increased sequentially from 2013/14 to a peak in 2015/16, albeit
the production in the latter year was not as disproportionally high (only 2.2 and 1.4 times
greater than the preceding two years, respectively). When production was averaged across

nearshore and offshore waters, it was greatest in 2015/16, due to a larger numbers of eggs being

produced in November and a second peak in January and February (Fig. 15e,f).

39



Most egg production in the nearshore waters occurred in the Lower Canning or Middle
Swan Estuary regions, with notable contributions from Lower Melville Water in 2013/14 and
2017/18 when egg production was only recorded from this region (Fig. 16). The location and
timing of production differed among years. In both 2014/15 and 2015/16 production peaked
the Lower Canning Estuary in November, with it also continuing in to December of the latter
year (Fig. 16c, d). In 2016/17, however, production in this region peaked later in January, with
the production in November occurring in the Middle Swan Estuary. Limited production
occurred in the Upper Canning until January in 2013/14, when it was also recorded in Lower
Melville Water and in the Middle Swan in the following month (Fig. 14a). In 2017/18, egg
production was very limited, occurring only in Lower Melville Water and then only in
December (Fig. 14i, j).

Regions of high egg production in offshore waters differed across the years, being
greatest in the Lower and Upper Melville Water in 2013/14, the Lower Canning Estuary in
2014/15 and 2016/17 and in the Middle Swan Estuary in both 2016/17 and 2017/18 (Fig. 17).
With the exception of 2014/15, the timing of egg production in the offshore waters of each
region was fairly similar in each year. Thus, occurring in all regions between December and
February in 2013/14, in January and March of 2015/16 and January and February of 2016/17
and 2017/18, respectively. In 2014/15, egg production in the Lower Canning Estuary was
greatest in November and February compared with January for Upper Melville Water. In the
last three years of the study, there was limited egg production in Lower and Upper Melville
Water, except for Upper Melville Water in 2017/18 (Fig. 17).

On the basis of percentage change in egg production from 2013/14 (a surrogate for the
base level prior to restocking), estimated production in nearshore waters increased by 300% in
2015/16 and 1,912% in 2015/16. Although egg production in 2016/17 was greater than in
2013/14, the magnitude of the increase was less than previous year at 60%. However,
production in 2017/18 was only 16% of that in 2013/14. Similar, but less marked trends in egg
production were recorded in offshore waters between 2013/14 and 2017/18: it increased by
54% in 2014/15 and 124% in 2015/16, but and was only 42 and 19% of the 2013/14 value in
2016/17 and 2017/18, respectively.
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Fig. 16. Average egg production by female Metapenaeus dalli 500 m2 per month (a, ¢, e, g, i) and
cumulative (b, d, f, h, j) in the nearshore waters of each of the five regions of the Swan-Canning Estuary
in (a, b) 2013/14, (c, d) 2014/15, (e, f) 2015/16, (g, h) 2016/17 and (i, j) 2017/18. LM = Lower Melville
Water; UM = Upper Melville Water; MS = Middle Swan; LC = Lower Canning Estuary; UC = Upper
Canning Estuary.
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Fig. 17. Average egg production by female Metapenaeus dalli 500 m per month (a, c, e, g, i) and
cumulative (b, d, f, h, j) in the offshore waters of each of the five regions of the Swan-Canning Estuary
in (a, b) 2013/14, (c, d) 2014/15, (e, f) 2015/16, (g, h) 2016/17 and (i, j) 2017/18. Dashed line indicates
absence of values in offshore waters due to boat breakdown in December 2014. LM = Lower Melville
Water; UM = Upper Melville Water; MS = Middle Swan; LC = Lower Canning Estuary.
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Density of Penaeus latisulcatus among years, month and subregions

