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ABSTRACT

The population ecology of sandy beaches has been largely ignored in
comparison to rocky shores, even though sandy beach fauna may be
abundant, and of considerable economic and ecological significance. I used
ecological and genetic techniques to investigate aspects of the ecology, life
history and levels of exploitation of the surf clam or pipi, Donax de lto ides .
My data, obtained from sampling pipis from five beaches over five
years, highlight spatio-temporal variability in the distribution and
abundance of Donax deltoides across all temporal and spatial scales.
Within site variability was usually as high as between site or between time
variability. Densities could vary by several orders of magnitude over spatial
scales as small as 10-20 m. At least some of this variability can be
attributed to the fact that Donax deltoides is highly mobile. Size classes
were commonly missing from samples, with both medium and larger sized
animals effectively missing on 27% of sampling days, although smaller
animals were present in 95% of samples. This is a reflection of mobility
rather than mortality, as size classes appeared or disappeared at very short
temporal scales (days). Different size classes often occupied different
heights on the shore, and the zone occupied by the different size classes
varied over time. While small and medium pipis were most likely to be
located in the swash (in 72% and 48% of samples respectively), large pipis
were equally likely to be located in the swash (32%), intertidal (38%) or
subtidal zone (30%). The distribution pattern of different size groups was
not consistent across short temporal scales (days) or across spatial scales of
a few kilometres. This study underlines the inadequacy of the single
transect approach adopted many workers.
For smaller animals initial growth was rapid, from 6 mm to 30 mm
within 4-8 months, and growth was asymptotic. Growth rates were fairly
consistent both between and within regions. Pipis appeared to reach 37 mm
in <10 months at all sites, at which size 50% were sexually mature. Growth
clearly slowed with size. Mortality varied both between and within sites,
with few large animals found at some sites. Recruitment patterns were
consistent both between and within sites.
Reproductive data, derived from a variety of sources including gonad
smears, condition indices, oocyte diameters and stereology, revealed that
the spawning pattern of Donax deltoides was poorly defined. I found
considerable variation in the timing of reproduction from year to year, both
among individuals and among years. The size at which pipis can be defined
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as fully mature was consistent both between sites and among years. Gonad
smears indicated that at least 50% of pipis were mature by 37 mm in
length, with gametes being found in animals as small as 27 mm.
Populations at two widely separated locations showed prolonged spawning,
with some peaks in activity. At both sites, mature females (~37 mm)
contained apparently mature eggs nearly all year. The number of eggs held
per female was low, but overall fecundity is likely to be high as females
released eggs over a long period.
A consequence of such a prolonged spawning period was the
presence of recruits beaches all year round, however juvenile mortality was
high and large numbers of recruits did not go on to establish detectable
cohorts. Cohorts only established between July and December during this
study at all sites. I found consistent recruitment even on beaches where
there were very few adults, indicating that there was not a strong stockrecruitment relationship in this species.
This finding was supported by electrophoretic data, suggesting that
local populations of pipis on the east coast of Australia are strongly
connected and form a single fishery. I surveyed patterns of allelic variation
within 12 samples of pipis from beaches separated by up to 1200 km along
the east Australian coast, influenced to varying degrees by the East
Australian Current. On the east coast of Australia the erratic nature of this
current, the formation of closed rip cells which limit the circulation of
water offshore from surf beaches, and the turbulent nature of the surf zone
itself (which may lower fertilisation success) might be expected to restrict
larval dispersal and make the supply of recruits variable. However I found
no evidence of population subdivision, with little genetic variation among
all samples (FST = 0.009), among geographic regions (FRT = 0.001), or
among samples (FSR = 0.010). These data imply that larvae are moving
between regions and that levels of present or recent gene flow are high. I
found no accumulation of rare alleles at either extreme of the distribution
studied, which suggests that gene flow is bidirectional.
I found large differences between harvesting patterns in the
recreational and commercial pipi fisheries, implying that the sectors may
have very different impacts on local pipi stocks, even though both fisheries
were restricted solely to hand gathering. I estimated the catch from
Stockton Beach on the mid-north coast, which accounts for half of the total
catch of pipis in NSW. I found a combined recreational and commercial
catch of pipis of 237.7 tonnes during the period March 1996 to February
1997 inclusive, taken in a total of 120,672 collector hours. The commercial
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fishery was characterised by a relatively large catch, low fishing effort, and
high catch rate. In contrast, the recreational fishery was characterised by a
relatively small catch, high fishing effort, and very low catch rates.
Recreational fishers took 20% of the combined commercial and
recreational catch on Stockton Beach, but accounted for 89% of the fishing
effort, with an estimated 15,795 parties participating. The majority of
recreational harvesters were collecting for food, rather than bait. I also
compared the recreational harvest at Stockton Beach with that of Seven
Mile Beach on the south coast of NSW. I found clear differences in the
recreational catch between the north and south coasts of NSW, with
extremely low catch rates in the south.
In general my data fit with life history predictions for an outcrossing
planktotrophic species in a variable environment. Pipis became sexually
mature at an early age, produced large numbers of small eggs, and had low
but variable reproductive effort. Year round spawning may mitigate the
effects of a stochastic environment, particularly if spawning in Donax
deltoides is in response to oceanographic triggers. Prolonged partial
spawning may be a form of bet-hedging in exposed environments with
changing environmental conditions.
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CHAPTER 1 GENERAL INTRODUCTION

Sandy beaches dominate the ice-free shores of all continents
(McLachlan et al. 1996), and comprise about 65% of the Australian
coastline (Fairweather 1990), but their ecology has been largely ignored
relative to that of rocky shores. There is considerable information on the
spatial dynamics of rocky shore invertebrates, however the processes that
control community structure on rocky shores appear to differ markedly
from those organising communities of soft-sediment systems (peterson
1991; Wilson 1991). Little is known about the dynamics of sandy beach
infauna, particularly in eastern Australia. This is despite the fact that
animals, especially molluscs, inhabiting the intertidal or shallow subtidal
zones of sandy beaches are very accessible and are often heavily harvested.
At least one species of beach clam is harvested commercially on all
continents, except Antarctica (McLachlan et al. 1996). In Australia the surf
clam Donax deltoides is extensively harvested but appropriate information
on the population dynamics and life history of this ecologically important
anirnalislacking.
Strategies for the management of harvested species vary depending
on the primary aim, however at the most fundamental level, effective
management requires documentation of life history and the nature of the
fisbery. In order to select the most effective management strategies and
tactics, specific information is required. Distribution and abundance need
to be well documented as an initial estimate of biomass and the extent of
stocks, as well as to quantify changes in these parameters. It is particularly
important to attempt to differentiate natural fluctuations from declines in
abundance due to overharvesting. However predictive management
inevitably requires knowledge of the processes that detenniue distribution
and abundance. For a harvested species it is essential to have an
understanding of the extent of harvesting, and the sizes at which animals
are recruited to the fishery, in order to estimate the effects of harvesting
levels on reproductive output, and the degree to which harvesting is
sustainable. Indeed demographic modelling for any species will require
knowledge of life history characteristics such as the size-specific growth
rate and the relationship between size and age, generation time, longevity,
mortality, size-specific fecundity, along with an understanding of stockrecruitment relationships, dispersal, and the degree to which populations
are reproductively isolated, allow predictions to be made about potential
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yields, population dynamics, and the likely impact of harvesting on
recruitment (Stearns 1976; Stearns 1992).
For many marine invertebrates, a range of life-history parameters is
relatively easy to estimate using standard ecological methods, however
difficulties in collecting data in some situations (e.g. in highly fluctuating
environments), may lead to violations in the assumptions underlying the
models used. Most demographic models, growth equations and fisheries
models are based, either implicitly or explicitly, on a number of
assumptions, for instance that sampling is representative of the population,
all members of the population have an eqnal chance of being sampled, and
a single stock is being sampled. Several circumstances can add to the
difficulty of collecting data which meet these assumptious, such as an
unstable environment, and fauna which are mobile or cryptic.
The surf zone of exposed sandy beaches inhabited by Donax
deltoides provides an extreme example of a fluctuating, unstable, high
energy environment, in which the beach state constantly changes as the
sediment itself is rearranged (Wright and Short 1984). Animals living
infaunally on sandy beaches share some morphological, physiological and
behavioural adaptations to life in this harsh environment. Exposed beaches
are characterised by continuous wave action, and extreme fluctuations in
pore moisture content, the level of the water table, and surface
temperatures (McLachlan 1983). The macrobenthos of exposed beaches are
highly mobile (McLachlan 1983), live concealed beneath the sand, both for
protection from predators and to avoid desiccation, and are able to bury
quickly if washed out of the sediment. Mobility is enhanced by behaviour
known as tidal migrations, found in many taxa, where the main body of the
population stays in the swash zone for all or part of the tidal cycle.
Migration is an active process, in which animals jump into the backwash of
a wave and surf (or swash ride) down the beach, rapidly burying as the
velocity of the wave slows (Ellers 1995a), and depends to some degree on
wave conditions. Not migrating means that animals remain in the same
place, and may strand in what will become dry or damp sand as the tide
goes out, or may remain snbtidal as the tide returns. The mechanisms,
energetics and control of tidal migrations have been well studied (e.g.
Albeit and Naylor 1976; Ansell and Trueman 1973; Ellers 1995a; Ellers
1995b; Ellers 1995c; Jones and Hobbins 1985; Trueman 1971), but
variability in the degree to which animals are tidally migrating has rarely
been considered when sampling sandy beach fauna.
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Intertidal animals are rarely randomly distributed (Russell 1991),
which must be accounted for in sampling schemes. Sandy beach infauna
are typically highly aggregated and generally show some degree of
zonation (Bally 1983). A number of zonation schemes have been proposed
for sandy beaches (Brown 1983; Dahl 1952; Salvat 1964), however the
application of such universal zonation schemes have not been particularly
successful (e.g. Bally 1983; McLachlan 1980b; McLachlan 1990; Raffaelli
et aI. 1991; Shelton and Robertson 1981; Trevallion et aI. 1970). This is
probably due to the high mobility of sandy beach fauna and the degree to
which changes in wind direction and speed and wave height can
redistribute sand and hence fauna. In addition sandy beach fauna are not
always located in the same position down-shore with reference to the
swash line along the beach on a single day (James and Fairweather 1996),
which makes assigning zonation schemes on the basis of single transects
difficult, if not invalid.
The combination of the high mobility of the fauna, the non-random
nature of distributions, the dynamic nature of the sediment which is
constantly moved around, and the difficulty of locating infauna except by
time-consuming digging and sieving lead to some specific sampling
problems. These are generally not addressed by the methods most
commouly used to sample sandy beaches (described in Section 1.4.1).
Undersampling may make the conclusions drawn from published estimates
of many of the ecological parameters for species of sandy beach infauna
unwarranted. I will discuss this issue further in later chapters.

1.1 Beach clam fisheries
Beach clams world wide are extensively harvested. The most heavily
fished are large clams in temperate areas, and there are some general
features shared by the 15 major beach clam fisheries world-wide,
summarised by McLachlan et aI. (1996) in a recent review. Physical
segregation of different sized individuals is common, with juveniles often
settling on different levels of the beach before migrating to the adult zone.
This review suggests that species from tropical and warm temperate areas
are usually intertidal or tidal migrators, while those from higher latitudes
(often larger species) are more likely to be located in the subtidal.
Beach clams have a long history of utilisation by humans, and are
collected by recreational, commercial and artisanal fishers (McLachlan et
aI. 1996). In many areas competition between these user groups can be
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intense, and many stocks appear over-exploited. A combination of easy
access, changing trends in food, high human coastal population densities,
and the popularity of recreational four wheel drive vehicles has seen
increasing recreational pressure in many areas, making beach clam stocks
vulnerable. In some cases recreational harvesting has even displaced the
commercial harvest (e.g. Siliqua patula, Tivela stultorum), and McLachlan
et aI. (1996) suggest that there is a trend in beach clam fisheries away from
large scale commercial harvesting, with increasing recognition of the social
and economic value of the recreational activity of collecting, over and
above the food value of the stock.
The population dynamics of fished beach clams have not been well
studied, and recruitment processes are poorly understood. In addition many
studies lack any consideration of within-site variation in distribution, which
throws doubt of the validity of some published conclusions. However most
studies suggest that most beach clams species that are harvested sbare some
major characteristics (summarised in McLachlan et aI. 1996). Most species
show rapid growth to sexual maturity, followed by slower but still
indeterminate growth, and usually have highly aggregated distributions.
Most beach clam populations show spatial and temporal variation in
growth, mortality and recruitment, which may be due to density dependent
processes, however these have been little studied. Mortality is generally
high, although it may vary greatly between beaches, species and years.
Most species show highly fluctuating catches and/or stock abundances,
with strong declines in recent years.
1.2 General management options and harvesting strategies
There are a number of concerns inherent in managing a harvested
species. The specific aims of management for the fishery under
consideration need to be clarified before any action is taken. For instance,
where recruitment is variable, management options include maximising
yield by fishing strong year classes heavily, or stabilising landings (Bourne
1986). Different strategies will be employed depending on whether the
primary management aim is sustainable harvesting, conservation of the
resource, the optimisation of yield (such as maximising yield-per-recruit,
reproductive output or economic yield), the minimisation of year-to-year
variation in catch and hence economic stability, or the partitioning of the
catch between user groups. In Australia, legislation ensures that all these
aims are set within a framework which emphasises sustainability.
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Harvesting strategies use biological data (witbin an economic, social and
political context) to set in place tactics tailored to meet specific management
aims. In order to select tbe most effective management tactics, specific
information is required.
There are several main types of harvesting strategies, which consider
biological, economic, social and political factors in making decisions about
regulating and managing tbe harvest. Specific regulations, such as size
limits, quotas, closures and gear restrictions, are known as tactics, and are
used to address management concerns and to implement tbe selected
harvesting strategy. Below, I list various harvesting strategies commonly in
use in fisheries management (adapted from Hilborn and Walters 1992).
1. Stock-size dependent strategies. One of tbe simplest strategies
involves setting tbe target catch to be a linear function of tbe population
size, eitber by setting a fixed harvest rate or a fixed escapement (i.e. no
harvesting when stock is below a certain size, and harvesting all surplus
stock when available). This type of management strategy is reliant on
accurate assessment of stock size.
2. Yield per recruit (YPR) and egg per recruit (EPR) models. These
are commonly employed to maximise yield and to estimate tbe size limits
and level of fishing necessary to maintain a given level of stock biomass
and potential egg production. YPR analysis allows tbe selection of tbe best
strategy for harvesting a given number of local recruits (assumed constant
or at least largely independent of parent stock size) tbat enter tbe stock in a
year (Caddy 1989). A variation, tbe FO.I strategy, is a constant exploitation
rate strategy in which tbe fishing mortality, F, is set to tbe value where tbe
slope oftbe yield per recruit function is 0.1 times tbe initial slope. Fo.! will
always be lower tban tbe value of F which maximises YPR, and will hence
be more conservative and usually more economically efficient. YPR models
require tbe input of data including age-specific weight, longevity and
mortality, and EPR models require size-specific fecundity in addition
(Mohn 1986; Shepherd et al. 1995).
3. Pulse or periodic strategies where tbe stock is not fished every
year. Pulse fishing work well for some fisheries, particularly when tbe value
of tbe catch is much greater for older animals, or when tbere are large
economies of scale.
4. Size limit strategies, in which a minimum or maximum size limit is
imposed. A size limit that is larger tban tbe size at which animals become
reproductively mature ensures that a reservoir of reproductive stock are
available to produce gametes. Size limits offer a fairly effective
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conservation method and their nse is widespread in invertebrate fisheries
(Jamieson and Caddy 1986; McLachlan et al. 1996). Leaving smaller
animals to grow and breed can avoid both growth overfishing (where
recruits are caught before reaching optimal marketable size) and
recruitment overfishing (where the spawning stock is reduced to such a low
level that insufficieut recruits are supplied to maintain the population.
Unless stock sizes are low, the imposition of size limits may not result in
increased recruitment, however a minimum size limit is relatively easy to
enforce, and is generally popu1ar with managers, as there is general public
appreciation of the need to preserve small animals. The utilisatiou of a
spawn-at-least-once policy (in which animals are exploited only after
spawning at least once) can prevent the collapse of a stock, and is
recognised as a good precautionary measure (Myers and Mertz 1998). An
alternative strategy is the imposition of a maximum size limit, as for many
species total reproductive output increases with size. For bivalves, larger
animals may be relatively few in number but can dominate egg production
(Sprung 1983; Thompson 1979) which implies that a maximum size limit
might be of benefit in preventing recruitment overfishing.

1.3 The pipi, Donax deltoides
Donax species are typical inhabitants of exposed beaches and are the
dominant mollusc on the majority of high energy sandy beaches around the
world (Ansell 1983). Donax spp. may comprise as much as 80-98% of the
macrobenthic infaunal biomass and may be the most abundant animal on
sandy beaches (e.g. Birkett 1986; Brown et al. 1989). Some aspects of their
biology and ecology have been well studied, and there is a wealth of
anecdotal information.
The pipi, Donax (Plebidonax) deltoides (Lamarck) is the most
common bivalve on most surf beaches on the southeastern coast of
Australia, and occurs from Fraser Island in Queensland to the mouth of the
Murray River in South Australia. Pipis form dense aggregations in the
subtidal and intertidal regions of high energy, dissipative beaches which
support large blooms of surf diatoms, such as Goolwa Beach in South
Australia. Pipis were the dominant benthic filter feeders on this beach,
making np 73% of macrofauna numbers and 85% of biomass (McLachlan
and Hesp 1984).
The shells vary in colour from white or tan to mauve on the outside,
with an extremely thin periostracum (Willan 1998). Shells are solid and
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muscle scars are well defined, and the shell is wedge shaped with the
posterior side shorter than the anterior (Fig. l.Ia, b). Both siphons contain
elaborately branched lobes at their extremities. Pipis reach a size of
approximately 80 mm in length (WiIIan 1998), and feed on surf zone
phytoplankton (King 1985). Predators include humans, beachworms
(Onuphis sp.), sea birds (in particular .the oystercatcher, Haematopus
ostalegus and the silver guU Larus novahollandiae), the gastropod
Conuber enci, the sand crab Ovalipes bipustulatus and various stingrays
(Dakin and Bennet 1987; King 1985). In other species of Donax, fish are
known to be important predators, either ingesting the whole animals or by
cropping siphons (Ansell 1983).
Pipis have been harvested in Australia for at least 10,000 years
(Godfrey 1989), and form one of the most abundant shells in coastal
middens (Godfrey 1988). There was a well established commercial fishery
in NSW in the 1950s and 60s, and clams were canned for export (AlIen
1950; Anon. 1960; Wescott 1959). Since 1950 there have been anecdotal
suggestions that stocks near population centres were threatened by heavy
commercial and/or recreational harvesting (e.g. AlIen 1950; Anon. 1965;
Anon. 1966; Cornish 1966; Marshall 1969; McWirter 1965). The pipi has
not been widely studied, although it has been the subject of a number of
published and unpublished reports.
Fig. 1.la Anatomy of Family Donacidae. Internal anatomy of D. vittatus, BalD, anterior
adductor muscle; cte, ctenidium; exs, exhalant siphon; ft, foot; ins, inhalant siphon; Ibp.
labial palp; pam, posterior adductor muscle (from Willan 1998). (h) Photograph of
Donax deltoides with siphons and foot extended.
(a)

(h)
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Pipis have been harvested in Australia for at least 10,000 years
(Godfrey 1989), and form one of the most abundant shells in coastal
middens (Godfrey 1988). There was a well established commercial fishery
in NSW in the 1950s and 60s, and clams were canned for export (Allen
1950; Anon. 1960; Wescott 1959). Since 1950 there have been anecdotal
suggestions that stocks near population centres were threatened by heavy
commercial and/or recreational harvesting (e.g. Allen 1950; Anon. 1965;
Anon. 1966; Cornish 1966; Marshall 1969; McWirter 1965). The pipi has
not been widely studied, although it has been the subject of a number of
published and unpublished reports.
Most of the available information about the biology of the pipi
comes from an unpublished internal report from the South Australian
Department of Fisheries (King 1985, sununarised in their in-house journal
(Anon. 1985)), including estimates of growth and mortality from length
frequency data, and a description of reproductive state, feeding, and
predation. King sampled monthly for two years (1973-4), using a single
downshore transect on an unexploited beach. He took two, 0.16 m2
quadrats to a depth of 30 cm every second metre and sieved samples
through a 2 mm mesh. He ouly extended the transect into the surf on one
occasion, and then suggested that Donax deltoides did not occur subtidally
in South Australia. However this species does occur subtidally at times in
South Australian waters (pers. comm. A. Fowler, South Australian Dept.
Fisheries). King did not observe D. deltoides tidally migrating, but found a
spatial separation of size classes, with smaller animals found higher up the
beach. He sectioned a subsample of animals every month to examine the
gonad. He also devised a gonad index, calculated by taking a cross section
of the shell down the midline, then tracing the perimeter of the gonad and
the right valve. The gonad index was then calculated as the area of the
gonad/area of the shell. This method assumes that the gonad shrinks after
spawning.
On the basis of the limited data available, pipis appear to be typical
of the genus, exhibiting fast growth, prolonged spawning and high
fecundity. King (1985) estimated that Donax deltoides took 3.5 years to
reach a maximum length of 58 mm, reaching full sexual maturity at around
36 mm'. King's data imply that, in South Australia, spawning can occur all
year round, although there was a spring peak, and he extrapolated the time
difference between major spawning peaks and times of heavy settlement to
infer a larval life of 6-8 weeks. Larval settlement appeared to end in April
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1973, and then occurred again from November 1973-May 1974. He found
a peak: of ripe animals in September, and the gonad index declined in
October 1973 and September 1974, indicating the onset of spawning. The
gonad appeared to recover without a resting stage and large oocytes were
found all year round. Of 1000 tagged animals placed on the beach, King
was only able to retrieve four. He observed large numbers of dead or
moribund animals in rare periods of calm seas, and some mortality
associated with low salinity when the Murray River was in flood. Other
anecdotal evidence supports the conclusion that pipis are subject to
occasional mass morta1ities (McWirter 1965).
The only information on abundances and the effects of harvesting on
this species comes from two unpublished studies, both from New South
Wales (NSW), a technical report from Southern Cross University, NSW
(Saenger and Keyte 1990), and an Honours thesis (Hill 1991). Saenger and
Kyte (1990) conducted a prelintinary survey of density in northern NSW,
consisting of one 0.25 m2 sample sieved through a 5 mm mesh (for
"adults"), and one through a 1 mm mesh (for "juveniles") per beach on
each of eight beaches on the NSW north coast. Sampling was restricted to
the swash. Saenger and Kyte estimated mean crowding and mean density
from these beaches, and gave the size frequency distributions of adult pipis
from each beach. They then compared the mean length of adult pipis from
each beach and found no significant difference, concluding that there was
no effect from harvesting. No details of analyses used were given, apart
from the equation used to calculate mean crowding. However, their
conclusions were based from a single quadrat per beach, and were not
statistically valid.
In a study of the effects of harvesting on the pipi, Hill (1991) used a
single downshore transect, taking two 0.25 m 2 quadrats at two metre
intervals to a depth of 25 cm and sieving samples though a 5 mm mesh at
each of two sites on four beaches, including one exploited beach. In
addition he used a systematic grid of 10 quadrats in the low intertidal.
Where transects extended into the swash he used a foot twisting motion for
10 mins/site to look for animals >35 mm in length, rather than using
quadrats (presumably restricted to adnlts as foot twisting is likely to under
sample small animals). He appears to have repeated these samples at
monthly intervals for five months, but details of his sampling protocol are
sparse. He also estimated beach exposure, beach slope, sediment particle
size, sediment penetrability and food availability for each site and found
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that only beach slope significantly varied between sites. He found no
significant difference in the abundance of pipis between sites, as within-site
variation was as high as that found between sites. He conducted a chisquare test on pooled abundances from the three unexploited beaches
compared to the one exploited beach, and suggested that pipi populations
were significantly larger on unexploited beaches. He concluded that
harvesting did not have an effect on abundance, however lack of replication
casts doubts on these conclusions.
I! is not clear whether pipis in NSW tidally migrate. Hill (1991)
commented that the pipi "is located predominantly in the swash zone" on
the far north coast of NSW (p.24), however his graphs of distribution down
the shore from several sites demonstrate clear differences in the height
pipis were occupying on shore, both within beaches and between sites,
within a small geographic range. Distributions clearly range from the
subtidal to the high intertidal, with pipis often occurring at more than one
height on the shore. They were clearly stranded in the mid-tidal zone on
some occasions, and hence could not have been tidally migrating. Pipis
have been noted as "not occurring sub-littorally" on the south coast of
NSW (Owen 1978), however no data were given. James and Fairweather
(1995) noted large temporal differences in down-shore distribution of pipis
at Catherine Hill Bay, NSW, with the centre of distribution generally in the
mid-intertidal.
Other studies that focus on the pipi include an unpublished report
from the Queensland Department of Primary Industry, which contains a
non-quantitative description of the habits of the pipi, known in Queensland
as the ugarie (Fison 1931). An Honours thesis from the University of
Wollongong on the effects of sewage outfall on sandy beach macrofauna
included some descriptions of densities of pipis, and a description of
tagging trial in which 410 tagged pipis were placed onto local beaches.
However only one was retrieved after three weeks and one after four
(Outteridge 1992). Published studies include the utility of pipis as
bioindicators of pollution (Haynes et al. 1995; Haynes et al. 1997), a study
of the salinity tolerances of bivalves including the pipi (Nell and Gibbs
1986), and a comparison of some rapid sampling methods (James and
Fairweather 1995). A number of anthropological studies have looked at
utilisation of the pipi by coastal Aborigines (Godfrey 1988; Luebbers
1978). In addition research described in this thesis resulted in the
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publication of an account of the genetic structure of pipi populations on the
east coast of Australia (Murray-Jones and Ayre 1997).
The pipi fishery in NSW is managed using bag limits and gear
restrictions. No implement may be used to locate, dig, or sieve pipis by
commercial or recreational harvesters, and the recreational bag limit is 50
pipis per person per day (Lynch and Prokop 1993), however there has been
no study of the effectiveness of these restrictions. There are no closed areas
or seasons in either the commercial or recreational fishery. At present any
person with a commercial fishing licence can collect an unrestricted
amount of pipis, however NSW Fisheries are currently reviewing this
policy and have proposed changes which will greatly limit the number of
fishers able to participate.
1.4 Conservation and management of Donax deltoides
In each of the following sections, I highlight some of the interesting
issues that pertain to the effective conservation and management of an
ecologically important, exploited species living in a fluctuating
environment. In addition, I briefly outline the approach I took to address
these issues for the sandy beach clam, Donax deltoides. The following
sections hence provide a brief overview of the structure of this thesis and
the approaches that I have taken.
1.4.1. Variation in distribntion and abundance
Despite suggestions in literature that sandy beach fauna are prone to
large fluctuations in both distribution and abundance, by far the majority of
surveys conducted on sandy beaches are severely under-replicated, and
have completely ignored the principle that differences among sites can only
be demonstrated with reference to the amount of variation found within
sites (e.g. Green 1979; Hurlbert 1984; Underwood and Denley 1984). Any
discussion of distribution and abundance in sandy beach fauna must be
viewed in the context of the sampling method used and the degree of
replication used.
A common approach in sampling beach macrofauna has been to use
one shore normal (down-shore) transect per beach, with one or more
samples at different levels, usually at low water on a spring tide (e.g.
Dexter 1972; Dexter 1983; Jaramillo and Gonzalez 1991; Jaramillo et al.
1993; MacIntyre 1968; McLachlan 1985; McLachlan 1990; Raffaelli et al.
1991). On the basis of these single transects, zonation schemes have been
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inferred (e.g. Jaramillo et al. 1993), and beaches (e.g. MacIntyre 1968) or
regions (e.g. Dexter 1972) compared. Some stndies have used one (or
occasionally two) transects, replicated at a variety of time scales to make
seasonal comparisons (e.g. Allen and Moore 1987; Ansell et aI. 1972a;
Dexter 1984; Harkantra and Parulekar 1985; Haynes and Quinn 1995;
Leber 1982b; McLachlan et al. 1979; McLusky et al. 1975; Shelton &
Robertson 1981; Souza and Gianuca 1995). Such under-replication is
probably due to the fact that animals are generally cryptic and sampling is
time consuming and labour intensive due to the amount of sand that needs
to be sifted within a tidal cycle. However a single transect, even if
replicated in time, can only give information about that particular transect
location and cannot necessarily be extrapolated to the whole beach, let
alone other beaches. Only one of the above stndies even acknowledges this
limitation (Haynes and Quinn 1995).
Given this background of poor sampling design, many of claims for
variation in the distribution and abundance data of sandy beach fauna are
largely anecdotal. For instance, fluctuations in density described as
temporal may merely be a reflection of patchy distributions in space, and
differences between beaches may be small compared to within site
variation. However benthic fauna in sub-tidal soft sediment in estnarine
systems have been shown to have high levels of spatial variability in
invertebrate infauna (e.g. McArdle and Blackwell 1989; Morrisey et al.
1992; Thrush 1991; Thrush et al. 1989), even on very small scales
(Eckman 1979). The few studies on sandy beaches that have been
replicated on a variety of temporal or spatial scales have also highlighted
variability in the distribution and abundance of fauna, and hence the
inadequacy of non-replicated stndies (e.g. Brazeiro and Defeo 1996; Defeo
and de Alava 1995; Defeo et al. 1986; Defeo et al. 1992; Donn 1987;
James and Fairweather 1996; Jaramillo et al. 1994; Schoeman 1997). These
stndies demonstrated significant along-shore variation in abundances of
many taxa at both small and large spatial and temporal scales.
Fluctuating abundances are commonly described for Donax species
__ a
i (e.g. Ansell et aI. 1972b; Bonsdorff and Nelson 1992;
McLachlan et al. 1996; Mikkelsen 1981; Moueza 1972; Vega and Tunnell
1987; Velez et al. 1985; Wade 1967a), and can be extreme e.g. for Donax
gouldii on the Californian coast, Coe (1955) reported high year-to year
variability, with densities of over 20,000 animals m-2 along an entire beach
in one year, but <1 m-2 in the following year (Fig. 1.2), however Coe does
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Fig. 1.2 Resurgent populations of Donax gouldi at La Jolla. California (after Coe 1955).
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not give details of quantitative sampling methods. Sandy beach fauna.
particularly Donax spp .• appear to undergo occasional mass mortalities,
from a variety of causes including parasitism and exposure to extremes of
temperature or salinity (e.g. Cassie 1955; Coe 1956; de ViIliers 1975a;
Eggleston and Hickman 1972; Johnson 1966; Johnson 1968; Loesch 1957;
Orton 1929). Most recent work on sandy beach macrofauna has highlighted
levels of temporal variation in abundance (e.g. Haynes & Quinn 1995;
James & Fairweather 1996; Jaramillo et al. 1994; Souza & Gianuca 1995).
Along-shore (ie parallel to shore) variation in distribution and
abundance has rarely been studied in any detail in sandy beach organisms.
but few studies are sufficiently replicated. When sampling is replicated,
most studies have demonstrated short term spatial (as well as temporal)
fluctuations in density for many taxa on sandy beaches (e.g. Jaramillo et al.
1994, Souza and Gianuca 1995, James and Fairweather 1996, Haynes and
Quinn 1995). Even two down-shore transects quite close together can show
large differences in abundance e.g. densities of Donax spiculum varied by
several orders of magnitude in replicate transects IO m apart at Shellertai,
India (Ansell et al. 1972b, Fig. 1.3).
There have been a few attempts to describe the pattern of alongshore distribution of surf clam populations at a range of spatial or temporal
scales (e.g. Defeo & de AIava 1995; Defeo et ai. 1986; Donn 1987;
Jaramillo et al. 1994; Schoeman 1997). However, these studies all
employed down-shore transects, repeated along the shore at varying
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Fig. 1.3 Densities per lineal metre for Donax spiculum from two downshore transects
taken two metres apart on a beach in Shellertai, India (after Ansell et al. 1972b).
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distances (except Jaramillo (1994), who used a single quadrat at 100 m
intervals along-shore). Hence these studies are considering along-shore
distribution at a very coarse scale e.g. Donn (1987) used two down-shore
transects at 50 m apart, repeated at 5 km intervals. However a number of
these studies suggest that lower numbers at the ends of long beaches are
typical of intertidal clams on exposed beaches (e.g. Donn 1987, Defeo and
de Alva 1995, Schoeman 1997).
There have been a few attempts to describe the pattern of alongshore spatial distribution of individual surf clam populations at a range of
spatial or temporal scales (e.g. Defeo & de Alava 1995; Defeo et al. 1986;
Donn 1987; Jaramillo et al. 1994; Schoeman 1997). However with the
exception of Jaramillo (1994), who used a single quadrat at 100 m intervals
along the beach, these studies all employed down-shore transects, repeated
along the shore at varying distances. Hence they are considering alongshore distribution at a very coarse scale e.g. Donn (1987) used two downshore transects at 50 m apart, repeated at 5 km intervals. However a
number of these studies suggest that lower numbers at the ends of long
beaches are typical of intertidal clams on exposed beaches (e.g. Donn 1987,
Defeo·and de Alva 1995, Schoeman 1997).
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Sandy beach fauna may show geographic and temporal variations in
the height occupied on shore and the degree to which they tidally migrate
(summarised in Table 1.1 for Donax spp., also (Albeit & Naylor 1976;
Jaramillo et al. 1993). Alternatively only part of the popnlation migrates
(e.g. Brown 1971). Donax spp. in particular exhibit large variations in
migratory behaviour between and within species, locations and times
(summarised in Table 1.1). Because of the lack of replication in many of
these studies, "not migrating" must be interpreted as "did not migrate on
this day, at this one point on the beach".
Many species of sandy beach fauna show a marked segregation by
size in the down-shore direction, with different sizes of animals found at
different heights on the beach. Such size segregation appears to be
maintained by differential tidal migrations of the various age classes, and
has been observed in many species e.g. amphipods (Jaramillo et al. 1993;
Roman 1973), gastropods (Brown 1982), and bivalves e.g. Mesodesma spp.
(Defeo et al. 1986; Jaramillo et al. 1994), Amphidesma ventricosum (Cassie
1955), and in many Donax spp. (see Table 1.1). Large geographical and
seasonal differences in the degree of segregation and position on shore are
common, and are particnlarly pronounced in the only other large species of
Donax, D. serra (Table 1.1).
Some of the variability in abundance reported for sandy beach
macrofauna may be due to variation in recruitment, typical of marine
invertebrates with a planktonic larval phase (Connell 1985). Where studied,
recruitment in Donax species appears to be highly variable in space and
time (e.g. Ansell et al. 1972a; Bonsdorff & Nelson 1992; Lastra 1993;
Sastre 1985; Vega & Tunnell 1987). Very few D. incamatus recruited to a
beach in S. W. India in 1967, but there were large numbers in 1968 (Ansell
et al. 1972b). In some Donax species, initial settlement seems to be to the
subtidal region, with a later movement to the intertidal (Bonsdorff &
Nelson 1992; Lastra 1993). Hence studies which did not sample subtidally
wonld not pick up fluctuations in density at an early stage, which may
account for some differences between studies.
It is often impossible to differentiate between differences in spatial
distribl)tion, variation in recruitment and differences in temporal
distribution. Shore normal transects can give widely different resnlts at
short spatial scales e.g. the peak abundance of D. spiculum, from a set of
monthly transects on a single beach, appeared to be in late October in
transect A, but abundance peaked in late August in transect, B - taken only
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Table 1.1 Summary of tidal migrations, position on shore and segregation of different size classes on the beach for the genus Donax.
Abbreviations: LW, low water level; HW, high water level; S, small; M, medium; L, large; 1fT, intertidal zone; midlf, mid intertidal; sublf,
subtidal; obs., observations; size seg., segregation (separation) of population on shore by size. Comments in brackets are mine. Studies based on
observations only are not included. 1 animals found in the swash (wash zone) at low tide are assumed to be tidal migrants, although they could also
mark the top of a non-migrating sublf population. Observations by the author sometimes clatify this. 2 animals that are present in high density at

one sampling time, missing at the next, and back at the next are assumed to have changed their location via changes in migratory pattern. Few
studies have looked at the Iff. swash and suh/f region simultaneously, so the area they have moved to may not have been examined.
species

countryl
ocean

behaviourl position
method

migrating?

author

D. <lenticulatus

Jamaica!
At!.

size seg. S highest on beach
I-off transect, + "regular obs.

yes

(Wade 1967a)

Puerto
Rico! At!.

occasionally disappearinglreappearing2
only sampling swash, monthly for 12 mo.

not specified

(Sastre 1984)

Mexico!
Pac.

narrow band in Iff. varies greatly in position at

no

(Irwin 1973)

scale of days

D. hanleyanus

Uruguay!
At!.

found in low swash. Occasionally stranding,
variable distribution. - monthly for 12 mo.

usually

(Brazeiro & Defeo 1996)

D. incamatus

Indiaiind.

size seg.

some sizes

(Aosell & Trevallion 1969)

India!
Ind.

very vatiable distribution, between high & low 1fT.
- fortnightly, 12 mo.
Often disappear2

not specified

(McLusky et aI. 1975)

USA!

found sublf most of year. Size seg.
- monthly for 13 mo.
sometimes in swash, sometimes subff. No size seg.
- monthly for 18 mo but excluding 1fT

migrating -July
only

(Leber 1982)

1

(Bonsdorff & Nelson 1992)

D. gouldii

D.parvula

At!.
USA!
At!.

- daily for 2 weeks (in August), 2 years

- review, details not given

t.....

D. serra

S. Air.!
size seg., S near HW, L near or below LW
W Coast-Atl.
- monthly for 2 years

L migrating!

(de Villiers 1975)

S. Air.!
semilunar migration
SE Coast-Ind.
- every 2nd mo.

sometimes

(McLachlan &
Hanekom 1979)

S. Afr.!
size seg., S & very L close to water l , L higher on shore
W Coast-At!.
- seasonally for 18 mo.

S, very L
migrating

(Bally 1983)

size seg., S high on shore, L at or below LW. Variation
S.AfrJ
W Coast-At!. in location & size seg. pattern. - summary, no methods

sometimes

(Birkett 1986)

semi lunar

(Donn & Clarke 1986) -

S.AfrJ
SE -Ind.

semi-lunar migration, - higher on shore during
spring tides, though considerable variation.
- every 2nd day for 96 day period June-Sept.

not tidal

S. Air. (a)
size seg., S near HW, L near or below LW 1 extending
to subtr - littJe detail, 2 beaches on each coast
WCoast
(b) SE Coast zonation less clear but L lowest on shore, S midtr

Lmigrating

D. texasianus

USAf
At!.

variable degree of size seg. Often disappear & then
re-appear2 - monthly for \3 mo.

yes May-Aug
no Sept-Feb

(Vega & Tunnell 1987)

D. trunculus

France!
Atl.

size seg. M in lIT, Lin swash 1. S more variable
- monthly for 6 mo.

yes

(Guillou & Le Moal1978)

France!
At!.
Morocco

size seg. S higher, L near LWM or in swash1.(var.
in position on beach & size seg.) -mo.for>lyr
size seg. - yearly for 2 years

Lmigrating

(Ansell & Lagardere 1980)

not specified

(Bayed & Guillou 1985)

France!
At!.

size seg., S higher on beach. IIT distribution.
- 1 p.a. in Nov. for 6 years

not migrating

(Le Moal 1993)

(Donn 1990)

not specified

00
~

D. tumida

USAf
At!.

size seg. some times of year
- monthly June-Sept, + intermittent

yes, spr-summer
no, aut-winter

(Loesch 1957)

D. variahilis

USAf
At!.

size seg. not specified.
- monthly June to Sept + intennittent

yes (but not
always)

(Loesch 1957)

USAf
At!.

size seg. not specified. (Note data actually show
migrations on 6J7 days) - daily for 7 days in Nov.

"not migrating"

(Edgren 1959)

USAfAt!.

size seg. S at top of swash, L deeper - Aug/Sept + abs.

yes

(Tiffany 1967)

USAf
...At!.

Beach 1 - data show variation in migrations & position
Beach 2 - data show variation in position
- monthly for 6 mo.