The density of P. latisulcatus in the nearshore waters differed significantly among all
main effects, except Month, and all interaction terms were also significant (Table 5a). The
largest proportions of the total mean squares were explained by Subregion (52%) and Year
(22%). Among years, densities were greatest in 2017/18 and 2013/14 (1.9 and 0.8 individuals
500 m, respectively), with each of these years have significantly greater densities than in the
other three years (0.3 to 0.6 individuals 500 m?, Fig. 18a, Table 6a). The mean density of
P. latisulcatus was significantly greater in the Entrance Channel (3.3 individuals 500 m™) than
all other regions (< 0.2 to 1.3 to < 0.2 individuals 500 m™, Fig. 18b, Table 6b). Densities in
Northern and Southern Melville Water were also significantly greater than in the other regions
(i.e. 1.3 vs < 0.2 individuals 500 m™; Fig. 18b). Densities were similar among months, being,
on average, 0.8 individuals 500 m (data not shown).

In offshore waters, the density of P. latisulcatus differed among all main effects and all
interaction terms, except Year x Month, were also significant. Each main effect explained
> ~10% of the total mean squares (Table 5b). Densities were typically significantly greater in
2013/14 than the other breeding seasons (i.e. 1.3 vs 0.2 to 0.8 P. latisulcatus 500 m™; Fig 18c;
Table 6¢). Generally densities in January, February and March were greater than those in
November and December (Fig. 18d). Mean density decreased markedly with distance from the
mouth of the estuary, with densities in the two most downstream regions (Entrance Channel
and Lower Melville Water) not being significantly different from each other (3.2 and
1.8 P. latisulcatus 500 m™), but being significantly greater than all other regions

(< 0.3 P. latisulcatus 500 m; Fig. 18e; Table 6e).

Ratio of Metapenaeus dalli and Penaeus latisulcatus

During the first three breeding seasons (2013/14 to 2015/16), 77% of the penaeids
caught in the nearshore waters of the Swan-Canning Estuary were M. dalli (Fig 19a). This
proportion was typically greater during the first three to four months of these breeding seasons,
i.e. > 85%, but then declined sequentially reaching a minima in March (ranging from 33% in

2013/14 to 63% in 2015/16).
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Table 5: Mean squares (MS), percentage contribution of mean squares to the total mean squares (%MS)
and significance levels (P) from three-way PERMANOVA tests on the density of Penaeus latisulcatus
500 m2, caught in (a) nearshore and (b) offshore waters of the Swan-Canning Estuary, over the breeding
periods of October to March in 2013/14 to 2017/18. df = degrees of freedom. Significant results are
highlighted in bold and those with a %MS > 10 shaded in grey.

Penaeus latisulcatus 500 m?*

Penaeus latisulcatus 500 m™

2.5+

2.0+

Nearshore Offshore
Source df MS %MS P df MS %MS P
Year 4 65.2 22.44 0.001 4 27.6 9.38 0.007
Month 5 11.9 4.09 0.070 5 37.3 12.70 0.001
Subregion 8 1521 52.34 0.001 7 163.1 55.30 0.001
Year x Month 20 124 4.25 0.006 20 9.2 3.14 0.548
Year x Subregion 32 26.7 9.20 0.001 28 20.3 6.88 0.001
Month x Subregion 40 8.7 3.00 0.033 35 14.0 475 0.017
Year x Month x Subregion 160 7.5 2.60 0.041 140 137 4.63 0.001
Residual 930 6.0 2.07 720 9.5 3.23
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Fig. 18. Mean density (500 m?) of Penaeus latisulcatus in among (a) years and (d) subregions in
nearshore waters and (b) years, (c) months and (e) subregions in the offshore waters of the Swan-
Canning Estuary. Data based on monthly sampling between October and March in each of five years
between 2013/14 and 2017/18. Error bars represent £95% confidence limits. EC = Entrance Channel;
NM = North Melville Water; SM = South Melville Water; MS, Middle Swan Estuary; LC, Lower
Canning Estuary; UC, Upper Canning Estuary; CA = Canning Apex; LM, Lower Melville Water;
MB, Matilda Bay; UM, Upper Melville Water; MC = Middle Canning Estuary.
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Table 6. Mean squares (MS), percentage contribution of mean squares to the total mean squares (%MS) and significance levels (P) from pairwise
PERMANOVA tests on the density of Penaeus latisulcatus 500 m in nearshore waters of the Swan-Canning Estuary , over the breeding periods of October to
March in 2013/14 to 2017/18, among (a) years and (b) subregions and in offshore waters of the same estuary among (c) years (d) months and (e) subregions.
Non-significant results shaded in grey and the extent of significant difference denoted in superscript,®=P < 0.05, 2= P < 0.01 and != P < 0.001. EC = Entrance
Channel; NM = North Melville Water; SM = South Melville Water; MS, Middle Swan Estuary; LC, Lower Canning Estuary; UC, Upper Canning Estuary; CA
= Canning Apex; LM, Lower Melville Water; MB, Matilda Bay; UM, Upper Melville Water; MC = Middle Canning Estuary.

Nearshore waters Offshore waters
(a) Year 13/14 14/15 15/16 16/17 (c) Year 13/14 14/15 15/16 16/17
14/15 3.42% 14/15 5.611
15/16 1.94% | 1.26 15/16 2.622 3.322
16/17 3.222 1 0.02 1.18 16/17 091 149 0.39
17/18 2.23° 435! 349! 426 17/18 2.17° 466 067 0.12
(d) Month Oct  Nov Dec Jan Feb
Nov 1.50
Dec 2.53%  0.93
Jan 025 165 259
Feb 1.78 2.21> 2.44% 1.69
Mar 2.06° 352! 459! 173 1.08
(b) Subregion  EC NM  SM PW MS LC MC UC (e) Subregion EC LM MB UM PW MS LC
NM 4.33! LM 1.82
SM 3.82¢ MB 2.23% 8.08!
PW 6.43% 4.45' 3.03! UM 2.232 8.13!
MS 7.061 564! 3.82' 3.98! PW 2.29° 8.16' 0.38 041
LC 6.78" 5.10' 3.452 1.87 3.50° MS 2.61' 896" 3.47' 4.15' 2728
MC 6.68" 4.92' 3.332 129 4.26* 0.79 LC 2.57% 8.85' 2922 3.44' 223® 163
uc 6.97% 547 3.700 3.27' 261%? 2.13% 2962 MC 2.34> 832! 076 083 032 279 2.18°
CA 7.04* 561' 3.79' 3.83! | 1.00 3.18° 3.96' 1.85
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Fig. 19. Stacked bar graph of the total number of () Metapenaeus dalli and (L) Penaeus latisulcatus
collected from the (a) nearshore and (b) offshore waters of the Swan-Canning Estuary between each
lunar month between October and March of the years between 2013/14 and 2017/18. The number of
individuals recorded in each month are given above the stacked bar. Note two lunar months occurred
in the calendar month of January 2014 and no data were obtained from some offshore sites in
December 2014 due to a boat malfunction.

The contribution of M. dalli to the total prawn population was only 6% in October 2016
compared to an average value of 84% in the preceding three breeding seasons, after which the
proportion of this species increased (i.e. 73 and 100% in November and December,
respectively), before declining to ~30-40% for the remaining months of that breeding season
(Fig. 19a). In 2017/18 however, Penaeus latisulcatus dominated the proportion of penaeids in
all months, contributing at least 87% to the total numbers of prawns in each month.
Furthermore, in marked contrast to all other years, no M. dalli were recorded in November or
March of the 2017/18 breeding season.

Metapenaeus dalli comprised, on average, 90% of the penaeid fauna in the offshore
waters of the Swan-Canning Estuary between October 2013 and January 2017 (Fig. 19b). Thus,
in contrast to the nearshore waters, the proportion of this species did not decline towards the
end of each breeding season. There was, however, a marked reduction in the density of this

species compared to P. latisulcatus after January 2017, with M. dalli representing, on average,

only 25% of the prawn population and as little as 8% in February 2017.
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Discussion