"migrating"
no

(Mikkelsen 1981)

USAf
At!.

not size seg. winter presumed in subtr

no, autumn
yes, summer

(Leber 1982)

USAf
At!.

size seg., varies. Mainly lIT. sometimes disappear2

yes. May-Aug
no, Sept-Feb

(Vega & Tunnell 1987)

USAf
At!.

no size seg. In swash in Feb. 1, most subff in Apr., May,
not found June 2, Varied other months
- monthly for 18 mo. (NB Not sampling If!")

intennittent

(Bonsdorff & Nelson 1992)

France!
At!.

size seg., S may be midfT or subfT; M & L subfT;
monthly for 5 mo.

some groups 1

(Guillou & Le Moal1978)

France/At!.

no size seg. Majority suhtr. - one per year, 2 years

not specified

(Ansell & Lagardl:re 1980)

France/
At!.

size seg. sometimes - young settle midfT, move to subff
1 p.a. in Nov. for 6 years.

not specified

(Le Moal1993)

D. vittatus

- monthly for 13 mo.
- monthly for 13 mo.
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10 m away at the same time (Ansell et al. 1972b, Fig. 1.3). If transect A
had been conducted on one beach and transect B on another, the authors
would probably have concluded that the timing of recruitment patterns was
very different between beaches. In the light of such high variability in
abundances, at distances as small as at 10 m on the same beach, caution
must be employed in drawing conclusions, and it is crucial to quantify
within site variation. In this thesis I examine the patterns of distribution and
abundance of the pipi both at the transect level and along the shore, using
transects replicated at a variety of spatial scales (lOs to 1000s of metres)
within widely separated regions of the east Australian coast, and at a
variety of temporal scales (days to years).
1.4.2 Reproduction
Maintaining an adequate supply of reproductive stock in harvested
species is necessary to ensure a sufficient supply of larvae and hence
recruits, particularly if dispersal is restricted and the majority of recruits
come from local stocks of adults. Suitable tactics to protect reproductive
stock include seasonal closures, quotas and the imposition of a size limit.
In order to determine appropriate management tactics, information is
required about the timing of reproduction, the relationship between size
or age and reproductive output, and the sizes at which animals become
fully recruited into the fishery.
As described in Section 1.4.1, sandy beach clams appear to show
high variability in recruitment. This may be due to a number of factors,
including pre- and post-settlement mortality as well as variation in the
timing and intensity of reproduction. Most species of Donax show peaks in
spawuing activity and high densities of settlers are found on beaches at
different times of the year, although at least some settlers are present all
year round in samples of many Donax species from temperate climates
(e.g. de Villiers 1975b; Wade 1968). Partial, serial spawuing is common in
many species of benthic bivalves (e.g. Grant and Creese 1995; Guillou and
Sauriau 1985; Hooker and Creese 1995a; Manzie et al. 1985; Ropes 1968),
and particularly for Donax spp. which may spawn for much of the year
(Ansell 1983). Such prolonged spawuing may explain the fairly continuous
supply of settlers. In addition, surf clams frequently show high levels of
variation in the timing of reproduction both between and within
popUlations, (e.g. Alagarswami 1966; de Villiers 1975b; Grant & Creese
1995; Hooker and Creese 1995b; McLachlan et al. 1996). Knowledge of
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the timing and degree of synchronisation of spawning also allows
predictions abont the nature and extent of dispersal .
In this stndy I used a variety of methods to estimate size at first
maturity, sex ratios, the timing of spawning and size specific reproductive
effort and output for pipis from several sites over several years.
1.4.3 Age-specific growth rates, recruitment and mortality
Estimates of growth rates and mortality, the relationship between size
and age, and the timing and nature of recruitment are central to managing
exploited populations. A common assumption in shellfisheries manageinent
is that spawning marine invertebrates are capable of releasing so many
larvae that year-class strength will not be limited by the supply of larvae
(Hancock 1973), however this is not always true (peterson and Summerson
1992). In a harvested species, most production and yield models require
accurate knowledge of growth and mortality. However the variable nature
of the distribution of sandy beach fauna outlined in the preceding section
creates sampling difficulties which can bias the estimation of many standard
ecological parameters. For instance, if some proportion of the population is
not being accessed, sampling will not be representative of the population as
a whole. Conventional sandy beach sampling methods completely ignore
the subtidal, hence any of the population that intermittently moved offshore
would be excluded. Sampling of beach clams needs to take into account the
variable nature of the distributions of sandy beach fauna, and include the
whole intertidal region, as well as the swash and subtidal. In addition,
replication is crucial in order to quantify variation in growth. In this thesis I
describe estimates of growth, mortality and recruitment made from several
sites at varying spatial scales, using a variety of methods.
1.4.4 Harvesting
Where surf beaches support large stocks of clams, competition
between commercial and recreational fishers for the resource can be intense
(McLachlan et al. 1996). The catch of the pipi or surf clam, Donax
deltoides, is shared in Australia by the commercial and recreational sectors,
with recreational harvesters collecting for bait and/or for food. Assessment
of how catch and effort are partitioned between these users is necessary for
effective management of this fishery, particularly in the light of the
variation in distribution, abundance and recruitment previously described,
which makes stock assessment difficult.
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In order to quantify the levels of harvesting in the pipi, and to
compare the commercial and recreational harvests, I conducted a study of
the pipi fishery on a commercially (Stockton Beach) and a noncommercially exploited site (Seven Mile Beach). I also compared
harvesting patterns on the north and south coast of NSW.
1.4.5 Larval connections
Knowledge of larval connections is crucial for harvested species. If
larvae are dispersing over a wide area, recruitment will usually not depend
on populations of breeding adults in a particular local area. Genetic studies
offer a convenient tool with which to determine the degree of genetic
differentiation between and within populations from different regions, and
the level of gene flow between them.
The planktotrophic larvae of marine fauna have the ability to travel
long distances, and, where dispersal is not restricted, species with pelagic
larvae generally show low levels of genetic differentiation (Johnson and
Black 1984; Levinton and Suchanek 1978; Watts et al. 1990). However if
dispersal is restricted, for instance in species which breed in estuaries,
genetic differentiation can be higb (e.g. Salini 1987). On the east coast of
Australia dispersal is likely to be influenced by the East Australia Current,
which is known to be extremely complex and erratic in space and time
(Cresswell and Legeckis 1986). In addition, there are suggestions that
sandy beaches form semi-closed circulation systems (McLachlan 1980a;
Talbot and Bate 1987). Both these factors could restrict dispersal of species
on surf beaches. Hence I surveyed the patterns of allelic frequencies among
beaches both within regions and among regions across a 1200 km section
of the east Australian coast.
In the final chapter I discuss the implications of my data with respect
to sampling in such a dynamic environment and the management of this
ecologically important, exploited species.
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CHAPTER 2 SPATIAL AND TEMPORAL PATTERNS IN THE
DISTRIBUTION AND ABUNDANCE OF DONAX DELTOIDES
2.1 INTRODUCTION
In order to estimate standard ecological parameters such as spatial
pattern, abundance, biomass, mortality, it is essential to' design sampling
schemes which will take into account the fact that fauna may be cryptic
and highly mobile. Moreover when a species is exploited, sampling should
be designed to distinguish the effects of natural processes from those of
harvesting e.g. to prevent naturally occurring fluctnations in stock size in
exploited species from being misinterpreted as harvesting effects. In order
to optimise yields, it is important to be able to differentiate between fishing
mortality and natural fluctuations due to mortality, mobility or sampling
error. Many harvesting strategies rely on the collection of precise and
accurate data on stock size and growth rates, as well as knowledge about
the relationship between length and weight (Gulland 1989; Hilborn and
Walters 1992). In addition. measurements of nearly all life history
parameters rely on the assumption that sampling is unbiased and
representative of the entire population. When species are highly mobile,
and may show variation in distribution at short temporal and spatial scales,
these assumptions may be violated, hence it is important to quantify the
levels of variation in spatial patterns.
Attempts to sample such highly mobile animals as surf clams on
sandy beaches must attempt to address the likelihood of encountering
variable densities due to wave sorting. and changes in the spatial location
of different size classes, and be able to differentiate these phenomena from
variability in space or time of abnndance from other canses such as
mortality or recruittneut. Given the suggestions of variation in spatial
patterns and abundances of sandy beach fauna discussed previously
(Chapter I). replication at a variety of spatial and temporal scales is
crucial. in order to assess levels of variation at different scales and allow
comparisons between times and places (e.g. Green 1979; Hurlbert 1984),
Comparisons between different times and places can only be made
when sampling is accurate and precise. Apparent patterns in the
distribution and abundance of benthic fauna may be erroneous unless an
appropriate method is used (Andrew and Mapstone 1987). Sampling on
sandy beaches generslly employs removing sand from one or more quadrat
of various sizes. however the size of the quadrats used for sampling may
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have a substantial effect on the precision of estimates (Andrew and
Mapstone 1987). Various authors have used a range of quadrat sizes to
sample sandy beach clams, including 0.05 m 2 (Leber 1982a), 0.06 m2
(Brazeiro and Defeo 1996; Defeo et aI. 1986),0.1 m2 (Ansell et aI. 1972;
McLachlan 1985), 0.105 m2 (James and Fairweather 1996), 0.16 m 2 (King
1985), 0.203 m2 (Bonsdorff and Nelson 1992), and 0.25 m2 (Donn and
Clarke 1986; Jaramillo et aI. 1994). Usually no justification is given for the
choice of sampling unit. Hence preliminary sampling is required to
determine the effectiveness of various sampling units.
In this chapter, in order to examine variation in distribution,
abundance, and biomass of the sandy beach bivalve, Danax deltaides, both
along and down the shore, I will first determine the most accurate, precise
and cost effective size of quadrat to use for sampling. I will then describe
my quantitative study of the patterns of distribution and abundance of the
pipi at the transect level for several sites over a variety of spatial and
temporal scales. In order to estimate biomass from length data, I will
describe the length-weight relationships of the pipi.
2.2 METHODS
2.2.1 Sampling protocols
In order to assess patterns of distribution and abundance within siles,
between sites and within regions, I chose several sites. My main sites were
Comerong Island and Seven Mile Beach, which are adjacent beaches (i.e.
from the same region) on the NSW south coast (340 53' S, 1500 38' E, Fig.
2.la, b). In addition I chose three sites (at 0.6,3 and 6 km from the north
headland, see Fig. 6.1) on Stockton Beach on the central north coast of
NSW (320 50' S, 151 0 47' E). I also sampled intermittently at other sites in
different regions, including Lighthouse Beach, Port Macquarie on the mid
north coast of NSW (31 0 25' S, 152 0 25' E) and Dundabarra, Fraser Island
in southern Queensland (25 0 10' S, 153 0 21' E).
Seven Mile Beach is one of the longest beaches on the NSW south
coast, at 11.8 km. The main body of the beach faces north east, turning to
the east at Shoalhaven Heads. It is characterised by very fine sand and a
wide flat beach face (although considerable beach erosion occurred during
this survey), and varies between the beach categories of low tide terrace
(LTT), and transverse bar and rip (TBR) (Short 1993). LTT and TBR are
intermediate beach types (sensu Wright and Short (1983). LTT beaches are
the lowest energy type of beaches classified as intermediate (i.e. between
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Figure 2.la Map of collecting sites of DQnax deltoides. Arrows offshore give a stylised
representation of the flow of the East Australian Current.
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Flpre lotb Photograph of two main of collecting 'ltes of DofUlX deltoides in NSW.
Top. Seven Mile Beach. July 1991. _ m . Stockton Beach. July 1996. Note presence
of recreational harvesters despite poor weather.
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dissipative and reflective in nature, Wright and Short 1983) with wave
heights of 0.5-1 m. TBR is the most common beach type in NSW and
waves average 1-1.5 m in height Comerong Island is a shorter beach at 5.5
km, is generally steeper than Seven Mile Beach and is characterised as
TBR and faces east (Short 1993). Stockton Beach is the longest beach in
NSW at 31.8 km, and is located immediately north of Newcastle, the
second largest city in NSW (33 0 O'S, 151 0 46'E, Fig. 2.1). It extends in an
arc, facing sonth at the northern end at the 0.6 and 3 km, but veering more
to the south west by the 6 km site, with fine beach sediment at the north
end. It is characterised as LIT at its northern end (Short 1993). Lighthouse
Beach is 10.2 km long and faces south east, and is characterised as
LITITBR (Short 1993). The entire east-facing side of Fraser Island is
effectively a single beach, 90 km long. Dundabarra is located
approximately one third of the way down. This beach is very similar in
morphology to Stockton Beach, and is probably LITITBR.
I used a pilot study in order to determine the effectiveness of three
different sizes of quadrat, (a) a square of area 0.25 m 2; (b) circular, area 0.1
m2 ; (c) circular, area 0.03 m2 . The larger quadrats are commonly used
sizes in the intertidal, while smaller size is more frequently used suhtidally.
Studies elsewhere indicated that pipis were confined to the top 100 mm of
sand (James and Fairweather 1995), as did my preliminary sampling, hence
I restricted sampling to the top ISO mm. However I frequently checked for
the presence of pipis once I had removed cores by running a knife through
the sand, but never found animals deeper than ISO mm at any time. I
selected sampling positions at random within a large, approximately
spherical patch of pipis on Seven Mile Beach on 18/3193 using a random
numbers table to select both distance and direction from the centre of the
patch. I took five replicates to a depth of 150 mm for each quadrat size,
sieved the contents of each quadrat through a 3 mm mesh and recorded the
number of pipis found.
2.2.2 Estimating biomass
In order to convert length data into weight to estimate biomass, I
determined the relationship between shell length and whole wet weight
(including shell) by taking groups of approximately 50 animals, generally
>30 mm, from monthly collections from Comerong Island and Stockton
Beach in 1996 and 1997. I made an additional collection of 500 animals
including very small animals at the Stockton site in November 1997 in
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order to estimate a length-weight curve for calculating biomass and various
other parameters. I kept animals in fIltered sea water (Millipore 0.8 mm) at
10° C for 24 hr, changed the water every 12 hr in order to eliminate sand
and pseudofaeces, measured all animals to the nearest 0.1 mm with vernier
callipers before slicing through the adductor muscles in order to drain them
for 10 minutes prior to obtaining the whole wet weight (including shell) to
the nearest 0.01 g.
I used natorallog transformations to convert the data to a linear form
before using analysis of covariance (ANCOVA) to determine whether the
relationship between length and weight varied significantly between
collections, with length as the covariate. Length (L) and weight (W) are
related by the power curve, W = qLb, where b is a measure of the increase
in W with respect to L and is close to 3 in an isometric relationship, and q
is a constant determined empirically. The exponents of this power curve
can be obtained by transforming to In W = In q + b (In L), which is
equivalent to a linear equation of the form Y = a + bX, where a is the Y
intercept and b is the slope. A linear regression of In W on In L gives a
slope of b and a Y intercept of a, where q = ea. I estimated 95% confidence
intervals for b as t(0.05, n-2) x S.E.(b). 95% confidence intervals for a are
calculated in the same way, hence 95% confidence intervals for q are
exp[t(0.05.0-2) x S.E.(a)] (King 1995).
2.2.3 Main study
2.2.3.1 Alongshore distribution and abundance
To obtain data about distribution and abundance in pipis. I used a
variety of methods, two of which were qualitative, to gather information
about relative distribution and abundance in pipis along the shore over
time. The more qualitative methods included (1) counting siphon holes in
the swash zone using a foot pressing method, and (2) counting sand "caps"
on top of pipis on the beach. The more precise approach included (3)
digging a series of transects.
(1) Foot pressing metbod. When pipis are in the swash zone, the
application of pressure (e.g. from the ball of the foot) to a patch of wet
sand forces water out of the sand. Pipis feeding have their siphons trapped
on the surface. The siphon holes are clearly visible and can be counted
(Fig. 2.2a). In order to compare densities estimated from this method with
a more quantitative approach I estimated the number of siphon holes within
a ring of 0.03 m diameter, and then taking a core immediately adjacent
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with a corer of the same diameter, and sieving the contents. I repeated this
procedure 29 times at random locations along the shore, and used a paired
t-test to detect differences between the mean densities.
In order to map the location of patches along the shore at Seven Mile
Beach, I used this foot pressing method to obtain an estimate of density
every metre across the same 250 m of shore on three days, approximately a
month apart. On one occasion, I repeated these measurements at two
hourly intervals as the tide receded in order to observe changes in the
distribution of pipis at different points in the tidal cycle.
(2) Sand "cap" counts. On Stockton Beach pipis frequently do not
tidally migrate, instead stranding in the intertidal at low tide. Where fourwheel drive (4WD) vehicle activity is heavy on fU"lIl damp sand, pipis rise
up in the tyre tracks, pushing up the sand above them. The "cap" of sand
raised can be clearly seen (Fig. 2b). On several occasions, I used the
odometer of a 4WD vehicle to map the centres of maximum density across
a 3 km stretch of shore, between my fixed sampling stations at 3 km and 6
km from Birubi Point.
(3) Transect method. In order to obtain more precise information
about longshore distribution, on 16111197 I took cores of 0.03 m 2 area
every 2 m along a 200 m section of the same 3 km longshore transect,
sieving through a 3 mm mesh.
2.2.3.2 Downshore distribution and abundance
In order to guarantee that at least some transects contained pipis, I
selected the area of highest density within 100 m of a randomly chosen site
along the beach for an initial transect, and used a stake to mark the
position. I took cores of 0.2 m diameter (0.03 m 2 area) to a depth of 150
mm at low tide along a shore-normal transect, taking two replicate cores
every two metres until the first pipi was found, then every metre until two
consecutive stations contained no animals, at which point sampling
resumed at 2 m intervals. I sampled from the maximum high water level
(HWM) through the swash zone, into the sublittoral zone until I could no
longer sample, due to wave action. Hence the actual length of transects and
the final depth sampled varied depending on beach slope and wave height.
I sifted cores through a 3 mm mesh sieve. I determined the upper edge of
the swash at low water as the upper limit of sand that is consistently wet by
incoming waves (ignoring intermittent big waves), and took measurements
of distance downshore from the last HW drift line (HWM). I estimated
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Flpre 2.2 Qualitalive methods 0( estimating densities of DOftar doltoid.... (a) Top.
Sipbon boles of tIapped by "foot pressins" i.e. draining off water using the ball 0( the
foot. on Seven Mile Beach. NSW. (b) Bottom. "Sand cap." mark the position on shan.
of Dona>: deltoUk. on Stockton Beach. NSW. Densities can be estimalCd by eye.
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wave height by taking the mean of three waves at each location. Using a jig
(a board with a stop at one end), I measured the maximum length of all
pipis in each sample to the nearest millimetre.
I sampled this fixed, primary transect at regular intervals
(approximately monthly) between July 1993 and November 1997 from
Seven Mile Beach and Comerong Island, and from July 1995 to November
1997 at Stockton Beach. I replicated down-shore transects at a variety of
spatial scales and temporal scales.
Spatial replication: I selected dates at random on which to spatially
replicate as I did not have the resources to replicate on each monthly
sampling date. On some days (also randomly chosen) I have conducted
multiple replicates at the same site. Replicate transects were at randomly
selected distances between 10 and 200 m from the first transect (in units of
10 m). For Stockton Beach, I established fixed lransects at three main sites,
at 0.6, 3 and 6 km from the north headland, and conducted transects at the
3 km site every month, again replicating on randomly chosen sampling
occasions at random distances between 10-200 m. I also sampled at the 0.6
and 6 km sites when time and number of volunteers allowed.
Temporal replication: In order to detennine whether the pattern of
downshore distribution varied at short spatial scales, I replicated primary
transects at randomly chosen dates.
Spatial patterns, densities and the degree to which Donax spp. are
aggregated may depend on the extent of wave sorting. For instance, empty
shells of D. vittatus were sorted by the influence of waves and water
currents on the basis of size, the presence or absence of holes in the shell,
and the specific weight of the valves, and were deposited in different
locations both down and along the shore (Lever and Thijssen 1968). In
addition, beaches can vary greatly in width depending on which part of
tidal cycle is sampled. To compensate for variations in beach width and
fluctuations in density due to wave sorting, densities of sandy beach
organisms are commonly expressed per lineal metre of beach (Brazeiro &
Defeo 1996; McLachlan 1983), rather than per square metre.
r converted numbers per core to numbers of individuals per lineal
metre of beach as
m
I
Eqnation 2.1
indo m- = wlm x[CE (qil + '112)12]
i=1
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where qiI and 'll2 are the densities (ind. m-2) in the first and second
replicate cores respectively for each sampling level i for m samples down
the transect, and w = width of beach surveyed (modified from Brazeiro &
Defeo 1996). I estimated standard error as
m

SE = w/m

X

{I: [(qil-'ll2)2]12}

Equation 2.2

i::; 1

To estimate biomass, I used the relationship between length and
weight to convert length data into weights, and then used the above
formulae to calculate biomass (± SE) per metre of shore in kg wet weight
(including shells). I used Comerong Island length-weight data for Seven
Mile Beach, and Stockton Beach data for northern NSW and Queensland
sites.
2.2.3.3 Analyses
Details of analyses used are given in the relevant section with
results. Throughout this thesis, I performed all statistical tests with 0: =0.05
and using IMP Version 3 (SAS 1994) unless otherwise stated. Where
appropriate I checked data sets for assumptions of normality,
homoscedasticity, and additivity (Zar 1984). I used the Shapiro-Wilks test
to test the null hypothesis that residuals come from a normal population;
used Cochran's test to check for heteroscedasticity (Winer 1971); and
examined a plot of residuals against predicted values to check for
additivity. Standard deviation and standard error have been abbreviated to
SO and SE respectively. Figures in brackets following estimates of means
are standard errors throughout this thesis unless otherwise specified.
2.3 RESULTS
2.3.1 Pilot study
All three quadrats gave very similar estimates of density (Table 2.1).
In order to determine which quadrat size was the most precise and the most
cost effective, I calculated relative precision as the standard error divided
by the mean density, for each quadrat size. I estimated the number of
replications (nr) that would be necessary to achieve an arbitrary precision
of 0.1 as nr = [standard deviationl(O.1 x mean density)]2, and hence the
relative "cost" as a measure of the time required to obtain a precision of 0.1
by multiplying the mean time it took to process each quadrat size by nr
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(Andrew and Mapstone 1987). The largest quadrat (0.25 m 2) gave both the
highest and most precise estimate of density, as predicted by Andrew and
Mapstone (1987), but had the highest relative "cost" in terms of time taken
to achieve a precision of 0.1 (Table 2.1a). However there was no difference
in precision between the 0.1 and 0.03 m 2 quadrats, and the smaller quadrat
had a substantially lower "cost" in terms of the time taken to dig and sieve
the different quadrats. I used a one factor, random effects ANDV A to test
for heterogeneity between estimates of density from the three quadrat sizes,
with the null hypothesis that there was no difference in the density of pipis
estimated by any quadrat size, but I did not detect significant heterogeneity
among estimates of densities from the three sizes of quadrat (Table 2.1 b).
I used a 0.03 m2 quadrat for all further transect sampling. The lower
cost in time allowed more replication and I found no difference in
estimates of density or in precision between the two smaller sized quadrats
at Seven Mile Beach. While this pilot study was restricted to one site,
sampling included a range of densities, from 0-850 indo m-2, hence I would
expect the results to be applicable to other sites. In any case, the smallest
quadrat was the largest that I could lift in one movement when working
subtidally.
2.3.2 Estimates of biomass
I fitted a power curve relating length (L) in mm and weight 0lV) in g
to data from each collection from the line of best fit (InW = a + b 1nL),
using least squares regression. The exponents of this equation for each
collection are shown in Table 2.2. I found that the relationships between
shell length and total weight in pipis were well correlated at Comerong
Island. In each collection, the relationship between size and weight was
significant, and regression coefficients were always >0.95. By contrast,
ouly six ont of 17 collections from Stockton Beach showed a significant
relationship between length and weight (Table 2.2), with ouly four of the
regression coefficients being >0.5. ANCDVA revealed significant
differences between collections in both the slope and intercepts of these
relationships for Comerong Island (Table 2.3). For Stockton Beach I did
not find significant differences among slopes, but did find significant
differences between intercepts, with a significant effect of both collection
date and length on weight. For the additional, large collection made in
November 1997, which encompassed as wide a range of pipi sizes as
possible, the relationship between length (L) and weight (W) was of the
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Table 2.1 Analysis of density estimates and a comparison of precision and time to

process samples using three different sizes of quadrat to sample Donax deltoides on
Seven Mile Beach, NSW. The three quadrats were square (0.25m2), and round (0.lm2
and 0.03 m2). Five replicates were taken at random for each quadrat size. Data were not
transformed. (a) Mean numbers, precision and relative cost to process samples from
each quadrat size. Table headings: Size::: quadrat size In m2; mean ::: mean density
(ind.m-2); SD is standard deviation; SE ::: standard error; prec. = precision, =SElmean
for each quadrat size; Dr ::: the number of replications required to obtain a precision of
0.1, calculated as nr = [SD/(O.I x mean)]2 for each quadrat; time = the mean time in
minutes it took to process each sample; and "cost"

=

a relative measure of the time in

minutes required to obtain a precision of 0.1 (= time to process x n.r.) (Andrew and

Mapstone 1987). (b) A random effects, one factor ANOVA was used to test for
heterogeneity of densities. The null hypothesis was no difference in the densities of
pipis estimated using the different quadrat sizes.
SE
0.10
0.03

135.2
133.2

35.1
35.1

15.7
15.7

0.12
0.12

6.4
6.9

21
6

134.4
41.4

(b) ANOVA table

Source
quadrat size
error
total
Cochran's C

elf

2

SS

644.8

12
14911.6
15556.4
14
0.34, p>O.05

MS
322.4
1242.6

F
0.2594

p

0.7757

form W = qLb, q = 1.39xlO-4 and b = 3.01 (r2 =0.99, p < 0.0001), with
95% confidence intervals of q = 1.30-1.48 x 10-4, and for b, 2.83-3.19
(Fig. 2.3).

2.3.3 Distribntion and abnndance
I found that the distribution and abundance of pipis could vary by
orders-of-magnitude over all temporal and spatial scales. I frequently
found a pronounced difference in the position on shore of different size
cIasses, and the relative position of different size classes with respect to
each other were not consistent.
2.3.3.1 Spatial patterns
Pipis do not have an easily defined spatial pattern in the downshore
direction. In a series of transects from Comerong Island (Fig. 2.4) across
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Table 2.2 Analysis of the regression In length on In weight for collections of Donax

delloUie. from two sites in NSW. Shell length (L) in mm and whole weight (W) in g are
related by an equation of the form W=qLb. The exponents q and b for collections of
pipis at irregular intervals. with the regression coefficient (r2 ). significance (P) and the
number (n) in each sample. (e) data from an additional, large collection from Stockton
Beach on 17111197.
(a) Comerong Island
date
year
1996

1997

114
216
In
9/8
519
24/10
20111
211

412

1.59 x 10-4
1.14x 10-4
1.74x 10-4
1.56 x 10-4
2.15 x 10-4
1.55 x 10-4
1.37 x 10-4
1.29 x 10-4
1.26 X 10-4
1.43 x 10-4

3/3
(b) Stockton Beaeb
date
lear
1996

1997

(e)

2J2
4/3
13/5
7/6
18/8
29/8
1819
10110
26/11
30112
2611
2312
13/4

!I

2

1.76 x 10-2
1.64 X 10-4
9.45 x 10-4
1.56 x 10-2
6.93 x 10-7
1.16 X 10-6
4.91 X 10-3

4.50x 10-4
1.56 X 10-5
2.17x 10-6
6.51 X 10-5
1.45 X 10-4
1.47 x 10-3
1.28 X 10-6
13/5
1.21 X 10-4
17/6
9.73 x 10-3
25n
17/11
1.58 X 10-4
17111197 1.34 x 10-4

b

rZ

2.95
3.03
2.94
2.88
2.85
2.95
2.99
3.02
3.01
2.98

0.99
0.99
0.99
1.00
1.00
0.99
1.00
1.00
1.00
1.00

b
-0.01
2.94
2.49
1.77
4.34
4.21
-0.42
2.68
3.54
4.03
3.19
2.26
2.41
4.16
3.03
1.95
2.98
3.01

r2
0.08
0.94
0.76
0.31
0.20
0.04
0.06
0.15
0.13
0.19
0.23
0.12
0.17
0.26
0.67
0.18
1.00
1.00

I!
<0.0001
<0.0001
<0.0001
<0.0001
<0.001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

p
1.00
<0.0001
<0.0001
0.003
0.17
0.17
0.71
0.03
0.36
0.18
0.12
0.24
0.07
0.22
<0.0001
0.22
<0.0001
<0.0001

n
50
50
28
30
56
46
55
60
44
39
n

50
50
67
90
50
50
56
50
50
50
50
50
50
50
49
50
51
500

-
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Table 2.3 Analysis of the effect of length (L) on weight (W) of pipis for collections of

Donax deltoides made during 1996 and 1997. from <a) Comerong Island <10
collections, 0=458) and (b) Stockton Beach (17 collections, n=916). Data were

log~

transformed in order to linearise the length-weight relationship, and a mixed model
analysis of covariance (ANCOVA) used with collection date as a fixed factor, and In L
as the covanate. The null hypothesis was that there were no effects of date or length on
weight in pipis. Because the slopes of the relationships between length and weight were
not significant among the Stockton collections, (c) an a posteriori ANOVA Was
performed on the same data set without the interaction term.
<a) Comerong Isbmd

Source

df

SS
I
279.25
0.32
9
9
0.31
438
error
6.51
total
457
1286.35
Cochran's C- 0.005; p > 0.05
InL
date
In L X date

(b) Stockton Beach

Source

df

SS

I
0.20
16
0.09
0.09
16
error
882
7.38
total
915
286.65
Cochran's C - 0.15; p > 0.05

Int
date
In L x date

MS
279.25
0.04
0.04
0.02

MS

F
18785
2.39
2.29

F

0.202

24.10

0.005
0.005
0.008

0.64
0.63

<c) Stockton Beach with no interaction tenn
df
SS
F
MS
Int
1
97.36
97.36
!l766
date
16
1.06
7.99
0.07
error
898
7.38
total
915
286.65

<o.oJin
0.01
0.02

<0.0£1
0.85
0.86

Source

om

<O.O&Ji

<0.0001

varying temporal scales, pipis clearly differed in their position on shore,
with the centre of the distribution varying from the intertidal through the
swash into the subtidal on different occasions. The peaks of high density
down the shore shown in Fig. 2.4 were often made up of animals of
different sizes (Fig. 2.5). The position of different sized animals also
changes frequently with respect to each other and to the swash. I have only
graphed transects in the format of Fig. 2.4 for one site, Comerong Island,
over one year, 1994, as Fig. 2.5 gives similar information about position on
shore with additional information about the degree of size segregation.
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Figure 2.3 Length-weight relationship from a large collection of Donax deltoides at
Stockton Beach. NSW. on 17111/97. n = 500. Length (mm) is plotted against weight
(g). The solid line is the power relationship. W = qLb. where q 1.39 x 10-4. and b

=

=

3.01 (solid line), and the broken curves are the 95% confidence intervals for this
relationship.
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Individuals of each size class were grouped together at the same
height on shore in 72% of downshore transects. but not in 28%. i.e. large
animals were more likely to be located with other large animals, etc. I have
divided animals into three different size classes based on examination of
length frequency data: small (<25 mm in length). medium (25-45 mm), and
large (>45 mm). Different size classes frequently occupied markedly
different heights on the shore. I found significant heterogeueity in the
distribution of the different size classes on 36% out of 72 occasions on
which> 1 size of pipi was present in samples (Fig. 2.5), as determined by
log-likelihood contingency analysis. In order to determine whether the
observed distributions of the three size groups down the shore were
significant, I divided the shore into three zones: intertidal (>5m from the
swash line to the last HWM mark), swash (from 5 m above to 10 m below
the swash line), and subtidal (>10m below the swash line). and used the
null hypothesis that size did not influence position on shore. Note that
boundaries between the three zones are flnid and move continuously due to
variations in wave heights.
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FIgure 2.4 Density of Donax deltoides in down-shore transects at Comerong Island,
NSW, conducted in 1994. Densities in numbers. m- 2 were plotted against position on
shore with respect to the swash line (m from swash). A negative distance implies a
distribution on the seaward side of the swash. Sampling sometimes termmated by wave

action. All graphs to the same scale. Bars are standard error.
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At short spatial scales «200 m), I found no apparent differences in
the height on shore in a downshore direction of the different size classes
for any replicate transect (Fig. 2.5). However over larger spatial scales
(kilometres), I found striking variation in the position on shore occupied by
pipis in 75% of all samples (n=20).
In order to compare the location of different size classes on the shore
between sites (or between times), I used three-dimensionallog-likelibood
contingency analysis with the null hypothesis that the location on shore of
different sizes did not differ significantly between sites (or between times).
The first null hypothesis was that there was no significant interaction
between size, zone occupied, and sample. However across all sites, (and
across all dates) this null hypothesis was rejected as the interaction tenn
was significant, hence no real simplification of a comparison between size,
position on shore, and site (or time) was possible. This precludes a
comparison of data across all sites (or times). Hence I used threedimensional contingency analysis to compare data at a finer scale (two
days), however the three factor interaction tenn was still significant (Table
2.4). This implies that the same pattern does not occur at any level, hence
no factor is independent of any other factor, and there is no Simplification
possible.

Figure 2.5 Down-shore distribution of Donax deltoides determined from transects
consisting of replicate cores taken from HWM and extending down the shore as far as
possible into the subtidal. The length (mm) of each pipi found was plotted against its
position on shore (metres from the swash) for each initial transect (s). The horizontal
line indicates the upper limit of the swash. and a negative distance implies a subtidal
distribution. On some dates, pipis from replicate transects have been included. with
distance between the transects noted in metres (.). Sites sampled were (a) Comerong
Island, NSW; (b) Seven Mile Beach, NSW; Stockton Beach, NSW at (c) 0.6 km, (d) 3
kIn and (e) 6 kIn from north headland; (I) Lightbouse Beach, NSW; and (g) Fraser
Island, Qld. Transects which did not contain at least five pipis have not been included.

Asterisks on each graph represent the result of a log-likelihood approximation from a
contingency analysis of location on shore. The null hypothesis was that different size
classes did not occupy different positions on shore. *** = p<O.OOI; ** == p<O.Ol; * ::::
p<O.05; NS = not significant, Da = not applicable (effectively only one size class
present).
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Fig. 2.5a Comerong Island
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Fig. 2.Sc Stockton beach, 0.6 km from Birubl Point
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Fig. 2.Sd Stockton beach, 3 km from Blrubl Point
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Fig. 2.Se Stockton beacb, 6 km from Blrubl Point
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Fig. 2.5f Lighthouse Beach, Port Macquarie
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Fig. 2.5g Dundabarra, Frazer Island, Queensland
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Table 2.4 Results of a three dimensional log-Jinear analysis of the down-shore
distributions of different size classes of Donax deltoMes in two transects from

Comerong Island, NSW. Animals were grouped into each o~ three size classes, small
«25 mm in length), medium (25-45 mm), and large (>45 rom). The occurrence of each
size group in each of three zones downshore was recorded for shore-Donna! transects
conducted on different days, 10/3194 and 13/3/94. The zones were: intertidal (>5m from
the swash line to the last HWM mark). swash (from 5 m above to lOrn below the

swash line), and subtidal (>lOm below the swash line). Hence the factors are pipi size.
zone on shore occupied, and sample. The first null hypothesis was that there was no
significant interaction between size, zone occupied. and sample.
Analysis of deviance
source
,
SIZe

zone occupied
date
size x zone

size x date
zone x date
size x zone x date

de

deviance

2
1
4
2
2
4

138.88
33.08
120.15
37.39
1.24
85.69

2

86.77

mean deviance
43.39
69.44
33.08
30.04
18.69
0.62
21.42

total
17
503.21
The observed value of the three factor interaction term deviance (85.69) was much
greater than the 95% value of the chi-square distribution with four de (9.49), hence the
three factor interaction term was significant, p<o.OOOl.

I found changes in position on shore between sampling events at all
sites (Fig. 2.5), often over very short temporal scales. Of 13 transects that
are <5 days apart (shown in Fig. 2.5), 85% showed very different pattens in
size segregation and position on shore at this temporal scale. For example
on 1616/93 at Lighthouse Beach, I found all animals in the swash,
extending into the subtidal, although due to large waves I was unable to
sample far into this zone. Two days later, nearly all animals were
stranding, in very dry sand, >50 m from the swash (Fig. 2.5f). Similarly on
Fraser Island on 24nI94, the few pipis that I found were all in the swash
zone. The next day in the same location I found more or less the same
number in the swash, but in addition there were considerable numbers of
large animals high on the beach (Fig. 2.5g), where I had found none on the
previous day, despite equally intense sampling. A five-fold increase in
biomass reflects the influx of large animals (Table 2.5).
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Table 2.5 Lineal density and biomass for Donax deltoides collected from down-shore
transects at five sites over a five year period. For each date listed an initial one shorenormal transect was conducted at low water at a fixed position. Where dates are
foHowed by a letter and a distance, replicate transects were conducted at random

distances from the first (distance specified in metres in bold). Densities are given as
individuals per lineal metre of shore (see text), and biomass (wet weight including
shell) in metric tonnes per lineal metre. "Conditions" include a brief description of

weather, wind speed and direction, and wave height (in metres, figure in brackets) on
the day specimens were collected.
Table 2.5 (a) Comerong Island
dale &
density
BE
distance
no. m-1

biomass
tm· 1

BE

conditions

10/3/94

4216.8

229.6

23.4

1.2

fine, mod. W (0.3)

13/3/94a
b.9Om

3572.8
4063.5

230.9
408.9

9.9
10.6

0.6
1.1

fine, strong S (1)

24/3/94

1748.4

142.5

17.6

1.4

fine, light NE (0.5)

31/3194a
b.40m
c.200m

2028.6
88.2
2723.6

181.2
77.4
175.4

21.0
0.9
28.2

1.9
0.8
1.8

fine, mod. NE (1)

514194.
b.3Om

1786.4
1960.0

214.8
38.2

17.9
19.7

2.2
0.3

fine, light NE (0.5)

23/6194.
b.SOm
c.2OOm

1301.8
84.0
1090.7

206.4
49.7
160.0

11.6
0.8
9.0

1.8
0.4
1.3

cloudy, strong N (0.5)

20n194

618.8

201.2

7.2

2.4

fine, light NE (0.1)

2018/94a
b.SOm
c.l2Om

929.2
470.0
500.0

183.8
104.5
100.0

5.6
2.9
3.3

1.1
0.6
0.7

cloudy, light SE (0.7)

17/9/94.
b.4Om

518.4
1050.0

152.2
35.5

6.7
11.9

2.0
0.4

fine, light SW (0.5)

18/10/94a
b.2Om

619.2
22.5

281.9
63.2

4.8
0.2

2.2
0.4

fine, mod. NE (0.6)

30/12194.
b.SOm

930.8
1160.0

IS8.3
382.5

15.1
IS.7

3.1
6.2

cloudy, light SE (0.5)

26/1195
b.SOm

748.S
301.1

140.0
109.7

7.2
3.1

1.4
1.1

fine, light NE (0.5)

216196.

1406.7
0.0

177.4
0.0

9.1
0.0

1.1
0.0

rain. light SE (0.2)

b.l90m
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In196a
b.llOm

1335.6
60.8

144.5
58.7

5.2
0.2

0.6
0.2

29181900
b.l00m

2281.4
32.3

347.7
49.0

om

0.8

0.1
0.02

2110196

338.4

185.1

0.1

0.1

fine, strong W (0.5)

29110196

2112.0

423.8

0.3

0.1

fine, light SE (004)

3/12196a
b.SOm

323.4
0.0

180.0
0.0

0.04
0.0

0.02
0.0

fine, mod. NE (1.0)

1411197

1469.4

300.6

0.9

0.2

fine, light SE (0.2)

2712197

670.7

236.7

0.9

0.3

fine, light SE (I)

3/5197a
b.SOm

991.8
0.0

169.0
0.0

3.7
0.0

0.6
0.0

fine, mod. SE (0.5)

6n197a
b.15Om

156.8
64.8

113.5
100.6

om

0.02

0.01
0.01

fine,light WSW (0.4)
showers, mod. SE (0.5)

fine,light W (0.1)

Table 2.5 (b) Seven MHe Beaeb

date &

SE

SE

conditions

18110193a
b.l0m

6893.0
7440.0

421.8
400.5

1.4
1.5

0.1
0.1

fme, mod. S (0.5)

30111/93

3967.8

802.9

4.9

1.0

fine, mod. NE (0.3)

3/12193

640.8

\89.0

0.2

om

fine, mod. NE (0.3)

2O/8/94a
b.16Om

10048.0
9744.0

934.3
708.0

5.2
5.0

0.5
004

showers, light SE (0.5)

18/10194a
b.3Om

10234.3
8935.2

585.4
1127.8

0.7
1.9

0.2
0.2

rain, strong S (0.5)

3112194a
b.l90m

444.0
96.2

334.1
323.1

0.1
0.1

0.1
0.4

fine, mod. NE (0.5)

28112194

7166.8

480.5

1.1

0.8

fine, strong NE (0.6)

2811195

977.5

205.8

1.5

0.3

rain, mod. SE (0.5)

18/2195a
b.15Om

1175.0
947.5

392.2
167.7

9.1
8.8

3.0
1.6

fine, strong SE (0.5)

26/3195a
b.2Om
c.11Om

1020.0
127.6
1145.7

202.5
223.8
128.4

1.6
0.2
1.8

0.3
0.4
0.2

cloudy, slight NE (0.1)
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28/4195a
b.1Om
c.sOm
d.l20m
e.13Om

1316.5
206.4
195.1
89.6
82.9

202.8
21.0
19.7
113.5
65.2

3.0
0.6
0.4
0.2
0.2

0.6
0.3
0.3
0.3
0.1

fine, light NE (0.2)

1lI6195a
b.7Om
c.180m

864.0
990.8
64.4

136.1
125.8
69.7

3.1
3.3
0.3

0.7
0.7
0.4

WSW gale, cold (0.3)

218/95

769.6

123.8

0.4

0.1

squalls, strong SW (I)

28/10/95

0.0

0.0

0.0

0.0

cloudy, mod. NE (0.3)

6/12195

33.5

47.4

0.01

0.01

cloudy, strong SW (0.3)

20/1196

0.0

0.0

0.0

0.0

fine, strong NNW (0.5)

16/2/96

0.0

0.0

0.0

0.0

fine, mnd. SE (1.0)

114/96

71.4

71.4

0.01

0.01

216196

0.0

0.0

0.0

0.0

cloudy, light SW (0.3)

In/96

0.0

0.0

0.0

0.0

fine, light WSW (0.5)

811.2
66.6

148.4
71.6

0.3
0.03

0.1
0.03

squalls, strong SW (1)

2/10196

0.0

0.0

0.0

0.0

fine, strong W (0.0)

29/10196

31.4

40.2

om

0.01

fine, light NE (1.0)

3/12196a
b,lOm

178.4
180.6

94.2
144.5

0.3
0.3

0.2
0.3

fine, mod. NE (0.5)

14/1/97

0.0

0.0

0.0

0.0

fine, strong NE (0.6)

2712197

0.0

0.0

0.0

0.0

fine, light NE (0.3)

3/5/97

65.1

68.9

0.01

om

fine, mod. NE (0.3)

4550.0
156.0

634.0
125.1

3.8
0.1

0.5
0.1

29/8/96a
b.4Om

6n197a
b.90b

cloudy, strong SW (0.6)

fine, light SE (0.5)

Table 2,5 (e) Stockton Beach (sites: A=O,6 km, B=3 km and C=6km from Birubi
Point)
date &
density
SE
biomass SE
conditions
no. m·1
distance
tm·1

17n195a
b,10Om
c,l90m

B
B
B

7640.6
7405.2
15.4

496.7
425.7
20.3

55.9
51.9
0.1

3.6
3.0
0.2

fine, light SW (0.3)

5/10/95

B

4931.7

810.8

23.8

3.9

cloudy, mod. SW (0.5)

6/1196

B

6144.0

471.5

19.0

1.5

cloudy, light S (0.5)
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5/3196

B

1022.4

202.5

9.8

1.9

cloudy, light NE (0.4)

6/4196

B

1993.2

293.5

14.0

2.1

fine, strong S (1.2)

815196a
(0.9)

B 22258.9

272.8

132.0

1.6

squalls, strong NNE

b.9Om

B

32.7

49.7

0.1

0.3

8/6/96

B

327.6

131.6

2.4

1.0

cloudy, v.strong SW (1)

IOn196
lon196

A

C

5383.8
5976.0

385.7
570.8

19.3
81.4

1.4
7.8

fine, light SE (0.8)
"
"
"(0.7)

12n196
12n196

6681.6
6903.6

369.5
439.2

69.6
103.56.6

3.8

fine, light NE (0.2)

C

17/8/96
18/8196a
b.90m

B
B
B

6468.0
6965.0
200.2

425.1
283.2
97.4

97.2
50.5
1.4

6.4
2.1
0.7

fine, light NE (0.1)
fine, light NE (0.1)

819196a
b.SOm

B
B

927.4
63.4

179.8
36.1

10.6
0.7

2.1
0.4

fine, light NE (0.2)

5110196a
b.6Om

B
B

929.2
172.8

452.8
122.6

4.5
0.8

2.2
0.6

fine, mod. SW (0.5)

9/10/96

B

1334.0

183.8

6.5

0.9

fine, light NE (0.2)

17/11196

B

3813.6

356.7

14.2

1.3

fine, strong S (1)

23111196
(1.5)

C

4141.8

576.6

47.4

6.6

squalls, v.strong SW

23112196
23112196

c

B

1344.0
1087.2

218.0
169.0

5.8
21.8

0.9
3.4

fine,light NE (0.4)

30/12196
30/12196
30/12196

A 27481.6
B 1421.0
C 1600.5

2493.6
291.5
293.5

14.3
6.2
13.8

1.3
1.3

fine, mod. NE (0.2)

2.5

20/1197
20/1197
20/1197

A
B

5904.0
291.4
683.4

672.1
154.2
212.9

6.2
3.8
7.4

0.7
0.2
2.3

fine, strong NE (0.6)

2511197
25/1197
25/1197

A
B

2008.8
884.0
390.0

349.6
223.8
174.2

2.6
12.8
4.2

0.5

squalls, light S (0.4)

2212197
2212197
2212197

A
B

7743.6
466.2
1663.2

717.2
81.3
304.4

13.5
21.0
19.4

1.2
0.4
3.6

fine, light SE (0.1)

B

C

C

C
B

2.2
1.9

13/4/97
13/4197

8146.1
5843.2

430.9
740.5

6.6
12.8

0.4
1.6

fine, light SE (0.5)

C

13/5197

B

1428.0

267.0

7.8

1.6

squalls, v. strong S (2.0)
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17/6/97a
b.17Om
17I6/97a
b.3Om
."lOOm
d.l8Om

B
B
C
C
C
C

1341.1
2928.6
1139.6
65.6
76\.0
357.1

202.0
252.5
160.1
65.6
177.5
152.3

3.4
7.4
3.0
0.2
\.9
0.9

0.6
0.6
0.4
0.2
0.5
0.4

rain, v. strong S (3.0)

25nt97
25nt97
25n197

A 17221.5
B 2200.8
C 3750.0

998.5
365.7
268.3

5.5
8.8
9.9

0.3
1.5
0.7

fine, mod. SE (0.4)

16/11197a
b.20m
c.4Om
d.6Om
.. 7Om

C
C
C
C
C

7896.0
180.4
2074.8
5125.0
3288.0

380.6
210.8
130.9
273.5
296.7

26.3
0.6
6.9
17.1
10.9

1.3
0.7
0.4
0.9
\.0

fine, light NE (0.3)

17111197

B 14710.5

574.1

41.3

\.6

fine, light NE (0.3)

Table 2.5 (d) Ligbthouse Beach, Port Macquarie
date &
demUy
biomass
SE
no. m-1
distance
t m- l

SE

conditions

16/6/93a
b.6Om

1070.1
765.4

19\.6
119.3

13.1
9.6

2.6
1.5

cloudy, strong SE (2.0)

18/6/93a
b.SOm

1555.2
1554.8

26\,2
21\.6

27.9
25.0

4.7
3.4

fine, light NE (0.2)

Table 2.5 (e) Dundabarra, Fraser Island, Qld.
density
SE
biomass
distance
no. m- 1
tm- l

SE

conditions

date &

24n194a

210.6
260.8

142.5
118.7

2.9
3.4

2.0
\.5

cloudy, mod. SE (0.4)

b.170m
25nt94a
b.2Om

865.2
888.0

185.1
194.8

15.9
13.4

3.4
2.9

fine, light NE (0.2)

Pipis were highly aggregated along the shore. All of the three
different methods I used to assess along-shore distribution showed highly
patchy spatial distributions. The quantitative alongshore transect I
conducted on 16/11/97 shows an aggregated dispersion, with peaks in
density at irregular intervals (Fig. 2.6). My data show peaks of density (>
500 m-2) at 13, 26, 93, and 130 m from the north end of the transect. The
variance to mean ratio in the along-shore direction differed significantly
from unity when calculated as the statistic I (~s2/mean)(n-l) (I~ 33848.3,
df ~ 99, P ~ <0.0001), indicating a significantly aggregated dispersion
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Figure 2.6 Densities in number m-2 of Donax deltoides along the shore at Stockton
Beach. NSWon 16/11197. nata obtained from taking 0.03 m2 cores at 2 m interval.
along a transect parallel to the shore across 200 m of beach in the zone of maximum
density (identified from pipis rising in car tracks). Five downshore transects were

carried out in this strip at the same time, and their positions are marked. Abundances
and biomass from these transects shown in Table 2.Se.
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along the shore (Andrew and Mapstone 1987). Patch size varied from a
few metres across to c. 50m. but smaller patches generally had lower
densities (Fig. 2.6).
The more qUalitative methods produced similar results, showing
highly aggregated spatial patterns along the shore. Foot pressing gave
significantly lower estimates of density than sieving cores (paired t-test, t
3.95; df =29; p =0.0005), possibly because the large numbers of juveniles
present made counting difficult. At lower densities this method is
reasonably accurate, but underestimates numbers at higher densities (Fig.
2.7). Foot pressing also indicated aggregated dispersions along-shore. with
patch sizes varying from 1-2 m to >50 m across in size (Fig 2.8a).
Aggregations of pipis along the shore did not appear to stay in the
same place over time. Repeated along-shore transects using the foot press
method at Seven Mile Beach clearly showed that densities varied along the
transects over time, and centres of maximum densities were not always in
the same place (Fig. 2.8a). However at very short temporal scales (hours),
the main peaks of abundance appeared to be stable (Fig. 2.8b). Densities
generally appeared lower as the tide went out as some pipis stranded and
were no longer in the swash zone. hence were not sampled

=
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Figure 2.7 A comparison of two different methods of sampling of Donax deltoides.