This study determined how the density and egg production of the Western School Prawn
Metapenaeus dalli changed in the Swan-Canning Estuary over five years, covering three years
in which a restocking program occurred, releasing ~4.65 million hatchery-reared post-larvae
and two years when major environmental perturbations affected the estuary. The density of
M. dalli, which, at this latitude, completes its life-cycle with the estuary, i.e. a solely estuarine
species (Potter et al., 1989; Crisp et al., 2018b), was compared to that of the Western King
Prawn Penaeus latisulcatus, which spawns in marine waters and whose juveniles recruit to
estuaries for a period, i.e. a marine estuarine-opportunist species (Potter et al., 1991). The
climatic events in the last two years of the study were a cold winter in 2016 and aseasonal
heavy rainfall in February 2017, causing extensive hypoxia. A second major, aseasonal rainfall
event took place in January 2018, lowering salinities but not oxygen concentrations. Emphasis
is placed on determining how the population of M. dalli changed over the five years and

elucidating whether such events influenced the population.

Inter-annual changes in abundance and egg production
Possible influence of restocking

Densities and egg production of M. dalli in both the nearshore and offshore waters of
the Swan-Canning Estuary increased successively during the first three years of the study.
Between 2013/14 and 2015/16, nearshore and offshore waters recorded an 58 and 109%
increase in the density of M. dalli, a 302 and 18% increase in the number of gravid prawns and
1,912 and 124% increase in egg production, respectively. These increases in density and egg
production followed releases of 600,000 post-larval M. dalli in 2013/14 and 2 million in
2014/15.

It should be noted that while environmental conditions differed in each of the first three
years, these changes were not dramatic and were due to fine-scale changes in the timing and
magnitude of rainfall and thus freshwater discharge, salinity, temperature and oxygen
concentrations (see Crisp et al., 2018b for detailed discussion of changes in abundance of

gravid prawns and subsequent egg production from 2013/14 to 2015/16). Moreover, water
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quality in these three years were generally good for M. dalli being warm, normoxic and with
marine-like salinities, particularly compared with the major changes in the summers of 2016/17
and 2017/18 (see later).

Given the sequential increase in M. dalli density and estimated egg production, the
increases in the number of hatchery-reared individuals released and the different, but albeit
typical environment conditions, the large scale releases of post-larvae are thought to have had
a positive influence on the M. dalli population in the Swan-Canning Estuary. However, it was
not possible to definitively determine the extent of the increase directly related to the restocking
as there was no way to identify the hatchery-reared individuals. This mirrors with situation
with the stocking of 5.8 million post-larval Penaeus plebejus in Tabourie Lake and Wallagoot
Lake in New South Wales, where increases in prawn abundance were also detected, but the

influence of the releases was not able to be quantified (Becker et al., 2018).

Influence of climatic events on prawn numbers and egg production

Given the relatively large size of the M. dalli population and egg production in 2015/16
it was surprising that densities in both water depths in 2016/17 decreased by > 90%, and egg
production by 85%, compared to 2013/14. This may reflect the atypically low air and water
temperatures that occurred during winter of 2016 and persisted through spring. Metapenaeus
dalli is a subtropical species, whose Australian distribution extends from Darwin in the north-
east, along the western coast of Australia to the Peel-Harvey Estuary in south-western Australia
(Grey et al., 1983; Potter et al., 1989). While throughout most of its range it occurs in shallow,
inshore, marine waters (< 30 m deep), in latitudes south of 31°S it is confined to estuaries,
which may reflect the fact that these systems maintain a higher water temperature during
winter. In fact, individuals move from nearshore to offshore waters during winter, as these
deeper waters are warmer (Poh et al., 2019) and their growth slows markedly, virtually ceasing
(Broadley et al., 2017). Moreover, being confined to the Swan-Canning Estuary and located
towards the poleward limit of its range individuals would not be able to migrate away from the
estuary into warmer waters. The cooler than average temperature in 2016/17, combined with

hypoxic conditions in the Middle Swan Estuary between April and June 2016, a key area of
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the system at this time of year, probably thus resulted in direct mortality and also reduced the
period of the year when individuals could grow. As a result, those that survive the cooler
conditions would be of a smaller size and thus more vulnerable to predation. Post-larval
M. dalli in the Swan-Canning Estuary were found to be eaten by a range of fishes, most notably
the apogonid Ostorhinchus rueppellii and the atherinid Atherinomorus vaigiensis (Poh et al.,
2018). As the spatio-temporal distributions of these teleosts overlap substantially with M. dalli,
this penaeid does not have a spatial refuge from predation during any time of the year (Poh et
al., 2019). Large prawns, however, would be less likely to be consumed by gape-limited
predators. They also possess a greater tail-flip response (Arnott et al., 1998; Guerin and Neil,
2015) and so are potentially better able to avoid predation by small-bodied teleosts, compared
to smaller prawns.

The loss of individuals over winter, often referred to as overwintering mortality, has
been recorded in a range of species and the effects of which are most pronounced for
populations near the limits of its range (Thieltges et al., 2004; Hurst, 2007; Ellis et al., 2017).
An analogous situation to M. dalli in the Swan-Canning Estuary is that of the portunid
Callinectes sapidus in Chesapeake Bay, which, despite having tropical origins, is found in
many temperate estuaries (Rome et al., 2005). Egg production and brooding in this crab occur
in the warmer months, with feeding, movement, growth and moulting all ceasing below 10 °C
(Hines et al., 2010). Winter morality rates were typically < 3% during winters when bottom
water temperature in February was at or above the 8-year average, but rose to 6.0-14.5% in
cooler years (Rome et al., 2005). Furthermore, during severe winters in Chesapeake Bay, such
as 1996, the average overwintering survival was estimated to be only 30% (Bauer and Miller,
2010b). Mortality was not evenly spread across the size range with large crabs, and particularly
females, suffering greater mortality (Rome et al., 2005). For example, Sharov et al. (2003)
estimated that the overall winter mortality was 11.9%, but was as high as 56.5% for crabs > 120
mm carapace width. If the same was true for M. dalli in the Swan-Canning Estuary, it would
dramatically influence egg production in the early part of the breeding season, as it is the small

population of large females that survive spawning and live for a second year that constitute the
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majority of the breeding cohort between October and December (Broadley et al., 2017; Crisp
et al., 2018b).

Interestingly, Bauer and Miller (2010a) found that hatchery-raised C. sapidus
experienced significantly lower survivorship than wild-caught individuals, and that small
juveniles are more at risk of dying during the winter than larger juveniles. It is thus relevant
that in 2015/16, 48% of the estimated egg production by M. dalli in nearshore waters, which
was 20 times greater than in 2013/14, occurred in February and March. The larvae resulting
from this late spawning would be substantially smaller during winter than individuals spawned
earlier in the breeding season (Broadley et al., 2017).

The lower abundances, delayed maturity and typically smaller size of M. dalli reduced
egg production at the start of the 2016/17 breeding season. Moreover, in February 2017, when
some of those individuals would have attained sexual maturity and spawned, an aseasonal
rainfall event occurred, leading to marked increases in freshwater discharge, water column
stratification and hypoxia. This occurred mainly in the Lower Canning Estuary and Melville
Water (Trayler et al., 2017), which, at this time of year, harbour large numbers of M. dalli in
both water depths. Crustaceans are regarded as being typically sensitive to hypoxia (Vaquer-
Sunyer and Duarte, 2008; Steckbauer et al., 2011; Tweedley et al., 2012). For example, no
species of crustaceans were recorded for three months in the upper reaches of the Swan-
Canning Estuary following a sustained period of hypoxia in 2010 (Tweedley et al., 2016a).
Poh et al. (2019) detected hypoxia (i.e. < 2 mgL™) and anoxia (i.e. < 0.5 mgL™) 47 and 21
times in 416 spot measurements of dissolved oxygen concentrations at the bottom of the water
column when sampling for M. dalli in the Swan-Canning Estuary, between October 2013 and
September 2015. During these times, densities of M. dalli in offshore waters were reduced or
zero and, larger than ‘normal’ densities were recorded in corresponding nearshore waters,
which were always normoxic (i.e. > 2 mgL™). This suggests that, in the event of localised
hypoxia in deeper water, M. dalli move onshore, which conforms with an laboratory study on
the congener Metapenaeus ensis demonstrating this penaeid can detect and avoid areas of