Density estimated from sieving a 0.03 m core are plotted against number estimated in
same diameter by excluding water from the sand by foot-pressing and counting siphon
holes. Solid line represents a one-to-one correspondence between methods.
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The distribution of centres of density of pipis as indicated by the
numbers of "caps" of sand along the shore also indicated that pipis were
highly aggregated along the shore (Figure 2.9). The centres of maximum
density appeared to vary with time (Figure 2.9), although at short temporal
scales centres were in similar locations e.g. 2011197 and 2511197. I found
very few pipis using this method at the south end of the transects on
25/1197 and 22/2197, presumably because pipis were in the swash at the 6
km site on these dates as shown by down-shore transects and hence were
not sampled (Fig. 2.5e). On 16/11/97, pipis were in a thick, almost
coutinuous band towards the 6 km site (Fig. 2.9).
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Figure 2.8 (a)Along-shore distribution Dona:< deltoides at Seven Mile Beach, NSW,
determined by the "foot press method" in which pipi siphon holes are counted. Data
were collected within the swash zone for the same transect at a fixed position along the
shore on 4 dates, two hours after high water. Sampling was from north (0 m) to south
(250m).
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Figure 2.8 (b) Along-shore rustribution Donax deltoid.. at Seven Mile Beach, NSW,
determined by the "foot press method" in which pipi siphon holes are counted. Data
were collected on the same day (15/12193). On this date the same transect was
repeated in the same location at two hourly intervals as the tide receded (HW at 1023;
LWat 1904). Sampling was from north (0 m) to south (250 m).
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Figure 2.9 Along-shore dtstnbutIon of Donax deltoides at Stockton Beach, NSW,

identified by driving along a 3 kIn transect on firm sand in the intertidal region, and
noting the peaks of maximum density of pipis, identified by eye from "caps" in the sand
which indicated pipis. The short vertical hues represent areas of high densIty selected
by eye (see Fig. 2.2b). The 3 km transect extended between samphng sites at 3 and 6

Ion distances from the northern headland of Stockton Beach, NSW, and sampling was
repeated on five sampling days at varying times apart. Numbers in brackets give mean
distance apart (±SE) of centres of highest density.
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The observed spatial segregation of different size classes of pipis in
the down-shore direction was not hapbazard, but varied greatly between
different size classes. Small animals were more likely to be located in the
swash (on 72% of all days sampled across all sites, Table 2.6). Small pipis
were relatively more common in the intertidal (26% of days) but rarely
located subtidally (only on 2% of days). I did not find such a strong
preference for one location in other size classes. Medium pipis occurred in
the swash in 48% of samples, in the intertidal in 33%, and subtidally for
19% of samples. I fouod large pipis intertidally on 38% of days sampled
across all sites, compared to a location in the swash on 32% of days and
30% days in the subtidal. I used heterogeneity chi square tests to test for
significant heterogeneity in the observed frequencies between the intertidal,
swash and subtidal zones. I tested each size group separately using
combined data from all sites from Table 2.6. I fouod significant
heterogeneity among the locations of both small animals (X2 = 63.5, df = 2,
p<O.OOOI) and medium animals, (X2 = 7.71, df = 2, P = 0.03), but not
among large pipis (X2 =3.47, df =2, P =0.34).

56

Table 2.6 Summary of the position on shore occupied by diff~rent size classes of

Donax deltoides at three locations on the NSW coast. Size classes were: small. < 25
mm; medium, 25-45 mm; and large, > 45 mm in length. Three positions were used to
indicate where the majority of aOlmais were located with respect to the swash line:
intertidal (HWM to >Sm above the swash line), swash (from 5 m above to 10 m below),
and subtidal (>lOm below the swash line), ">1 place" implies a substantial number
occurring in two places. e.g. intertidal and subtidal. Data were pooled from down-shore
transects conducted on different days, hence each figure represents the number of days
on which that size of pipi was located in that partIcular location. Note that horizontal
figures do not add up to the number of days sampled, as animals occurring in two places
on one day have been scored twice. "Missing" implies < 3 animals in that size class.
site
size class

inter
-tidal

(a) Comerong Island
small
I

med.
large

1
6

(b)Seven Mile Beaclt
small
5
med.
4
6
large

swash

sub
·tidal

20

>1
place

missing

I
4
4

I

o

I

8
6

2

6
8

II
5

I
3

o

I

I

o
2
o

7
9

days
sampled

22
22
22
17
17
17

(0) Stockton Beaclt at 0.6 Ian from Bimbi Point
small
2
4
0
I
0
0
med.
3
2
large
0
I
0
0

5

(d) Stockton Beach at 3 Ian from Bimbi Point
small
9
17
0
10
I
med.
10

3
3

6

large

3

o

24
24
24

(e) Stockton Beach at 6 km from Birubi Point
small
5
9
0
med.
3
5
4

2
2

large

5

6

5

4

o
2
o

12
12
12

total
small
med.
large

22
21

61

2
12
25

7
7

3

22

23

22

82
82
82

15

32

13

30
27

I

I
I

1

6
6
6
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Size classes were commonly missing from samples. I have defmed a
group as "missing" when <3 animals represent that size class. Medium and
large sized animals were effectively missing on 27% of sampling dayS,
however small animals were rarely missing, and were present in 95% of all
samples.
2.3.3.2 Abnndance and biomass
Abundances of pipis varied greatly over all spatial scales (Table 2.5
and Fig. 2.10). Even over distances as small as 20 m, density per lineal
metre of shore (m· l ) conld change by an order of magnitude. At distances
of <100 m, I found differences of 3-4 orders of magnitude in lineal density,
and 1-2 orders of magnitude changes in biomass, e.g at the Stockton 0.6 Ian
site, on 8/5/96 (Table 2.5) I found >20,000 ind.m· l and 132 t m· l , while in a
transect only 90 m away, I found <40 ind.m· l and 0.1 t m· l .
I found that abundances appeared to vary by 2-3 orders of magnitude
across temporal scales as small as days, e.g. for transects replicated at short
temporal scales at Comerong Island (Fig. 2.4 and Tahle 2.5a) maximum
density per m 2 fluctuated by a factor of two or more, even when transects
were only separated by a few days, e.g maximum density increased from
321.4 to 508.9 per m2 between 1013/94 and 13/3/94, hut had declined to
178.6 per m 2 11 days later (Fig. 2.4). I will give further densities as
numbers per lineal metre of shore, however it is worth noting that the
maximum density found during the study was 5714.3 animals m- 2, at the
Stockton 0.6 km site in December 1996. Lineal density and biomass
estimates varied by up to an order-of-magnitnde at the same site of a period
of days. Note that each of these three transects ended before densities had
dropped to zero (Fig. 2.4) i.e. sampling was terminated due to wave action.
I found fluctuations in abundance across longer temporal scales e.g.
at Comerong Island, initially I found high densities, with >4000 pipis m· l
recorded in early March (Table 2.5, Fig. 2. lOa). Because I selected initial
transect locations in areas of relatively high density, I can only make
general comparisons about relative densities between dates, however these
comparisons were supported by general observations while searching for
sexually mature animals for reproductive work. Numbers were generally
lower for the rest of that year at this site, and it became difficult to find
large animals. In addition, erosion made the site difficnlt to sample, hence
there is an 18 month gap in data for this site. I resumed sampling in mid1996. Numbers fluctuated from several hundred to several thousand per
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Figure 2.10 Changes over time in lineal density per metre of shore for
collections of Donax deltoides taken from down-shore transects from
several sites in NSW. Each point represents a single transect. Multiple
transects were conducted on some dates. Sites (a) Comerong Island and (b)
Seven Mile are plotted to the same scale while Stockton Beach sites, (at (c)
0.6, (d) 3 and (e) 6 km from Birubi Point) share a different scale. Bars are
standard error.
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metre between sampling dates (Fig. 2.IOa, Table 2.5,). Similarly, I fOUnd
large fluctuations in density per metre of shore at Seven Mile Beach, but
fairly low numbers were present after January 1995 (Fig. 2.lOb, Table
2.5b).
At Stockton Beach, fluctuations in density over time were up to an
order of magnitude between sampling dates. I observed occasional very
high densities, peaking at 27,481 indo m- l in December 1996 (Fig. 2.1Oc,
Table 2.5c) at the 0.6 km site. Many of these were very small animals,
although biomass was relatively high (14.3 t mol). Generally, at the 3 and 6
km sites, densities were relatively low in the latter part of 1996 and early
1997 (Fig. 2.lOd, e, Table 2.5c). Peaks of abundauce were often made up of
very small animals, e.g. on 25nt97 I found large numbers (up to 3,200 indo
m-2) at the 0.6 km site on Stocktun Beach. Lineal density was high at this
site (17,221.5 indo mol) but biomass was low (5.5 kg mol) as most animals
were very smaIl.
2.3.3.4 Stock biomass
For the three dates on which I had at least five replicates, I have
estimated mean biomass, using a weighted meau and pooling variances to
estimate staudard errors. Over a 200 m stretch of shore, mean biomass was
0.9 ± 0.5 kg m· l at Seven Mile on 28/4/95, and for Stockton Beach, 2.6 ±
O.5kgm- l ou 17/6/97 and l2.9± 1.0 kg m- I on 16111197 (Table 2.7). These
estimates include the primary transect which was initially chosen in an area
of reasonable density, with replicates at random distances. This allows a
crude estimate of biomass for these beaches to be made, extrapolating by
multiplying the length of the beach in metres by the mean lineal density.
This yields a value of 10.6 ± 5.9 t for the 11.8 km Seven Mile Beach. For
Stockton Beach, 31.8 km in length, this method gives 82.6 ± 15.9 t on
17/6/97 and 410.2 ± 31.8 ton 16111/97.
2.4 DISCUSSION
My data obtained from sampling pipis from five beaches, extending
over five years, highlight spatio-temporal variability in the distribution and
abundance of Donax deltoides across all temporal and spatial scales, and
underline the inadequacy of the single transect approach. In addition, my
data indicate that any sampling scheme must be designed to include the
subtidal region as well, even if a pilot study implies an intertidal
distribution. My data do, however, support the claims of previous studies

60

Table 2.7 Biomass estimates of Donax deltoides from replicate transects on three dates
at two sites. The first, 28/4195, are from Seven Mile Beach, NSW. Other transects Were
from Stockton Beach, NSW, Transect numbers match those in Table 2.5. The
appropriate length-weight relationship for that site (Table 2.2) on the nearest date Was
used to convert lengths into weights before converting data to an equivalent mass
(kilograms per lineal metre of shore)
transect
date

transect
number

biomass
kgm-l

SE
kgm- l

2814196

Seven Mile Beach
a
b
c
d
e

3.0
0.6
0.4
0.2
0.2

0.6
0.3
0.3
0.3
0.1

weighted mean

0.9

0.5

3.4
7.4
3.0
0.2
1.9
0.9

0.5
0.6
0.4
0.2

2.6

0.5

Stockton Beach
16/11/97
C.
Cb
Cc
Cd
Ce

26.3
0.6
6.9
17.1
10.9

1.3
0.7
0.4
0.9
1.0

weighted mean

12.9

1.0

Sto<kton Beach

1716197

B.
Bb
Ca
Cb
Cc
Cd

weighted mean

O.S
0.4

which suggest that abundances, biomass and spatial patterns can vary
greatly both between and within sites, and over very short time scales.
2.4.1 Mobility and varying spatial patterns
The most striking feature demonstrated by my data was the
extremely high mobility of Donax deltoides. I found that different size
classes frequently occupied different heights on the shore, and that the zone
occupied by the different size classes varied over time (Fig. 2.5). Small
pipis were located in the swash in 72% of samples. Medium pipis were also
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most likely to be located in the swash (48% of samples), but I found no
significant difference in the location of large pipis, which were equally
likely to be located in the swash (32%), intertidal (38%) or subtidal (30%).
The pattern of size segregation was not consistent across short temporal
scales (days) and across spatial scales of a few kilometres.
Size-specific distribution patterns have often been reported in the
literature for beach clams, (e.g. Cranfield et al. 1993; Defeo et al. 1986;
Jaramillo et al. 1994; Redfearn 1974), and particularly in Donax species
(summarised in Table 1.1). While many of these studies have been underreplicated, the single transect method at least allows the demonstration of
spatial patterns for a point in space and time, and it is clear that many
species of sandy beach fauna do exhibit large geographical and temporal
differences in tidal migration pattern, height on shore, and the degree to
which size segregation is found, e.g (Allieit and Naylor 1976; Brown 1971;
Jaramillo and Fuentealba 1993). Different authors have reported different
migration patterns and the pattern of size segregation in many Donax spp.,
between both locations and times (Table 1.1). Differential tidal migrations
of different sizes presumably aid in the maintenance of size segregation
down-shore, and certainly provide a mechanism that allows short term
movement between different heights on the shore. However not all clams
that exhibit segregation of different sizes are tidal migrators, e.g. Paphies
donacina (Cranfield et al. 1993).
Many theories have been proposed to explain the patterns of
migration and size segregation common in Donax species, although few of
these will adequately account for the very small scale spatial and temporal
variations in abundance and position on shore which I observed in Donax
deltoides. Passive sorting by waves may have a role, as this has been found
to develop a size segregation among empty valves of D. vittatus, with large
specimens being transported further up the beach face (Lever et al. 1964).
However tidal migrations are active processes e.g. Donax variabilis has
been shown to actively jump out of the sand into the largest waves (Ellers
1995a), reburying some distance away as the wave slows (known as swash
riding). Wave jumping behaviour was triggered by sound, as well as an
endogenous rhythm, and the highest activity was at high tide (Ellers
1995b). My observations confirmed that pipis in the swash at low tide were
in fact tidally migrating, as at high tide pipis were usually in the swash or
shallow subtidal (e.g. Fig. 2.9).
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Studies of the energy cost of tidal migrations in Donax concluded
that migrating was more energy efficient than maintaining position (Ansell
and Trueman 1973). Animals that stay in the swash may continue to feed.
There is maximal organic material in the swash, and wave action may also
offer protection from predators (Ansell & Trueman 1973). Differential tidal
migrations might be explained by predation effects on different size classes
(Bally 1983b). Bally's predation hypothesis suggests that juveniles actively
migrate upshore to escape predation by fish, and that larger animals, less
vulnerable to fish, move back to the swash to escape predation by shore
birds. Alternatively differences in burrowing rate may lead to size
segregation, with adult clams more likely to be transported downshore in
the swash as they are not able to burrow fast enough to maintain position,
particularly in cold water (Donn 1990; McLachlan and Young 1982).
The scouring effect of stranded kelp has been proposed to account
for differences in the spatial patterning of Donax serra between beaches
with similar morphodynamics and temperature regimes (Soares et al.
1996). Mter multifactorial analysis, the authors concluded that the three
most important factors detennining whether Donax serra had an intertidal
distribution, rather than a subtidal one, were, in decreasing order, kelp
cover, winter temperature and wave height. However surf beaches provide
a well mixed environment, water temperatures do not differ markedly at
short spatial scales, and I found no "typical" seasonal pattern which would
be expected if winter temperature or food availability were controlling
factors. I observed day-to-day variability in size segregation at times when
there was almost no kelp on beaches sampled, and no measurable
difference in wave heights between sites on the same beach where pipis
showed different spatial patterns (Table 2.5).
Competition for space may also play an important role in the
distribution of Donax serra (Schoeman 1997). The siphons of large clams
feeding may disturb the sand surface sufficiently to dislodge small animals,
which then relocate. Schoeman's data supported his hypothesis that
aggregations of small animals were more likely to be displaced than adults,
and hence that adults and small animals would not occupy the same
location. Even when large animals are not present, small animals are more
likely to be dislodged by wave action (pers. comm. O. Ellers). Higher
displacement for smaller clams may account for the fact that I was
significantly more likely to find small animals in the swash. However,
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small pipis were not always displaced, and I frequently found numbers of
small pipis in the intertidal together with other sizes (Fig. 2.5).
None of the hypotheses which have been proposed to explain tidal
migrations and size segregation in surf clams account for the degree of
variation in distribution at short temporal and spatial scales that I found in
DOnal: deltoides. It is difficult to suggest a mechanism that explains why
pipis can migrate at one place bnt not migrate two kilometres away on the
same beach at the same time, or migrate on one day and not the next. Nor
do these hypotheses explain why half of one size class can migrate at one
site but half not.
Predation is often one of the major factors determining distribution
and community structure on rocky shores (e.g. Connell 1961; Menge 1976;
Menge 1991; Peterson 1979a; Underwood et al. 1983), and may account
for some of the variability in spatial patterning that I found. However
competition may be minor or absent among infaunal bivalves (e.g. Black
and Peterson 1988; Peterson 1979b), and spatial patterns in the pipi did not
vary in the systematic way which would be expected under the predation
hypothesis of Bally (in which juveniles and adults were always spatially
segregated (Bally 1983b). Short term responses may also be explained by
predation e.g. Donax califomianus do not tidally migrate on Panama
beaches, but were observed to leap out of the sand in response to the
predatory moon snail, and became swash riders (pers. comm. O. Ellers). In
addition, differences in wave quality may explain size segregation. D.
variabilis appeared to respond only to the loudest 20% of waves, and large
animals were unable to swash ride in calm conditions (Ellers 1995b). When
I estimated densities along the shore as the tide went out, I was able to
observe patches stranding and hence disappearing from the swash, but reestablished a position in the swash after an unusually large wave ran up the
beach (Fig. 2.9). If there had been no "late", large wave, those animals
would have remained stranded. Perhaps migrating or stranding in Donax
deltoides is somewhat serendipitous, and depends on factors such as the
appearance of predators, or a sufficiently large (loud) wave.
Animals of the same size may be found in > 1 location, which
suggests that not all pipis migrate at the same time. Ellers(1995b) found
that only 20% of D. variabilis tended to swash ride on any given waves, so
again some animals may become stranded if another large wave does not
appear. Differences in burrowing rate and the ability of different size
classes to maintain position on shore, when added to the stochastic nature

of wave activity on sandy shores, may account for differential tidal
migrations and segregation of different size classes.
I found that pipis showed non-random spatial patterning and were
generally highly aggregated along the shore, with densities varying from 0
to >1000 animals m·l within distances of lOs of metres (see Fig. 2.6). Such
aggregated distributions have been commonly reported for sandy beach
fauna (e.g. Bally 1983a; Brazeiro and Defeo 1996; Brown 1971; Jaramillo
& Fuentealba 1993), and in particular for surf clams (e.g. Jaramillo et al.
1994; Moueza and Chesse11976; Schoeman 1997).
Patterns of distribution of beach fauna along the shore have been
related to many factors including hydrodynamic conditions (Moueza &
Chessel 1976), sand grain size and organic content (McLachlan and
Wooldridge 1981), beach slope (McLachlan & Wooldridge 1981), sand
moisture content (Salvat 1964), food availability (Hutchings et al. 1983;
McLusky et al. 1975; Wade 1968), surf phytoplankton blooms linked to rip
currents (McLachlan and Lewin 1981), the effect of physical formations
such as beach cusps on the beach face (Dillery and Knapp 1970;
McLachlan and Hesp 1984), and a response to storms (Leber 1982b) as
high wave activity and bedload transport may wash out and relocate fauna
(Emerson and Grant 1991; Tamaki 1987). McLachlan and Wooldridge
(1981) found significant correlations between macrofaunal abundance and
both beach slope and grain size, although not with wave regimes. in South
Africa, and suggests that steep slopes and coarse grain size inhibited fauna.
Beach clams appear to be more abundant where slopes are flatter (Dillery
& Knapp 1970; McLachlan & Hesp 1984; Schoeman 1997), while more
steeply sloping beaches generally have higher wave frequencies and hence
may give animals less time to rebury (Anseli & Trueman 1973).

2A.2 Fluctuations in abundance and biomass
Many published studies have claimed to detect great variation in
abundances of sandy beach fauna in space and time. Unfortunately few
authors have considered within-site variation, hence few of these studies
have snfficient data to support the inferences made. My data, however, did
suggest that abundance in Donax deltoides was very variable.
I found that abundances could fluctuate greatly along-shore, acrosS
all spatial scales, including very short spatial scales (lOs of metres), as this
species showed such a highly aggregated, patchy distribution. Apparent
changes in abundance and biomass may reflect alongshore spatial

65
patterning, and the movement in and out of sampling range. Hence
estimates of abundance often depended on where I sampled along-shore, as
both abundance and biomass could vary by 3-4 Qrders of magnitude within
distances as small as 100 m, and frequently varied by an order of
magnitude across distances of lOs of metres (Table 2.5). I found as much
variation across short spatial scales as I did across long spatial scales.
Lineal abundance and biomass also fluctuated at all temporal scales.
Lineal abundance could iucrease in a month by up to an order of magnitude
e.g. between 6/4/96 and 8/5196, numbers increased from 1,993 to 22,259
ind. m·l (Table 2.5). This difference was not just made up oflarge numbers
of new recruits, but is reflected in biomass estimates, with a increase in
biomass from 14 t m· l to 132 t m-l. Fluctuations were usually less extreme
at very short temporal scales (days), but were still considerable.
Changes in lineal density and biomass may reflect the high mobility
of Donax deltoides, and be due to changes in the distribution of different
size classes. I found age classes "missing" in as many as 27% of samples.
While this may have reflected mortality, in many cases the missing age
class reappeared in subsequent samples. These changes did not appear to be
merely due to differences in transect location as I generally searched for
missing size classes along the shore.
Apparent fluctuations in density in sandy beach fauna, both spatial
and temporal, can be caused by changes in migration pattern. I often found
animals well below the swash line, in quite deep water, but was unable to
sample quantitatively unless conditions were very calm. Temporarily
missing size classes may reflect a move to the subtidal. Few sandy beach
surveys have included the subtidal at all (Chapter I), however there are
indications that at least some apparent fluctuations in density reported in
the literature indicate a move to the subtidal by all or some animals. Where
sampling has included the subtidal, data show that surf clams do
intermittently move into deeper water e.g. Nelson et al. (1993) found large
changes in position for both Donax variabilis and D. parvula, with 76% of
a population of D. variabilis occurring intertidally in the autumn, while in
winter, >80% were subtidal. Similar movements offshore, particularly in
winter, have been reported for several species of beach clam (Branch and
Griffiths 1988; Defeo et al. 1986; Hutchings et al. 1983; Leber 1982a).
Hence it is particularly important to sample subtidally as well as intertidally
for sandy beach fauna. Hutchings et al. (1983) suggests that the biomass of
D. serra from west coast beaches in South Mrica has been severely
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underestimated in the past, perhaps by several orders-of-magnitude,
because the subtidal had not been included. However not all fluctuations in
abundances on sandy beaches can be attributed to movement to the
subtidal.
I did observe a number of apparent long term trends in the
distribution of animals during my study, with regional differences in times
of low abundance. Large pipis almost disappeared from Comerong Island
in January 1995 following severe erosion, when the beach face became
short and steep (Fig 2.11a). At nearby Seven Mile Beach, beach erosion at
the same time also changed the profile of the beach, which became very
short, as well as developing a steep drop below the swash at low tide (Fig.
2.11b). Numbers, particularly oflarge animals, declined on this beach after
January 1995, and remained low until July 1~97 (Fig 2.10), implying that
beach width and slope were important factors in determining the abundance
of pipis. On Stockton Beach, pipis became relatively scarce in September
of 1996 and stayed low until mid-April 1997. However beach erosion does
not necessarily affect abundances in the short term, as I found relatively
high abundance on 13/4/97 (>5000 indo m· t at all sites), despite a severe
storm two days prior to sampling which took 1.5 m off the beach face
almost all along the beach.
Even in my study, which was replicated at a number of spatial and
temporal scales, I found it difficult to differentiate between spatial and
temporal variability. An examination of Fig. 2.7 shows clearly that
differences in estimates of abundance and biomass from downshore
transects reported for that date (16/11/97, Table 2.5c) varied greatly
depending on where the transects were placed. Hence apparent fluctuations
in density over time, or between sites, may be an artefact of small scale
patchiness, or differences in distribution. Fig. 1.2b gives a dramatic
illustration of how spatial differences in abundances may appear to be
seasonal. However the sheer volume of reports of fluctuating abundances in
the literature (Cbapter I), considered with the picture drawn by my data, do
encourage the conclusion that surf clams are prone to variable distributions
and fluctuating abundances, which may lead to considerable sampling
problems.
My crude estimates of total stock abundance were very different.
From Seven Mile Beach, extrapolating from 0.9 kg.m· t (Table 2.7) along
the beach length (11.8 km) yields an estimate of 11 (± 6) t total biomass
(wet weight including shell) for the whole beach. On two dates at Stockton
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Flgare 1.11 Photographs of two sampling sites in NSW for Dona>: tkltoides showin!
beach erosion. Note lack of kelp on both beaches. (a) Comerong Island. NSW. sbowing
extensive dune erosion and a very reduced intertidal ZODC (NB photo taken at maximum
low water. October 1996). (b) Seven Mile Beach. NSW. show. the.ame dune erosion
and reduced intertidal region. Note abrupt change in beach slope at the base of the

swash.
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Beach, extrapolating from 2.6 kg.m- l on 17/6/97 and 12.9 kg.m- l on
16/11/97 (Table 2.8) gives very different totals, with approximately 83 (±
16) t and 410 (± 32) t respectively on those dates. Extrapolating from
sampling done in a narrow strip is not likely to give an accurate estimation
of biomass, particularly as other species of surf clam show large scale
differences in distribution along-shore (e.g. Defeo and de Alava 1995;
Donn 1987; Schoeman 1997), and I have only included these estimates as a
preliminary indication of stock abundance. It is difficult to compare
published studies as biomass estimates may be presented as wet or dry
weight, with or without shells, per m- 2 or per lineal m. My estimates seem
to be higher than some other studies e.g. biomass of Donax denticulatus has
been estimated as 14.2 t (ww including shell) in 18 km of a Venezuelan
beach i.e 0.8 kg m- l (Etchevers 1976), in Spanish, cited by McLachlan et
al. 1996). Schoeman (1997) found very high mean biomass, nearly 3 kg mol
(dry mass w/o shell) for D. serra in South Africa.

2A.3 Length-weight relationship
In general, I found that weight increased with length, although there
were two collections from Stockton Beach in which the slope of the
relationship was negative, while in other collections from this site length
and weight were only weakly correlated (Table 2.2). All collections from
Comerong Island were highly correlated. The difference between sites is
probably due to the absence of large animals at Comerong Island, as
previously discussed. In general I was only able to collect smaller animals at
Comerong Island, generally <40 mm, while collections at Stockton Beach
were often of larger animals. Hence the lack of correlation in some
collections at Stockton sites was probably due to differences in the number
of gametes held, which in turn depended on the timing of spawning
(Chapter 5). This may have introduced bias into biomass estimates.
When I fitted a power curve of the form Weight = q x (Length)b to a
large collection which included large numbers of small animals, the 95%
confidence intervals for b (2.8-3.2) included 3, indicating that, at least for
this collection, the relationship between length and weight was isometric.

2.4.4 Conclusion
Taken together, my data indicate a species with extremely high
flnctuations in distribution and abundance in space and time. Within site
variability appeared to be at least as high as between site or between time
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variability. Pipis were likely to occupy very different positions on shore
from day to day, which suggests that caution needs to be employed in
collecting and interpreting data. In order to estimate standard life history
parameters such as growth, mortality and recruitment, representative
sampling is essential. My data suggest that sampling needs to be very
intensive in order to ensure that this requirement is met.
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CHAPTER 3 REPRODUCTION
3.1 INTRODUCTION
An understanding of basic reproductive biology is required in order
to make predictions about the likely dispersal of larvae, particularly on a
coast subject to erratic current flows as in eastern Australia (Cresswell and
Legeckis 1986; Hamon et al. 1975). The timing of the release of eggs and
the provisioning of larvae will affect the distance larvae will be able to
travel. Knowledge of the timing and degree of synchronisation of spawning
for a harvested species will enable the introduction of management tactics
focused on measures such as seasonal closures or the imposition of a
minimum or maximum size limit in order to ensure a sufficient supply of
recruits. In general, planktotrophic species reproduce earlier and generally
have higher fecundity and shorter generation times than lecithotrophic
species, but generally show higher mortality early in life (Levin et al. 1987;
Scheltema 1971; Strathmann 1980; Strathmann and Strathmann 1982;
Thorson 1950). The degree of maternal provisioning is an important
reproductive parameter (Stearns 1976) and is often correlated with
developmental pattern, fecundity and offspring size (Steele 1977; Thorson
1950).
Reproduction in the genus Donax in other countries has been well
studied, and I have summarised these accounts in Table 3.1. Reproduction
in this genus appears to be share some characteristics (summarised by
Ansell 1983), with the sexes always separate and sex ratios of
approximately unity. Most species mature early, sometimes within months
of settlement (Alagarswami 1966; Ansell 1983; Wade 1967a). In some
species the gonads remain active all year round, the spawning cycle is not
strongly synchronised and spawning may be incomplete (Ansell 1983; de
Villiers 1975). King's (1985) data suggest that D. deltoides in South
Australia share some of these features.
Many species of bivalve show high levels of variation in the degree
of synchronisation of spawning within populations, and in the underlying
timing of reproductive events such as initiation of gametogenesis and
ripening of gametes, both between and within populations, (e.g. Emmett et
al. 1987;'Lowe et al. 1982; Navarro et al. 1989; Ropes and Stickney 1965;
Sastry 1979; Sato 1994; Seed 1976). High levels of variation in the timing
of reproduction appear to be typical for surf clams both between and within
populations, (e.g. Alagarswami 1966; de Villiers 1975; Grant and Creese
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Table 3.1 A summary of duration and timing of spawning in Donax species. "Deg.
synch." is the degree of synchronisation reported. "Little" implies that, where data are
available, individuals may be at different stages, spawning activity was not strongly
synchronised, except for peaks in activity when the majority of the popUlation may be
spawning, and condition indices did not show a pronounced drop. "Some" implies a
higher degree of synchronisation and a resting phase when the majority are inactive, and
a more pronounced drop in condition indices.
Species

spawning
duration
(at least)

no. of
peaks,
timing

deg.
study
synch.

D. cuneatus

3-4 mo.

one

some

6 mo.
3-4 mo.

one
one

some
little

D. deltoides

all year

1(6 mo.)

little

King 1985

D. denticulatus

all year

several,
variable

little

Sastre 1984; Rojas 1985

D./aba

6 mo.

2, var.

some

Alagarswami 1966

D. gouldi

6 mo.

D. serra

6 mo.

several,
variable

D. sordidus

6 mo.

2

D. trunculus

all year
3-4 mo.
6 mo.

>6mo.
2,var.
2

6mo.

1, var.
(spatial)

D. vittatus

Nayar 1955; Talikhedar
et al. 1978
Rao 1967
Nagabhushanam &
Talikhedar 1977

Coe 1955
little

de Villiers 1975b
McLachlan, van der Horst 1979

some

Moueza & Renault 1971;
Ansell et al. 1980
Ansell & Bodoy 1979

strong

Ansell & Bodoy 1979

little

1995; Hooker and Creese 1995; McLachlan et al. 1996). Similarly a
bivalve
species may show large differences in fecundity, egg diameter and/or in the
amount of effort channelled into reproduction between years, (e.g. Barber
and Blake 1983; Bricelj et al. 1987; Thompson 1979); between sites (Bayne
et al. 1983); or even at different depths at the same site (Thompson 1984),
and these effects may be highly density dependent (Peterson 1982). Hence
it is essential to collect information on reproductive events from several
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sites in order to compare the reproductive dynamics of populations on a
local scale.
In this chapter, I use a variety of methods, including gonad smears,
histological preparations, stereology, and physical measurements (e.g. shell
weight, shell length, oocyte diameter) to investigate aspects of the
reproductive biology of the pipi Donax de ltoides, from two widely
separated sites.
To determine the age at which animals first become mature, I used
both gonad smears and examination of histological material. Gonad smears
provide a cheap and rapid method in which a fresh preparation of gonadal
material is examined, (e.g. Branch 1974; Griffiths 1977; Harvey and
Vincent 1989; Wade 1967a). Animals can be sexed, and scored for the
presence or absence of apparently mature gametes, and this information can
be used to estimate mean length at sexual maturity (commonly accepted to
be the length class at which 50% have visible sexual products, Harvey and
Vincent 1989) Gonad smears provide a measure of potential to spawn,
giving the proportion of the population which contain apparently mature
gametes over time. Animals which do not contain sexual products are
obviously unable to spawn.
Condition indices (Cl) can provide a cheap, quick and useful
assessment of the overall health of a population of bivalves and hence their
suitability for harvesting, and are often used for bivalves, particularly in
aquaculture situations (e.g. Crosby and Gale 1990; Lucas and Beninger
1985; Muniz et al. 1986). In addition, CIs have been used to monitor
spawning activity in a range of molluscs, (e.g. Beninger and Lucas 1984;
Broom 1983; Emmett et al. 1987). The most common are morphometric
CIs, which compare tissue weight against some reference for potential
maximum size (generally shell length, shell weight, or shell cavity volume)
for a sample of animals, (e.g. Beninger & Lucas 1984; Broom 1983); and
standard weight, in which log dry tissue weight is regressed against log
shell length for a sample of animals, in order to obtain the predicted weight
for an animal of "standard length, which can then be plotted over time,
(e.g. Ansell and Trevallion 1967; Bayne and Worrall 1980; Griffiths 1979).
Any rapid weight changes are assumed to be due to changes in the
reproductive cycle and a rapid decrease in mean CI is taken to indicate that
spawning has occurred (e.g. Beninger & Lucas 1984; Broom 1983; Emmett
et al. 1987; Giese 1959). Such decreases will be pronounced if the majority
of animals in a population spawn synchronously. Ansell and Loosmore
ll
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(1963) found a good correlation between mean CI and the ability of Venus
mercenaria to spawn when subjected to mechanical or thermal shock,
which supports the assumption that a high mean CI is a measure of
readiness to spawn. In addition most CIs appear to be well correlated with a
range of biochemical and gravimetric indices (Beninger & Lucas 1984;
Bonsdorff and Wenne 1989; Mann 1977). CIs can be used to describe the
reproductive cycle of a population, allowing comparisons within a species
over time. However, as CIs rely on changes in body weight, they may also
reflect changes in nutrition status. CIs do not directly measure changes
within the gonad and should be used in conjunction with histology to verify
the state of the gonad. I used two common morphometric condition indices,
standard weight and an index of dry tissue weight/dry shell weight
(expressed as a percentage), recommended by Lucas & Beninger (1985).
Other authors have used volumetric indices but Lucas and Beninger (1985)
do not recommend these, because in some bivalves the volume of flesh
changes little after spawning, even though the dry weight may drop
considerably, (e.g. Peddichord 1977). Preliminary histological work
confirmed that this was true for Donax de Ito ides.
Another commonly used technique for assessing the sequence of
events in the gonadal cycle involves assigning animals to stages based on
an examination of the gonad, however staging is fairly subjective, and has
been largely superseded by measurement of oocyte diameters (Grant and
Tyler 1983a). Mean oocyte diameter in samples of animals can be
correlated with stages of gonad development such as oogenesis, maturation
and spawning (Sastry 1979). Large egg diameters are taken to indicate
ripeness, and a decrease in mean egg diameter is taken to imply spawning,
as the largest eggs are probably released first, hence changes in oocyte
diameter are often used to look at the timing and duration of the
gametogenic cycle, (e.g. Caddy 1967; Grant & Tyler 1983a; Kanti et al.
1993; Lammens 1967; Sastry 1966). Large changes in the mean oocyte
diameter of consecutive samples implies synchronisation of spawning
within that group of animals (Grant and Tyler 1983b), while nonsignificant changes probably indicate that all animals within the group are
not spawning at the same time. Asynchronous spawners typically show
high variation in oocyte diameter within samples compared to the amount
of variation between sample dates (Grant and Tyler 1983b). I am using
"asynchronous" spawning here to imply that the majority of individuals
within a sample or population do not release most of their gametes at the
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same time, although obviously some animals on a local scale must spawn at
the same time, particularly males and females.
Stereological techniques have been applied to histological sections
by a number of authors in order to determine the volume fraction of
different components within the gonad (Beninger 1987; Lowe et al. 1982;
Morvan and Ansell 1988; Newell et al. 1982; Sundet and Lee 1984), and as
well as for generating accurate size frequency distributions of developing
oocytes in situ (Morvan & Ansell 1988). Quantitative stereological
methods can be used to derive three-dimensional information from twodimensional images, and the Delesse Principle shows that the area of a
structure in section is an unbiased estimate of the volume of that structure
(Briarty 1975; Williams 1977). By measuring the 2-D or areal proportion of
gonad:total body tissue through the body of individual pipis, I was able to
estimate a 3-D volume fraction, and hence could make a point in time
approximation of reproductive effort (RE) as well as an estimate of the
number of eggs held in females for Donax deltoides.
RE is that proportion of the total energy budget of an organism which
is allocated to reproductive processes (Hirshfield and Tinkle 1975), and is
best estimated as the proportion of assimilated energy allocated to
reproduction (Hughes and Roberts 1980), however assimilation is hard to
measure in the field (especially in surf conditions) and RE is more
frequently estimated as PrlPt with Pt =(Pr+Pg+Ps) where Pt is total
production, P r, Pg and P s are gamete, somatic and shell production over the
same period. P s is usually ignored as the organic portion of the shell is
small e.g. in scallops the organic portion is only some 1-3% of the shell
weight (MacDonald and Thompson 1985; Thompson 1984). RE may be
expressed as a proportion or a percentage.
Fecundity or reproductive output (RO) is some measure of gamete
production over a biologically meaningful length of time (e.g. lifetime, a
year, a spawning season). For species which spawn once per year, RO is
estimated as the number of eggs or sperm spawned, (e.g. MacDonald &
Thompson 1985), and is usually estimated by collecting spawned products,
or by calculating the number of eggs in the gonad. However, these methods
are unlikely to be applicable for pipis, which I predicted to be serial,
incomplete spawners. In order to obtain an estimate of the number of eggs
held in a female, I used the method of Morvan and Ansell (1985), who
applied stereological techniques to Tapes rhomboides to estimate potential
fecundity.
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To enable me to make predictions about the likely dispersal
capabilities of Donax deltoides and to investigate the implications of its
reproductive biology for management, I collected specimens from two sites
in order to determine and describe:
1. size at both first and full maturity
2. whether sex ratios varied with body size
3. the timing of gametogenesis and spawning
4. size specific reproductive effort and fecundity
5. gamete size and maternal provisioning
6. patterns of oocyte dispersal.
3.2 METHODS AND RESULTS
For this chapter, which has many sections, I have grouped methods
and results for each section together.
3.2.1 General appearance of the gonad and histology
Method: For Donax deltoides the gonad forms an integral part of the
visceral mass, and cannot be excised and weighed separately. This restricts
the choice of methods for estimating parameters such as reproductive effort
and reproductive output. In addition, gender cannot be determined from
external examination of the gonad except occasionally when animals are
very ripe. Gender was therefore determined either by microscopic
examination of fresh gonadal material (gonad smear) or via histological
sections.
I collected 50 animals where possible approximately monthly from
Comerong Island (July 1993-July 1997) and Stockton Beach (July 1995July 1997), using the transect approach described in Chapter 2, and kept
appropriate sizes for the different reproductive analyses (detailed in the
relevant sections below). When required, I collected additional animals
haphazardly from the same area of the beach. Not all procedures were
carried out on all animals. After collecting, I rinsed animals and kept them
in filtered sea water (Millipore 0.8 ~m) at 10 0 C for 48 hr, changing the
water every 12 hr in order to eliminate sand and pseudofaeces. I always
checked for the presence of sexual products before changing the water, but
none were found. I measured all animals to the nearest 0.1 mm with vernier
callipers, and opened them by slicing through the adductor muscles. Prior
to histological sectioning, I placed the visceral mass in 10% formalin in sea
water for two days, before transferring to 70% ethanol. Sections were then
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embedded in paraffin, dehydrated with alcohol, cleared with xylene,
embedded in wax, sectioned to 7 ~m and stained with Ehrlich's
haematoxylin eosin in a Miles VIP Tissue Processor.