hypoxia (Wu et al., 2002).
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Although M. dalli are able to move away from localised areas of hypoxia, the large
spatial extent of low oxygen concentration, i.e. considerable portions of the Lower Canning
Estuary and Melville Water (Trayler et al., 2017), may have prevented their ‘escape’ to
normoxic areas. In the nearby Peel-Harvey Estuary, blooms of the cynobacteria Nodularia
spumigena resulted in mortalities among the less mobile bottom-living fishes and also crabs,
whereas the more active species were able to migrate into other parts of the system and survive
(Potter et al., 1983; Steckis et al., 1995). Mortality due to hypoxia thus likely explains the very
low numbers of M. dalli caught in the remaining two months of the 2016/17 breeding season
when no gravid females were caught (i.e. egg production = zero). The dramatic reduction in
stock of M. dalli and cessation of spawning is thought to be responsible for the even fewer
prawns collected in 2017/18 (i.e. only 4 and 3% of the 2013/14 population in the nearshore and
offshore waters, respectively).

In contrast to the increase and subsequent dramatic decrease in the abundance of
M. dalli, densities of the co-occurring P. latisulcatus remained relatively consistent over the
five years of the study and even increased significantly in the nearshore waters in 2017/18
compared with 2013/14. These marked differences between M. dalli and P. latisulcatus were
likely caused by the fact that i) no hatchery-reared P. latisulcatus were released, ii)
P. latisulcatus is found throughout tropical and temperate Australia (Grey et al., 1983) and thus
is more tolerant of cooler temperatures, iii) P. latisulcatus occurs in further downstream areas
of the estuary which did not experience pronounced hypoxia following the aseasonal heavy
rainfall event and iv) P. latisulcatus is a marine estuarine-opportunist and as the adults spawn
in coastal waters with juveniles recruiting to the estuary, recruitment can occur from outside
populations even if the estuarine population suffers extinction (Penn, 1980; Potter et al., 1991;

Trayler et al., 2017).

Spatial differences in abundance and egg production
The penaeids M. dalli and P. latisulcatus occurred in different areas of the system.
Catches of M. dalli were greatest in the Middle Swan and Lower Canning Estuary, whereas

densities of P. latisulcatus were largest at sites in Lower Melville Water and declined
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progressively in an upstream direction. The presence of M. dalli, a solely estuarine species, in
the middle and upper reaches of the estuary reflects the fact that M. dalli is euryhaline and has
been caught in salinities as low as 0.9 and 3.8 in nearshore and offshore waters, respectively in
this system (Poh et al., 2019). Conversely, the marine spawning P. latisulcatus, was not
recorded in salinities below 26 and was mainly restricted to the lower reaches of the system
and particularly in offshore waters, mirroring its distribution in the Peel-Harvey Estuary (Potter
et al., 1991; Poh et al., 2019). This pattern of spatial separation between metapenaeids and
penaeids parallels the distribution patterns of Metapenaeus macleayi and Penaeus plebejus in
the Hunter River Estuary, where juvenile M. macleayi extend into more upstream areas with
variable salinities, while P. plebejus are restricted to the lower estuary (Taylor et al., 2016;
2017b). In both cases, spatial separation is likely a mechanism to reduce potential competition
(Ross, 1986).

Gravid M. dalli undergo a migration from the ‘safety’ of the deeper, offshore waters
into shallow, nearshore areas to spawn, at which point they are exposed to being caught by
recreational fishers. A number of key sites were identified that yielded large numbers of eggs
and thus are important spawning areas for M. dalli, namely Canning Bridge and Deep Water
Point in the Lower Canning Estuary and Maylands and Garrett Road Bridge in the Middle
Swan Estuary. Typically, spawning occurs first in the Lower Canning Estuary, before moving
upstream to the Middle Swan Estuary later in the season. This is likely due to the Canning
River receiving less freshwater discharge than the Swan and the presence of a weir on the
Canning, so that the Canning Estuary has more stable salinities earlier in the breeding season
(Crisp et al., 2018b). As the breeding season progresses, the salt wedge pushes further
upstream, resulting in salinities in Lower and Upper Melville Water and the Lower Canning
Estuary exceeding 35, whereas those in the Middle Swan Estuary are slightly reduced (i.e. 30-
33 in 2013/14 to 2015/16; years without summer rainfall), which may favour the breeding

success of this estuarine spawning species.
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Conclusion and implications for future restocking