Results: When full of ripe sexual products, males were more orange than
females, which were creamy white, but the difference was very slight and
sexing was not accurate based on colour. In animals <25 mm sexual
development had sometimes commenced. Alveoli had begun to develop,
but were invariably immature and I was not able to determine gender at this
size (e.g. Fig. 3.1a). When ripe, alveoli proliferate throughout the mantle in
large quantities, enveloping the digestive gland and penetrating the
muscular wall of the mantle (Fig. 3.1b). When the gonad is well developed,
the body and foot appear swollen. Reproductive activity appears to occur
for most or all of the year, and there are nearly always free oocytes present.
Partial spawning appears common, leaving large empty spaces within
alveoli which do not appear to collapse (Fig. 3.1c). Females produce
relatively small unprotected eggs (mean spawned diameter = 57.9 ± 0.3
mm) with a very thin chorion, a large nucleus and well defined nucleolus
(Fig. 3.1c). Oocytes appear to be attached by stalks to the epithelium and
are angular until spawning commences. Sperm have a long tail, a head of
about 2 mm in diameter capped by an acrosome, and are tightly packed
within the alveoli (Fig. 3.1b).

3.2.2 Determination of sex ratio and size at first maturity using gonad
smears
Method: In order to detect the presence of gametes, I used gonad smears in
which a scraping of fresh material from the gonad was suspended in filtered
seawater, covered and examined at up to 400x magnification. Eggs were
relatively large and easy to identify, and sperm were very motile and could
be readily identified from their movement, even though the tails were not
very distinct at this magnification. I scored animals for presence/absence of
apparently mature sexual products (i.e. motile sperm or nucleated oocytes).
Results: Sex ratios were very consistent both across sites and times. I
found no significant deviation from a 1: 1 sex ratio in any year, and found
no significant differences between sites or years using heterogeneity chisquare (X2 = 1.33, df = 3, P = 0.7, Table 3.2). Hence I have pooled data to
obtain an overall sex ratio. I could not always find 50 animals at all sites
and have only included results from collections that contained at least 10
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Figure 3.1 Sections through the gonad of Donax deltoides. m, muscle; a,
alveous, ooc, oocyte; nucleus, nuc; nel, nucleolus, lu, lumen. Sections stained
with hemotoxylin-eosin.
3.1a Immature animal. Sex
cells are undifferentiated.

100 flm

3.1h Mature male. Ripe
spermia lying within large
lumens. Shows ramification of
alveoli into the muscular wall
of the foot, adjacent to the
main gonad area.

of

alveolus

oocyte showing
eus & nucleolus
3.1 c Mature female containing
apparently mature oocytes with a
nucleus and nucleolus. Note empty
spaces in alveoli indicating recent
spawning, and simultaneous
development of new oocytes around
alveolar wall.
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Table 3.2 Numbers of male and female Donax deltoides from approximately monthly
collections made at Comerong Island in 1994-5, and at Stockton Beach, NSW in 19967. Overall, differences in sex ratios between sites and years were not significant (X 2 =
1.33; df = 3; P = 0.7). All collections from each site contained 210 animals.
site
Comerong Island
Comerong Island
Stockton Beach
Stockton Beach
Total

year
1994
1995
1996
1997

females
652
526
397
469
2044

males
658
541
382
503
2084

ratio
1:0.98
1: 1.03
1:0.96
1: 1.07
1: 1.02

animals. Overall, of 4128 individuals sexed, 2044 were female and 2084
male, a ratio of 1: 1.02 which was not significantly different to 1: 1 (X2 =
0.37, df = 1, P = 0.5; Yates continuity correction applied). I pooled animals
into 3 mm size classes to avoid low or zero numbers in expected cells, and
found no significant effect of size on sex for these animals (X2 = 18.21; df =
12; p = 0.1; n = 4128). Moreover the size frequency distribution of males
and females were almost identical (Fig. 3.2). I found no hermaphrodites at
any time, and no indication of sequential hermaphroditism.
The probability of sexual maturity varied in a consistent manner with
body length at all sites. Animals <27 mm in length were always immature
and most pipis became mature between 33 and 37 mm in length (Fig. 5.3
and Table 5.3), using Harvey and Vincent's (1989) definition of maturity as
the length at which 50% of the length class contains visible sexual
products.
Animals appeared to contain apparently mature gametes for most of
the year, and I rarely found substantial numbers of large animals with
empty gonads, except in July of 1993 and July of 1995 (Fig. 3.4). A similar
pattern may have occurred for July 1994, but shortages of large animals
meant that only one sample could be obtained during this period. There was
also a decrease in the percentage of animals with gametes just prior to
winter in 1996 for both sites, but no such decline for pipis at Stockton
Beach for the winter of 1997. The proportion of animals with gametes
varied significantly across sampling dates for each site, determined by
heterogeneity chi-square tests (Comerong Island, X2 = 416.253, df = 22, p <
0.0001; ~tockton Beach, X2 = 469.929, df = 19, P < 0.0001). Note that as
gonad smears cannot differentiate between recently spawned or developing
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Figure 3.2 Size frequency of Donax deltoides that contained active sperm (I?J) or
nucleated oocytes (~), based on examination of smears of fresh gonadal tissue from
pooled collections from Comerong Island, NSW, in 1994 and 1995 and Stockton Beach,
NSW, in 1996 and 1997. There was no significant effect of size on sex when pooled
into 3 mm size classes (X 2 = 18.21; df= 12; p =0.1; n =4128).

29

32

35

38 41

44 4?

50

53

56

59

62

size (mm)

animals, and immature animals, I have only included animals > 40 mm in
length in this analysis, in order to avoid bias from large numbers of
immature animals. The lines in Fig. 3.4 are merely to guide the eye and do
not imply knowledge about the proportion of mature animals between
sampling events.

3.2.3 Condition index and standard weight
Method: I calculated condition indices for collections from January 1996
to November 1997, again only including animals> 40 mm in length to
avoid bias (Grant & Tyler 1983a). I slit the adductor muscles prior to
draining the animals for 10 minutes to remove excess water and weighed
the whole animals to the nearest 0.01 g. I then removed all soft tissue,
including the adductor muscles, and drained the tissue on blotting paper for
10 mins p~ior to weighing before drying at 60°C for 72 hrs (until weight
was constant) and then obtaining shell and tissu~ dry weights. I calculated
condition indices in two ways: 1. by taking the mean of the ratio of dry
tissue weight: dry shell weight for 50 animals and converting this to a
percentage (CI1), and 2. I used the technique described by Ansell (Ansell
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Figure 3.3 The percentage of Donax deltoides that contained active spenn or nucleated
oocytes based on examination of fresh gonadal tissue for: (a) Comerong Island, 1994
(EI), 26 collections, n = 1310; and 1995 (+), 14 collections, n = 1067; and (b) Stockton

Beach, 1996 (EI), 15 collections, n = 779; and 1997 (+), 13 collections, n = 972. Only
collections with ~ 10 animals are included. Dotted lines indicate size at maturity i.e the
size at which 50% have visible sexual products.
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Table 3.3 Size at first and full maturity for Donax deltoides estimated by different
methods, including a comparison with D. serra. Size at first maturity (1st M) was the
size in mm at which females contained apparently mature gametes (fully formed sperm
or oocytes with a nucleus), while full maturity (full M) was defined as the size at ~ 50%
of animals had visible sexual products. For comparison I have included the only other
estimate of these parameters for this species, as well as an estimate for the similar sized
Donax serra.

species

method

date

1st M

full M

max. length

site

Current study
smear
smear
smear
smear
histology
histology

1994
1995
1996
1997
1996
1997

27
30
29
28
25
25

33
34
36
34
29
29

79mm

Comerong Is.
Comerong Is.
Stockton
Stockton
Stockton
Stockton

histology

1985

29

36

58 mm

S. Australia

D. serra
histology
(de Villiers 1975b)

1975

33

39

80mm

S. Africa

D. delta ides

Other studies
D. deltoides
(King 1985)
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Figure 3.4 The percentage of Donax deltoides in approximately monthly collections
containing apparently mature eggs or sperm (as identified by gonad smear) from
Comerong Island, NSW, (s) and Stockton Beach, NSW (e), plotted against time.
Numbers vary but are always >10. Only animals> 37 mm in length were included. The
proportion of animals with gametes varied significantly across sampling dates for each
site (heterogeneity chi-square test (a) Comerong Island, X2 = 416.25; df = 22; p <
0.0001, and (b) Stockton Beach, X2 =469.93; df =19; p < 0.0001).
100

80

60

"

40

20
O+-----~----~--~~--~----~----_r----~----~--~

Ju193

ju194

ju19S

ju196

ju197

time (years)

1972; Ansell & Trevallion 1967) in which the natural log of tissue dry
weight is regressed against the natural log of shell length for each
collection, and calculated the standard weight of a 55 mm animal (the mean
length of sexually mature animals found on Stockton Beach in the first
collection, CI2).
Results: Condition indices were consistently higher between years. CII
was significantly higher for all of 1997 (mean = 15.6 ± 0.1 %) than at any
time sampled in 1996 (10.2 ± 0.1 %; t = 43.90, df == 1048; p < 0.0001; Fig.
3.5a). Values for CII (dry tissue wt: dry shell wt) and CI2 (standard weight)
were highly correlated (r2==O.99, p<O.OOl), and I have restricted the analysis
to Cll. For Stockton Beach, I found significant heterogeneity of CII among
sample dates, using a one factor fixed effects ANOVA (Table 3.4a). In
1996 Tukey's HSD indicated that CII declined significantly in March and

Figure 3.5 (a) Condition indices and oocyte diameter sample means for collections of
50 Donax deltoides from Stockton Beach, NSW, plotted against time. Bars are standard
deviations. n == 50 for condition indices, n=20 animals with 25 oocytes/animal for
oocyte diameter sample means (0). The arrowheads mark differences in adjacent means
that are significant at the 0.05 level. Data were plotted together to facilitate comparison.
ell (1lI)= [(dry tissue weight/dry shell weight) x 100], CI2 (+) = weight of a 55 mm
animal calculated from a regression of in weight on In length.
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Figure 3.5 (b) Condition indices for Donax de Ito ides collected from Stockton Beach
(1:1) and Comerong Island (.) NSW, for dates on which collections were available for
both sites. Figure 3.5 (c) Weight of a standard 55 mm animal from Stockton Beach (.)

=

and Comerong Island (0). n 50 for all collections. Bars are standard deviation. Both
graphs to the same scale as Figure 5.5 (a). Arrowheads mark differences in means that
are significant at the 0.05 level.
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Table 5.4 Analysis of the condition index [(dry tissue weight/dry shell weight) x 100]
of 50 Donax deltoides from (a) Stockton Beach, NSW. A fixed effects, one-factor
ANDV A was used to test for heterogeneity between sample dates on each of 21
sampling dates. Tukey's Honestly Significant Difference test was used to determine
which means were significantly different.
df
SS
MS
among dates
20
8678.5
433.9
within dates
1029
2810.1
2.7
total
1049 11489.5
Cochran's C = 0.064; p>0.05
date
mean

Source

12/7/96
24/4/96
26/11/96
114/96
7/6/96
18/8/96
1115/96
10110/96
6/1/96
8/9/96
5/3/96
30/12/96
113/97
13/4/97
26/1197
17/6/97
1315/97
27/8/97
15/10/97
25/7/97
17/11197

F

p

158.9

<0.0001

8.3
8.8
9.5

9.8
9.8
10.0
10.0
10.7
10.8
10.9
11. 3

12.2
13.9
14.1
14.5
15.2
15.2
16.4
16.8
16.9
17.0

1

Tukey's HSD = 1.2. Lines indicate
means that are significantly
different at a = 0.05

Table 5.4b Analysis of the condition index for (b) Comerong island, NSW. Due to
heterogeneity of variances, a Kruskal-Wallace analysis of variance was used to test for
heterogeneity among each of 4 sampling dates (large pipis unobtainable on other dates).
The null hypothesis was that there were no differences in mean condition index between
dates. Sequential Wilcoxon's paired sample tests were used to test which means were
significantly different, with a Bonferroni correction ex =0.05/6 = 0.008.

Source

df

among dates

3

date
114/96
2/6/96
1nl96
29/8/96

cmean
11.5
8.2
8.1
10.8

X2 approximation
96.06

p
<0.0001

no.

pair

1
2
3
4

2&3
3&4

1&2

p value
<0.0001
0.5
<0.0001

pair
1&3
1&4
3&4

p value
<0.0001
0.1
<0.0001
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June and increased significantly in July and December. In contrast, I found
no significant declines in 1997, with significant increases in January and
July. Note that standard errors are used in figures in this chapter as sample
sizes are large, and hence standard errors too small to show clearly on
figures, however I have used standard errors throughout the text.
For Comerong Island, CII was initially higher in Apri11996 at 11.5 ±
0.3%, then declined to 8.2 ± 0.1 % and stayed low for the whole of June,
increasing in July at the same rate as Stockton pipis (Fig 3.5b).
Unfortunately data were only available for four months at this site, due to a
lack of sexually mature animals. Due to heteroscedasticity of the data, I
used a Kruskal-Wallace non-parametric analysis of variance, which showed
significant heterogeneity of CII among sample dates (Table 3.4b). I used
sequential Wilcoxon's tests on pairs of means, which indicated that the
decline in AprillMay and the increase in July/August were significant
(Table 3.4b). CIt and CI2 were not highly correlated for Comerong Island
(r2=0.07, p>O.OS). CI2 was initially lower for pipis at Comerong Island but
increased to the same level as animals at Stockton Beach by August (Fig.
3.Sc).

3.2.4 Oocyte diameters
Method: Preliminary staging for this species indicated that alveoli within
an animal could be at different stages, with up to four stages commonly
present within a single field of view, making it difficult to assign stages.
Hence I used measurements of oocyte diameters (OD) in order to examine
the sequence and timing of events in the reproductive cycle and the degree
of synchronisation within populations. I sectioned animals from collections
from May 1996 - May 1997 as previously described. I found very few pipis
at Comerong Island in this period, and I have not included this site. I
videotaped sections of gonad and transferred the images into a Power
Macintosh computer using the software Apple Video Player with a
National WV -CD video camera mounted on an Olympus microsope at
400x magnification. I used the public domain program, NIH Image (written
by Wayne Rasband at the U.S. National Institute of Health) to measure
oocyte area. I only measured eggs in which the nucleus and nucleolus were
clearly visible, making the assumption that these cells with a visible
nucleolus were sectioned through or near the centre, in order to avoid the
problem of tangential measurements. Nested ANOVA allowed
quantification of the seasonality of gonad development as well as
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quantification of differences in developmental stages between individuals
and between samples (Grant and Tyler 1983b).
I measured the ratio of reproductive material to somatic tissue
(Ar:As) in transverse (TS) and longitudinal (LS) sections from each of 10
females. I used a fixed effects, one factor ANOVA in order to determine if
the orientation of the section through the animal had a significant effect on
Ar:A s . As there was no significant effect (F = 0.40, df = 1, p = 0.5), for
subsequent work I used TS as these sections were more robust.
In order to determine if the position of the section through the animal
had a significant effect on Ar:As, and hence to determine the number of
slices needed per animal, I took TS sections at regular intervals through the
gonad of another five females. I randomly chose three fields of view (FOV)
for each of three random slices through the gonad, and measured the 10
largest eggs per FOV. I used a random effects, three-factor nested ANOVA
to test for heterogeneity in OD between and within animals, from slices at
different positions through the gonad, and from different FOV, as well as
ANCOV A to determine if there was an effect of female body length on the
diameter of oocytes.
I collected 20 females monthly from Comerong Island and Stockton
Beach between May 1996 and May 1997. For each collection, I measured
the area of 25 eggs in randomly chosen FOV s. I calculated a mean OD for
each date. I used a two-factor nested mixed model ANOVA to test for
heterogeneity in OD among sample dates (fixed factor), and among animals
within dates (random factor), and partitioned the variances between these
factors. To determine which differences between mean ODs were
significant for each sampling date, I calculated the mean OD for each
animal, and performed an a posteriori one-factor ANOVA with date as the
fixed factor in order to calculate a Tukey's HSD (Zar 1984).
In order to compare egg sizes between species, an estimate of egg
size should be made from eggs that have been spawned, rather than from
eggs in situ, assuming that only mature eggs will detach from the follicle
walls and be ejected. This avoids bias from eggs that may be immature
despite the presence of a nucleus and nucleolus. My attempts to induce
animals to spawn met with limited success, including using thermal shock
and adding pipi sperm to the water. Injection of O.IM KCI into the adductor
muscle would induce spawning in some animals, but only for short «1
min) bursts. I measured the diameters of 25 eggs spawned for each of six
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Table 3.5 Analysis of variation among oocyte diameters from preliminary sections of
the gonad of five female Donax deltoides from Stockton Beach, NSW. A random
effects, three-factor nested ANOYA was used to test for heterogeneity among the mean
diameter of ten oocytes, for each of three random fields of view (FOY), from three
slices taken at random intervals through the visceral mass. Factors were animals,
position of slice through the gonad (nested within animals) and FOY (nested within
slices). A log-normal transformation was applied to correct for heteroscedasticity, and
the null hypotheses were that there were no differences in oocyte diameters among or
within animals, slices or FOY.
4

SS
0.1516

MS
0.3791

F
p
1.9738 0.1747

among slices
within animals

10

0.1921

0.0192

0.2434 0.9866

among FOY
within slices

30

2.3669

0.0789

1.4354 0.0672

405

22.2603

0.0550

Source
among animals

error

df

total
449
Cochran's C = 0.229, p>0.05

24.9708

animals on two dates (6/1/96 and 5/3/96) to measure spawned egg diameter
using an eyepiece graticule. I used a two factor nested ANOVA to examine
the effect of dates (fixed factor) and animals (random ~actor) nested within
dates on the size of spawned eggs.
Results: Mean egg size did not vary significantly among animals, among
slices or among FOV (see Table 3.5). I found more variation within than
between slices or between animals. Hence I subsequently used a single
slice per female to measure egg diameters.
Oocyte diameters varied greatly, from <10 up to 80 11m in diameter
(Fig. 3.6), both within monthly samples and within some individuals. A
mixed model two-factor nested ANOVA showed highly significant
heterogeneity in mean OD both among sample dates and among animals
within dates (Table 3.6). Within animal variance explained nearly 50% of
the total variance, with the remaining variance fairly evenly partitioned
among animals within dates and among dates (Table 3.6). Such high within
animal variation compared to variation between samples is typical of
asynchronous spawners (Grant and Tyler 1983b).
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Figure 3.6 Size-frequency of oocyte diameters from female Donax deltoides collected
from Stockton Beach, NSW. For each monthly collection, 25 oocytes from 20 animals
have been pooled into 5 !lm size classes.
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Table 3.6 Analysis of variance among oocytes for Donax deltoides collected from
Stockton Beach, NSW in 1996-7. The diameters of 25 oocytes in each of 20 pipis for 12
approximately monthly sampling dates were measured and a mixed model two-factor
nested ANOVA used to test for heterogeneity. The factors were date (fixed) and animals
nested within dates (random), with the null hypothesis of no difference in oocyte
diameters between or within samples. Tukey's HSD test was used a posteriori to
determining which differences between sample dates were significant.

Source

df

among sample dates
11
among animals within dates
228
error
5,760
total
5,999
Cochran's C = 0.1205, P > 0.05

SS

MS

186,370
197,970
361,038
758,563

16,942
868
65

F
p
260.78 <0.0001
13.37 <0.0001

Partitioning variances
Source of variance

Calculated as

within animal, s2
among animals within dates, s2AcD
among dates, s2D
total variance

MS error
(MSAcD - MSerror)/n
(MSD-MSerror)/nb
s2 + s2AcD + s2D

where n = number of replicate oocytes (= 25) and b
(= 20).

Value
65.0
32.1
33.8
130.9

% tot.
49.7
24.5
25.8
100.0

=number of animals for each date

Mean
19.0 27.8 28.3 30.4 31.3 33.6 34.1 35.5 35.9 36.1 38.3 41.2
Sample dale
18/8 1115 23/11 716

10110 1017 1/3 1

6/9 30112 2611 1 13/5 1 13/4 1

Tukey's HSD = 2.021. Lines indicate differences of > 2.021 between means; dates
marked 1 are 1997, all others are 1996.

Over the 12 months sampled, mean monthly OD increased
significantly in May and June 1996, to 33.6 ± 0.3 !-lm in July (Fig. 3.5a)
before decreasing steeply, reaching the minimum mean diameter in August
of 19.1 ± 0.2 J.lm. Tukey's HSD indicates that this value was significantly
lower than all other monthly means (Table 3.6). Mean OD increased
significantly in November and March 1996, reaching a maximum of 41.1 ±
0.4 Ilm in April 1997 (Fig. 3.5a). Mean monthly ODs were not well
correlated with condition indices (r2 = 0.002; P > 0.05), but did appear to
follow the general trends in CI (Fig. 3.5a). CII reached a minimum in midJuly, and started to increase in August. The minimum CI recorded was on
12/7/96, while the minimum mean monthly OD occurred on 18/8/96.
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Size frequency plots of pooled ODs for each date confirm that there
was an initial increase in oocyte size, at a time when condition indices were
declining (Fig. 3.6). I found very few large oocytes in samples in August
and November, 1996, indicating that most animals had spawned by those
dates, but in the rest of the year I found a wide range of sizes. Microscopic
examination of specimens confirmed that individuals held mature and
immature oocytes simultaneously, and that different individuals in the
sample could be at different stages. No oocyte atresia (degeneration within
the ovary) was observed. I observed some fragmentation of oocytes in a
few animals, but this appeared to be an artefact due to sectioning.
The mean OD for the individuals that I was able to induce to spawn
on 6/1/96 was 56.2 ± 0.4 !lm (n=150), and 59.5 ± 0.4 Jlm (n==150) on
5/3/96. A nested ANOVA indicated no significant heterogeneity in mean
egg diameter either between the two dates or among animals within dates
(Table 3.7), hence I pooled dates to obtain an estimate of mean spawned
egg diameter of 57.9 ± 0.3 !lm, significantly larger than even the maximum
monthly OD of 41.1 ± 0.4 mm estimated via histology (t=32.06; df = 798;
p< 0.0001).
I did not find an increase in egg diameter with shell length, and I
found little correlation between egg diameter and shell length of pipis in
each monthly collection (Table 3.8). A regression of oocyte diameter on
shell length for 25 oocytes in each of 20 animals sampled gave low
coefficients of regressions (r2<0.05 in all cases), but six of these
regressions were significant due to the large sample size (n=500 for each
collection). I repeated the regressions using the mean oocyte diameter for
each individual animal, for each collection, to check for any trends (n=20).
The regression coefficients were generally higher, but were still <0.24 in all
cases, and only one regression out of 12 was significant at the 0.05 level.

3.2.5 Reproductive effort and age at first maturity using stereology
Method: Methods of calculating Pr and Pg vary, and include relative
weights of gonad and soma, (e.g. Peterson 1983; 1986); the weight
difference between reproductive and post-reproductive periods (Brethes et
al. 1986; VahI1984), loss of weight on spawning (Bachelet 1982; Bayne et
al. 1983; MacDonald and Thompson 1985; Thompson 1984) and the
relationship between total egg volume and the annual incremental increase
in soft tissue weight (N akaoka 1994). RE can also be calculated
physiologically in energy units (Bayne et al. 1983; Browne and Russell-
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Table 3.7 Analysis of variance of oocyte diameters for specimens of Donax deltoides
from Stockton Beach, NSW, induced to spawn on two dates. A mixed model, twofactor, nested ANOVA was used to test for heterogeneity between the mean diameters
of 25 spawned eggs for each of 6 pipis, on two dates, 6/1/96 and 5/3/96, with the null
hypotheses of no differences in the mean diameter of eggs induced to spawn by the
injection of O.1M KCl between or among dates or individuals. Factors are date (fixed)
and animal nested within date (random).

Source
df
SS
between dates
1
0.33
among animals
10
274.87
within dates
error
288
6848.88
total
7124.08
299
Cochran's C =0.004; p>0.05

MS
0.33
27.49
23.78

F
0.01

p
0.91

1.16

0.32

Hunter 1978). Most of the above methods assume that the gonad can be
weighed separately, and/or that the population spawns only once,
synchronously, and that gametes can be collected and weighed. However
for many bivalves, some or all of the following may be true: the gonad may
form an integral part of the visceral mass and cannot be excised and
weighed separately; spawning may be incomplete; spawning may be serial
i.e. occur several times per year; and spawning may not be synchronised
between individuals in a given period (Lucas 1982). My preliminary
studies implied that all of these were true for Donax de Ito ides, hence my
choice of stereological techniques for an initial approximation of the
amount of energy being allocated to reproduction at one point in time,
giving some information about RE.
On 23/11/96, I collected 500 animals from the subtidal and swash
zone of Stockton Beach, New South Wales. Previous histological
collections, gonad smears and condition indices suggested that the animals
had not yet spawned and should be in good condition. While the
contribution of males to the reproductive effort is not negligible, it is
usually ignored in such studies, with the implicit assumption that the
development of ovaries and testes are synchronous, (e.g. Crisp 1984;
Morvan and Ansell 1988; Nakaoka 1994). Hence after a preliminary gonad
smear, I 'discarded any males. I included some animals which were too
small to sex by gonad smear to look at development of the gonad, and
discarded any that had differentiated and contained sperm after sectioning.
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Table 3.8. The relationship between shell length and oocyte diameter in specimens of

Donax deltoides from 12 approximately monthly collections from Stockton Beach,
NSW in 1996-7. (a) r2 are the regression coefficients from a regression of oocyte
diameters on shell length for 25 oocytes in each of 20 animals on each collection date,
and r2 (b) are the regression coefficients of mean oocyte diameter for each animal
against the length of that animal on each collection date. p is the probability that the
regression is significant. n= 500 for (a), n = 20 for (b). ***, significant at a = 0.001; **,
significant at a

collection date
1115/96
6/6/96
10/7/96
18/8/96
6/9/96
10110/96
23111/96
30112/96
26/1/96
113/97
13/4/97
13/5/97

=0.01; *, significant at a =0.05.
r2(a)
0.04
0.05
0.01
0.00
0.03
0.005
0.02
0.002
0.03
0.005
0.004
0.001

pea)
<0.0001
<0.0001 ***
0.02*
0.69
0.0002***
0.09
0.007**
0.35
0.0003***
0.19
0.17
0.39

***

r2(b)
0.104
0.080
0.029
0.001
0.044
0.017
0.235
0.011
0.134
0.019
0.008
0.008

pCb)
0.17
0.22
0.47
0.88
0.37
0.58
0.03*
. 0.66
0.11
0.42
0.71
0.71

I then measured length, total wet weight and total wet tissue weight as
described above, as well as the total volume of soft tissue (to the nearest 0.1
ml, determined by gravimetry) and the body (visceral mass and foot)
weight (to the nearest 0.01 g). I excised the visceral mass from the foot (see
Fig. 3.7) and weighed it separately to determine what proportion of the
body the visceral mass comprised. I used wet weights rather than dry
weights because of the need to preserve tissue for histology.
I took sections at each of three standard positions as shown
in Fig 3.7, and outlined and measured the actual areas of (a) the visceral
mass, and (b) gonad (the area occupied by alveoli and gametes, including
alveoli that were just beginning to differentiate, but excluding blood vessels
and muscle). I calculated gonad production (Pr) for each animal by first
summing the total area of the visceral mass and the area of gonad for each
of the three slices through the gut to obtain an areal fraction, Ar/Avm,
where Ar is the area of reproductive tissue within the visceral mass and
Avm is the total visceral mass area (Underwood 1970). This areal fraction
can be used as an approximation of the volume fraction VrN vm, where Vr
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Figure 3.7 Standard locations of sections taken through the body of Donax deltoides.
The foot was excised from the visceral mass (easily distinguished by colour) and
weighed separately. Locations 1, 2 and 3 represent transverse sections across the
visceral mass taken for histology. Cut 1 was made from the centre of a notch located
close to the join of the foot and body and bisected the visceral mass. Cut 2 was made
half way between the top of the animal and the first cut. Cut 3 was made half way
between the first cut and the margin of the foot and the visceral mass.

visceral mass

notch

foot

and Vvm are the volumes of the gonad and the visceral mass respectively.
As I had measured the volume and wet weight of the visceral mass, I used
the volume fraction to estimate the weight of the gonad, which
approximates gonad production, Pr, for this point in time, assuming that the
densities of the various components were the same. In order to test this
assumption, I carried out a linear regression on the relationship between
visceral mass volume and total tissue volume. I used the drained wet
weights of soft tissues for a measure of total production, Pt. I calculated the
proportion of the body which is comprised of gonad as (PrlPt) x 100
(Bayne et al. 1983), which forms a crude estimate of reproductive effort for
one point in time. This value (PrlPt) x 100] will be referred to hereafter as
RE.
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Results: No animals <25 mm had begun to develop gonadal material (Fig.
3.8a). Animals appeared to start to develop gonads from 25 mm onward,
but many had not fully differentiated at smaller size and could not be
reliably sexed. RE increased initially with size before levelling off (Fig.
3.9a). For pipis ~45 mm in length, RE clearly increased with size (for
animals which had developed a gonad but were ~45 mm, slope of
regression line = 0.85; r2 = 0.55, p<O.OOOl), but I did not find a strong
relationship between size and RE for animals >45 mm in length (slope =
-0.21; r2 = 0.07, P = 0.007). The heterogeneity of the variances also
increased with size. The proportion of the body made up of gonad was
highly variable for larger animals of similar size, for instance pipis between
45 and 50 mm in length could have RE ranging from <10% to >30%. When
individuals were grouped into 10 mm size classes, somatic production, Pg
(expressed as g wet weight) increased linearly with size for animals in this
collection (Fig 3.8b). Reproductive production, Pr , also increased linearly,
but not as steeply as for P g . I found a linear relationship between visceral
mass volume and total tissue weight (r2 == 1.0, P < 0.0001), indicating that
the assumption that the various components have the same densities was
probably sound.

3.2.6 Fecundity and size at maturity
Method: I used the areal fraction calculated in Section 3.2.5 to calculate
the number of eggs held in females in this collection. This provided a 'snapshot' of fecundity, and allowed the relative contribution of animals of
different sizes to be estimated, by assuming that different sized females
were storing similar proportions of their annual egg production at any given
time.
Using the Delesse Principle, I assumed that the areal fraction Ar/Avrn
provides an unbiased estimate of the volume fraction VrN vrn . Hence the
volume of the gonad, Vr, for each animal could be estimated, as I had
previously estimated directly the total tissue volume, the visceral mass
weight and the total tissue weight. I used the method of Williams (1977) to
estimate the number of oocytes within the volume of the gonad by
combining estimates of the number of oocytes per unit area, and the
relative volume and mean diameter of oocytes within the gonad.
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Figure 3.8 Estimate of the proportion of the body comprised of gonad for a collection
of female Donax delta ides from Stockton Beach, NSW. (a) The proportion [(PrlPt) x

100] for each individual, which gives an approximation of reproductive effort (RE) for
one point in time, where P r is gonadal production, estimated as the weight of the gonad
(in g) and derived from the ratio of gonad: somatic tissue using stereology, and Pt is total
production, estimated as the total wet tissue weight (in g). n= 172. (b) Pooled somatic
production P g (.), and reproductive production P r (m), for individuals from (a) pooled
into size classes. Pg is estimated as the weight of the soma (in g) and derived from the
ratio of gonad:somatic tissue using stereology, Pr estimated as for (a). Figures are means
of each 10 mm size class from Fig. 3.8a. Bars are standard deviation.
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To estimate fecundity, I measured all oocytes, those sectioned
through the nucleus and nucleolus as well as those sectioned tangentially,
in order to obtain an estimate of the number of oocytes per unit volume. I
estimated the areas (A) of all the oocyte profiles contained in randomly
chosen fields of view until 25 oocytes had been measured for each of 15
animals, and used a single factor Model 2 ANOVA to test for heterogeneity
in mean oocyte area among animals. I converted areas into equivalent circle
diameters (ECD) where ECD = 2~(A11t), assuming that oocytes were
approximately spherical. I pooled these ECDs to generate a size frequency
distribution of oocyte profiles. Diameters vary from a maximum if
sectioned through the centre, and approach zero if sectioned tangentially.
To provide an estimation of the real oocyte diameter, I grouped ECDs into
5 mm size classes and calculated a mean oocyte diameter, D, using a
profile reconstruction technique via the Fullman formula as described by
Williams (1977), in which
h

D= (n/2)

x N/ L (ni/di)

Equation 3.1

i=l

where ni is the number in the ith size class, di is the mean diameter of the
ith size class, h is the number of size classes and N is the total number of
profiles measured. Variance around D was estimated using a Taylor
expansion (Kendall and Stuart 1969), with
Var(D)

Z

h

h

i=l

i=l

L{ {Nn/2 x ni/di2 x [L (m/di)]-1}2 x Var(di)} Equation 3.2

where Var (di) is the variance of the mean oocyte diameter for the ith size
class and is estimated by si 2/ni. Subsequent terms can be ignored as the
number of oocyte profiles is large and derived from many different
animals.
I counted the number of oocytes per unit area for a different set of 10
animals for each of five random fields of gonad and used a single factor
Model 2 ANOV A to test for heterogeneity in the mean number of oocytes
per mm2 among animals in this collection before calculating the mean
number of oocytes per unit area of gonad, N A. I also calculated the area
occupied by oocytes in the gonad, obtaining an areal fraction of oocyte
area:gonad area in three random FOVs of gonad for a different set of 10
animals and using a single factor Model 2 ANOV A to test for heterogeneity
in the area occupied by oocytes per mm-2 of gonad. I then combined these
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ratios to give an estimate of the relative volume fraction of oocytes in the
gonad, Vv .
The number of oocytes per unit volume of gonad, N v, can be
calculated in a number of ways, the simplest being the method of DeHoff
and Rhines (described by Williams, 1977), where

Nv =

Equation 3.3

I estimated variance around N v using a Taylor expansion (Kendall &
Stuart 1969). Because estimates of NA (mean number of oocytes per unit
area of gonad) and D (mean OD) came from different animals, the
covariance term was assumed to be zero and
Var(N v ) = (l/D)2 x var(NA) + (NA/D 2)2 x var(D)

Equation 3.4

However, as pipi oocytes in situ are not completely spherical, the
method of DeHoff and Rhines may not be ideal, I have also used the
method of Weibel and Gomez as described by Williams (1977), as it is a
flexible method and has been previously used for estimating potential
fecundity in bivalves (Morvan & Ansell 1988). In this instance,
N v = {K(NA)312}/{~(Vv)I/2}

Equation 3.5

where K is a constant depending on the size distribution of the particles and
b is a shape constant. I used the formula of Weibel as given by Williams
(1977) to calculate K, in which K =(MYMI)312 with MI =I:(Dh)/n and M2
=[I:{ (Dh)3 }/n] 1/3, where Dh = the mean diameter of the hth size class and
n = the number of size classes from the size frequency distributions of
oocyte profiles. Oocyte shape varies between spherical, and ellipsoid with a
2.0 length/diameter ratio when constrained by packing in alveoli, hence I
have used b =1.29, intermediate between these two shapes (Williams
1977).
I calculated the variance for Ny after Kendall and Stuart (1969),
usmg
Var(Nv) = [3kJ2 x (NANy) 112] 2 X var(NA) +
[-kJ2 X (NANy)312] X vaT (Vy)

Equation 3.6

99
where k = KIp. Again, estimates of NA and Vy were made from different
animals, and I assumed the covariance term was zero. As I had already
calculated Vr , the gonad volume, for each female (Section 3.2.5), the total
number of oocytes in the gonad and hence in each female was simply Nv x
Yr.
Results: I did not find significant heterogeneity in the distribution of
oocyte areas among animals (Table 3.9), hence I pooled these data to give a
mean ECD of 28.0 ± 0.3 ~m and then used Equation 3.1 and 3.2 to
calculate the mean adjusted diameter and the standard error around the
mean, D = 46.3 ± 0.1 ~m, larger than the maximum mean (D2) 41.1 ± 0.4
recorded for April 1997 using only oocytes sectioned through nucleus and
nucleolus and smaller than the estimate of spawned oocyte diameter (D3),
57.9 ± 0.4 /-Lm. An approximate Normal-based test indicated that these
differences were all significant (for D & D2, Z = 12.6; D & D3, Z = 116.0;
D2 & D3, Z = 33.6; p<O.OOOl for all pairs).
Mean numbers of oocyte per mm- 2 of gonad did not vary
significantly among animals in this collection (Table 3.10), hence I pooled
these measurements to give an estimate of the mean number of oocytes per
unit area, NA = 133.3 ± 3.0 oocytes ~m-2 for this collection. Similarly the
ratio of the area occupied by oocytes:area of gonad did not vary
significantly between animals (non-parametric Kruskal Wallace test, X2 =
15.45, p = 0.0793), hence I used the overall mean ratio of oocyte
area:gonad area as the areal proportion, which, utilising the Delesse
Principle, approximates the volume fraction, Vy, (in this instance the
relative volume of oocytes in the gonad) for this collection, with Vy = 0.21
± 0.01.
U sing the Weibel and Gomez method, I calculated the constant K ==
0.97. Hence Equations 3.5 and 3.6 give a value of Ny = 2520.0 ± 33.0
oocytes mm- 3 of gonad. DeHoff and Rhines' method (Equations 3.3 and
3.4) gives a value of Ny = 2898.5 ± 24.5 oocytes mm- 3. The method of
Weibel and Gomez probably provides a better estimate of Ny than that of
DeHoff and Rhines for this species (Williams 1977), and I have used this
estimate to calculate the number of eggs per female, but I have included
both methods for comparison.
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Table 3.9. Mean oocyte area from specimens of Donax deltoides collected from
Stockton Beach, NSW estimated using stereological techniques. A single, random factor
ANOVA was used to test for heterogeneity between the mean areas of 25 oocytes in
random fields of view in each of 15 pipis, with the null hypotheses of no difference in
the mean areas of eggs among individuals. "mean" is the mean area of oocytes in mm
per individual.

Mean

SE

720.3
678.3
589.8
585.4
603.2
642.0
656.2
674.4
632.8
750.2
608.7
599.3
657.3
563.4
627.3

48.1
44.6
35.4
40.1
41.3
44.6
39.4
43.1
35.9
42.5
37.4
39.3
37.3
44.3
31.9

Analysis table
Source
df
among animals
14
within animals
260
total
374
Cochran's C = 0.085; p>0.05

SS
934087
14811891
15745978

MS
66721
41144

F
1.6216

p

0.0711

I estimated that the mean number of oocytes contained in any animal
was 2758.0 ± 237.2, and the maximum was 7,724 oocytes, in an animal of
70.5 mm in length (Fig. 3.9). The range of oocyte numbers within similar
sized animals was large e.g. the number of oocytes within animals between
40 and 50 mm in length varied from <400 to nearly 6,000. Unless smaller
animals contained nucleated oocytes, I treated them as if they had no
gonad, hence they are plotted as having zero eggs. The length at which
females begin to hold mature eggs was 25 mm, and length at maturity (50%
containing eggs) was 29 mm.
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Table 3.10 Mean number of oocytes per mm2 in specimens of Donax de Ito ides from
Stockton Beach, NSW, determined using stereological techniques. A single factor
random effects ANDV A was used to test for heterogeneity between the number of
oocytes per unit area for ten pipis for each of five random fields of view (FDV) within
the gonad, with the null hypothesis of no difference in the mean number of oocytes I
FOV between animals. "mean" =mean number of oocytes/mm2 for each individual.

Mean

SE

130.4
128.3
133.4
141.6
122.2
138.5
136.5
145.7
130.4
126.3

11.1
8.1
12.2
8.4
9.9
9.4
6.5
11.0
11.0
8.7

Overall
133.3

3.0

Analysis of variance table
Source
df
SS
among animals
9
2359.86
within animals
40
19152.74
total
49
21512.64
Cochran's C =0.178; p>O.05

MS
262.21
478.82

F
0.55

p
0.83
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Figure 3.9 Number of eggs (I!I) contained in female Donax deltoides of different sizes
from a collection made on 23/11/96 from Stockton Beach, estimated using stereological
techniques. n == 172.
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3.3 DISCUSSION
Taken together my data, derived from a variety of sources including
gonad smears, condition indices, oocyte diameters and stereology, revealed
that the spawning pattern of Donax deltoides is poorly defined, and shows
considerable variation in the timing of reproduction from year to year both
within individuals and between years. Populations at both locations showed
very prolonged spawning, with some peaks in activity. At both sites,
mature females (~37 mm) contained apparently mature eggs for nearly all
of the year. The proportion of the body which was gonad increased with
size, but the true relationship was probably obscured by prolonged
spawning. RE,?
~aried greatly between individuals, and was generally low, at least for the
particular point in time studied. Similarly, the number of eggs held per
female was low overall, but also varied greatly between individuals. These
findings appear typical of surf clams worldwide (e.g. McLachlan et al.
1996), and particularly for other Donax species (e.g. Anse111983).
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3.3.1 Size at maturity
I found that the size at which pipis can be defined as fully mature
was fairly consistent between sites and between years. Gonad smears
indicated that at least 50% of pipis were mature by 37 mm in length, with
gametes being found in animals as small as 27 mm (Table 3.3).
Histological preparations indicated smaller sizes both for first (25 mm) and
full maturity (29 mm). I attribute this to differences in technique rather than
spatial or temporal variation. Under microscopic examination, even animals
with one mature follicle were scored as mature, however I would be
unlikely to detect so few gametes with the gonad smear technique. As small
animals held few oocytes (e.g. animals ~35 mm in length held a mean
number of 59 ± 12 oocytes per female), it may be more useful for
management purposes to class them as mature when they have enough
sexual products to be detected via gonad smear. Gonad smears appear to
give reproducible and biologically meaningful estimates of size at maturity
for this species, and provide a quick and cheap method of obtaining
information. My estimates of size at maturity were in close agreement with
the only other published estimate for Donax deltoides, of 36 mm (King
1985). Such similar values for my two sites (250 km apart), as well as for a
South Australian site, an area influenced by very different current and
temperature regimes, indicates that size at maturity is relatively constant
throughout the range of D. deltoides.
A comparison of size at maturity for Donax deltoides with other
species of Donax, as well as other bivalves, suggests rapid initial growth
and an early onset of sexual maturity in pipis (Table 3.11). Such a
comparison can be made between species of different size by calculating an
index using the ratio of shell length at first maturity:maximum asymptotic
shell length (Sato 1994). Asymptotic shell length is usually based on the
parameter Loo, calculated from fitting growths curves to the data. Where
Loo is not available, an appropriate equivalent is to use the mean of the 10
largest animals found (King 1995). For pipis, this gives an estimate of 77
mm (Table 3.11). I calculated a value between 33-35% for D. deltoides,
using estimates of length at first reproduction from gonad smear and from
histology. These are within the range of values quoted by Sato, but lower
than the other Donax species (Table 3.11). It is closest to the value for D.
serra (46%), which is the only other species of Donax of comparable size.
A low value is usually characterised by high growth rates and rapid
maturation (Sato 1994). King's (1985) data for D. deltoides gives a value of
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Table 3.11 A comparison of maximum shell length and shell length at first maturity for
various species of bivalves. (I) Donax species, (II) other species. Sources: (1) current
study; (2) King (1985); (3) quoted by (de Villiers 1975); (4) Sato (1994). Where
mUltiple values are available, I have given (i) maximum and (ii) minimum values for
length at first maturity (1st M).
Species

Locality

(a)max.shell
length(mm)

(b )length at
IstM (mm)

b/a

source

(%)

(I) Donax snecies
D. deltoides
E. Australia (i)
(ii)
S. Australia
D. denticulatus
Jamaica
S.B India
D·faba
D. gouldi
S.W. USA
D. serra
S. Africa

77
77
59
24
27
24
80

27
25
29
15
13
12
37

35.1
32.5
49.1
62.5
48.1
50.0
46.3

1
2
3
3
3
3

(II) Other snecies
Macoma
Scotland (i)
balthica
Canada (ii)

8
13

4
4

52.9
30.8

4
4

75
108

35
35

46.7
32.4

4
4

60
85

40
40

66.6
46.9

4
4

Mercenaria
mercenaria

UK
UK

Mya
arenaria

Denmark (i)
Mass.,USA(ii)

(i)
(ii)

1

49%, considerably higher than my estimate. This may reflect the fact that
South Australia is considerably further south than my sample sites (36 0
30'S, compared to my most southerly site of 34 53' S), and animals might
be expected to grow more slowly in the colder water. However maximum
length may actually be larger than 60 mm in SA, as King did not sample
subtidally. My transect data suggested that larger animals were more likely
to be located in the subtidal than smaller animals, at least in NSW (Chapter
0

2).

3.3.2 Sex ratios
I found equal numbers of males and females. Sex ratios of 1: 1 appear
characteristic of surf clams (reviewed by McLachlan et al. 1996), and
particularly for Donax species (summarised by Ansell 1983). I found no
evidence for sequential hermaphroditism, and no hermaphrodites among
approximately 5,000 animals examined, in either fresh or histological
preparations. Hermaphroditism is common in other bivalves (Hoagland
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1984), but no hermaphrodites have been recorded in any published account
of any Donax species (summarised by Ansell 1983; Rojas 1985).
3.3.3 Spawning pattern and egg size
Donax de Ito ides appears to spawn almost continuously, and I found
little difference in spawning pattern between sites. My gonad smear data
indicate that there were only a few months in more than four years in which
<50% of the population had ripe gametes, typically in winter, and every
collection included at least some individuals that contained sexual products.
Oocyte diameter measurements indicated that large oocytes were present in
the gonad all year round, which implies that spawning can occur at any
time. However it is important to note that the presence of apparently ripe
gametes in the gonad does not necessarily mean that these animals are
mature. Griffiths (1977) found apparently mature oocytes for several
months prior to spawning in two species of mussels, however she obtained
poor results in artificial fertilisation trials, and concluded that these oocytes
were not in fact mature. However my measurements of oocyte diameter
showed that large oocytes (:2::50 mm diameter) were present for most
months of the year (Fig. 3.6), similar in size to eggs that I was able to
induce the animals to spawn (58 mm). As most species spawn when
oocytes are at their maximum diameter, the presence of such large oocytes
did imply that animals were capable of spawning. Transect data support
this supposition, as I found small animals on beaches in 96% of samples, at
all times of the year (Chapter 2). While this may be due to larvae spending
different amounts of time in the plankton, prolonged spawning is common
in the genus Donax species (Table 3.1). These data suggest that the large
oocytes found for most of the year in D. deltoides were probably capable
of fertilisation and normal larval development.
My estimates of oocyte diameter made from different methods were
all within the range published for the genus and for other free-spawning
members of class Heterodonta with planktotrophic larvae (Table 3.12).
These eggs sizes are consistent with a planktotrophic pattern of
development, and hence allow the prediction that this species will have
high fecundity and short generation times, with high mortality early in life
and a relatively prolonged larval life (Levin et al. 1987; Scheltema 1971;
Stearns 1976; Steele 1977; Strathmann 1980; Strathmann and Strathmann
1982; Thorson 1950), although under laboratory conditions the pelagic
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Table 3.12 A comparison of oocyte diameters of free spawning bivalves of Class
Heterodonta (in mm). Data derived using different methods; NG ::: not given. Histology
(hist.) uses sections taken through the nucleus and nucleolus only while profile
reconstruction uses all oocyte section profiles.
Species and method
Dia. SD
Donax de Ito ides
1. induced to spawn (fresh mount)
58.0 4.8
2. profile reconstruction (stereology) 46.3 18.4
3. max. monthly mean (histology)
41.1 3.1

Source

Donax serra (histology)

34-45 NG

(de Villiers 1975)

Donax trunculus (histology)
1973)
(max. monthly mean; histology)

c.50 NG

(Moueza and Frenkiel-Renault

c.54 14*

(Neuberger-Cywick et al. 1990)

Donax vittatus
induced to spawn (fresh mount)

c. 71

NG

(Frenkiel and Moueza 1979)

Placopecten magellanicus (hist.)
induced to spawn (coulter-counter)

68.8
69.1

5.2
1.1

(MacDonald and Thompson 1986)

Tapes rhomboides
(profile reconstruction)

35-45 NG

current study

"
"

Morvan & Ansell 1988

Clinocardium nuttallii
c.80 NG 1
Tresus capax
60-70 NG 1
Macoma balthica
97
NG 1
Gari cali/ornica
70
NG 1
Mya arenaria
c. 75 NG 1
Panope abrupta
80
NG 1
Bankia setacea
c. 47 NG 1
1. Strathmann (1987) - figures for free-spawning members of class Heterodonta,
methods not given. *figures read from a graph. Diameters for non-spherical eggs from
histological preparations have been given as [(length of longest + shortest axes)I1],
either calculated from values given or derived by measuring from photomicrographs.

feeding period is not always influenced by larval size and hence egg size
(Strathmann 1977).
In general, planktotrophic species reproduce earlier, and generally
produce a larger quantity of smaller eggs, than lecithotrophic species. The
degree of maternal provisioning is an important reproductive parameter
(Stearns' 1976) and is often correlated with developmental pattern,
fecundity and offspring size (Steele 1977; Thorson 1950).
When spawning is highly synchronised within populations, the
majority of animals release most of their gametes within a short period of
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time, with a highly significant decline in condition index, and a sharp drop
in both the number and size of oocytes in the ovaries, followed by some
sort of resting phase in which no gametes were present, (e.g. Emmett et al.
1987; Shafee and Lucas 1980; Thompson 1977). My data from all sources
indicated that spawning in pipis within populations did not seem to follow
this pattern. I did not find a resting phase at any time, nor did gametes ever
appear to be resorbed. Microscopic examination of "spent" animals
revealed that many alveoli held maturing gametes. My sampling was
generally at monthly intervals, and so it is possible that there have been a
resting phase, however if so it was short. The strong decline in the number
of animals containing gametes in winter of some years (e.g. 1993 and 1995)
do, however, imply some degree of synchronisation of spawning, as most
animals must have emptied their gonads at the same time, presumably in
the late autumn.
Data from condition indices showed significant declines in mean CI
at some times of the year. However these declines were not large, with a
maximum decrease of 22% over two months. Highly synchronised species
show a more pronounced drop in CI when spawning commences e.g. CI
declined by >75% in one month for Chlamys varia (Shafee & Lucas 1980),
> 90% over two months for Placopecten magellanicus (Thompson 1977),
and >75% in one month for Mytilus edulis in a population where 90% of
the animals appeared to be spawning at the same time (Emmett et al. 1987).
CIs must be interpreted with caution, as if spawning occurs during a period
of maximum growth, this may mask a decline in weight due to spawning
(~warts 1991). However all my data support my conclusion that spawning
is repeated over a long period, rather than occurring in a single mass event.
Further evidence comes from measurements of oocyte diameters. In
fully synchronous spawners, mean oocyte diameter declines sharply during
spawning, often reaching zero during the resting phase e.g. in Spisula
solidissima, mean aD declined by approximately 75% in one month, and
then dropped to zero (Kanti et al. 1993). Oocyte diameter values have only
been published for one species of Donax, D. trunculus, which showed a
drop in mean diameter of 100% over two months in the Mediterranean,
followed by a resting phase, implying good synchronisation of spawning
(Neuberger-Cywick et al. 1990). In my study, the sharpest decline in mean
aD was 42% in one month, and ODs did not continue to decline but
increased in the following month. Mean ODs can vary in bivalves with
time, geographic location and environmental condition (Barber & Blake
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1983; Bayne et al. 1978; Sastry 1979), so that my data may have reflected
unusual environmental conditions rather than real spawning patterns.
However I found highly significant differences in mean ODs both among
animals and between sample dates, with most of the variance explained by
variation within animals rather than between sampling dates (Table 3.6),
which implies that, in general, oocytes within individuals did not ripen at
the same time, and that animals are at different developmental stages within
-each monthly sample (Grant and Tyler 1983).
My estimates of fecundity also support my contention that pipis are
incomplete, partial spawners. My estimate of a maximum 7,724 number of
eggs held per female was much lower than estimates from other studies.
Bivalves are typically highly fecund, although estimates of fecundity often
show high variability (Griffiths 1981; Sprung 1983; Thompson 1979).
Estimates for other species of clam include 24.3 M eggs spawned by an
individual Venus mercenaria in a single event (Davis and Chanley 1956), a
release of 30,000 - 7 M oocytes during a summer spawning for Tapes
rhomboides (Morvan and Ansell 1988), and between 1,000 to 50,000 eggs
were spawned at a time, with several ovulations per season in D. gouldi,
(Coe 1955). In comparison my estimate of <20 to >7,500 oocytes held per
female is low. The true number may well have varied even more, as I did
not calculate all parameters for all animals, but used averages of a random
sample. However oocyte densities appeared fairly uniform throughout this
collection. All animals showed empty spaces in the gonad, indicating that
the bulk of the population appeared to have recently partially spawned,
w~hich would lead me to underestimate fecundity. I observed these empty
spaces within all collections, indicating that partial spawning is common at
all times of the year. As the spawning season appears prolonged, females
may not store eggs for a "big bang" spawning event, but instead may
release smaller numbers more frequently (commonly called dribble
spawning). Fecundity is likely to be extremely high despite the relatively
low numbers of eggs found in each animal in my "snap-shot" estimate of
fecundity at one point in time.
I found year-to-year variation in the timing of spawning, as well as in
the degree to which spawning appeared to be synchronised. My
examination of gonad smears showed that the majority of the population
were in spent state in July of 1993 and 1995 (Fig. 3.4), representing some
degree of synchronisation of spawning activity. However in July of 1994
and 1996, over >70% of animals contained gametes. A rise in the

a
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percentage of the population containing gametes after April 1996 for both
sites implied a peak of activity in late summer in that year. The timing of
events appeared very similar for both sites when I was able to obtain
enough data for comparison. The only decline in the proportion of ripe
animals in 1997 was in March, and this was only a 2% decrease. My
condition index and gonad smear data were in very good agreement on the
timing of spawning. CIs for Stockton Beach showed a clear difference
between 1996 and 1997, as do gonad smears, with CIs being significantly
higher throughout 1997. This may have been due to a relative scarcity of
pipis at Stockton Beach at the end of 1996 and in early 1997 (Chapter 2).
Hence there may have been more food available, and pipis may have been
able to maintain condition while spawning.
Prolonged spawning, with multiple stages present simultaneously and
the lack of a defined resting stage is widespread among Donax species,
which frequently show several peaks of spawning intensity (Table 3.1).
King (1985) found similar results for D. deltoides in South Australia, with
large oocytes present for most of the year, and no inactive or resting phase.
In general, free-spawning members of Class Heterodonta (to which Donax
belongs) have prolonged spawning periods (Strathmann 1987).
The timing or number of spawning peaks per year can vary from year
to year for many species of Donax (see Table 3.1). While I found that
spawning in D. deltoides was not highly synchronised within populations,
spawning appears to be more synchronised in some species. European
species such as D. trunculus and D. vittatus are likely to show a period of
relative inactivity in winter or spring, probably in response to low
temperatures and low food availability (Ansell and Bodoy 1979), however
spawning may be relatively well synchronised, although still prolonged,
and may continue through summer and autumn. Increases in condition for
both these species coincided with phytoplankton blooms, and was most
pronounced for the strong spring bloom (Ansell & Bodoy 1979).
3.3.4 Effect of size
The degree to which size affects such parameters as fecundity and
egg diameter, and the way in which energy is partitioned between somatic
and reproductive processes, are interesting ecological questions, with
important implications for setting size limits in a harvested species. Other
studies, both for bivalves and other organisms, have suggested that both
absolute and relative measures of egg size, fecundity and viability may
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increase with female size (Bagenal 1973; Buckley et al. 1991; Nakaoka
1994). By 40 mm in shell length I found that all animals were fully mature,
although at this size, pipis held few eggs (e.g. females ~40 mm held a mean
number of only 218 ± 332 oocytes). However I did not find a significant
correlation between shell length and oocyte diameter, nor between shell
length and the number of eggs held for animals >45 mm. For smaller
Donax deltoides, I found an increase with size in the proportion of the body
that was gonad (and hence an increase in fecundity), but the pattern was not
clear for larger animals. Reproductive effort should be summed over a
whole year, however this is difficult to achieve for partial spawners with
such a prolonged spawning season, hence while I have used the term
"reproductive effort" (RE) for my estimate of gamete production/total
production, my study was restricted to one point in time. However this
approximation still generates useful information.
In iteroparous marine invertebrates, RE is usually independent of, or
increases with age (and/or size) (reviewed by Browne & Russell-Hunter
1978; Hughes and Roberts 1980; Spight and Emlen 1976). In general,
bivalves show a size-specific increase in RE, (e.g. Bayne 1976; MacDonald
et al. 1987; Malinowski and Whitlatch 1988; Nakaoka 1994; Peterson
1983; Peterson 1986; Thompson 1979), but for some species of molluscs,
RE and/or fecundity may be independent of, or decline with size, e.g
(Hofmann 1994; Vahl 1984). Where reproductive effort is strongly
dependent on size, the largest animals may contribute most to egg output
even if they are not dominating the biomass (Sprung 1983; Thompson
1979). Larger animals may also have an extended spawning period (Trippel
et al. 1997). I found that my approximation of RE clearly increased with
size for small pipis, but there was little or no correlation between size and
RE in larger animals. Larger animals showed increasingly variable RE.
Thompson (1979) also reported highly significant heteroscedasticity in
fecundity data for Mytilus edulis. One interpretation of these data is that as
animals become larger) they are less likely to be synchronised in their
spawning patterns, so that at any time, there are animals at every stage e.g.
about to spawn, producing oocytes, recently spawned.
The maximum value of RE that I estimated in this study was quite
low (30.6%), compared to maximum values such as 97% for the
protobranch bivalve Yoldia notabilis (Nakaoka 1994), and up to 100% (or
even higher, due to resorption of somatic tissue in older animals) for the
scallop Placopecten magellanicus (MacDonald et al. 1987). Non-
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synchronised spawning will tend to mean that this method will
underestimate both fecundity and RE. In addition RE has been found to
vary with length of life in scallops and is lower for short lived species
(MacDonald 1991). D. deltoides appears to be relatively short lived
(Chapter 4), which may explain the relatively low RE. However an
estimate of RE over a whole year is required to allow valid comparisons
with other studies. In any case, stereology has not been used previously to
make an estimate of reproductive effort, so the results need to be viewed
with caution, as the method utilises a number of assumptions. An empirical
test of this method is required, preferably on a species for which RE is less
difficult to estimate using more common techniques.
I found that somatic production (Pg) increased linearly with size (Fig.
3.9b). Reproductive production (Pr ) also increased linearly, but not as
steeply as Pg . In general, somatic production for long lived species such as
scallops appears to increase initially (e.g. for the first five years in
Placopecten mageZZanicus, but then gradually declines (MacDonald &
Thompson 1985). For Chlamys islandica, the increase and subsequent drop
in Pg is even more pronounced (Vahl 1981), while for both species
reproductive output (P r ) increases over the life span of the animal (c. 20
years). My data for Donax deltoides, although only for one point in time,
indicate pipis do not increasingly allocate more energy into reproduction as
they get larger. Hence pipis do not show reproductive senility (found when
older age classes allocate less energy into reproduction than expected from
allometric relationships (Peterson 1983). While reproductive senility has
been shown to occur in some bivalves (e.g. VahI1984), RE increases with
size for most bivalves, and my data fit with predictions for a fast-growing
and short-lived species.
Pipis appear to have a low and highly variable reproductive effort at
one site, and become mature at a relatively small size (consistent for both
sites and in all years studied). Low but variable RE is predicted to be an
advantage for species living in variable environments, such as for infaunal
bivalves on sandy beaches, where juveniles must settle in unpredictable
habitats (Hirshfield and Tinkle 1975). Similarly, the evolution of high
fecundity, as well as extended spawning, common in planktotrophic species
may be a response to environmental variability (Garrod 1971; Newell et al.
1982). However RE and fecundity in bivalves and other species have been
shown to be density dependent (Peterson 1982; Trippel et al. 1997), and
hence more work is required to draw firm conclusions from my data.
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3.3.5 Implications for dispersal and recruitment
There are some particular challenges facing infauna on sandy
beaches, such as the turbulence of the water, the semi-closed nature of the
rip circulation cells formed off sandy beaches (McLachlan 1980a; Talbot
and Bate 1987) and the erratic nature of the connecting currents.
Dispersal in Donax deltoides will depend greatly on the timing of
spawning and the degree to which spawning is triggered by
oceanographic cues. These factors will determine whether populations are
effectively closed, with a strong stock-recruitment relationship, or more
open, with high gene flow and little genetic differentiation between
populations. These factors will be more fully discussed in Chapter 7.
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CHAPTER 4 GROWTH RATES, RECRIDTMENT AND
MORTALITY
4.1 INTRODUCTION
Estimates of growth rates, the relationship between size and age, the
timing and nature of recruitment, stock-recruit relationships and the number
and relative abundance of age classes are central to studies of the dynamics
of age structured populations (Oulland 1989; Hilborn and Walters 1992). In
fisheries biology, decisions to regulate catches of a stock are usually based
on estimates of potential yield, which presuppose accurate knowledge of
growth and mortality, while correct aging of animals is required for stock
production models. Indeed most models of productivity require estimates of
the number of individuals and the mean size and standard deviation of each
age class along with some knowledge about the relationship between length
and weight (Oulland 1989; Hilborn & Walters 1992; Ricker 1969).
For animals which are difficult to cage or keep in captivity, growth
rates as well as rates of recruitment and age-specific mortality can be
estimated by direct measurement from tag-and-recapture methods, or
inferred from length frequency data or the presence of growth rings in the
bivalve shell (Hilborn & Walters 1992; Rhoads and Lutz 1980). Because
growth and mortality both affect the shape of the length frequency
distribution, knowledge of one parameter may allow deduction of the other,
after utilising some simplifying assumptions (Barry and Tegner 1990).
Many different methods are commouly used to estimate growth, and using
more than one technique is generally recommended for validation purposes
(Beamish and McFarlane 1983).
Tag-and-recapture techniques are commouly used for estimating age
at size and growth rates for bivalves, as well as for estimating stock size
(e.g. Heald 1978; Neilsen 1992; Peterson et al. 1985), and are
recommended in all cases for validation of growth estimates from other
methods. Tag-and-recapture techniques are particularly desirable for
species such as Donax deltoides which are highly mobile and difficult to
sample, however little information is available about the success of
different methods of tagging for highly mobile bivalves living infauna11y on
high energy sandy beaches. Chemical tags which are taken up into the hard
parts of the animal have been nsed for estimating growth in a wide variety
of animals (e.g. Ebert 1987; Francis et al. 1992; Sire and Bonnet 1984), and
are particularly suited for use with both larval and post-larval bivalves
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(Hidu and Hanks 1968; Rowley and MacKinnon 1993). Notching the shell
or inducing a growth check (e.g. by placing in a refrigerator overnight) may
leave marks with the potential to be read externally in the field, offering a
rapid and effective method of mass tagging and reading, particularly if
marks were visible from the outside and could be readily distinguished
from other growth lines and checks on the shell. Growth can be estimated
from these methods without the identification of individual animals, by
measuring the amount of new shell material deposited since incorporation
of the tag.
Tagging methods that allow the identification of individual animals
include engraving of the shell, and painted or glued on tags. Plastic tags are
commonly used for bivalves (e.g. Heald 1978; Neves and Moyer 1988),
and have the advantage of being relatively cheap and quick to apply. Tags
may also be used to locate groups of animals e.g. Dugan (1993) tracked
Donax serra using glued-on aluminium tags and a metal detector. Animals
tagged in this way could not be used to validate growth, as the drag from
the relatively large tags probably affects growth rates.
Length data are generally easier to gather than age data, and fisheries
biologists have been attempting to use length frequency information to
study growth, recruitment and mortality for over a century (Hilborn and
Walters 1992), particularly for tropical species. Prolonged spawning and a
fairly continuous growing season mean that annual growth lines are often
missing in tropical species, making them difficult to age (Pauly 1987).
Hence analysis of length frequency data, in which growth rates are inferred
from a shift in the mean or modal length of different cohorts, is one of the
most commonly used methods for describing growth in marine organisms,
(e.g. Fournier et al. 1989; Kimura 1980; Pauly 1987; Shepherd et al. 1987;
Sparre et al. 1989). Estimates made from this method are, however, often
imprecise and require validation (Beamish & McFarlane 1983), and
assumptions are generally restrictive.
In order to allow the estimation of length and mortality estimates
from length frequency data, most commonly used methods of analysis
utilise some or all of the following assumptions: (i) that each mode
represents one year class or that recruitment comes from one or two
discrete events, (ii) that the distribution of sizes of each cohort is normally
distributed and there is a fixed relationship between cohort mean size and
standard deviation, (iii) that growth follows the von Bertalanffy growth
equation, (iv) that all year classes are equally represented in the sample, (v)
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that all ages are equally vulnerable to sampling, (vi) that sampling is
random and unbiased, (vii) that rates of growth and mortality are constant
during a year and the population structure is stable with a stationary age
structure, and (viii) that modal groups can be associated with age groups
(Barry & Tegner 1990; Ebert 1973; Grant et al. 1987; Green 1970;
MacDonald and Pitcher 1979; Schnute and Fournier 1981; Wilbur and
Owen 1983). Despite these restrictions, length frequency analysis may be
the only method available to obtain growth and mortality data.
Length frequency data can be analysed by simple graphical methods
(e.g. Bhattacharya 1967; Cassie 1954; Harding 1949), however these are
generally regarded as highly SUbjective and not very reproducible (Grant et
al. 1987; MacDonald & Pitcher 1979). More satisfactory is the use of
mathematical procedures to optimise the fit of the distribution function
defined by the population parameters, preferably from sequential
collections. Computer programs are available for this purpose, which
generally produce growth parameter estimates by separating mixtures of
cohorts and fitting the cohort means to a specified growth function
(Fournier et al. 1989; Pauly 1987; Shepherd et al. 1987; Sparre et al. 1989),
making the assumption that recruitment is confined to one or two discrete
events. Wang and Somers (1996) proposed a simple method of estimating
growth parameters from multiple length frequency in popnlations that show
prolonged recruitment, common in invertebrates. An upper size limit for
recruits is specified, which excludes them from the analysis. The change in
mean length of the rest of the distribution is then calculated. This method
has the advantage that it makes no assumptions about the underlying
distributions, there are no constraints on the variance structure, and there is
no need to specify the seasonal recruitment pattern.
The study of periodic checks in the shell is a well established method
of estimating growth in bivalves (Rhoads & Lutz 1980), and may supply
information about life span, variation of growth with age and the
relationship between growth and environmental stress (Dillon and Clark
1980). Because growth is strongly influenced by environmental conditions,
changes in growth rate may cause visible checks, lines or rings in the shell.
Animals living in close proximity are expected to show similar marks.
Growth checks can be caused by high seas, inhibition of growth at low or
high temperatures, physical disturbance, attacks by predators, pollution and
spawning events (Lutz and Rhoads 1980; Wilbur & Owen 1983), and can
be periodic (an effect of tides, lunar months, or season), or irregular (due to
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random events such as cyclones) (Jones 1981). There is some disagreement
about the interpretation of growth lines (Bourget et al. 1991; Jones 1981),
and without validation such data may be unreliable.
There are many estimates of growth published for the genus Donax
(summarised by (Ansell 1983; McLachlan et al. 1996), although such
parameters are difficult to estimate for sandy beach fauna (Chapter 2). The
majority of Donax species are small compared to D. deltoides. Many
appear to have a maximum size in the range 22-24 mm, with a life
expectancy of 1.5-3 years, although D. trunculus (maximum length 45 mm)
may live for five years (Ansell 1983; de Villiers 1975b; McLachlan et al.
1996). The larger D. serra has a maximum length of 80 mm and a life
expectancy thought to be >5 years (de Villiers, 1975a). King (1985)
estimated a maximum size of 58 mm reached in approximately 3.5 years
for D. deltoides.
In this chapter I describe studies with the specific aim of estimating
growth rates, length-at-age, mortality and the timing of recruitment for
Donax deltoides at several sites, and the secondary aim of determining the
most effective tagging method for this species. Specifically I describe: (1)
the collection and analysis of sequential monthly length frequency data
from several sites and from commercially fished samples in order to
estimate growth and mortality, and to infer the timing of recruitment and
stock-recruit relationships, (2) a caging experiment to determine the effects
of different tagging methods on growth, mortality and tag loss, (3) a tagrecapture experiment to determine growth rates, and (4) the sectioning of
shells to estimate growth rates.
4.2 METHODS
In order to estimate growth rates, the timing of recruitment and
mortality, I collected approximately monthly samples collected from
several sites as described in Chapter 2. Where numbers of pipis were low, I
collected additional animals haphazardly until I had a total of 200 animals
in order to allow accurate determination of the mode of each size class. I
sampled between July 1993 and November 1997 from Seven Mile Beach
and Comerong Island, and from three sites on Stockton Beach, 0.6, 3 and 6
km from the north headland, Birubi Point between July 1995 and
November 1997 (see Fig. 2.1), although not all sites were sampled on all
occasions or indeed in all years. In order to assess temporal variation in
length frequency, I made occasional additional collections at random
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intervals. This also avoided any bias from changes in behaviour linked to
the lunar or tidal cycle.
4.2.1 Length frequency data
I used simple modal analysis to estimate growth. I used modes rather
than means, because the first cohort was often truncated as my sieve only
retained animals ~6 mm. In addition, where cohorts overlap, methods of
analysis which separate the tails of the distributions to enable an estimation
of means are all fairly subjective and hence introduce bias. Using modes is
less subjective, as no such separation of the tails is required, provided that
the modes are fairly clear.
To ensure that the modes were unambiguous, I did not include
cohorts which had <10 animals in a length grouping. I grouped animals into
2 mm length classes. By convention, size class intervals between I and 5%
of the size of the largest specimen found are widely used (Cerrato 1980),
and 2 mm was 2.5% of the largest pipi length (79 rom) found during the
study. I picked modes by eye, using the mid-point of the most frequently
occurring size grouping as the mode, e.g. when the largest number of
animals were in the size group 8-9.9 mm, I used 9 mm as the mode.
I plotted modal length for each size class over time. For apparent
cohorts, in which I was able to follow the progression of modes, I fitted
lines using the least squares method. I selected data after close examination
of sequential length frequency plots and the modal curves themselves to
ensure that these data sets did appear to be cohorts. I extrapolated these
lines of best fit backwards to zero size in order to obtain an estimate of
settlement date. (Note that I did not assume that growth in this part of the
growth curve was linear, nor that pipis settle at zero size, however I did
assume that growth was fairly constant between settlement and 6 rom in
length, hence this extrapolation allowed me to look for differences in the
timing of settlement from year to year, rather than the real settlement date.)
4.2.2 Preliminary caged tagging trial
In order to determine the relative effectiveness of different tagging
methods, I conducted a preliminary caging experiment, with an initial field
trial in the shallow subtidal using mesh covered trays in an estuarine
environment, just inside the Port Stephens, NSW (32 0 43' S, 1520 9' E), but
all animals died within two weeks. Hence I selected the more exposed Red
Rock Beach in Jervis Bay (35 0 I' S, 1500 42' E) for caging trials. This

118

beach was moderately sheltered, difficult to access, and supported a
population of adult pipis.
I collected 480 animals, >25 rom in length, from Seven Mile Beach
in February 1996, and engraved them with a number in order to
differentiate individuals. I then randomly allocated three animals from eight
tagging treatments (Table 4.1) into each of 20 cages (Le. 45 animals for
each treatment). I selected animals >40 rom in length for tagging with
aluminium tags and neo-iridium magnets, as I felt that the physical drag of
the tags might adversely affect smaller animals. I placed animals in cages
constructed from 500 rom lengths of 400 rom diameter PVC pipe, covered
with 3 rom nylon mesh, in the low intertidal at random intervals along the
shore. I measured animals to the nearest 0.1 rom using Vernier callipers
before placing in the field and after retrieval.
Analysis: I used logistic regression to assess mortality from both cages and
tagging treatments, and a contingency chi-square analysis to assess tag loss.
Results: After three weeks, five cages had been vandalised and removed. I
retrieved, measured and replaced the animals from ten cages in order to
ensure some short term data about tag loss and any effect of tagging on
mortality, leaving five cages undisturbed in order to get a more accurate
estimate of growth rate. On inspecting the site two weeks later, all 15 cages
had been vandalised.
Mortality: Over the three weeks I found no significant difference in
mortality between cages or between the eight treatments using logistic
regression (Table 4.2). Mortality was low, with only five animals out of
240 dying. All dead shells were retrieved i.e. animals had died rather than
escaped.
Tag loss: Animals had not grown enough to see whether chemical tags
(treatments 1 and 2), or growth checks (6) would be successful, and
controls had no tags to lose, hence I did not include these four treatments in
this analysis. I found significant heterogeneity in the numbers of tags lost
between the remaining forms of tagging (X 2 = 31.68, P = 0.0001, df = 3).
Aluminium tags had the highest tag loss (47% lost). Other treatments all
had low levels of tag loss «10%).
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Table 4.1 Different types of tags and the methods used to apply them in a preliminary
tagging trial of Donax deltoides. Of a total of 480 animals, 45 animals were randomly
allocated to each tagging treatment, and three from each treatment group were randomly
allocated into each of 20 cages in the intertidal region of Red Rock Beach in Jervis Bay,
NSW. Animals kept at 18'C unless otherwise specified.

type of tag
chemical

method
(applied by immersion for 18 hours in solution as specified,
read under high intensity blue or UV light, 390-510 om)
Calcein - 500 mgIl in seawater (SW); pH adjusted to 8.1
(Rowley & MacKinnon 1993)
Tetracycline hydrochloride (T-HCIJ - 500 mg/l in SW;
pH 6.8 (Secor et al. 1991)

external tags

(attached to left valve using cyanoacrylate (TM: Selley's
Supaglue) after sanding with wet-and-dry paper)
Plastic tags - Hallprint 4x8 mm numbered blue plastic tags,
attached to ventral surface
Aluminium tags - lxlOxlO mm; attached to ventral surface;
Fisher CZ-6 metal detector used for searching
Rare earth ItUlgnets - 3 mm dia. x2 mm high, gold-plated
neo-iridium magnets (from W.J.B. Engineering, Bulli, NSW),
attached to posterior surface; Fisher FX-3 FerroProbe for
searching.

other

Induced growth check -18 hr immersion, aerated SW, 4'C
Notches - two, cut into shell ventral margin, 2 mm apart

control

No treatment - kept under the same conditions (aerated SW)

Table 4.2 Analysis of the effect of tagging on mortality in caged, tagged Donax
deltoides, using logistic regression to test for heterogeneity among cages and among
tagging treatments, with "cage" as a random factor with ten levels and "treatment" as a
fixed factor with eight levels. There was no significant interaction between cage and
treatment (p = 1.000) hence the regression has been re-calculated without the interaction
term.
Source
cage
treatment
error
total

df
9
7
223
239

X2
0.727
0.729
18.793
28.058

p
0.9999
0.9981
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Growth: Over three weeks in the field, animals grew an average of 0.3 mm
± 0.3 mm (n=235). Because the cages were in place for such a short time, I
have not attempted to assess the effects of different tag types on growth
rates.
4.2.3 Tag-recapture field experiment
Site selection: In order to measure growth in the field, I conducted a noncaged tag-recapture experiment. I selected Connor's Beach (Fig. 4.1) and
Third Beach within the Hat Head National Park, in close proximity to
beaches where commercial quantities of pipis occur (Cresceut Head,· NSW,
30 0 59' S, 1530 4' E). These beaches were relatively short (800 and 500 m
in length), and difficult to access. I found large pipis on these beaches,
which were not commercially harvested (pers. comm. NSW Fisheries
personnel and commercial fishers). Advice from the local branch of the
Mid-North Coast Amateur Deep Sea Fishing Associatiou indicated that
there was little or no recreational harvesting from those beaches except for
bait, and all members of the local fishing club (the main users) agreed to rerelease any tagged animals found. I selected short beaches to assist in
relocating released animals as I had previously placed c. 400 tagged
animals on Stockton Beach in order to look at short term longshore
movement, but was unable to locate anyone week later.
Tagging and release: I collected and measured 2000 pipis from Stockton
Beach on 115196 (Fig. 4.1b), and tagged all animals with numbered 4x8 mm
Hallprint plastic tags to allow easy identification. In addition, I doubletagged 900 animals in order to test other tagging methods, uncaged, in the
field. On the basis of the preliminary caging trial, I did not use aluminium
tags or cold-treatment. Of 2000 animals witb plastic tags, I treated 200
animals with notches, 500 with tetracycline-HCl (T-HCl), and 200 with
neo-iridium magnets (tagging as described in Table 4.1). I selected T-HCl
over calcein because no toxicity data are available for calcein, which is
barred for release in some American states (Sigma Chemical Co.). I
released two thirds of the pipis at Connor's Beach, and the remainder at
Third Beach on 3/5196. I collected a second set of 1500 pipis from Hat
Head Beach on 16/8/96, measured and tagged them with plastic tags only,
and released them on 17/8/96 with the same proportion on each beach.
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Figure 4,1 Top. Connor's Beach, NSW, where 1300 Donax deltoid.., tagged via
different methods, were released on 315196, and a further 1000 on 17/8/96. Bottom. The
author using a Ferroprobe FX-3 detector to search for pipis tagged with neo-iridium
magnets.

122

Retrieval: Six people spent a total of 100 person-hours on 14/8/96 and fonr
people spent a total of 80 person-hours on 14/6/97 searching for pipis,
using a Fisher FX-3 FerroProbe (Fig. 4.1b) to look for animals tagged with
neo-iridium magnets, as well as a variety of hooks, hoes, and yabbie pumps
to search for other tagged animals. Searching was begun at high tide and
continued until two hours after low water, and included the intertidal,
swash and subtidal region.
I measnred and replaced any tagged pipis found, with the exception
of one T-HCl tagged individual, and inspected any untagged pipis found for
unusual growth checks, any sign that the plastic tag had become detached
(e.g. a paler spot on the right valve), and any notches. I plastic tagged all
untagged pipis found and returned them to the beach, an additional 248
tagged pipis.
Analysis: I used a Gulland-Holt plot to estimate the von Bertalanffy
growth parameters (Gulland and Holt 1959), as the more usual Petersen
method assumes that data are collected a year apart. In a Gulland-Holt plot,
growth increment is plotted against mean length (i.e. [length at release +
length at recaptnre]/2). The X-intercept of a line fitted to these data gives a
crude estimate of Loo, and the slope provides an estimate of K. This method
assumes that all animals are following the same growth trajectory
(Kaufmann 1981), and that animals are exhibiting von Bertalanffy growth,
where the equation
L, = Loo(1 - exp[-K(t-t,,)])

Equation 4.1

describes growth, where L t is the length at age t, Loo is the theoretical
maximum (or asymptotic) length, K is a growth coefficient which gives a
measure of the rate at which maximum size is reached, and t" is the
theoretical age at zero length (Beverton and Holt 1957).
Growth rates are frequently compared using the growth index cp',
which is derived from the von Bertalanffy growth coefficients K and Loo,
where cp' = log IO(K) + 2 log IO(Loo) (Pauly and Monroe 1984).
4.2.4 Mortality
Mortality can be estimated in a number of ways. The instantaneous
total mortality rate, Z can be calculated from the exponential decay
expression N,INo = e- z" where No is the number of individuals at time t=O
and N, is the number remaining at time t, and can be estimated from a
survivorship curve. Each size class is assumed to represent a year class, and
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the number present in each class are plotted against age (King 1995). In a
fished species, if accurate growth data are available, Z can also be
calculated from the length frequency distribution of the catch (Pauly 1983).
A length-converted catch curve is constructed, which involves plotting
In(fldt) against T, where f is the number of individuals in each age class, T
is relative age, and dt is the time taken to grow through a particular size
class. Z is then approximated by the slope of the regression line of the
descending portion of this graph (Pauly 1983).
All of the methods available to estimate mortality rely on the
assumption that all portions of the population have an equal chance of
being sampled, that the age distribution is stationary, that recruitment is
invariant from year to year and that mortality is constant over time (Barry
& Tegner 1990; Ebert 1973; Green 1970).
I used length frequency data from transects to obtain an estimate of
total mortality by pooling monthly samples for a 12 month period,
assuming that the age distribution was stable. In order to compare estimates
of mortality from different methods, I collected length data from the
NewcastlelNelson Bay Commercial Fishermen's Cooperative (hereafter
Newcastle Co-op) and the Sydney Fish Markets for pipis consigned from
the Newcastle Co-op. At approximately monthly intervals in 1996, I took
scoops at random from all tubs on the market floor, sampled at least 10% of
each tub, and took photographs of these samples. I scanned the photos into
a computer and used NllI Image to obtain estimates of pipi lengths.
4.2.5 Shell growth checks
In order to estimate growth rates from periodic checks in the shell I
collected 40 pipis across a wide range of sizes from a small patch on
Stockton Beach on 1/4/96. Occasional strong, highly visible growth checks
occur at irregular intervals on the shell of pipis and are probably
disturbance rings from random events such as storms (Jones 1981).
Generally aging from disturbance lines involves counting the number of
regular rings and assuming that they are laid down annually, or following
the progression of an irregular disturbance line caused by a known event. I
used a "Wild" dissecting microscope at 40x magnification to determine
whether external growth checks appeared consistent between animals of the
same size. I made thin radial sections from a subsample, following the
detailed methods given by (Clark 1980), then examined these with a Nikon
microscope at 400x magnification to look for periodic disturbance lines. I
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also kept shells from regular collections in order to follow gross
disturbance rings in shells from a single cohort.