On the basis of the data obtained during this five-year study, the abundance of M. dalli
in 2017/18 was the lowest recorded, being only 4 and 3% of catches in nearshore and offshore
waters, respectively, of those in 2013/14. Thus, despite 240 hand trawls and 192 otter trawls
being conducted in 2017/18, only 24 and 51 M. dalli were recorded, respectively. As it stands,
the population of M. dalli in the Swan-Canning Estuary is extremely low.

This raises the question as to whether, if funds were available, restocking could be used
to increase the abundance of this species. In order to minimise any genetic risks to the wild
population of M. dalli, the restocking program collected gravid individuals using citizen
scientists, informed by a scientific monitoring program (Jenkins et al., 2017; Tweedley et al.,
2017Db). This resulted in the collection of between 436 and 764 gravid females each year, which
were used to produce 600,000 to 2,000,000 post-larvae. During our intensive sampling across
both water depths in 2017/18, a total of only nine gravid individuals were recorded, compared
to a range of 268 to 466 during the first three years of the study. Given the very low abundance
of gravid M. dalli it may be difficult, and thus costly, to obtain sufficient quantities of eggs in
order to undertake any restocking in the near future. However, if natural recruitment increased
the population to the point where adequate numbers of gravid M. dalli were able to be collected
in future years, restocking could then be used as a tool to increase the abundance of this iconic
species, but this should be used in conjunction with traditional fisheries management measures.

Following discussions with DPIRD, DBCA, Recfishwest and some avid and
experienced recreational fishers, a suite of recommendations for changes to the recreational
fishery regulations were made by Tweedley et al. (2017a). These recommendations included:
i) reduce the daily bag limit from 9L to 5L per person (noting it takes two people to operate a
hand trawl net); ii) introduce a partial closure to hand trawling between 15 October to 15
December inclusive, to protect the gravid females spawning in the nearshore waters;
iii) continue the existing fishing zone restrictions in relation to throw and hand trawl nets;
iv) continue existing gear prescriptions and requirements to return by-catch to the water and
v) develop a code of conduct to raise community awareness about sustainable fishing practices,

i.e. release of female and, in particular, gravid prawns. Those recommendations are still
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relevant in 2019 for reducing any potential impacts of fishing on the stocks and allowing a
proportion of mature individuals to spawn. However, given the very low abundance of M. dalli
in the last two years consideration should also be given to more extensive closure periods and
zonal restrictions.

If restocking is implemented in the future, its effectiveness should be monitored by a
sampling regime similar to that in the current study, but the released prawns should also be
marked using a genetic marker. As mentioned earlier it is not possible to distinguish wild and
hatchery-reared M. dalli and, because of the small size at release and moulting of crustaceans,
it is not possible to use physical tags to determine recapture rates of stocked prawns. Genetic
markers i.e. allozymes, mitochondrial DNA, RFLP, RAPD, AFLP, microsatellite, SNP, and
EST markers, provide a potential method to distinguish stocked from wild individuals
(Bravington and Ward, 2004) and have been developed to some extent for Penaeus japonicus,
Penaeus esculentus and Penaeus plebejus (Jerry et al., 2004; Liu and Cordes, 2004; Loneragan
et al., 2004; Chan et al., 2014) and proven successful for the Blue Crab in North America
Callinectes sapidus (Feng et al., 2017). However, a greater number of markers would be
needed for M. dalli than the above three Penaeus species, as the current culture practice for
M. dalli involves collecting wild broodstock and therefore, the genotypes of the fathers of the
hatchery-reared prawns are not known. Currently, research is progressing to identify possible
genetic markers using microsatellites as part of the PhD research by Brian Poh at Murdoch

University.
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