4.3 RESULTS
For convenience I have divided the population up into several
components on the basis of length. I have defined recruits as animals
between 6 and 15.9 mm in length, juveniles as between 16-37 mm, and
adults as those individuals that are sexually mature (see Chapter 3), as >37
mm). These are similar to the categories other authors have used e.g.
(Defeo et aI. 1992b; McLachlan and Hanekom 1979; Schoeman 1997).
These divisions are somewhat arbitrary, and I am defining recruitment· by
size, but in fact "recruits" may disappear from the system at quite large
sizes. Hence I will refer to "successful recruitment" as those animals which
survive to fonn a strong cohort.
4.3.1 Length frequency data
Modal progression indicated that initial growth was rapid at all sites,
and I found large numbers of animals <8 mm in length at nearly all times
of the year for all sites (Fig. 4.2). Settlement was clearly not confmed to a
discrete pulse per year. In addition, length frequency collections replicated
at short time intervals «2 days apart) showed various modes completely or
partially missing from one sample, but present in the other, as described
more fully in Chapter 2 (marked with asterisks in Fig. 4.2). The fact that
these age classes reappear implies that "disappearance" from the samples
was due to migration (discussed in Chapter 2), not mortality, and that
animals collected from any given transect are unlikely to be a
representative sample of the population. Potentially continuous recruitment
and unrepresentative sampling violate the assumptions of computer models
such as ELEFAN (Gayanilo et aI. 1988), MIX (McDonald & Green 1980),
MULTIFAN (Fournier et aI. 1989) which are frequently used to estimate
growth. I therefore used simple modal analysis to estimate growth, by first
plotting sequential length frequency data (Fig 4.2), then plotting the modes
Figure 4.2 Length frequency of Donax deltoid.. collected from downshore transects

from five sjtes at three beaches in NSW. Where <200 animals were found in transects,
collections continued haphazardly until 200 were collected where possible. Hence n =
200 for collections unless specified (figure under date). Size groupings were at two rnrn
intervals.
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Figure 4.2a. Seven Mile Beach
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Figure 4.28. Seven Mile Beach continued
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Fig. 4.2b. Comerong Island
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Fig. 4.2c. Stockton Beach, 0.6 km from Birubi Point
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Fig. 4.2d. Stockton Beach, 3 km site
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Fig. 3.3e. Stockton Beach, 6 km from Birubi
Point
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of each cohort against time (Fig. 4.3). Where sampling was <5 days apart, I
selected the data set with the clearest modes.
Growth: Initial growth (i.e. from 6 mm to 30 mm) was rapid at all sites,
and appeared to be linear, at least initially. I have fitted Jines of best fit to
the clearer modal progressions (Fig. 4.3), chosen by eye and after
examination of length frequency data (Fig. 4.2). For the Jines of best fit
(Fig. 4.3), the regression coefficients are high (Table 4.3). Only one
regression coefficient was <0.5, all others were >0.8. I have been
conservative in fitting curves e.g. in the five years for which I have data for
Seven Mile Beach, my interpretation suggests that settlement was
successful i.e. appeared to generate only three

Figure 4.3 Plots of the modes of sequential length frequency distributions of Donax

deltoides collected from downshore transects at five sites on three beaches in NSW.
Lines of best fit (numbered) have been fitted by least squares regression to some
portions of the data (selected by eye) in which the progression of modes could be

tracked, in order to estimate growth rates. Vertical scale is the same for all graphs, but
horizontal sca1es reflect different sampling periods. Gaps in data for Comerong Island
reflect severe erosion and the disappearance of pipis.
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Fig. 4.3(a) Seven MlIe Beach
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Fig. 4.3(b) Comerong Island
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Fig. 4.3(d) Stockton Beach, 3 km from Birubi Pt
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Fig. 4.3(e) Stockton Beach, 6 km from Birnbi Pt
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distinct cohorts (curves (i), (ii) and (iii) iu Fig. 4.3a). Two other cohorts are
less clear or have fewer data points «iv) and (v». Using the lines of best
fit, I estimated how many months it would have taken for cohorts to
increase within the range marked by the solid regression line in Fig. 4.3,
and I have given an equivalent monthly growth rate (Table 4.3), which I
will use to compare growth. Note that I am assuming that modal
progression does imply growth.
For Seven Mile Beach, all modes increased rapidly (Fig. 4.3a),
implying growth rates of 2.9-6.4 mm mth·! in the range 6-30 mm (Table
4.3a). Large animals were rare at this site, hence I was unable to estimate
growth for animals> 35 mm, although pipis do grow to large sizes on this
beach (see Fig. 4.2a).
At Comerong Island, modes progressed at different rates between
cohorts of different sized animals, with larger animals growing more
slowly (Fig. 4.4b) The larger animals in cohort (i) grew at 0.4 mm mth·! in
the range 45-55 mm, compared to 1.4 mm mth·! (range 35-50 mm) for
cohort (ii) (Table 4.3b). Smaller animals (cohort (iii), 6-30 rom) had an
equivalent growth rate of 4.7 rom mth·!. I found more large animals at this
site than at Seven Mile Beach prior to a gap in data after February 1995.
Large animals were also present when I resumed sampling at this site in
June 1996, however by August 1996 I could ouly find a few large animals
at either site.
Large animals were more common at Stockton Beach and I found
clear differences in growth rates between small and large animals. For the
0.6 kID site, closest to Birubi Point, cohort (i) (35-50 mm) had an
equivalent growth rate of 0.7 mm mth·! (Table 4.3c, Fig. 4.3c), smaller
animals (cohorts (li) and (iii), 6-30 mm) had equivalent growth rates of 3.34.4 mm mth-!. At the 3 kID site, small animals (cohorts (ii) and (iii), 6-30
rom) had equivalent growth rates of 5.0-5.5 rom mth-! (Table 4.3d, Fig.
4.3d), whiJe larger animals (cohort (i), 40-50 mm) had an equivalent
growth rate of 1.3 mm mth·!. Further along the beach, at the 6 kID site, I
frequently found large animals but there was an almost complete lack of
intermediate sized pipis (20-45 mm) between June 1996 and January 1997
(Fig. 4.3e). Larger animals (cohorts (i), (ii), (iii), 50-60 rom) had equivalent
growth rates of 2.6-3.4 mm mth-!, whiJe smaller animals (cohort (iv), 6-30
mm) had an equivalent growth rate of 5.9 mm mth·!.
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Table 4.3 Growth rates of Donax deltoides estimated from modal analysis of size
frequency data for five sites at three beaches. Growth rates were calculated from a line
of best fit, and "cohort" indicates which data set (numbered in Fig. 4.3) these figures
pertain to. "Months" is the time pipis appeared to take to grow from size a to size b,
"mm mth-I" represents the monthly growth rate within the range of the regression, and
r2 is the correlation coefficient of the relationship between size and time. In addition, an
approximate time of settlement is given, estimated by extending the line of best fit to a
size of zero where appropriate, to allow comparisons between sites.

to grow from
a
b
to

mm

r2

mth-1

6
6
6
6
6

30
30
30
30
30

4.3
3.6
2.9
6.4
3.3

0.98
0.98
0.95
1.00
1.00

Sept 93
July 94
Aug 95
Nov 96
Dec 96

(b) Comerong Island (Fig. 4.3b)
(i)
27.3
45
(ii)
15.9
35
(iii)
6
5.1

55
50
30

0.4
1.4
4.7

0.47
0.82
1.00

Oct 96

Sites on Stockton Beach
(e) 0.6 km (Fig. 4.3c)
(i)
21.4
35
(ii)
7.3
6
(iii)
5.5
6

50
30
30

0.7
3.3
4.4

0.90
1.00
0.96

July 95
Sept 96

(d) 3 km (Fig. 4.3d)
(i)
10.3
(ii)
4.8
(iii)
4.4

40
6
6

50
30
30

1.3
5.0
5.5

0.90
0.93
0.94

Aug 95
Aug 96

(e) 6 km (Fig. 4.3e)
(i)
3.9
(ii)
3.9
(iii)
3.0
(iv)
4.1

50
50
50
6

60
60

2.6
2.6
3.4
5.9

0.97
0.99
0.99
0.95

S!:,Et 96

cohort

months

(a) Seven Mile (Fig. 4.30)
(i)
5.6
(ii)
6.7
(iii)
8.3
(iv)
3.8
(v)
7.3

60
30

est. time
settled
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r found few differences in inferred growth rates within or between
sites, at distances up to nearly 300 Jan. My three sites on Stockton Beach
returned very similar results, althongh the size of cohorts varied among
sites. Cohorts (i), (ii) and (iii) at both the 0.6 and 3 Jan sites showed similar
equivalent monthly growth rates. r did not commence sampling at the 6 Jan
site until June 1996, but where data overlap with the other sites, cohort (iv)
at the Stockton Beach 6 Jan site appeared to be the same as cohort (iii) at
the other two sites. Similarly, cohort (iii) on Comerong Island was very
similar to cohort (iv) at neighbonring Seven Mile Beach.
Pattern of recruitment: I found large numbers of recruits at all sites for
most of the year. For example, over all sites, the smallest age group (6-7.9
mm) was represented in >90% of collections, and >70% of samples
contained at least 5% of tlris size grouping (Fig. 4.2). These settlers rarely
established substantial cohorts. Through all sites and all times sampled
there were no occasions on which I found no animals <'16 mm in length
(Fig. 4.4 ). An examination of the proportion of recruits, jnveniles and
adults for each month sampled did not reveal any clear seasonal pattern,
with recruitment possible at all times of the year (Fig. 4.4).
Cohorts at Seven Mile Beach appeared to be initiated by settlement
ouly in the last half of the year, but not in the same month every year (Fig.
4.3a). I ouly observed the establishment of one clear cohort at Comerong
Island, in October (Fig. 4.3b). At the Stockton Beach site closest to Birubi
Point I only observed two well-defined cohorts to establish dnring two and
a half years of sampling. These cohorts «ii) and (iii)) settled around July
1995 and Septemher 1996 (Fig. 4.3c). At the 3 Jan site, cohorts (ii) and (iii)
settled in August of 1995 and 1996 respectively (Fig. 4.3d) while at the 6
Jan site the only sucpessful settlement I observed was in September 1996.

Figure 4.4 Proportion of different size groups of Donax deltoides occurring in each

month sampled from down-shore transects from three beaches in NSW. Recruits (6-15.9
nun), juveniles (16-36.9 rom) and adult (>37 rom). Data from multiple transects in the
same month pooled. and three sites at Stockton Beach have been pooled. Bars above
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At regional scales, the timing of settlement leading to successful
recruitment was similar. Cohorts (i), (ii) and (iii) at both the 0.6 and 3 km
sites on Stockton Beach were virtually identical in the timing of settlement
and showed similar growth rates. At the 6 km site, cohort (iv) appeared to
be the same as cohort (iii) at the other two sites. Similarly, cohort (iii) on
Comerong Island was very similar to cohort (iv) at the neighbouring Seven
Mile Beach. I found only minor differences in the dates on which these
cohorts became established, with settlement occurring in July-August 1995
and in September - November 1996 in all cases.
Mortality: The degree of variability in the length frequency data that I
found for all sites precluded any simple estimation of mortality based on
length frequency data. Length frequency distributions sometimes varied
dramatically from day to day, hence, as for growth estimates, any given
transect was unlikely to provide a representative sample of the population.
The intermittent disappearance of some size classes, particularly larger
animals (Chapter 2) would bias mortality estimates based on the
exponential decay model. The age distribution was not stable from year-toyear and there was clearly more than one recruitment pulse p.a .. These
violations in assumptions applied to both transect data and commercial
catch samples and meant that formal estimations of mortality were
inappropriate. Indeed pooled data over 12 months from my Stockton Beach
6 km site imply negative mortality, as I found more large animals than
small (Fig. 4.5).
When I pooled transect data for each site across a 12 month period
(July 1996-1997), the three beaches show apparent differences in mortality
(Fig. 4.5). I found almost no animals large enough to be sexually mature
("237 mm) at Seven Mile Beach duriug this period (Fig. 4.3a), and few large
animals at either Comerong Island or the 0.6 km site at Stockton Beach in
comparison to the other sites at Stockton Beach. I found very few juveniles
(between 16 and 37 mm) at the Stockton 6 km site .
.Length frequency data from the commercial catch indicate that
different sizes were taken by commercial fishers at different times,
occasionally including quite small animals (20-30 rom, Fig. 4.6).
Iuterestingly, the commercial catch included large numbers of juvenile
animals, which were rare in my transects on Stockton Beach (Fig 4.5).
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Figure 4.5 Combined monthly length frequency data for Donax deltoides collected
from down shore transects from five sites and three beaches in NSW. Data have been
pooled for the period July 1996 - June 1997. Hence each graph represents 12 months of
size frequency data.
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Figure 4.6 Size frequency distributions for samples of Donax deltoides. from the
commercial catch from Stockton Beach, NSW. (al monthly samples and (bl pooled data
over 12 months. Numbers vary for each sample and are given below the sampling date.
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4.3.2 Tag-recapture experimeut
I retrieved very few tagged pipis. In August 1996. I found four
tagged animals on Connor's Beach. and two on Third Beach. All had
retained the plastic tag. and one was double-tagged with T-HCl. I kept this
animal. but replaced the other five. In June 1997. I found no tagged animals
on either beach. The mean growth of the six tagged pipis was 2.4 ± 2.1 mm
over the 104 days they were in the field (a rate of 0.7 ± 0.6 mm mth-I). This
was lower than the mean monthly equivalent estimated from length
frequency data for animals >30 mm in length (1.8 + 1.1 mm mth-I). These
estimates were significantly different (t = 2.32. df = II. P = 0.04). Tagged
adult animals (>37 mm) grew more slowly than recruits (16-37 mm). A
Gulland-HoIt plot (Fig. 4.7) suggested a value of L= =64.6 and k =0.6 yr-I
for the von Berta!anffy growth parameters. All animals retrieved had a
strong disturbance check. which was associated with the T-HCl mark in the
chemically tagged animal.
4.3.3 Shell growth checks
I fouud that naruralJy occurring growth checks were difficult to
interpret. with even quite large external marks. which appeared to be
disturbance checks. present on some animals but not others within a single
patch of animals (Fig. 4.8). In addition. pipis did not show strong annuli.
and I was not able to age animals using this technique.
4.4 DISCUSSION
Predictions from the life history of species in variable environments
suggest that fast growth to maturity would be advantageous. possibly
followed by slowed growth once spawning starts (Stearns 1992; Wilbur &
Owen 1983). My data suggested that spawning was prolonged. hence I
would expect to fmd settlement all year round, and in unpredictable
habitats, recruitment is likely to be variable and mortaIity high. My data
were in agreement with these expectations. For smaller animals initial
growth was rapid, from 6 mm to 30 mm within 4-8 months.
Growth clearly slowed with size. I found fairly consistent, fast
growth rates both between and within regions, although data from tagging
indicated slower growth than data from length frequency analysis.
Recruitment patterns were consistent both between and within sites. I found
small animals all year round although successful recruitment only occurred
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Figure 4.7 A Gulland-Holt plot from tag-and-recapture data for tagged Donax delloides
retrieved from Hat Head. NSW. Mean length (mm) was plotted against growth rate per
week (mm per week) for six pipis retrieved after 104 days in the field. The line of best
fit, calculated by least squares regression, was of the form y = 0.6463 - 0.0106x, and
growth parameters were estimated from the numerical value of the slope and X-axis

intercept respectively as K = om wk'! and L..= 64.6 mm.
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in the second part of the year during this study. Mortality varied both
between and within sites, with few large animals found at some sites.
4.4.1 Growth
Using length frequency data, I found that growth was rapid in small
animals. Pipis appeared to reach 37 mm in <10 months at all sites, at which
size 50% are sexually mature (Chapter 3). Growth appeared to slow in
larger animals, but I found more variation in growth rates between sites
with increasing size, with quite large differences between animals from
sites on the same beach. While I would expect larger animals to grow more
slowly, high variation between such relatively close sites seems unusual.
For instance, large pipis at the Stockton Beach 6 km site were growing
faster (between 2.6-3.4 mm mth·!, Table 4.3) than large animals at the 3 km
site(1.3 mm mth·!), or the 0.6 km site (0.7 mm mth·!). Pipis may reach
smaller sizes at the north end of the beach i.e. the asymptotic length may be
different for the different sites, however I did find large animals at the 0.6
and 3 km site, but in smaller numbers. There might be differences in food
supply, temperature or sediment characteristics, however I suspect that the
real reason is intensity of harvesting. Access points are located at Birubi
Point, near the 0.6 km site, which large numbers of people use. The
recreational harvest is high (see Chapter 5), hence the apparent differences
in the growth curves for larger animals at the 0.6 km and 3 km sites may be
simply due to the selective removal of larger animals. This may also be the
case at Seven Mile Beach, which was very heavily harvested in the initial
phases of this study, hence the apparent abrupt flattening of growth at a
small size at this site was probably an effect of harvesting, although a move
offshore by larger animals would have a similar effect.
A slowing of growth with size is common in bivalves, particularly as
animals reach sexual maturity and begin to channel energy into
reproduction (Wilbur and Owen 1983). Growth slows for other reasons as
well. Metabolic rate has long been known to decrease with increasing size
in bivalves, for example growth efficiency in Mytilus decreased from 84%
in animals <6 mm in length to II % in animals of 90 mm (Jorgensen 1952).
Similarly, feeding efficiency decreases with size in bivalves (e.g. Chipman
and Hopkins 1954; Jorgensen 1949).
In order to determine the relationship between size and age for this
species, I have constructed an age-length key (Fig. 4.9), based on length
frequency data from Stockton Beach. The key is speculative, particularly
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Figure 4.9 Age-length key for Donax deltoides constructed from growth data from
Stockton Beach, NSW. Section (a) was based on the mean of the slopes of five cohorts
of smaller animals from three sites at Stockton Beach, section (b) from the means of the

slopes of three cohorts from the Stockton Beach 6 km site, and Section (c) from the
inflection point of a cumulative frequency plot of all sizes collected from Stockton

Beach. Dotted lines are 95% confidence intervals generated as the mean of the slope ±
(SE x t df,O.OS).
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for larger pipis, and I have made no attempt to smooth the cnrve. From this
age-length key, animals appeared to reach sexual maturity within 6-10
months. At the end of their first year, they are between 51 and 54 mm in
length, and have reached the asymptotic length of 75 mm before their third
year (in 18-22 months).
There are three sections to the age-length key. For section (a), I used
the mean of the slopes of the lines of best fit for all cohorts of smaHer
animals from the 0.6, 3 and 6 km sites at Stockton (Fig. 4.3e), and have
plotted 95% confidence intervals around this mean calculated as SE x t df,
0.05. While I have included the range 0-6 mm in Fig. 4.9, I have no
information about animals of this length as my 3 mm sieve mesh only
retained animals ~6 mm in length.
Section (b) of the age-length key consists of data from the 6 km
Stockton Beach site (Fig. 4.3e), as this is only site for which I have

145

consistent data for larger animals, and is the least harvested of the three
sites (6 km is further than most recreational harvesters venture, while
commercial fishers generally work at greater distances along the beach, see
Chapter 5). These cohorts are close together, and other interpretations are
possible. Section (c) of the key comes from a cumulative frequency plot of
sizes recorded on Stockton Beach during my study, which indicates an
asymptote at 75 mm, although I did frod a few larger animals.
Fast initial growth rates are typical of the genus Donax in their first
year (Ansell 1983), with growth typically slowing around the age of sexual
maturation. Growth is generally slower and seasonal differences more
pronounced in species from higher latitudes (Ansell and Lagardere 1980;
Bodoy 1982; Guillou and Le MoalI980). My estimate of around 50 mm in
the first year for D. delta ides was high, however other sandy beach species
of comparable size show growth rates similar to this. For example, in
Uruguay the yellow clam, Mesodesma mactroides, also reached around 50
mm by the end of its first year (Defeo et al. 1992a,b) Growth then slowed
(length frequency analysis and counting growth rings), with the yellow
clam taking 3 years to reach its full size of around 85 mm. King (1985)
estimated that D. deltoides in South Australia took six months to reach a
size of 18 mm, and 3.5 years to reach its maximum length of 58 mm
(length frequency data), both slower growth and a smaller maximum size
than my figures. This may be due to colder water iu South Australia, or
undersampling of large clams, as King restricted sampling to the intertidal
and swash. The growth curve for D. serra in South Africa (derived from
following growth disturbances in the shell) was much flatter in its initial
stages than that of most Donax species, and this species had only reached
20-30 mm by the end of its first year (de Villiers 1975a).
I used simple modal progression to analyse length frequency data as
my data did not meet most of the assumptions required for other length
based methods. Samples of pipis were frequently not representative of the
population as a whole, due to the high mobility of different age classes
(discussed in Chapter 2). This behaviour and its effect on length frequency
distributions can clearly be seen on the occasions where I have collected
additional samples on subsequent days. Such changes can completely alter
the shape of the length frequency plots, with size classes appearing or
disappearing, and the apparent mode changing. In addition, I found
prolonged recruitment which may bias estimates of growth parameters by
retarding the progression rate of mean sizes (Wang and Somers 1996). The
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method of Wang and Somers (1996) does not make the assumption that
recruitment is confined to a discrete event. However. this method. which
excludes recruits before calculating a mean length for each cohort. is
perhaps even more reliant on obtaining a representative sample than other
methods. Sampling problems such as I encountered for pipis. such as the
occasional .. disappearance" of a size class. or the likelihood that larger
animals sometimes shift to the subtidal meant that the mean length of a
sample could change from day to day. I attempted to fit growth curves to
my length frequency data with the maximum likelihood computer program
MULTIFAN (Fournier et al. 1989). however parameters failed to converge
and gave nonsensical estimates. Hence I have restricted my analysis to a
plot of modes against time because of the prolonged recruitment, sampling
problems. and often non-normal data demonstrated by my data set.
My estimate of growth rate for the six tagged auimals that I was able
to retrieve (0.7 ± 0.6 mm mth· l ) was siguificantly lower than my estimate
for larger auimals from length frequency data (1.8 ± 1.1 mm mth· I ). My
growth estimates from this method may have been low due to tagging
effects. handling shock. lack of food or unsuitable habitat. as pipis were
collected from different beaches prior to release. In addition. this type of
cross sectional data requires large numbers of individuals (Kaufmann
1981). and should be estimated over a longer period of time (a year is
customary) to minimise the effects of initial handling shock. and to ensure
that seasonal fluctuations in growth do not affect estimates of growth
parameters.
At least part of the reason for the low recapture rates of tagged pipis
(only 0.3% of animals from the first release. and none from the second)
was a bad storm on the northern NSW coast immediately after releasing the
first 2000 pipis. High seas so soon after handling and placement on the
beach probably caused high mortaIity. In addition. these beaches became
severely eroded after this storm. and may not have remained suitable pipi
habitat. There was also a bad storm shortly after I released the second set of
tagged animals. Other attempts to tag this species have also proven to be
unsuccessful. as described in Chapter 1.
My estimates of growth from length frequency data were remarkably
consistent, between regions subject to different patterns of current flow and
temperature. and between years. My estimates from length frequency data
are more likely to be closer to the true growth rate than the slower values
from tagged animals. and I offer the following in support of this contention.
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1. I have length frequency data from five sites, with large sample sizes
(generally ;:>: 200), over a long period of time (up to five years), while
tagging data were only for 6 animals over 3.4 months, despite the
placement of >2,700 tagged pipis in the field. 2. Length frequency data
come from populations on long, flat beaches where pipis were frequently
found in large quantities. While I ensured that the beaches where I placed
the tagged animals did in fact support adult pipis, densities were lower, and
these beaches were closer to reflective (sensu Wright and Short 1983).
Given the consistency of my estimates of growth from length frequency
data in the range 6-30 mm, I feel that it is reasonable to assume that pipis
grow rapidly initially, taking between 4-8 months to reach 30 mm.
Estimates of the von Bertalanffy growth parameters derived from my
data show good agreement with those found for other species of bivalve
(Table 4.4). <p' (derived from K and L=) offers a convenient method of
describing growth and comparing species (McLachlan et al. 1996). I
estimated <p' from: 1. Length frequency data, using the age-length key to
calculate K (= 1.07 yr- i ), and using the asymptotic size for L= (75 mm),
giving <p' = 3.78; 2. Tagging data, using a Gulland-Holt plot of tagged pipis
to estimate L= = 64.6 and K = 0.57 yr· i , <p' = 3.38. Estimates of <p'
calculated for other species are included in Table 4.4. Quly one estimate of
<p' is higher than my length frequency estimate, for Paphies ventricosa in
New Zealand (McLachlan et al. 1996). All of the smaller species of Donax
have a value of <p' less than my lower estimate. However most beach clams
of similar size to pipis have <p' intermediate between my estimates, which
may form an upper and lower bound for the pipi.
My age-length relationship of Donax deltoides derived from length
frequency data may over-estimate growth in the latter part of life. While
my data did show a slowing of growth as pipis got larger, growth may slow
more than my estimates indicated after reaching sexual maturity, as it does
in D. serra (Donn 1986). Because animals of 35-45 mm were missing in
many samples, I lack sufficient evidence to accurately determine the
relationship. Bivalves can show large variation in individual growth rates,
both among individuals, within sites, and between regions (e.g. Ansell
1968; Cerrato 1992; Koehn et aI. 1988; Koehn and Gaffney 1984; Peterson
and Beal 1989). Density dependent effects can cause variation in growth
rates in bivalves (e.g. Christensen and Kanneworff 1985; Sastre 1984),
however
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Table 4.4 Comparison of maximum length, L, and a standard growth index

1P'.

for

various beach clam species. Growth index $' is derived from the von Bertalanffy growth
coefficients K and Loo where $' = loglOCK) + 2loglOCLoo) CPauly & Monroe 1984).
Species
D. deltoides

Stockton
South Aust.
Other Donax species
D. cuneatus
D. denticulatus

"
D.faba
D. serra
D. striatus
D. trunculus

"
D. vittatus

other species
Siliqua patula
Tivela stultorum
T. mactroides
Mesodesma donacium
M. mactroides
Phaphies donacina

Locality
Hat Head

India
Caribbean
Venezuela
India
S. Africa
Carribean
Spain
France
Spain

L(mm)
79
79
58
23
23
24
27
80
35
44

44
35

$'
3.38C')
3.78Cb)
3.62
2.55
3.24
2.17
2.64
3.57
3.15
3.08
2.%
2.99

sonr<e

1
1
2
3
3

4
3
3
3
3
5
5

170
3.71
3
187
3.71
3
Carribean
35
2.33
3
100
S. America
3.71
3
85
3.74
3
S.Am.erica
New Zealand
109
3.74
3
P. subtriangulata
3.30
85
New Zealand
3
P. ventricosa
New Zealand
160
3.83
3
Data from: 1. this study, Ca) from tagging and (b) from length frequency data, 2. King
(1985),3. McLachlan et al. (1996) 4. Velez et al. (1985), 3. Guillou and Le Moal (1980)
N.America
N.America

site effects are often much larger than density effects in infaunal clams (e.g.
Peterson and Black 1987; Peterson and Black 1993), and competition and
density dependence may be less important for highly mobile sandy beach
fauna.
I was unable to assess growth rates from the caging experiments due
to the short time that animals were in the field. I was also unable to
interpret growth checks on the shell of pipis, which did not show strong
annuli. The growth rings of shallow water bivalves are often difficult to
interpret, possibly because rapid temperature fluctuations or high wave
activity such as those experienced by intertidal bivalves can cause the
formation of pseudoannuli (Jones 1981; McCuaig and Green 1983). The
lack of strong annual rings in pipis may be due to the fact that growth does
not appear to stop in the relatively mild winter of the east coast of
Australia. Weak annual rings may be also due to the lack of
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synchronisation of the spawning cycle in pipis, while variation in the
timing of spawning behaviour may also lead to differences in the formation
of deposition bands within populations. In any case, visible rings on the
shells of bivalves cannot always be easily related to annual events, even
where bands appear clear (Krantz et al. 1984; Young 1990).
Pipis from the same location did not always share even gross
disturbance rings. This may be due to a number of factors, the most
obvious of which is that some or all of the population at any given time
may be spatially separated (Chapter 2). Different environmental conditions
between the subtidal and intertidal habitat could cause differences in shell
growth increments e.g. animals that do not tidally migrate will be more
exposed to eKtreme temperatores. Alternatively animals that are tidally
migrating may form pseudoannuli due to distorbance from big seas, while
animals stranded in the intertidal may not. If animals are separating into
different conditions on any consistent basis, they may have differing
growth rates at even quite small local scales. Different growth rates for
bivalves from different depths of water or levels of exposure have beea
well documented. For example, onshore specimens of Spisuia solidissirna
grew more slowly than animals from offshore sites (Jones 1980), while
freshwater mussels grew faster at more exposed sites (Bailey and Green
1988). Differences in shell increment formation occurred between samples
of Cerastoderrna edule kept in intertidal and subtidal habitats (Bourget and
Brock 1990). Similarly, specimens of Donax trunculus showed annual
growth rings in subtidal populations in the Mediterranean, which were not
found in subtidal Atlantic coast populations (Bayed and Guillou 1985).
Band deposition is known to vary on a small scale in bivalves, e.g. both
among habitats within estuaries, and among individual Mercenaria
rnercenaria within a single habitat (Peterson et al. 1985).
4.4.2 Recruitment
At least some recruits were present in all my samples at all sites,
sometimes in large numbers (thousands per m 2 , Chapter 2). These waves of
settlers make interpretation of recruitment events difficult. An examination
of the proportion of recruits, juveniles and adults for each month sampled
did not reveal any clear seasonal pattern (Fig. 4.4). On many occasions the
mode of the length frequency distribution was comprised of animals < 10
mm in length (see Fig. 4.3). However, not all of these modes established
cohorts. I have interpreted these events as unsuccessful recruitment,
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however it is equally possible that at high densities, growth may have
slowed greatly, leading to a merging of cohorts. In addition some animals
may have recruited onto the beach before moving offshore, and there is
some evidence in support of this explanation. e.g. Donax serra recruit
subtidally, and move onshore as they grow (Lastra 1993).
The presence of small animals all year round is easily explained by
reproductive data which showed gonad maturation and indications of
spawuing at all times of the year (Chapter 3). At Seven Mile Beach, I found
animals <8 mm in length in 93% of samples over five years, even though
mature animals were rare at this site after 1993 (Fig. 4.4). This indicates
that, at least at this site, there does not appear to be a strong stock-recruit
relationship in this species, and that larvae are dispersing to some degree.
I have estimated possible settlement dates by extrapolating back to
zero size from the lines of best fit in Fig. 4.3, for cohorts that appear clear
in these graphs. Of course, setrlement does not occur at zero size, but it
does appears to be at relatively small sizes in this species e.g. Donax
denticulatus metamorphosed at 245-330 11m (Wade 1968), D. varUlbilis at
275-340 11m (Chanley 1969), and D. vittatus at 250-350 !lID (Frenkiel and
Moueza 1975). Metamorphosis takes place after some period in the
plankton. Other Donax species appear to have a larval life of 3-4 weeks
(Chanley 1969; Frenkiel and Mouez. 1979; Wade 1968), implying that
spawning precedes settlement by about a month. For my data, extrapolation
of the lines of best fit to modal progressions to zero size implies that pipis
take around 3-4 weeks from time of spawning to 6 mm, but this may
overestimate early growth. However because I do not have information
about larval duration and the growth of small animals, I included estimates
of settlement dates from extrapolation of cohorts in Fig. 4.3 in order to
compare sites, rather than to estimate actual settlement times. I have
assumed that the time it takes to settle and reach 6 mm in length does not
vary between sites or times, which also may not be true.
If I define recruitment in another way, as the settlement of animals
that establish cohorts that reach an age where sexual differentiation begins,
then recruitment in this study was remarkably consistent between sites.
Successful recruitment only occurred from animals that settled between
July and December (as determined from extrapolation). While I found
some year-to-year variation in the timing of successful settlements, there
was little difference between sites, with cohorts established between July
and August 1995 and September and November 1996 at all sites between
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widely separate regions. The timing of successful settlement was similar
in previous years at Seveu Mile Beach, where I found successful
settlement in September 1993 and in July 1994. I found minor differences
in settlement dates « 1 month) between cohorts at different sites on
Stockton Beach, and between Seven Mile Beach and Comerong Island,
but these may be due to fluctuations in growth rates, or from enforcing a
linear fit to growth data than real differences in settlement time.
It would be simplistic to assume that the only recruitment that
occurred from such heavy settlement events are the lines that I have
labelled as cohorts. If growth is strongly density-dependent, then
snccessive settlements may converge and form one cohort. Interestingly,
while I did not find differences between years or between sites in the
timing of successful settlements, I did find differences in the timing of
arrival of sequential waves of settlers that were presumably unsuccessful.
At the Stockton 0.6 km site, settlement appeared to be prolonged between
March and October 1996, and May and July 1997. At the nearby 3 km
site, waves of settlers arrived between April and July in 1996 and July
and November in 1997. As described in Chapter 2, I found very high
densities for some of these waves of settlers. It is interesting that so many
settlers arrive on the beach but so few cohorts become established. These
data imply that high post-settlement mortality is a more likely cause of
recruitment variation than supply of larvae for this species.
Post-settlement mortality has not been well studied in other species
of surf clam. Spatial and temporal variation in adult populations used to
be thought to be due to variability in survivorship of larvae, due to the
rigours of planktonic life (Thorson 1950). Recruitment has been shown to
explain widely different amounts of variation in community structure on
rocky shores e.g. from 11-87% in one study (Menge 1991). However
more recent work does not support this hypothesis, and post-settlement
mortality frequently appears to regulate density in marine soft-sediment
invertebrates (see review by Olafsson et al. 1994). Factors structuring
population dynamics and community structures in soft sediment inclnde
food limitation (Carlson et al. 1984; Christensen and Kanneworff 1985;
Peterson 1982; Peterson and Black 1987; Peterson and Black 1993) and
predation (e.g. Peterson 1979).
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4.4.3 Mortality
I found almost no animals large enough to be sexually mature (;<:37
mm) in a pooled length frequency sample for a 12 month period at Seven
Mile Beach (Fig. 4.5a), indicating very high mortality. I found large
animals initially at Comerong Island, but these disappeared during the latter
part of my survey, indicating that the rate of mortality changed over time at
this site (Fig 4.2b, 4.5b). I found few large animals at the 0.6 km site at
Stockton Beach, which implies that mortality was high (Fig. 4.5c). Data
from the three sites on Stockton Beach show apparent differences in
mortality (Fig. 4.5c-e) at relatively short spatial scales. However violations
of the assumptions underpinning the models which are generally used to
estimate mortality precluded a numerical estimation of mortality from
either transect data or commercial catch data.
I found very few juveniles (15-37 mm) in these pooled data sets from
Stockton Beach. This may be due to a movement offshore of this age class
rather than high mortality. However if mortality was high amongst juvenile
animals in this period, there may be implications for futore commercial
catches, although pooled commercial catch data (Fig. 4.6) indicate that
commercial fishers were able to find large numbers of juvenile animals,
perhaps because they were working in somewhat different areas of the
beach.
4.4.4 Sampling considerations
My growth and recruitment data further highlight the inadequacy of
the single transect approach, particularly for comparative stodies, because
of the high vatiation in distribution and abundance found across a vatiety of
spatial and temporal scales (fully described in Chapter 2). As I have shown,
the assumptions underlying demographic models, growth equations, and
fisheries models are particularly likely to be violated for sandy beach fauna,
in particular when the subtidal is not included in sampling or when year
classes are "missing" from samples. To illustrate the degree to which this
may be a problem; I have selected a sample (23111/96) when large animals
were present but were generally restricted to the subtidal (Fig. 4.10). I have
used these data to derive the von Bertalanffy growth parameters K and Loo,
and the instantaneous mortality coefficient, Z, twice, using (i) animals
collected from the intertidal and swash only, and (ti) all animals found,
including the subtidal (Table 4.5). To estimate K and Loo, I used a FordWalford plot (Walford 1946). I estimated Z from the exponential decay
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Figure 4.10 Size frequency distribution of Donax deltaides collected from a shore
normal transect on 23/11/96 from Stockton Beach. Data selected to illustrate bias in
growth parameters when large animals may be located subtidally, and hence not
sampled. Distributions were plotted separately for animals collected from (i) the
intertidal and shallow swash and (ii) the subtidal region.

1:;

r:a

(0 intertidal
.. (iI) sUbtidal

Table 4.5 The von Bertalanffy growth parameters (Leo and K) and mortality estimates
(Z) derived from the size frequency distribution of Donax deltoides collected from a
shore normal transect on 23111/96 from Stockton Beach, NSW. Figures are derived
from (a) pipis collected from the intertidal, data set (i) in Fig. 4.10, and (b) pipis from
all regions combined (subtidal. swash and intertidal), combined data set, (i) and (ii)
from Fig. 4.10. K and Lx. were derived from a von Bertalanffy plot and Z from the
exponential decay of size classes.

parameter
L.o (nun)
K (yrl)
Z (yrl)

(a) intertidal

7 !.I
0.57
0.8\

(b) subtidal
86.5
0.42
0.54
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expression NtlNo = exp[-ZJtl, where No is the initial number of individuals
at time t = D, and Nt is the number surviving at time t. This method assumes
that the size classes shown in Fig. 4.10 are a year apart (King 1995), which
is probably not valid, but allows a comparison of the two data sets. The
estimates of K, L= and Z from these two data sets were very different, with
a much larger asymptotic leugth, slower initial growth and higher mortality
estimated for the complete data set. Wave action stopped sampling at a
depth of 1.1 m, hence the abundance of large animals was underestimated,
which may have further biased estimates. Obviously interpretation of
growth and mortality parameters for sandy beach fauna should consider
these problems.
4.4.5 Conclusions
My data from widely separated sites clearly indicate that growth is
asymptotic, very rapid up to the age of sexual maturity, and that settlement
is prolonged and prolific. In terms of fisheries management, fast growth
and abundant settlement imply that sustainable harvesting should be
possible. However due to sampling difficulties experienced with this
species, more work is required in order to validate the age-length
relationship and estimate mortality. Another tagging trial might yield this
information, possibly by mass tagging large numbers of very small animals
with tetracycline. Tbe recovered tetracycline tagged pipi had a strong
fluorescence line which could be read externally, hence this method was
successful. In addition, because large numbers of recruits on the beach
were often present which did not form cohorts, a study of post-settlement
recruitment processes would be interesting in order to differentiate between
mortality and migration. Also of interest is the source of recruits, and the
degree to which populations are genetically isolated.
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CHAPTER 5 RECREATIONAL AND COMMERCIAL
HARVESTING
5.1 INTRODUCTION
Fisheries managers are becoming increasingly aware of the social
and economic importance of the recreational sector (Matlock 1991;
Swanson and McCollum 1991). Recreational harvesting of finfish and
shellfish is becoming more popular in many countries, with large
numbers of people actively participating (Bengtsson et al. 1991; Kendall
1991; Teirney 1995; van der Elst and Penney 1995). For example, there
are about 60 million recreational anglers in the USA (Kendall 1991),
while Australia also has a large recreational sector. A national survey of
participation in recreational fishing within Australia, completed in 1984,
estimated that 4.5 million people over 10 years of age had fished
recreationally at least once during the previous year, and that these
anglers had made collectively about 48 million fishing trips (PA
Management Consultants 1984). The growth of the recreational sector in
Australia has led to increased conflict with the commercial sector as both
user groups strive to maximise their share of fisheries resources. This
conflict is widespread in fisheries in all countries (Australian National
Recreational Fisheries Working Group 1994; Edwards 1990; Lal et al.
1992; McLachlan et al. 1996).
In Australia, there is growing evidence that for many shared
fisheries resources the size of the recreational catch is substantial, and for
some species it may even be larger than the commercial catch (Dragun
1991; Henry 1984; Jones and Retallick 1990; Steffe et al. 1996; West and
Gordon 1994; Williams 1991). A need exists for studies that compare
recreational and commercial catch and effort (ABARE 1997; Dovers
1994; Kearney 1995). Commercial production information is routinely
collected by many fishery agencies (e.g ABARE 1997), however,
comparable recreational statistics are usually not available. Recreational
catch ··and effort data are more difficult to measure because of the large
numbers of participants and the diffuse nature of many recreational
fisheries. This means that the expense of quantifying the activities of
therecreational sector is often prohibitive. The lack of quantitative
information available for many recreational fisheries weakens stock
assessments and increases the risk of making inappropriate management
decisions.
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Most of the commercial catch of the pipi comes from New South
Wales (NSW) and South Australia, each accounting for about half the
annual Australian catch of about 700 tonnes (NSW Fisheries and South
Australian Fisheries commercial catch statistics). In NSW, pipi collecting
has been a commercial fishing operation since the early 1950s (NSW
Fisheries commercial catch statistics). The declared annual commercial
catch in NSW remained below 100 tonnes until 1990-91, when the catch
approached a level of 300 tonnes. Annual catches during the period 199192 to 1995-96 ranged from 247 to 314 tonnes, and a catch of 464 tonnes
was recorded in 1996-97, the most recent year for which catch records
were available (NSW Fisheries commercial catch statistics). Over 99% of
the commercial catch from NSW is currently carried out north of Sydney
(NSW Fisheries commercial catch statistics), although there was
commercial harvesting on the south coast in the 1950s (Anon. 1960;
MacPherson and Gabriel 1962). In addition there is believed to be a large
recreational harvest, which has not been quantified. Anglers use pipis for
bait when targeting finfish, and other recreational harvesters take them
for food. The fishery is restricted to hand gathering, with no gear allowed
in either sector, and there is no by-catch. There is no information on how
the catch is partitioned between the commercial and recreational sectors,
hence obtaining an accurate and precise assessment of catch and effort for
both the commercial and recreational pipi fishery is a prerequisite for
management and allocation of this shared resource.
The main aim of this chapter was to compare the levels of
recreational and commercial harvesting of the pipi. I used a voluntary log
book survey to quantify catch, effort, and catch rates for the commercial
fishery on Stockton Beach, NSW, over a one year period. I used an onsite
survey for the same period to quantify catch, effort, and catch rates for
recreational food and bait harvesting on this north coast beach. In order
to compare harvesting patterns between the north and south coasts of
NSW, I conducted a similar on-site survey of recreational harvesting at
Seven Mile Beach, over one season. In addition I used a questionnaire to
determine how many pipis per year were taken by recreational anglers, to
look for differences between north and south coast anglers, and to
quantify anglers' perceptions about the availability of pipis of different
sizes and the suitability of the current bag limit of 50 pipis.
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5.2 METHODS
5.2.1 Site selection
Stockton Beach, on the north coast of NSW, is a long beach with
several access sites (Fig. 5.1a). The Newcastle-Nelson Bay Commercial
Fishermen's Cooperative (referred to hereafter as the Newcastle Co-op)
handled between 114 and 181 tonnes of pipis per year, mainly from
Stockton Beach, in the period 1993-97. This represented between 28%
and 73% of the entire NSW commercial pipi catch (NSW Fisheries
commercial catch statistics). In addition, local NSW Fisheries Officers
suggested that there was a substantial recreational harvest from Stockton
Beach. These observations indicated that Stockton Beach was the most
important site in NSW for both commercial and recreational pipi
harvesting.
Seven Mile Beach, on the south coast, is no longer commercially
harvested, although in the 1950s an export cannery existed which was
based on pipis from this beach (Anon. 1960; MacPherson and Gabriel
1962). However local NSW Fisheries Officers suggested that there was
still a substantial recreational harvest from this site, which also has several
access points (Fig. 5.1b).
5.2.2 Recreational angler survey
In order to survey anglers' attitudes and perceptions, and to look
for regional differences, I distributed angler questionnaires to fishing
clubs chosen from a list published by the NSW Fishing Clubs Association
(Anon. 1992). A copy of the questionnaire is in Appendix 1. Of 270 clubs
on this list, 113 were based north of Sydney and 73 to the south. The
remainder were from the Sydney region. I selected 50 clubs at random
from both the north and south coast, and mailed 10 questionnaires to each
club, with a covering letter requesting their distribution and offering free
return postage. I analysed responses using Student's t-tests and chi-square
tests, with a Yates continuity correction applied when appropriate. Where
I have used the same data set more than once, I have used a Bonferroni
correction when the responses to a particular question were used more
than once. The correction applied is a/n, where a = 0.05 and n = number
of times the same data set is used (Zar 1984).
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Figure 5.1 Main access points on two beaches used to estimate levels of recreational
harvesting of Donax deltoides. Beaches were (a) Stockton Beach. Access points: l.
Birubi Point (foot), 2. Birubi Pt (4WD) , 3. Lavis Lane (4WD) , 4. Stockton (foot).
Heavier shading represents Newcastle urban area. (b) Seven Mile Beach. Access points:
1. Berry Rd, 2. Berry Rd track, 3. Shoalhaven Heads track, 4. Shoalhaven Heads, all
foot access only (see Fig. 2.1 for position on NSW coast).
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5.2.3 Recreational harvesting pilot studies
In order to select probability weightings for different strata (site,
time and type of day) on Stockton Beach I conducted a pilot study from 28 October 1995, during the school holidays. This period included the
Queen's Birthday public holiday, when I expected recreational fishing
intensity to be high. There are four main access points onto Stockton
Beach (see Figure 5.la): foot access from Stockton (south end) and from
Birubi Point (north end); and four wheel drive (4WD) access at Birubi Pt
and Lavis Lane (approximately 20 km south of Birubi Pt). The Stockton
end of the beach has no 4WD access and few adult pipis, and is not used
by most harvesters with the exception of a few anglers. I did not include
this site. I split daylight hours into three shifts (0600-1000; 1000-1400;
1400-1800), and assigned shifts randomly with equal probability between
the remaining three sites over the seven days. I sampled every day,
ignoring poor weather. All vehicles and pedestrians leaving the beach at
each site were stopped, interviewed, and their catches and effort data
recorded.
To determine strata probability weightings for Seven Mile Beach I
conducted a pilot study on a weekend in the summer school holidays,
from 6-7 January 1996. There are four access points, all foot access (see
Figure 5.1b): the main National Park picnic ground at Berry Road, a
track approximately 1.5 km to the south, another track about 500 m north
of Shoalhaven Heads, and the main Shoalhaven Heads access point. The
two tracks are soft sand tracks, not well marked, and barely usable
without a 4WD. No cars are allowed on to the beach, but the tracks allow
parking. Observations suggested that, as for Stockton Beach, people did
not use Seven Mile Beach heavily in the mornings, so I restricted the
sampling to afternoons and spent two hour shifts (1200-1400, 1400-1600,
1600-1800 hrs, allocated at random) at each site, and interviewed all
people leaving the beach, recording catch and effort data.
For Stockton Beach, I recorded approximately 90% of both total
catch -and effort from the foot access point but <0.5% at the Lavis Lane
access point (data summarised in Table S.la). The public holiday
accounted for >70% of catch and effort, but poor weather at other times
may have'led me to underestimate fishing activity during the rest of the
week. I observed < 1% of catch and effort in the 0600-1000 shift, and
>60% in the 1400-1800 shift. My observations indicated that there was no
activity after sunset.
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Table 5.1 Pilot studies of recreational harvesting of the pipi, Donax deltoides, at two
sites in NSW. (a) Stockton Beach designed to partition of catch and effort between site,
time of day and day-type strata, 2/10/95-8/10/95. Four hour shifts were allocated at
random to each of three day-types, three times and three sites (outlined below). Catch is
mean weight in kilograms for each strata; effort is mean number of collector hours (hr) for
each strata. (b) Seven Mile Beach. Partitioning of catch and effort between sites, 6/1/967/1/96. Two hour shifts at each site were allocated at random to each site. Sampling
carried out between 1200-1800. SH =Shoalhaven Heads.
stratum

description

(a) Stockton beach
type
public holiday
of day
weekday
weekend

mean
catch
(kg)

SE
(kg)

% of
total
catch

mean
effort
(hr)

SE
(hr)

% of
total
effort

31.1
4.2
3.7

24.3
3.1
2.5

79.7
10.7
9.4

46.4
7.9
8.4

37.4
6.0
5.2

74.0
12.6
13.4

site

1. Lavis Lane
2. Birubi Pt 4WD
3. Birubi Pt foot

0.1
1.1
22.5

0.1
0.8
10.5

0.4
4.7
94.9

0.1
3.6
36.9

0.1
3.3
16.5

0.2
8.9
90.9

time

am (0600-1000)
mid (1000-1400)
pm (1400-1800)

0.2
7.0
16.6

0.1
2.7
11.6

1.8
29.0
62.9

0.2
13.0
27.4

0.1
4.7
18.4

0.4
32.1
67.5

0.4
0.5
0.3
0.3

0.1
0.2
0.2
0.1

40.4
24.7
14.5
20.4

3.2
2.3
0.5
1.6

1.3
1.7
0.2
0.8

57.1
20.7
4.4
17.7

(b) Seven Mile Beach
site
1. Main Berry Rd
2. Track Berry Rd
3. Track SH
4. Main SH

For Seven Mile Beach I recorded 40% of catch and 57% of effort
from the main Berry Rd access point, with lower levels at other access
points (Table 5.1b). Catch and effort were low at the Shoalhaven Heads
track (15% and 4% respectively), while the Berry Rd track and the main
Shoalhaven Heads access had approximately equal use (25% and 20% of
catch and 21 and 18% of effort respectively).

5.2.4 Recreational harvesting survey
Survey design
For both sites, I used an on-site survey to quantify the recreational
food and bait fisheries. People were counted and interviewed as they left
the beach, hence catch, effort and catch rates were estimated from

161

completed trips. I chose a "bus route" design, in which multiple sites can
be covered on a single day by travelling on a predetermined route for
which the starting point is allocated at random (Pollock et al. 1994).
In order to identify survey strata and to set sampling probabilities
for random sUbsampling within these strata, I used data collected during
the pilot studies, as well as information derived from extensive
consultations with NSW Department of Fisheries officers, Council
rangers, commercial fishers and local residents, and my own
observations.
I used a primary sampling unit of a day, with work shift as the
secondary sampling unit. I divided days into two work shifts, giving the
early work shift a selection probability of 1tl = 0.33; and the afternoon
shift had a selection probability of 1t2 = 0.67. The length of these work
shifts varied seasonally. Hence from November to March, I split the
fishing day into two six hour shifts, 0800-1400, and 1400-2000, while for
the rest of the year the shifts were shortened to 5.5 hours.
Pipis are available at any point of the tidal cycle, and the pilot study
data indicated that collecting effort was highest on afternoons with good
weather conditions regardless of tide. Hence I did not stratify sampling
shifts for tide. I decided to run the main harvesting study under all
weather conditions, as recreational anglers and local residents suggested
that illegal collecting was quite common in wet weather, because Fisheries
Inspectors were perceived as less likely to patrol in poor weather. In
addition, the presence of reasonable numbers of fishers on a wet Sunday
afternoon during the pilot study indicated that weather may be less
important than day and time in determining usage.
In order to compare seasonal sampling patterns, I divided the year
into seasonal strata (autumn: March-May; winter: June-August; spring:
September-November; summer: December-February) and allocated 15
days to each season, a total of 60 days sampled (Fig. 5.2a). Within each
season I used two day-type strata. I assigned a site selection probability to
the weekends, public and school holidays stratum of 1tl =0.70, and 1t2 =
0.30 to the non-holiday weekdays stratum. However I did not weight
season strata unequally, as surveys of recreational angling in northern
NSW have showed high fishing effort all year round (Steffe et al. 1994;
West and Gordon 1994).
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Figure 5.2 Sampling calendar for a survey of recreational harvesting of Donax deltoides
from two beaches in NSW. Day-type stratum 1 (weekends, public and school holidays)
in bold type. Day-type stratum 2 (other) in plain type. Probability of sampling Stratum 1

= 0.7, Stratum 2 = 0.3; number of days in Strata 1. Days actually sampled are circled.
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For Stockton Beach, my pilot study indicated that the majority of
recreational pipi harvesters used only two access sites, which accounted
for >98% of the recreational harvest from this beach. Thus, I restricted
the survey to these two access sites. I assigned a site selection probability
to the foot access site at Birubi Point (north end) of 1q = 0.70, and 1t2 =
0.30 to the main four-wheel drive (4WD) access site near Birubi Pt.
For Seven Mile Beach, I used the same day-type and shift sampling
probabilities, and selected site sampling probabilities of 1t 1 == 0.50 (Berry
Rd), 1t2 = 0.20 (Berry Rd track), 1t3 = 0.10 (Shoalhaven Heads track), and
1t4 == 0.20 (Shoalhaven Heads). These were all foot-access sites. I
restricted sampling to summer (December-February) at this site, hence 15
days were sampled (Fig. 5.2b).
I collected data for Stockton Beach for the period 1 March 1996-28
February 1997, and for Seven Mile Beach for the period 1 December
1996-28 February 1997. At the foot access sites I approached and
interviewed all people carrying containers that could hold pipis (e.g. bags,
coolers, buckets), or carrying angling tackle. I was able to interview all
collectors on all occasions at all foot sites site. At the only 4 WD access site
surveyed (Stockton Beach), I stopped every car and interviewed the
occupants, except on two days when traffic was very heavy. On these
occasions I stopped and interviewed every third car. Thus, for these two
days I assumed that people interviewed were a representative sample of
pipi harvesting parties, and used a direct expansion method to account for
those parties who could not be interviewed but had been counted.
For all interviews, I recorded the time harvesting was commenced
and completed, the number of people collecting, and whether pipis taken
were intended for bait or food. Time spent walking along the beach or
searching for pipis was included, as pipis were often scarce near access
points, particularly on days when large numbers of people had been
collecting. I used volunteers with binoculars to confirm that pipi
collectors were not attempting to avoid my weigh station. In order to gain
rapport and convince harvesters that I was not a NSW Fisheries Inspector,
I initiated interviews by asking harvesters how they planned to cook their
pipis. This was a particularly successful ploy, and I have appended a list
of pipi recipes in Appendix 2.
The quality of some interviews may have been reduced by difficulty
in communicating with harvesters for whom English was a second
language. However this problem could not affect catch measurement as

164

catches were weighed. Estimates of trip duration could have been biased
because of language problems with some groups and because many people
do not wear watches on the beach. Hence, in order to validate how
accurately harvesters could recall and report trip duration, I observed
independently the starting and finish times for a random sample of 50
groups, prior to an interview with them. I then compared their reported
trip times with observed trip lengths by using a paired two tailed t-test.
Refusals and avoidance behaviour were rare, although some people
initially attempted to conceal pipis. I used binoculars to find out who was
collecting on the beach. Such prior knowledge often enabled me to
convince parties with illegal amounts of pipis to let me weigh their
catches. However, for some collectors, my presence on the beach may
have increased their level of compliance with regulations (a bag limit of
50 animals per person).
To estimate the catch when people were taking pipis off the beach, I
drained the animals before weighing the catch to the nearest 0.1 kg on a
spring balance. However, in general, anglers use pipis on site as bait for
finfish while food collectors take them off the beach. Hence I asked
anglers (easily identified by their equipment) to estimate how many pipis
they had used during their fishing trip, and how long they had taken to
collect their bait. To quantify recall and rounding error, I asked 20
anglers to carry bait creels and keep the shells of any pipis used as bait. I
told them I needed these shells for "size analysis" to avoid making them
conscious of counting. When they came off the beach, I asked them to
estimate the number of pipis used for bait and obtained the shells of pipis
used. I then compared their reported catch with the known number of
shells retained, using a paired two tailed t-test.
In order to compare the sizes taken by recreational and commercial
fishers at Stockton Beach, I measured samples to the nearest mm using a
measuring board, or photographed random samples from catches being
carried off the beach and used NIH Image to obtain estimates of pipi
lengths. Initially I measured 100 animals by both methods, and found no
significant difference in mean length (paired two-tailed t-test, t = 1.11; df
= 99; p = 0.27), indicating that the method used did not bias the pipi
length data. Thus I pooled all length data prior to plotting a size
frequency histogram. For the bait fishery I measured the shells from the
number verification study, and used pooled length-weight data (Chapter
2) to convert numbers into weights taken. I pooled the length data from

165

the pipis used by anglers for bait and plotted them as a size frequency
histogram.

Estimation methods
I estimated catch and effort separately for bait and food harvesters
using direct expansion (Pollock et al. 1994). For each day, I estimated
catch as
n
m
C = T:E (l/wi) :E (Cji/ n)
i=l

j=l

where C is the estimated total daily catch (kg), Cji is the catch for the jth
fisher at the ith site (with i = 1, .... , n sites, j = 1, .... , m fishers), It is the
work shift sampling probability, T is the time in minutes for a complete
full circuit, and Wi is the waiting time in minutes at the ith site.
I calculated mean daily catch for each day-type stratum by summing
daily totals and dividing by the number of days sampled within that
stratum. The total catch for that day-type stratum was then the product of
the mean daily catch and the number of possible sampling days in that
stratum. I summed day-type stratum totals to get seasonal catches, and
then summed seasonal totals to obtain a yearly recreational total. I
calculated effort (in units of collector hours) in the same way, and
calculated variances according to Pollock et al. (1994). I calculated catch
rates in kg/collector hour using the mean of ratios, R2 as
n

R2

= L (Ci lLi )/n
i=l

where Ci is the catch of group i in kg, Li is the length of the fishing trip in
collector-hours for group i, and n is the number of groups collecting on
that day. Note that collector hours in this hand gathering fishery are
equivalent to angler-hours in a finfish line fishery. I then used these daily
catch rates to calculate a mean daily catch rate and its variance for each
season. The mean of ratios is the correct catch ratio estimator to use for
compl~ted trip data when an index of fishing quality is required (Pollock
et al. 1997).

5.2.5 Commercial fishery
The primary data source for my estimates of commercial catch,
effort and catch rates was a voluntary logbook that I distributed to all
commercial fishers that worked on Stockton Beach. Logbooks can provide
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a complete enumeration of on-site catch and effort if all fishers can be
identified and are willing to report information describing their fishing
activities. I used Newcastle Co-op records and NSW Fisheries catch
statistics as secondary data sources.
I preferred to use a voluntary logbook approach even though I
believed that the majority of pipis handled by the Newcastle Co-op were
probably from Stockton Beach. Co-op consignment records are probably
less reliable than logbook data for a variety of reasons. Many fishers
work on several beaches but Co-op consignment records do not indicate
the source of catches. Some local fishers do not consign all catches to the
Newcastle Co-op, instead choosing to send their catches directly to the
Sydney Fish Market, or sell directly interstate. Other fishers are known to
travel long distances to fish Stockton Beach when pipi abundance is high,
but consign their catches through their own regional Co-op.
All commercial fishers in NSW are required by law to provide a
monthly record of their catch and effort to NSW Fisheries. The catch
statistics compiled from these compulsory monthly records do not indicate
the beach from which catches are taken and the data are self reported. The
voluntary logbook approach was again the preferred method for
collecting commercial fishery data for Stockton Beach.

Logbook study
When I started this study there was no available list with which to
identify the commercial pipi fishers that work on Stockton Beach. I used a
variety of sources to identify these fishers. Initially, I compiled a
comprehensive state wide list of all commercial pipi fishers in NSW (101
fishers) for the financial year 1993-4 from catch statistics held by NSW
Fisheries. I identified 42 of these fishers as likely to be collecting pipis on
Stockton Beach in the coming year, from contacting most fishers directly
and by obtaining additional information about the Stockton fishery from
the Newcastle Co-op. I asked these 42 fishers to fill out a voluntary
logbook to quantify their fishing activities on Stockton Beach. All
indicated their willingness to participate in the study. Catches were
reported in kilograms and fishing effort was reported in units of collector
hours, which included searching and grading times. Catch (pipis kept and
released) and harvest (pipis kept) are synonymous in this fishery and I use
these terms interchangeably throughout the text. There are no quotas or
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size limits, hence none of the catch is discarded or dumped prior to'
dispatch to regional Co-ops or the Fish Markets in the capital cities.
For fishers who put all their catches through the Newcastle Co-op, I
obtained permission to validate reporting of catches by cross-checking
against Newcastle Co-op records. In all cases, logbook catches
corresponded well with Co-op records, except for some minor variations
in dates. I called fishers regularly to remind them to return their records.
Some fishers did not include effort data with their logbooks, but I was
able to estimate the number of days spent fishing from Newcastle Co-op
records and NSW Fisheries catch statistics.
During the logbook survey period, I checked Newcastle Co-op
consignment records regularly, and asked active local fishers to identify
any new fishers who had entered the fishery but who were not on the
original list. None were found. In addition, I regularly called all
commercial fishers that had worked previously on Stockton Beach but had
indicated that they were unlikely to collect pipis in the coming year. None
of these fishers were active on Stockton Beach during the course of the
logbook study.
The logbook study was planned to run at the same time as the
recreational survey, however due to a delay in obtaining a list of fishers,
the start of the commercial logbook study was delayed by a month, and
data were collected for the period 1 April 1996-28 February 1997. I
obtained commercial monthly catch and trip information for March 1996
from NSW Fisheries catch statistics and Newcastle Co-op records, and
these data were verified by contacting the fishers directly.

Size of pipis taken
In order to obtain an estimate of the sizes taken by commercial
fishers during the survey, I took measurements of pipis coming through
the Newcastle Co-op at approximately monthly intervals, as described in
Chapter 3. I pooled the length data from the monthly commercial samples
(shown in Figure 3.5), and plotted them as a size frequency histogram.

Estimation methods
I estimated total effort by using data from logbooks, supplemented
by data from NSW Fisheries monthly catch statistics and Newcastle Co-op
consignment records. Some fishers did not fill in logbooks on a daily
basis, but either gave monthly catch totals or gave permission for their
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Newcastle Co-op records to be accessed. I have hourly effort data for
most fishers who returned logbooks, while data from other sources is on a
daily or trip basis. I used the mean hourly trip length, estimated from
logbooks, to convert the daily Newcastle Co-op and NSW Fisheries data
into hourly units of effort. I calculated catch rates in kg/collector hour
from logbook data, using the mean of ratios estimator, R2 (Pollock et al.
1994) as for the recreational survey, but in this case Ci is the catch (kg)
for the ith fisher (i =1, ... , n fishers), Li is the length of the fishing trip
(collector hours) for the ith fisher, and n is the number of fishers on that
day.

5.2.6 Size frequency comparisons
For Stockton Beach, in order to make a fishery independent
comparison of the sizes available on the beach with sizes taken by
different groups of harvesters, I pooled sizes from transects (previously
described) taken at approximately monthly intervals during the period of
the study at three sites on Stockton Beach, at 0.6, 3 and 6 km south of
Birubi Point. I used these data to construct a size frequency histogram of
available sizes of pipis on the beach.
5.3 RESULTS
5.3.1 Recreational angler survey
In general, I found large differences in responses between the north
and south coast, with south coast anglers generally feeling that pipis were
harder to get than they used to be, and that they could not collect the sizes
or numbers they wanted. North coast anglers were less likely to feel this.
All anglers agreed that the bag limit of 50 was acceptable, and many felt
that it could be reduced. Forty-two north coast and 44 south coast anglers
responded, although not all respondents answered all questions.
The majority of anglers took between three and nine trips per year
in which they collected pipis, and there was no significant difference in
the annual number of trips taken between the north coast and south coast
(X2 == 5.86; df = 4; p = 0.21; Table 5.2). Most anglers used pipis
primarily for bait (79%, north coast and 93%, south coast, Table 5.3),
with the -remainder taking pipis for both bait and food. Differences in the
main use of pipis were not significant between regions (X2 = 2.7; df = 1; p
= 0.10).
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Table 5.2 Number of collecting trips for Donax deltoides made in a year by recreational
anglers. Anglers were asked how often they had collected pipis in the past 12 months.
Responses were analysed using a X2 test, with the null hypothesis that the proportion of
fishers making a particular number of trips did not differ between regions. X2 = 5.89; df
::: 4; p::: 0.21, NC::: north coast, SC::: south coast

number of trips

no. of anglers
NC
SC

>30
20-29
10-19
3-9

6
10
8

<3

7
42

number of respondents

2
5
9
17
11

11

'44

Table 5.3 Main use of D. deltoides made by recreational anglers. Anglers were asked
what they mainly used pipis for. Note that all anglers circled "bait", so "food" is really
"bait as well as food." Data were analysed using a X2 test, with the null hypothesis that
the proportion of pipis used for bait did not differ between regions. X2 ::: 2.70; df::: 4; p :::
0.10; Yates Continuity correction applied. NC::: north coast, SC ::: south coast.

use
bait only
bait + food
number of respondents

number of anglers
NC SC
33
41
9
3
42

44

North coast anglers felt they were able to get a mean number of 25
± 3 pipis per trip when collecting for bait, compared to 17 ± 2 on the
south coast (Table 5.4), however these means were not significantly
different (Bonferroni correction applied, t = 2.14; df = 65; p = 0.04, >
0.025). People collecting for food as well as bait were able to get a mean
number of 45 ± 5 per trip on the north coast and 32 ± 10 on the south
coast (not significantly different, t = 1.27; df = 10; p = 0.23, Table 5.4).
Over °a whole year north coast anglers were able to take significantly
more pipis for bait (196 ± 38) than south coast anglers (117 ± 16, t =
2.06; df = 65; p = 0.04, Table 5.5). When collecting for both food and
bait, anglers took more pipis (1322 ± 305) per year on the north coast,
but this difference was not significantly greater than the 567 ± 135 pipis
collected per year on the south coast (t = 1.97; df = 10; P 0.21, Table

5.5).
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Table 5.4 Mean number of Donax deltoides that recreational anglers perceived that they

could collect per trip. Anglers were asked how many pipis they were usually able to
collect on a trip. Data were analysed using a Student's t-test, with the null hypothesis that
the mean number that anglers collected did not differ between regions for (a) bait
collectors (t = 2.14; df = 65; P = 0.04; p > 0.025; Bonferroni correction), or (b) bait
and food collectors (t = 1.27; df = 10; P = 0.23; p > 0.025; Bonferroni correction). NC =
north coast, SC = south coast.

NC
planned use

mean no.langler
SE

no. of respondents

bait

SC
bait + food bait

25

45

3

5

30

9

bait + food

17
2
37

32
10
3

Table 5.5 Mean number of Donax deltoides that recreational anglers felt that they could

collect in a year. Anglers were asked how many pipis they thought they collected per
year. Data were analysed using a t-test, with the null hypothesis that the mean number
collected per angler per year did not differ between regions for (a) bait collectors (t =
2.06; df = 65; P =0.04; P < 0.05), or (b) bait and food collectors (t = 1.35; df = 10;
P = 0.21; p > 0.05). NC = north coast, SC = south coast.
mean number of pipis collected per angler year- 1

NC

SC

planned use

bait

bait + food

bait

bait + food

mean no.
SE
no. of respondents

196
38
30

1322
305
9

117
16
37

567
135
3

I asked anglers how many pipis they would like to get to call a trip
successful, as well as how many they were usually able to collect. When I
compared the two figures, I found a large difference between regions.
Over 90% of north coast anglers could usually get their desired number,
significantly more than on the south coast, where only 60% of anglers
could get the number they desired (X 2
9.58; df
1; p = 0.002; p <
0.025; Bonferroni correction. Table 5.6a). Anglers' perceptions about the
availability of pipis differed significantly between region, with 71 % on
the north coast agreeing with the statement "I can always collect as many
pipis as I need", while only 34% agreed on the south coast (X 2 = 9.72; df
= 1; p= 0.002, Table 5.6b).

=

=
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Table 5.6 Ability of recreational anglers to collect the number of Donax deltoides they

desired. (a) Anglers were asked how many pipis they would need to collect to call a trip
successful, and individual responses compared with the number they said they were
usually able to collect. Data were analysed using a X2 test, with the null hypothesis that
the number of anglers who got what they wanted did not differ between regions. X2 =
9.58; df = 1; p = 0.002 (p < 0.025; Bonferroni correction). NC = north coast, SC =
south coast. (b) Anglers were asked to answer true or false to the statement, "I can
always collect as many pipis as I need." Data were analysed with the null hypothesis that
the ability to collect the number desired did not differ between regions. X2 = 9.72; df = 1;
P = 0.002 (p < 0.05).
(a)

able to get desired no.
not able
no. of respondents
(b)

True
False
no. of respondents

responses
NC SC
36
24
3
16
40
39
responses
NC SC
27
15
11
29
38
44

Anglers also differed between regions in their feelings about the
bag limit of 50 pipis per day. On the north coast, 60% felt that a bag limit
of 50 was OK, compared to only 23% on the south coast, where 73% of
anglers felt that the bag limit was too many. Only two fishers from each
region wanted to be allowed to collect more pipis. The differences in
responses between regions were significant (X 2 = 12.54; df = 2; p =
0.002, Table 5.7).
I found a large difference in perceived collecting time between
regions. 62% of north coast anglers felt they were able to collect 50 pipis
(the bag limit) in <30 minutes, while the majority of south coast anglers
said that they took significantly longer (>60 minutes) to collect 50 pipis
(X2 ~. 21.189; df = 3; p = 0.0001, Table 5.8). Similarly, significantly
more north coast anglers (72%) felt that it does not take longer now to
collect 50 pip is than it did in the past, compared to 11 % of south coast
anglers (X2 = 21.19; df = 1; p
0.0001, Table 5.9a). I did not find a
significant difference between regions in the size of pipis sought by
anglers, with both groups preferring larger, >50 mm pipis (83% north

=
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Table 5.7 Recreational anglers' perceptions about the bag limit for Donax deltoides
Anglers were presented with the statement "The new bag limit of 50 pipis per person per
day is : too many/ about right! I want to be able to collect more." Responses were
analysed with the null hypothesis that beliefs about the bag limit did not differ between
regions. X2 = 12.54; df = 2; p = 0.002. NC = north coast, SC = south coast.

response
NC SC
too many
about right
want more
no. of respondents

15

32

25

10

2

2

42

44

Table 5.8 Recreational anglers' perceptions of the time taken to get 50 Donax delta ides.
Anglers were asked how long they would estimate that it would take them to collect 50
pipis on a beach which they felt pipis were common. Data were analysed with the null
hypothesis that anglers' perceptions of the time taken to get 50 did not differ between
regions. X2 = 21.19; df = 3; P =0.0001. NC = north coast, SC = south coast.

time (min)
<30
30-60
60-120
>120
no. of respondents

response
NC SC
26
8

7

9

7
2
42

10
16
43

coast, 89% south coast; X2 = 0.24; df = 1; p = 0.62, Table 5.9b), but north
coast fishers were significantly more likely to be able to get the sizes they
wanted (56%), compared to only 11 % of south coast anglers (X2 = 38.29;
df = 3; p = 0.0001, Table 5.9b).
Most anglers could identify a beach on which pipis were once
plentiful, but were now scarce, and the majority identified the main cause
of such a decline as overharvesting. On the north coast, anglers perceived
that commercial harvesting was the main cause of decline (19 anglers),
with recreational harvesting mentioned by 17 anglers (Table 5.10). On the
south coast, where there is little or no commercial harvesting, 33 fishers
mentioned recreational harvesting as significant. When responses to
commercial and recreational harvesting were pooled, 82% of north coast
and 81 % of south coast anglers felt that harvesting was responsible for
declines in numbers. This perception was not significantly different
between regions (X2 = 0.02; df = 1; p =0.90, Table 5.10).

173

Table 5.9 (a) Recreational anglers' perceptions of the time taken in the past to get 50
Donax deltoides. Anglers were asked how long it would have taken them to collect 50
pipis in the past 1-9 years, on the same beach. Data were analysed with the null
hypothesis that anglers' perceptions of time taken to get 50 in the past did not differ
between regions. X2 == 25.30; df == 1; p == 0.0001. NC == north coast, SC == south coast

same or faster now
slower now
no. of respondents

responses
NC SC
30
7
11
36
41
43

Table 5.9(b) A comparison of the sizes of D. deltoides preferred by recreational
anglers, with perceived availability. Anglers were asked what size of pipi they (a)
preferred to collect and (b) were able to collect. Responses were analysed with the null
hypotheses that (a) the proportion of sizes preferred did not differ between regions (X2 =
0.24; df = 1; p == O. 62) and (b) the proportion of sizes available did not differ between
regions (X2

= 38.29; df == 3; P = 0.0001). Data were pooled for analyses to avoid low

numbers in expected cells. NC = north coast, SC == south coast
size (mm)
<20
20-29
30-39
40-49
>50
no. of respondents

size preferred
NC SC
0
0
0
0
0
1
7
4
33
39
40
44

size available

NC

SC

0
1

2
3
25
9
5
44

1

16
23
41

Table 5.10 Perception of recreational anglers about declines in number of Donax

deltoides. Anglers who had noticed declines in pipi abundance on a beach they nominated
were asked to suggest reasons for this perceived decline. Data were analysed with the null
hypothesis that anglers' perception of the causes of such a decline did not differ between
regions. X2 == 0.02; df = 1; p =0.90. Recreational and commercial collecting pooled for
analysi,s to avoid zeros in expected cells. N.B. some anglers gave more than one
suggestion. NC = north coast, SC = south coast.

recreational collecting
commercial collecting
other

responses
NC SC
17
33
19
0
8
8
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5.3.2 Recreational fisheries
5.3.2.1 Seven Mile Beach
A total of 190 party groups, which consisted of 1,033 individuals,
were collecting pipis during sampling shifts in the 15 days sampled
between I Dec 96-28 Feb 97. I was able to interview all of these parties. I
estimated that 4,981 ± 1,656 groups participated in the food and bait
fisheries during the summer. I estimated the total recreational harvest for
food and bait as 1.6 ± 0.6 t over the summer (Table 5.11), and total effort
as 23,365 ± 7,015 collector hours.
Recreational food fishery
The majority of recreational harvesters were collecting pipis for
food. I estimated that 1.4 ± 0.6 t of pipis were taken for food (Table
5.11), which represented 88% of the total recreational catch. Most of the
recreational food catch was taken during weekends, public and school
holidays (1.3 t or 81 % of total food harvest), and non-holiday weekdays
had low levels of catch (0.1 tor 19% of total food harvest - Table 5.11).
Recreational food harvesters made an estimated 3,599 ± 1,547 party trips
collected for food, which represented 72% of all recreational pipi
collecting trips. These food harvesting party trips accounted for an
estimated 22,462 ± 7,010 collector hours of effort (Table 5.12), which
represented 96% of the total recreational effort. Most recreational food
collecting occurred during weekends, public and school holidays (21,680
collector hours or 97% of total food effort), and non-holiday weekdays
had low levels of effort (783 collector hours or 4% of total food effort).
The mean daily catch rates of recreational food collectors were
always low, ranging from 0.02 - 0.09 kg/collector hour (Table 5.13). The
mean daily catch rate over the entire season was 0.04 ± 0.2 kg/collector
hr.
Recreational bait fishery
I estimated that only 0.2 ± 0.1 t of pipis were taken for bait in the
summer season at Seven Mile Beach (Table 5.11), which represented 13 %
of the total recreational catch. Recreational bait harvesters made an
estimated 1,382 ± 594 which represented 28% of all recreational pipi
collecting trips. These bait harvesting party trips (usually anglers
collecting pipis for immediate use as bait for finfish) accounted for an
estimated 528 ± 194 collector hours of effort (Table 5.12), which
represented only 4% of the total recreational effort. Most recreational
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Table 5.11 Day-type stratum estimates of catch with standard errors, for the pipi Donax
deltoides, by recreational food and bait harvesters on Seven Mile Beach, NSW, for one
season, summer December 1996 to February 1997 inclusive. "days"::: number of days
sampled. All catches are expressed in metric tonnes.

Recreational food &
bait catch
for each day-type
Food
Weekends & holidays
Non-holiday weekdays
Total

Season
Summer
days

catch

SE

11
4
15

1.3
0.1
1.4

0.6
0.3
0.6

11
4
15

0.1
0.1
0.2

0.0
0.1
0.1

15

1.6

0.6

Bait
Weekends & holidays
Non-holiday weekdays
Total

Food + Bait Total

Table 5.12 Day-type stratum estimates of collecting effort, with standard errors, for the
pipi Donax deltoides, by recreational food and bait harvesters on Seven Mile Beach,
NSW, for one season, summer December 1996 to February 1997 inclusive. Figures in
parentheses are the number of days sampled. All effort units are expressed as collectorhours.

Recreational food &
bait collecting effort
for each day-type
Food
Weekends & holidays
Non-holiday weekdays
Total

Season
Summer
days

effort

SE

11
4
15

21,680
783
22,462

6,996
366
7,010

11
4
15

528
366
895

194
196
506

15

23,356

7,015

Bait
Weekends & holidays
Non-holiday weekdays
Total

Food + Bait Total
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Table 5.13

Day~type

stratum estimates of mean daily catch rates with standard errors,

for the pipi Donax deltoides, by recreational food and bait harvesters on Seven Mile
Beach, NSW, for one season, summer, December 1996 to February 1997 inclusive.
"days" = number of days sampled on which effort occurred. All mean daily catch rates
are expressed in kilograms per collector hour. Survey days during which no interviews
were obtained are excluded from catch rate calculations. These days were treated as
having an indeterminate catch rate rather than a zero catch rate.
Recreational food &
bait catch rate
for each day~type
Food
Weekends & holidays
Non-holiday weekdays
Total
Bait
Weekends & holidays
Non-holiday weekdays
Total

Season
Summer
days

catch rate

SE

10
3
13

0.02
0.09
0.04

0.13
0.05
0.02

10
2
12

0.05
0.24
0.08

0.01
0.12
0.03

bait collecting was low in both day-type strata, with 528 collector hours
(60% of total bait effort) during weekends, public and school holidays,
and 366 collector hours (40%) on non-holiday weekdays (Table 5.12).
The mean daily catch rates of recreational food collectors was 0.1
kg!collector hour on non-holiday weekdays, but increased to 0.2
kg/collector hour during weekends, public and school holidays (Table
5.13). The mean daily catch rate over the entire season was 0.1 ± 0.3
kg/collector hour.

5.3.2.2 Stockton Beach
A total of 1,005 party groups, which consisted of 4,945
individuals, were collecting pipis during sampling shifts in the 60 days
sampled between 1 March 96-28 Feb 97. I was able to interview 977 of
these parties. Nearly all recreational fishers were cooperative. Only one
party refused my request for information (a refusal rate of 0.1 %), but I
had observed their time collecting and were able to estimate their catch
from the volume of pipis they carried. I estimated that 15,795 ± 2,212
groups participated in the food and bait fisheries during the year.
I was able to validate the accuracy of trip length estimates made
by recreational harvesters by comparing reported estimates of trip times
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with independent observations of actual trip times. I found no significant
difference between reported and actual trip lengths (paired two-tailed ttest: t = 1.82; df = 49; p = 0.07).
I estimated the total recreational catch for food and bait as 46.5 ±
5.3 t which was 20% of the combined recreational and commercial catch
of 237.7 t, and the total recreational effort for the food and bait fisheries
as 107,049 ± 15,508 collector hours, which represented 89% of the
combined recreational and commercial effort (120,672 collector hours).

Recreational food fishery
The majority of recreational harvesters were collecting pipis for
food. I estimated that 43.1 ± 5.3 t of pipis were taken for food (Table
5.14), which represented 18% of the total commercial and recreational
catch, and 93% of the total recreational catch. The largest recreational
catches for food were taken during summer and autumn, 17.3 t and 13.3 t
respectively, representing 40% and 31 % of the total annual food harvest.
Catches declined markedly during spring and winter to 7.2 t and 5.3 t
respectively (17% and 12% of total food harvest - Table 5.14). Most of
the recreational food catch was taken during weekends, public and school
holidays (39.1 tor 91 % of total food harvest), and non-holiday weekdays
had low levels of catch (4.0 t or 9% of total food harvest - Table 5.14).
Food harvesters made an estimated 12,854 ± 2,141 party trips,
which represented 81 % of all recreational pipi collecting trips. These
food harvesting party trips accounted for an estimated 102,255 ± 15,443
collector hours of effort (Table 5.15), which represented 85% of total
commercial and recreational effort, and 96% of the total recreational
effort. Recreational food collecting effort was highest in summer at
51,038 collector hours (representing 50% of total annual recreational
food effort), at an intermediate level in autumn with 26,576 collector
hours expended (26% of total food effort), and was lowest during the
spring and winter, with 13,292 and 11,349 collector hours respectively
(13 % ·and 11 % of total food effort - Table 5.15). Most recreational food
collecting occurred during weekends, public and school holidays (94,953
collector hours or 93% of total food effort), and non-holiday weekdays
had low'levels of effort (7,302 collector hours or 7% of total food effort
Table 5.15).
The mean daily catch rates of recreational food collectors were
relatively low throughout the year and across all day-type and seasonal
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Table 5.14 Annual, seasonal and day-type stratum estimates of catch with standard errors, for the pipi Don a x
deltoides, by recreational food and bait harvesters on Stockton Beach, NSW, March 1996 to February 1997

inclusive. Figures in parentheses are the number of days sampled. All catches are expressed in metric tannes.
Recreational food &
bait catch for each
day-type

Sea~on

Autumn

Total

Winter

Spring

Summer

Food
Weekends & holidays (10) 12.0 3.4
Non-holiday weekdays ( 5) 1.3 0.5
Total
(15) 13.3 3.4

(10) 4.6 1.3
( 5) 0.7 0.7
(15) 5.3 1.4

(10) 5.4 1.8
( 5) 1.8 0.9
(15) 7.2 2.0

(12) 17.1 3.3
(3) 0.2 0.2
(15) 17.3 3.3

(42) 39.1 5.2
(18) 4.0 1.2
(60) 43.1 5.3

Bait
Weekends & holidays (10) 1.0 0.3
Non-holiday weekdays (5) 0.5 0.4
(15) 1.5 0.4
Total

(10) 0.3 0.1
( 5) 0.2 0.1
(15) 0.5 0.1

(10) 0.3 0.1
( 5) 0.3 0.1
(15) 0.6 0.1

(12) 0.7 0.2
(3) 0.1 0.1
(15) 0.8 0.2

(42) 2.3 0.4
(18) 1.1 0.4
(60) 3.4 0.6

Food + Bait Total

(IS) 5.8 1.4

(15) 7.8 1.9

(15) 18.1 3.3

(60) 46.5 5.3

(15) 14.8 3.5

0\
t.--4

Table 5.15. Annual, seasonal and day-type stratum estimates of collecting effort with standard errors, for the pipi Donax
deltoides, by recreational food and bait harvesters on Stockton Beach, NSW, March 1996 to February 1997 inclusive. Figures in

parentheses are the number of days sampled. All effort units are expressed as collector hours.
Recreational food &
bait collecting effort
for each day-type
Food
Weekends & holidays
Non-holiday weekdays
Total

Total

Season
Winter

Autumn

Spring

Summer

(10) 23,959 8,401
(5) 2,617 1,026
(15) 26,576 8,464

(10) 8,677 2.970
(5) 2,672 1,659
(15) 11,349 3,402

(10) 11.721 3,292
(5) 1,571
684
(15) 13,292 3,362

(12) 50,596 11,991
( 3) 442
442
(15) 51,038 12,000

(42) 94,953 15,298
(18) 7,302 2,114
(60) 102,255 15,443

947
421
(15) 1,368

(10)
( 5)

(10)
( 5)
(15)

(12) 2,305
( 3)
30
(15) 2,335

(42)
(18)
(60)

Bait
Weekends & holidays
Non-holiday weekdays
Total

(10)
( 5)

Food + Bait Total

(15) 27,944 8,511

411
294
506

(15)

311
159
470

73
33
81

(15) 11,819 3,510

347
274
621

133
129
185

(15) 13,913 3,422

1,303
30
1,303

(15) 53,373 12,015

3,910
884
4,794

1,375
323
1,412

(60) 107,049 15,508
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strata, ranging from 0.4-2.4 kg/collector hour (Table 5.16). The mean
daily catch rate over the entire year was 1.3 ± 0.2 kg/collector hour
(Table 5.16). Seasonal catch rates were highest in autumn (1. 8
kg/collector hour) and winter (1.9 kg/collector hour), and were very low
in spring and summer (0.9 and 0.6 kg/collector hour respectively). I
found that non-holiday weekdays (1.2 kg/collector hour) had similar catch
rates to public and school holidays and weekends (1.3 kg/collector hour Table 5.16).

Recreational bait fishery
A considerable number of recreational harvesters were collecting
pipis for bait. I estimated that 3.4 ± 0.6 t of pipis were taken for bait
(Table 5.14), which represented 2% of the total commercial and
recreational catch, and 7% of the total recreational catch. The largest
recreational catches for bait were taken during autumn (1.5 t representing
44% of the total annual bait harvest). Catches were much lower during
summer (0.8 t or 24% of annual bait harvest), spring (0.6 t, 18% of total
bait harvest) and winter (0.5 t, 15% of total bait harvest - Table 5.14).
Most of the recreational bait catch was taken during weekends, public and
school holidays (2.3 t or 68% of total bait harvest), and non-holiday
weekdays had low levels of catch (1.1 t representing 32% of annual bait
harvest - Table 5.14),
Recreational bait harvesters made an estimated 2,941 ± 555 party
trips which represents 19% of all recreational pipi collecting trips. These
bait harvesting party trips (usually anglers collecting pipis for immediate
use as bait for finfish) accounted for an estimated 4,794 ± 1,412 collector
hours of effort (Table 5.15), which represented 4% of total commercial
and recreational effort, and 5 % of the total recreational effort.
Recreational bait collecting effort was highest in summer with 2,335
collector hours (representing 49% of total annual recreational bait effort),
at an intermediate level in autumn at 1,368 collector hours (29% of total
bait effort), and lowest during the spring and winter with 621 and 470
collector hours respectively (13% and 10% of total bait effort - Table
5.15). Most recreational bait collecting occurred during weekends, public
and school holidays (3,910 collector hours or 82% of total bait effort),
and non-holiday weekdays had low levels of effort (884 collector hours
representing 18% of total bait effort - Table 5.15).
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Table 5.16 Annual, seasonal and day-type stratum estimates of mean daily catch rates with standard errors,
for the pi pi Donax deltoides, by recreational food and bait harvesters on Stockton Beach, NSW, March 1996 to
February 1997 inclusive. Figures in parentheses are the number of days sampled on which effort occurred. All
mean daily catch rates are expressed in kilograms per collector hour. Survey days during which no interviews
were obtained are excluded from catch rate calculations. These days were treated as having an indeterminate
catch rate rather than a zero catch rate. NA: Standard error cannot be calculated when sample size is restricted
to one day.

Recreational food &
bait catch rates
for each day-type

Season
Spring
Winter

Summer

Food
Weekends & holidays
(10) 2.4 0.1
Non-holiday weekdays (5) 1.7 0.9
Total
(15) 1.8 0.5

(10) 2.0 0.1
( 2) 1.6 0.3
(12) 1.9 0.5

(10) 0.8 0.1
( 3) 1.4 0.2
(13) 0.9 0.2

(12) 0.6 0.1
( 1) 0.4 NA
(13) 0.6 0.1

(42) 1.3 0.2
(11) 1.2 0.4
(53) 1.3 0.2

Bait
Weekends & holidays
(10) 2.6 0.5
Non-holiday weekdays (4) 2.0 0.8
Total
(14) 2.1 0.4

(10) 1.7 0.5
( 5) 2.1 0.1
(15) 1.8 0.5

(10) 2.1 0.6
( 4) 1.6 0.1
(14) 1.8 0.4

(12) 0.9 0.4
( 2) 0.7 0.2
(14) 0.9 0.1

(42) 1.6 0.2
(15) 1.9 0.4
(57) 1.6 0.2

Autumn

Total
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The mean daily catch rates of recreational bait collectors were
relatively low throughout the year and across all day-type and seasonal
strata, ranging from 0.7-2.6 kg/collector hour (Table 5.16). The mean
daily catch rate of recreational bait harvesters over the entire year was
1.6 ± 0.2 kg/collector hour (Table 5.16). Seasonal catch rates were
highest in autumn (2.1 kg!collector hour), winter (1.8 kg!collector hour),
and spring (1.8 kg/collector hour) but were very low in summer (0.9
kg/collector hour - Table 4). Non-holiday weekdays (1.9 kg/collector
hour) had similar catch rates to holidays and weekends (1.6 kg/collector
hour - Table 5.16).
I was able to validate the accuracy of recreational anglers'
estimates of pipi numbers used for bait by comparing reported numbers
of pipis used for bait with the number of shells retained in the containers
provided. I found no significant difference between the reported numbers
of pipis used for bait and the actual number of retained shells (paired twotailed t-test: t == 1.82; df = 19; p = 0.08).

5.3.3 Commercial fishery
Of the 42 commercial fishers participating in the voluntary logbook
program, 27 worked at least once on Stockton Beach during the study. All
commercial fishers were co-operative and provided information about
their fishing activities on Stockton Beach. Hence the logbook study
provided a full coverage or census of the commercial catch and effort on
Stockton Beach during the study period. I estimated that the commercial
catch for the period 1 March 1996-28 February 1997 was 191.2 t (Table
5.17). This represents 80% of the total commercial and recreational catch
from Stockton Beach. The commercial catch peaked in autumn and winter
at 58.5 t and 103.3 t respectively (representing 31 % and 54% of the total
annual commercial catch), declined in spring to 22.5 t (12% of
commercial catch). The lowest level of catch recorded was 6.9 t in
summer (4% of commercial catch - Table 5.17). The low catches taken
during the summer season were due to a scarcity of pipis at Stockton
Beach which led many fishers to concentrate their collecting activities at
other beaches in the region. The highest catch for an individual fisher in
one day was 0.9 t, taken in June. Note that I have derived estimates of
catch and effort for the commercial survey from summing census data
using a complete sampling frame, hence it is not appropriate to calculate
standard errors.
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Table 5.17 Annual and seasonal estimates of catch (t), collecting effort (collector hours), and mean daily
catch rates (kg.collector houe l) with standard errors, for the pipi Donax

deltoides, by commercial harvesters

on Stockton Beach, NSW, March 1996 to February 1997 inclusive. Figures in parentheses are the number of
days fished.
Commercial
catch
statistics for each
day-type
stratum
Catch
(metric tonnes)
Collecting
effort
(collector hours)
Mean daily catch rates
(kg. collector houe l )

Autumn

Winter

Seasou
Spring

Total
Summer

58.5

103.3

22.5

6.9

191.2

1,440

10,348

1,423

416

13,623

(69) 22.0 1.2

(49) 16.1 0.9

(264) 28.8 1.1

(55) 36.7 1.5 (91) 36.1 2.5

I estimated that commercial fishers accounted for 13,623 collector
hours of effort, which represented only 11 % of the combined commercial
and recreational effort (Table 5.17). The bulk of the commercial
collecting effort was in winter with 10,348 collector hours (76% of total
commercial effort). Intermediate levels of collecting effort occurred in
autumn and spring with 1,440 and 1,423 collector hours respectively
(11 % and 10% of commercial effort), and the lowest level was in summer
with 416 collector hours (representing only 3% of commercial effort Table 5.17).
The mean daily catch rate for the commercial fishery on Stockton
Beach was initially high during autumn (36.7 kg/collector hour) and
winter (36.1 kg/collector hour), declined sharply in spring (to 22.0
kg/collector hour) and was lowest in summer (16.1 kg/collector hour Table 5.17). The summer catch rate was less than half that recorded
during the autumn and winter seasons, and was associated with the low
abundance of pipis reported during the summer on Stockton Beach. The
overall mean daily catch rate, calculated across the entire year, was 28.8
kg/collector hour, which is relatively high (Table 5.17). The highest catch
rate on any day for an individual fisher was 172 kg/collector hour, and in
June and July several fishers were routinely collecting at a rate of >100
kg/collector hour. The lowest catch rate reported by an individual fisher
was 0.5 kg/collector hour, during the summer season.

5.3.4 Sizes available and sizes collected
The fishery independent transects provided evidence of a
polymodal size distribution for the pipi population, indicative of multiple
cohorts available to harvesters on Stockton Beach (Fig. 5.3a). The pipi
population on Stockton Beach was dominated by small animals «30 mm)
and showed a strong cohort in the 45-55 mm size range. The median size
of pipis on the beach was 27 mm (n=5,142) and the interquartile range
was 12-48 mm (Fig. 5.3a). I found pipis up to 74 mm in length in low
numbers during the transect work, but these cannot be seen in Fig. 5.3a as
large pipis (>65 mm) comprised <0.01 % of the sample.
The commercial catch consisted mainly of large pipis (Fig. 5.3b).
The median size of pipis in the commercial catch was 53 mm (n:::4,227),
the interquartile range was 48-60 mm, and no pipis smaller than 30 mm
were taken (Fig. 5.3b). The catch of recreational food collectors
contained a high proportion of small pipis, including animals as small as 9

mm in length. The median size of pipis in the recreational food catch was
45 mm (n=1502) and the interquartile range was 28-50 mm (Fig. 5.3c).
The catch of recreational bait collectors consisted mainly of large pipis
(Fig. 5.3d). The median size of pipis in the recreational bait catch was 52
mm Cn = 205) and the interquartile range was 48-58 mm (Fig. 5.3d).
My overall estimates of commercial harvesting of 191.2 t was in
good agreement with the total of 179.1 t for the same period recorded by
Newcastle Co-op, although the proportion of pipis from Stockton Beach
handled by the Coop varied from month to month (Fig 5.4). My logbook
survey suggested that substantial numbers of pipis taken from Stockton
Beach were not sold through the Co-op in the first half of the year.
5.3 DISCUSSION
For the pipi fishery at Stockton Beach, on the north coast of NSW,
catch and effort appeared high in both the commercial and recreational
sectors. I found that most of the catch was taken by commercial fishers,
but far more effort was expended by recreational harvesters, who had
generally low catch rates. On the south coast, recreational effort was high
at Seven Mile Beach but catches and catch rates were extremely low in
comparison to Stockton Beach. This finding agrees with the results of my
questionnaire for recreational anglers, which indicated that anglers'
perceptions of the abundance of pipis differed greatly between the north
and south coasts. South coast anglers perceived pipis as harder to find, and
fewer anglers were able to get the numbers and sizes that they wanted,
reflected in the lower catch rates of recreational harvesters on the south
coast.
I found large differences between the harvesting patterns for the
recreational and commercial fisheries on Stockton Beach, implying that
the sectors may have very different potential impacts on local pipi stocks,
even though both fisheries were restricted solely to hand gathering. I
estimated that the combined recreational and commercial catch of pipis
from Stockton Beach was 237.7 tonnes during the period March 1996 to
February 1997 inclusive, taken in a total of 120,672 collector hours. The
commercial fishery was characterised by its relatively large catch, low
amount of fishing effort, and high catch rate (see Table 5.17).
Commercial fishers took the bulk of the catch (80% of the combined
commercial and recreational harvest), but accounted for only 11% of the
combined fishing effort and included only 27 fishers. In contrast, the
recreational fishery was characterised by a relatively small catch, high
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Figure 5.3 Size frequency distributions for Donax deltoides taken from Stockton
Beach, NSW by (a) commercial harvesters, data from samples on market floor, n=4227;
recreational collectors for (b) food, data from photographs and measurements on site,
n==1502; (c) bait, data from shells collected by anglers, n=205; and (d) sizes available
along the beach (n=5142, pooled data from transects at each of three sites on Stockton
Beach, at 0.6, 3 and 6 km from Birubi Point).
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Figure 5.4. Commercial harvest of Donax deltoides recorded from two sources.
Monthly catch in metric tonnes from (a) 0 a logbook survey of commercial fishers on
Stockton Beach; (b) II catches handled by the NewcastlelNelson Bay Commercial
Fishermen's Cooperative.
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fishing effort, and extremely low catch rates. Recreational fishers took
20% of the combined commercial and recreational catch, but accounted
for 89% of the combined fishing effort, with an estimated 15,795 parties
participating (Tables 5.14-16).
When I compared north and south coast sites, I found that effort at
Stockton Beach was more than twice that estimated for Seven Mile over
the same season, summer (53,373 cf. 23,356 collector hours respectively,
Tables 5.12, 5.15), but both catches were an order of magnitude higher at
Stockton (18.1 cf 1.6 t, Tables 5.11, 5.14) due to the much higher catch
rates at Stockton Beach (Tables 5.13, 5.16).
At both sites, recreational collecting for food was far more
extensive than bait collecting. Food gathering accounted for 93% of the
total recreational catch and 96% of the total recreational effort on
Stockton Beach (Tables 5.14, 5.15). I found a similar pattern on Seven
Mile Beach,
where food collecting accounted for 88% of the total catch
",
and 96% of effort (Tables 5.11, 5.12). This contrasts strongly with the
recreational fishery for Donax serra, a similar surf clam from South
Africa, in which only 47% of the catch was taken for food (Schoeman
1996).
Newcastle Co-op figures provided a good approximation of the total
catch from Stockton Beach over the whole year that I sampled (179.1 t
compared with my estimate of 191.2 t taken by commercial fishers),
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however the figures did not agree as well on a monthly basis (Fig. 5.4). In
June and July, higher estimates from my survey were due to fishers from
other regions collecting on Stockton Beach but selling catches directly
through the Sydney Fish Markets or their own regional Co-ops. Later in
the year, as numbers of pipis on Stockton Beach declined, many fishers
collected on other beaches but continued to consign their catches through
the Newcastle Co-op

5.3.1 Seasonal patterns of catch and effort
I found that the commercial and recreational sectors had very
different seasonal harvesting patterns. Over the 12 month period I
sampled, winter was the peak season for commercial harvesters and
accounted for 54% of the total commercial catch and 76% of effort on
Stockton Beach, while the lowest commercial catch and effort occurred in
summer (4% of total commercial catch and 3% of effort). In contrast, in
the recreational fishery, winter had the lowest catch and effort (13% of
total recreational catch and 11 % of effort) while summer was the peak
season, with 39% of total recreational catch and 50% of effort.
I believe that these different harvesting patterns can be explained by
the different behaviours of commercial and recreational collectors.
Commercial collectors were most active when large numbers of pipis
were present on the beach, regardless of weather. Commercial collectors
were very active during the winter when large concentrations of pipis
were available. However, low densities of pipis on Stockton Beach during
the summer forced many commercial collectors to move their activities to
other beaches in the region.
It is not surprising that the majority of the recreational catch and
effort occurred during the summer holiday season when weather
conditions and water temperature were most suitable for recreational
pursuits. The reasons why people participate in recreational fisheries are
diverse and the catching of fish is often a secondary factor (Henry and
Virgona 1984; Matlock et al. 1991; Miranda and Frese 1991). The high
recreational effort observed during summer suggests that the low densities
of pipi~ found on Stockton Beach during that season did not greatly deter
recreational participation in the fishery. People came to the beach for a
fun day out, and fishing was often secondary. People were less likely to
visit the beach in winter, hence my finding that recreational effort and
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catch were lowest during winter, despite the presence of large
concentrations of pipis on the beach.

5.3.2 Fishing quality comparisons
I was interested in making comparisons of fishing quality among
commercial fishers, recreational food collectors, and recreational bait
harvesters. I used the mean daily catch rates for each season as indices of
fishing quality for each user group. For Stockton Beach the seasonal catch
rates achieved in the commercial fishery were relatively high, with an
overall annual catch rate of 28.8 kg/collector hour (Table 5.17), and were
always more than an order of magnitude greater than the comparable
seasonal and annual catch rates observed in the recreational food and bait
fisheries. Seasonal recreational catch rates were relatively low, with
overall annual catch rates for the recreational food and bait fisheries of
1.3 and 1.6 kg/collector hour respectively (Table 5.16). Catch rates at
Seven Mile Beach were generally an order of magnitude lower again,
with a catch rate of 0.04 and 0.08 kg/collector hour respectively for the
food and bait fisheries (Table 5.13).
It is surprising to find such large differences in catch rates for an
animal that is hand collected by both sectors. I believe that relative
differences in access to good collecting sites and collecting experience
explain much of the difference between sectors. My observations have
shown that the exploitation of the pipi population on Stockton Beach was
not uniform along its entire length. Pipis were more heavily exploited at
sites adjacent to major access points and I found relatively low catch rates
at these heavily used sites. Over 95% of recreational harvesters accessed
the beach by foot at Birubi Point, and at least 90% of these people were
collecting within the first kilometre of beach. I also noted that the
majority of recreational food collectors using 4WD vehicles to access the
beach generally stayed within two kilometres of the car access point
(which is only 600 meters from Birubi Point). These findings are
consistent with those of Schoeman (1996) who reported that more than
85% of people collecting Donax serra stayed within one kilometre of the
access points, even when 4WD vehicles were used. In comparison,
commercial fishers spread their collecting activities across the entire
beach. Harvesters also stayed close to access points at Seven Mile Beach.
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5.3.3 Size frequency comparisons
My fishery independent data provided an assessment of the size
structure of pipis available to collectors on Stockton Beach (see Fig. 5.3).
Commercial fishers and recreational bait collectors favoured large pipis
and tended not to take small pipis. Commercial fishers did not take any
pipis smaller than 30 mm, and 75% of the commercial catch were animals
>48 mm in length. Similarly, recreational bait collectors rarely took pipis
smaller than 30 mm and 75% of the recreational bait catch was >48 mm
in length. Recreational food collectors were less selective than these other
user groups, often retaining small pipis, some as small as 9 mm in length
(see Fig. 5.3). Over 25% of the recreational food catch consisted of small
pipis, <30 mm in length. I believe that recreational food collectors were
less selective than the other user groups because the great majority of
them gain access to the beach on foot, concentrate most of their effort
within walking distance of heavily fished access points, and have difficulty
in locating patches of pipis under some conditions. Many complained that
they could not find large pipis. These data agree with data from my
angler questionnaire, in which recreational anglers from both the north
and south coast expressed a preference for larger animals. While at Seven
Mile Beach, collectors stayed close to access points as well, at this site I
believe that the very low catch rates reflect the disappearance of large
animals from this site, previously described. This agreed with the
perceptions of south coast anglers, who generally agreed that they could
no longer get the sizes they wanted, and generally could not collect many
pipis. These concerns have been reflected in the popular media. as this
cartoon from the Sydney Morning Herald illustrates (Fig. 5.5).
5.3.4 Management implications
Management of beach clam fisheries is complicated by the
interaction of human behaviour and the biological characteristics of the
animals. The large episodic fluctuations in distribution and abundance that
characterise beach clams (Chapter 1) make stock estimation and
management difficult, particularly in pipis (Chapter 2). However pipis
have planktonic larvae which may disperse widely (Ansell 1983). My data
suggest that the spawning season is prolonged (Chapter 3), and I found
recruits on beaches at all times of the year (Chapter 4). These
characteristics are typical of beach clams (McLachlan et al. 1996) may act
to mitigate the effects of harvesting. Even so, many beach clam fisheries
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Figure 5.5 Cartoon from the Sydney Morning Herald, June 1996, accompanying article
on increased fines for overharvesting.

in other areas of the world have shown a trend towards declining catches
over time which is believed to be the result of overharvesting by both the
commercial and recreational sectors (McLachlan et al. 1996). Indeed
comments on my questionnaire for recreational anglers indicated that
anglers thought that pipi numbers have declined over the last 20 years.
Anglers felt strongly that overharvesting was responsible for perceived
shortages of pipis on many beaches.
The different harvesting patterns that characterise the commercial
and recreational fisheries make it difficult to balance the management
needs of both sectors whilst ensuring the maintenance of a sustainable pipi
fishery. The commercial sector is extremely efficient at harvesting pipis.
The bulk of the pipi catch from Stockton Beach was taken by the
commercial sector, and it seem likely that the commercial sector accounts
for the majority of pipis on a state wide scale. Historical data indicate that
state wide commercial pipi catches have been increasing steeply since the
late 1980s, reaching 464 tonnes in 1996-97 (NSW Fisheries catch
statistics). The unrestricted growth of commercial pipi catches in NSW
should be monitored closely because of the potential risks of overfishing
this shared resource.
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I found comparatively high levels of effort in the recreational
fishery, but most participants were inefficient and had very low catch
rates. Despite the high effort, the recreational catch from Stockton Beach
was only about 20% of the total catch, most of which was taken for food.
Any increase in collecting efficiency by the recreational sector, due to
collectors gaining experience in locating patches of pipis or having better
access to productive sites on beaches, would undoubtably lead to an
increase in recreational catches and a greater allocation of the pipi
resource to the recreational sector. In addition, any future increase in the
population of NSW, allied to an increasing trend towards more
cosmopolitan styles of food, could lead to increases in recreational
collecting effort for pipis. At present, further expansion of the
recreational fishery in NSW is at least partially restricted by the current
bag limit regulation of 50 pipis per person per day (Lynch and Prokop
1993).
Over 50% of NSW anglers felt that bag limits should be reduced.
Most anglers from both regions shared the perception that pipis were
overharvested, and many anglers were keen to see further limits in the
number of pipis allowed. Nearly all fishers felt that a bag limit of 50 was
either appropriate or too many, with south coast anglers more likely to
feel that the bag limit was too high. Across both regions, <5% indicated a
desire to collect more than 50 pipis. This is an interesting finding for
future management, as the recreational lobby in Australia is strong.
Competition between the commercial and recreational sectors for the
shared pipi resource in NSW is likely to increase over time, thus it is
important to develop an appropriate management strategy that includes
consideration of the different harvesting patterns of the commercial and
recreational sectors and incorporates relevant biological information
about pipi populations.

193
CHAPTER 6 GENETIC SUBDIVISION
6.1 INTRODUCTION
It is widely assumed that dispersal via pelagic, planktonic larvae
leads to low levels of genetic differentiation within species (e.g. Grahame
and Branch 1985; Strathmann 1980; Todd 1985). However genetic data do
not always support this assumption (e.g. Burton 1983; Hedgecock 1986;
Todd et al. 1988). While a free swimming larvae may allow dispersal
over a wide area, mortality may be high and recruitment variable, and
local conditions, barriers and selection may all contribute to genetic
differentiation (Borsa et al. 1991; Hedgecock 1986; Koehn et al. 1973). If
larvae are dispersing widely, recruitment will usually not depend on
populations of breeding adults in a particular local area. Restricted larval
dispersal, on the other hand, means that heavy exploitation may lead to
limited recruitment. This can cause problems when wild stocks of a
commercially harvested species are dependent on natural recruitment of
juveniles to sustain the fishery.
In fisheries biology, a unit stock is regarded as a subset of the
population of a commercially exploitable species that can, for
management purposes be considered as distinct and capable of being
treated independently from the rest of the population, and hence will
generally have a geographic identity (Caddy 1989). For pipis, a unit stock
could consist of a unit as small as a single pipi bed, a beach, or some
region of coast. The distinction between unit stock and a self-reproducing
popUlation is vague, and has in the past rarely been defined (Caddy 1989).
Reproductive data suggest that Donax deltoides has a very
prolonged breeding season, producing small eggs for most of the year
(Chapter 3), and I found recruits on beaches all year round (Chapter 4).
All members of the genus Donax appear to be dioecious, primarily
outcrossing, and produce planktotrophic larvae (Ansell 1983). The
distance that larvae are able disperse will depend on the time propagules
spend··in water currents (Scheltema 1971), and planktotrophic larvae must
spend longer in the plankton than lecithotrophic larvae in order to feed.
Larvae of other species of Donax have been shown to survive at least
three to four weeks in the laboratory (Chanley 1969; Frenkiel and
Moueza 1979; Wade 1968). However, the life spans of larvae are difficult
to estimate, and predictions based on featqres such as egg size, larval
morphology and laboratory settling trials may not be relevant in natural
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situations. In addition, relatively long larval life span does not indicate
that larvae are dispersing, as surf beaches often show limited water
circulation (Talbot and Bate 1987), and surf zone ecosystems may be
semi-closed (McLachlan 1980). Genetic data can provide a useful estimate
of the scale and pattern of dispersal and the likely dependence of
recruitment on local stocks of adults.
Regardless of larval longevity, if larvae move offshore, the scale
and pattern of larval dispersal will be strongly influenced by the
magnitude and direction of current flow (Scheltema 1971). Along the east
coast of Australia, dispersal is likely to be influenced by the East
Australian Current (EAC), which flows in a generally southward
direction as a complex series of eddy loops (Hamon et al. 1975) rather
than a steady flow. Such a disjointed current flow may restrict larval
dispersal (Hedgecock 1986).
The southward ship drift speed (along-shore velocity) of the EAC
has been recorded at speeds from zero up to 3.6 kmlhr (e.g. Godfreyet
al. 1980; Hamon et al. 1975; Smith 1992). Hence larvae could take
anywhere upwards from 13.9 days to cover 1200 km. The fastest
estimates are well within the projected larval life span for the genus.
However inshore the EAC is often weaker (Hamon et al. 1975), or
displaced by a cool, north flowing current which appears to be
independent of the EAC (Cresswell 1987; Hamon 1980). In addition the
current flow is extremely complex and erratic in space and time
(Cresswell and Legeckis 1986). The EAC is fairly continuous from 27°33°S (see Fig. 6.1) (Huyer et al. 1988; Middleton et al. 1994; Pearce
1980). A large, "quasi-stationary" cyclonic eddy is frequently present off
Newcastle (33°S), producing strong inshore currents to the north (Boland
and Church 1981; Huyer et al. 1988), which may act as a barrier between
north and south coast samples. South of 34° S, large eddies sometimes
detach from the main flow and travel slowly south (Hamon 1965). Larvae
trapped in such eddies may not get the opportunity to settle. Hence ship
drift speed may not give a good estimate of time taken for small
propagules to travel large distances.
Given the pattern of currents off the east Australian coast, I
expected the more northern samples (southern Queensland and northern
New South Wales - see Fig. 6.1) to be the most strongly connected, with
low levels of genetic differentiation between them. I predicted that the
southern NSW samples would be the most differentiated, and central NSW
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Figure 6.1 Map of the coast of southeastern Australia, showing current flow and
beaches sampled in order to conduct a genetic analysis of Donax deltoides. 42 individuals
were collected from each of four beaches from four regions determined by the pattern of
current flow. Arrows offshore give a stylised representation of the East Australian
Current (EAC). Shaded area shows range of species.
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intermediate, or more like the southern samples, depending on the
importance of the EAC in larval dispersal on the south coast.
Low levels of genetic variation are commonly found for species with
a planktonic larval phase, when dispersal is not restricted and levels of
gene flow are high (Johnson and Black 1984a; Levinton and Suchanek
1978 ; Watts et al. 1990), while species which do not have pelagic larvae
may show significant genetic heterogeneity over a variety of spatial scales
(Hellberg 1994; Johnson and Black 1991). I used Wright's (1969)
standardised genetic variance, F ST , to summarise the variation found in
allele frequencies.
Of the few studies of invertebrates which rely solely on recruitment
from a planktonic larval stage conducted on the east coast of Australia,
most show almost no genetic differentiation in areas connected by the
EAC, while other species which do not disperse via planktonic larvae are
more differentiated (see review by Ayre et al 1997, summarised in Table
6.1). However all of these studies are for animals inhabiting the rocky
intertidal and subtidal. An invertebrate with somewhat restricted dispers~l
was found to have some degree of genetic differentiation (the prawn
Metapenaeus bennettae which breeds in estuaries (Salini 1987). No studies
have been published on the genetic differentiation of sandy beach fauna in
Australia with the exception of a paper coming from research described in
this chapter (Murray-Jones and Ayre 1997). In addition, none of these
studies have looked as far north, or over such a long section of the east
Australian coast as this study.
In order to estimate the effects of variation in current flow on
dispersal in pipis, I conducted a hierarchical survey of allozyme variation
for regions of the east coast which have different current regimes. In this
chapter I describe the results of this survey. Specifically I: 1. compare
genotypic variation within eastern Australian populations of D. delta ides
with expectations for a sexually reproducing species with random mating
and free recombination of genes; 2. partition allelic variation within and
among regions in order to infer the levels and patterns of gene flow; 3.
compare results with the expectation that gene flow will be higher and
hence allelic variation among sites will be lower in the two most northern
regions where the pattern of current flow connecting populations is least
variable.'
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Table 6.1 Comparison of standardised genetic variation (FST) and inferred levels of
gene flow (N em) among south eastern Australian local popUlations of marine
invertebrates with varying tactics of reproduction and dispersal. FST estimated using
formulation of Wright (1969) or (Weir and Cockerham 1984). Modified from Ayre et al.
1997.

Life History
Broadcast spawning,
planktonic larvae

Sexual reproduction,
no dispersal
mechanism

species
Donax deltoides (bivalve)
(Murray-Jones and Ayre 1997)
Oulactis muscosa (anemone)
(Hunt and Ayre 1989)
Morula marginalba (gastropod)
(Hoskin 1997)
Patiriella calcar (starfish)
(Hunt 1993)
Pyura gibbosa (solitary ascidian)
(Ayre et al. 1997).
Bedeva hanleyi (gastropod)
Cominella lineolata (gastropod)
(Hoskin 1997)
Stolonica australis (social ascidian)
Botrylloides magnicoecum
(compound ascidian)
(Ayre et al. 1997)
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6.2 METHODS
6.2.1 Locations sampled and collection of specimens
I collected pipis from the surf zones of each of three sandy beaches within
each of four regions on the east Australian coast. These four regions are
located along a 1200 km section of the coast (25° S to 35°49' S), and are
separated by varying distances (see Fig. 6.1). I selected regions on the
basis of current regimes and availability of pipis. The regions were:
1. North region - north of 30° S, EAC strong and consistent.
2. Mid-north region - between 30° and 33° S, EAC generally present.
3. Mid-south region - between 33° and 35° S, EAC intermittent, south of
the quasi-stationary eddy zone off Newcastle.
4. South region - south of 35° S, EAC rare, mainly in the form of warm
core eddies.
From each beach, I collected 42 adult pipis (~37 mm in length)
haphazardly from within a 50 m stretch of each beach. I transported
animals back to the laboratory in seawater, where foot tissue from each
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animal was excised and then rinsed in distilled water, before being frozen
at -80°C prior to electrophoretic analysis.

6.2.2 Electrophoresis
I used electrophoretic methods modified from Harris and
Hopkinson (1976) and Richardson et al. (1986). Extracts of foot were
homogenised by grinding and assayed on horizontal starch (12% w/v)
gels. I assayed variation for five polymorphic enzyme systems, using a
total of six variable enzyme-encoding loci: glutamate-oxalacetate
transaminase (OaT; EC #2.6.1.1), octopine dehydrogenase (ODH; EC
#1.5.1.11), phosphoglucomutase (POM; EC #2.7.5.1), mannose-6phosphate isomerase (MPI; EC #5.3.1.8), and L-Ieucyl-glycylglycine
(LGG; EC #3.4.11 or .13; two loci, Lgg 1 and Lgg 2 ). The electrophoretic
buffers used were: Mpi, Odh, and Pgm - No.9; Got, Lgg 1 and Lgg 2 No.6; as described by Selander et al. (1971). All enzymes were
monomeric. I labelled alleles alphabetically in order of decreasing
electrophoretic mobility.
6.2.3 Analysis
I calculated allelic variation among samples as Wright's (1978)
standardised genetic variance (F ST) using the BIOSYS-1 program
(Swofford and Selander 1981). FST provides a measure of the probability
that two genes at a single locus, chosen at random from different
subpopulations, are identical by descent. F ST varies between 0 and 1,
where 0 represents no variation in gene frequencies, and should be low
(i.e. reflecting low levels of genetic variation) when dispersal is not
restricted and levels of gene flow are high. Values of FST were adjusted by
subtracting the binomial sampling variance for each allele. FST was then
expressed as the weighted average variance of allele frequencies for each
locus and as a weighted mean for all loci. For each locus, I calculated the
statistical significance of the inter-sample variation in allelic frequency by
heterogeneity chi-square tests, pooling rare alleles.
I used a hierarchical analysis to partition allelic variation within and
among several spatial scales: samples (S); regions (R); and total (T) to
obtain a measure of the variance among samples (FSR ), and among regions
(F RT ), as well as the overall variance, PST'
To investigate the spatial scale over which Donax deltoides exists as
a randomly mating population, I calculated Wright's (1969) fixation

199

index, F, which is a meas~re of departures from the level of
heterozygosity expected if samples match expectations for HardyWeinberg (H -W) equilibrium. If dispersal is restricted within popUlations
of an outcrossed, sexually reproducing species, samples should show
deviations from H-W equilibrium if they include more than one
differentiated gene pool. These deviations will take the form of
heterozygote deficits, where the magnitude of the deficit is proportional
to the amount of genetic variation among breeding units.
I calculated the fixation index for samples, F, as:
F == 1 - (Ho / Hs)
where Ho is the observed proportion of heterozygotes within a sample
over all loci and H s is the expected proportion of heterozygotes within
that sample. Positive or negative values indicate deficits or excesses of
heterozygotes respectively, when compared to expectations for H-W
equilibria (Hedrick 1985). I used chi-square analyses to assess the
statistical significance of these deviations from expected numbers of
heterozygotes and homozygotes, pooling numbers of heterozygotes and
homozygotes with one degree of freedom. I used the sequential
Bonferroni technique to adjust for the number of tests performed
(Hochberg 1988; Lessios 1992). Chi-squares were not carried out when
the expected number of heterozygotes or homozygotes (pooled) was less
than five.
Loci can only be regarded as independent tests for agreement with
H-W equilibria and the amount of genetic differentiation within
populations if there is no significant linkage disequilibrium. I used Hill's
(1974) diallelic pairwise method to test for linkage disequilibrium.
Linkage disequilibrium can be caused by a number of factors including
selection, the mixing of genetically distinct populations, mutation or
random drift in allele frequencies (Hedrick 1985; Waller and Knight
1989):. High levels of gene flow should counteract most of these. If gene
flow appears high, but linkage disequilibrium is still present, this could
provide evidence of population subdivision or restricted gene flow in the
past.

6.3 RESULTS
All samples displayed at least moderate levels of genetic variability.
Overall I detected a mean of 3.5 + 0.5 alleles per locus and allelic
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variation was similar among all sites (Table 6.2). Allele frequencies and
levels of polymorphism did not vary greatly within or among regions.
Lgg 1 and Lgg z were always polymorphic at the 0.95 level, while for
other loci, 41.7% (Got) to 75% (Mpi) of samples were polymorphic at the
0.95 level (Table 6.2). The frequency of the most common allele did not
systematically vary with geographic location (Fig. 6.2). I detected no
significant multi-locus disequilibrium in any of the pairwise comparisons
of loci at any site (p>0.05).
My hierarchical analysis of the standardised variation (F ST ) showed
that, after subtraction of the binomial sampling variance, there was little
variation for the entire set of 12 samples (FST = 0.009; Table 6.3). Values
of FST varied among loci, ranging from 0.003 (Lgg 2) to 0.018 (Mpi). I
detected significant heterogeneity among sites for Mpi, Odh and Lgg 1
over 1200 km (p<O.Ol; Table 6.3). Surprisingly, all of the allelic
variation was attributable to variation among samples (i.e. local
populations) within regions (FSR = 0.01, Table 6.3) rather than among
regions (FRT = 0.001). Separate analyses carried out for single regions
provided similar outcomes, with the lowest level of variation present
within the South region (FSR(sOllth) = 0.002), while all the other regions had
values similar to the overall average of 0.01.
I found that single-locus genotype frequencies within samples
drawn from randomly mating populations generally conformed to
expectations for samples drawn from outcrossed popUlations. F values for
most loci were ~ 0, except for the peptidases, Lgg 1 and Lgg z (Table 6.4). I
detected significant deficits of heterozygotes in all 12 samples for Lgg 1 .
The analysis for Lg g 2 produced four significant excesses of
heterozygotes, and three significant deficits (see Table 6.4). Out of a total
of 28 statistically valid tests, I detected only one significant departure
from H-W equilibrium for any of the non-peptidase loci (Got, Lighthouse
Beach, P < 0.05). When weighted averages of F were estimated across all
populations, four of the six loci showed mean deficits of heterozygotes,
and two had very small excesses, but again, only Lg g 1 deviated
significantly from H-W equilibrium (Table 6.4).
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Table 6.2 Allelic frequencies for 6 enzyme encoding loci for samples of Donax deltoides from collections from 12 beaches
within a 1200 km section of the southeastern coast of Australia (- allele absent;

* locus polymorphic at 0.951evel; mean

number of al1eleslIocus ± SE in parentheses. n= 42 for each collection.

Locus,
allele

North

*

A
0.036
B
0.940
0.024
C
(2.50 ± 0.15)

LggJ
A
B

*

0.011
0.060
C
0.417
D
0.012
0.464
E
F
0.024
0.012
G
(5.08 ± 0.29)

Lgg2

South

Mid-South

---- -

Dundabarra

Got

Mid-North

*

A
0.024
B
0.488
C
D
0.274
E
0.179
F
0.035
G
(4.75 ± 0.25)

Windang

WarilIa

Seven
Mile

0.083
0.845
0.072

0.036
0.952
0.012

0.024
0.964
0.012

0.060
0.893
0.047

*

*

*

*

*

0.092
0.326

0.112
0.325

0.047
0.274

0.547
0.035

0.525
0.038

0.083
0.190
0.025
0.619
0.083

*

*

Dilli
Village

Rainbow
Beach

Hat
Head

North
Beach

0.012
0.977
0.011

0.012
0.988

0.036
0.964

0.058
0.942

*

*

*

0.023
0.349
0.081
0.477
0.047
0.023

0.012
0.274

0.143
0.226
0.012
0.524
0.071
0.024

*
0.442
0.279
0.221
0.058

0.702
0.012

*

0.024
0.512
0.202
0.262

*
0.560
0.226
0.214

*

0.012
0.465
0.023
0.198
0.256
0.046

Lighthouse

*

0.412
0.013
0.300
0.250
0.025

*

0.012
0.488
0.298
0.178
0.024

*

----_._--

Kioloa

*

Durras Broulee

0.060
0.940

0.038
0.962

*

*

0.024
0.976

*

0.560
0.119

0.012
0.310
0.083
0.583
0.012

0.011
0.083
0.429
0.036
0.393
0.048

0.058
0.407
0.023
0.500
0.012

*

*

*

*

*

0.476

0.440
0.036
0.310
0.190
0.024

0.453
0.012
0.278'
0.198
0.047
0.012

0.452

0.036
0.452
0.024
0.417
0.071

0.238
0.274
0.012

0.036
0.048
0.345
0.548
0.023

0.321
0.191
0.024
0.012

N
0
N

Table 6.2 ctd
Locus,
allele

B
C
D
E

South

Mid-South

---

Dundabarra
Mpi
A

Mid~North

North

*

Dilli
Village

*

0.060
0.905
0.035

0.011
0.093
0.884
0.012

Rainbow
Beach

*

0.035
0.048
0.917

Hat
Head

0.012
0.036
0.952

North
Beach

Lighthouse

Windang

Warilia

Seven
Mile

Kioloa

*

*

0.071
0.905
0.024

0.060
0.940

0.049
0.927
0.024

*

*

0.174
0.779
0.047

0.976
0.024

0.095
0.845
0.060

0.024
0.964
0.012

0.048
0.881
0.071

0.083
0.893
0.024

0.030
0.970

*

*

*

0.035
0.905
0.060

0.869
0.131

0.011
0.929
0.060

0.036
0.917
0.036
0.011

--

-

Durras Broulee

*

0.011
0.047
0.942

0.048
0.952

0.985
0.015

0.024
0.964
0.012

*

*

0.012
0.872
0.116

0.012
0.869
0.119

(2.92 ± 0.19)

Odh
A

B

0.012
0.988

C
D
(2.83 ± 0.17)
Pgm

A

*

0.047
0.849
0.081
0.023

*

0.047
0.919
0.034

*

*

0.952
0.048

0.012
0.011
0.917
0.060

*

0.012
0.905
D
0.071
0.012
E
(2.75± 0.23)

0.953
0.047

*

0.071
0.881
0.048

B

C

*

0.023
0.917
0.060

0.012
0.895
0.093

0.976
0.024

*

*

*

0.976
0.024

203

Figure 6.2 Frequency of the most common allele at each of six polymorphic enzymeencoding loci in samples of Donax deltoides, collected from 12 beaches separated by up
to 1200 km along the east coast of Australia. n=42 for each collection. Distances are
numbered from north to south.
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Table 6.3 Hierarchical analysis of allelic variation in Donax deltoides over several
spatial scales: samples (S), regions (R) and total (T) to obtain a measure of variance
among samples(FsR), among regions (FRT) , and overall standardised variance (FST)
among samples for six enzyme-encoding loci. Probabilities calculated using heterogeneity
chi-square analysis (*p < 0.05; ** P < 0.01; *** P < 0.001; NS not significant; na not
applicable (pooled number of heterozygotes <5).
"

Locus

Got

Lgg1

Lgg2

Mpi

Odh

Pgm

weighted
average

FSR

0.013

O,OlD

0.004

0.026

0.017

0.011

0.010

FRT

0.001

0.002

0.002

0.008

0.005

0.005

0.001

FST

0.012na

0.012*** 0.002 NS

0.OO6 NS

0.009

0.018*** 0.012**
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Table 6.4 Departures of expectations for Hardy-Weinberg equilibrium expressed as
Wright's (1978) fixation index F (:::1 - Ro:He) for each of six enzyme-encoding loci
within samples from the southeastern coast of Australia. Positive values indicate deficit of
heterozygotes. Each locus was tested for departures from Hardy-Weinberg equilibrium
using chi-square analysis following adjustment to p values using sequential Bonferroni
procedure (Hochberg 1988). Significant departures denoted by: * p < 0.05; ** P < 0.01;
*** p< 0.001; nd X2 test not done as expected numbers of pooled heterozygotes <5.

Region,
sampling
site

Locus

Got
North
Dundabarra
Dilli Village
Rainbow
Beach

Lgg1

Lgg2

Mpi

Odh

Pgm

-0.047
-0.018 nd
_O.012nd

+0.254*** -0.276*** +0.191
+0.275*** +0.lD4*** +0.115
+0.338*** -O.lDO** +0.238

-O.012nd
-0.033
+0.235

+0.053
-0.049 nd
-0.050

Mid-North
Hat Head
North Beach
Lighthouse

-0.037 nd
+0.363 nd
+0.217*

+0.118*** +0.031
+0.325*** -0.032
+0.173*** -0.109**

-0.099
-0.065
-0.029 nd

-0.069
-0.lD4
-0.024nd

Mid-South
Windang
Warilla
Seven Mile

+0.480nd
-0.029nd
-0.088

+0.117** +0.145*** -0.134
+0.242
+0.640*** +0.071
+0.273*** +0.183*** -0.084

-O.OlD
+0.147
-0.031nd

-0.079
-0.151
+0.290

South
Kioloa
Durras
Broulee

+0.787 nd
-0.039 nd
-0.024nd

+0.415*** +0.008
+0.239*** -0.103**
+0.174*** +0.055

-0.063
-0.051
-0.050 nd

+0.293 nd
-0.015 nd
-0.029 nd

-0.024nd
+0.073
+0.070

+0.130

+0.279***

+0.020

+0.030

-0.005

Weighted
average

-0.002

-0.040nd
-0.032
-0.024nd
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6.4 DISCUSSION
My hierarchical analysis of patterns of genetic variation within and
among four separate geographic regions supported predictions that the
pipi Donax deltoides used outcrossed sexual reproduction to produce
widely dispersed larva. This study is the first to use genetic data to
investigate population structure in the genus Donax. My conclusions
match those of other studies that have used histology and larval life span
to look at reproduction in other species of the genus (Ansell 1983).
However, my data did not support my prediction that the apparently more
isolated southern samples would show greater genetic differentiation.
In this study, I found low levels of genetic variation among samples
of pipis from beaches separated by up to 1200 km along the east
Australian coast. Importantly, all six apparently unlinked loci showed
similarly low levels of interpopulation variation at all spatial scales. I
found little regional variation, with the smallest amount being within the
South region. Similar low levels of genetic variation are commonly found
for species with a planktonic larval phase, for example: for many bivalves
e.g. Mytilus californianus, FST = 0.002 for two loci over 1000 km
(Levinton and Suchanek 1978); other molluscs e.g. limpets, Siphonaria
sp., FST = 0.004 over 2500 km (Johnson and Black 1984a); and a range of
other animals e.g. the out-breaking Crown-of-Thorns starfish Acanthaster
planci, FST = 0.019 over 1300 km (Nash et al. 1988), and the urchin
Echinometra mathaei, F ST = 0.013 over 1300 km (Watts et al. 1990).
Species which do not have pelagic larvae were more likely to show
significant genetic heterogeneity over a variety of spatial scales, both
short: e.g. for the gastropod Bembicium vittatum, FST = 0.163 over 50 kIn
(Johnson and Black 1991); and long, e.g. FST = 0.283 over 3000 km for
the philopatric coral, Balanophyllia elegans (Hellberg 1994). On the east
coast of Australia a number of studies have explicitly compared species
with and without a pelagic larval stage, and in all cases genetic
differentiation was far less in species with planktonic dispersal (Table
6.1). My data suggest that the larval life of D. deltoides is long enough to
allow widespread dispersal, and thus refute my prediction (based on
current ,patterns) that there would be less genetic differentiation in the
northern regions than in the southern regions.
Levels of genetic variation can be used to estimate levels of gene
flow over different spatial scales. If gene flow is low, then gene
frequencies within samples on separate beaches are expected to diverge
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due to stochastic processes such as drift, founder effect and site-specific
selection (Hedgecock 1986; Johnson and Black 1984b; Slatkin and Barton
1989; Wright 1943). The lack of variation found in my study both within
and among regions implies that dispersal is occurring between even the
most widely separated samples on this region of the coast. This may be
occurring via varying distance dispersal (island model), or via a series of
stepping stones. The precision of estimates of gene flow will depend on
the satisfaction of a range of assumptions, and should take into account the
pattern of gene flow. For an essentially one dimensional array of
sampling sites such as those described in this study, Wright's (1969) island
model may be used to express approximate equilibrium levels of gene
flow (expressed as the effective number of immigrants per generation)
within a structured population. In this model, genetic difference increases
with geographic distance between the populations (Hellberg 1994) and the
level of differentiation of subpopulations is assumed to be a predictable
function of constant and two-dimensional gene flow, such that:
gene flow (Nem)

=(l-FST)/4FsT

where N e is the effective population size and m is the number of migrants
per generation. Alternatively (particularly if larval life is short), gene
flow may occur via a series of "stepping stones (Kimura and Weiss
1964). However, estimation of gene flow in this way requires additional
information e.g. knowledge about how FST depends on the mutation rate at
a locus and the selection that locus experiences, and how long F ST takes to
reach an equilibrium value (Slatkin and Barton 1989).
Substituting my value of the genetic variance, F ST = 0.009 into the
above equation generates an estimate of N em = 27.5 among all local
samples. In general, Nem > 5 is considered sufficient to prevent genetic
differentiation of local populations. Such a large Nem should be sufficient
to reduce random fluctuations in allelic frequencies and loss of genetic
variation in individual popUlations (Johnson and Black 1991; Wright
1969). Assumptions made in estimating N em from F ST include (i)
neutrality of characters, (ii) sexual reproduction, (iii) a system at
equilibrium, and (iv) equal gene flow in all directions. Slatkin and Barton
(1989) concluded that, if the popUlation structure fits the general
assumptions of the isolation by distance model, estimates of N em using
electrophoretic data are probably realistic (to within a factor of 2). My
data appear to meet the majority of these assumptions, i.e. I found a good
If
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fit to Hardy-Weinberg equilibria within local populations (except for the
peptidase loci) and no evidence of linkage disequilibrium, which implies
that loci are not subject to strong site specific selection. Further, I found
no accumulation of rare alleles at either extreme of the distribution
studied which suggests that gene flow is bidirectional. Note that a high
level of gene flow does not mean that the majority of recruits on a beach
at anyone time are necessarily migrants, merely that gene flow is
sufficient to prevent the accumulation of genetic differences over time
(Johnson and Black 1984b).
My estimate of N em is consistent with the few other studies of
genetic variation in populations of marine invertebrates with a planktonic
larval phase conducted for the region (Table 6.1). All species with a
planktonic larval phase had an N em > 8, while all other animals using
other means of dispersal had an N em < 2. Taken together, these studies all
imply that dispersal in species with a planktonic larval stage is sufficient
to prevent an accumulation of genetic differentiation as a result of
isolation by distance within the region affected by the EAC on the east
coast of Australia. Prolonged spawning in species such as Donax deltoides
(Chapter 3) and Oulactis muscosa (Hunt and Ayre, 1989) may compensate
for the erratic nature of the EAC and the tendency for beaches to form
semi-closed rip circulation cells (McLachlan 1980).
Four out of the six loci did not deviate significantly from
expectations for H-W equilibria within any samples. Only one locus
(Lgg}) was always significantly deficient in heterozygotes in all samples.
Similar deficits in peptidase loci in marine bivalves have been reported
for many species (e.g. Koehn et al. 1976; Stiven 1992; Tracey et al.
1975). Possible explanations for this include the presence of null alleles or
a consistent pattern of selection against homozygotes (Borsa et al. 1991;
Koehn et al. 1973). When I re-analysed the data without Lgg 1 , my results
were similar, confirming that there was almost no genetic differentiation
within or among regions (FST == 0.012; FRT =0.005),
-At the simplest level, my data imply that the east coast of Australia
supports a single, almost panmictic stock, although in any given year the
major proportion of recruits may be self-seeded or come from another
beach Close by, These data suggest that the pipi populations of the east
coast of Australia may form a single fishery. I emphasise, however, that
the present patterns of genetic variation could reflect historical patterns of
gene flow. The east coast has been subjected to a variety of disturbances in
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recent times, including sand depletion from many beaches due to the
construction of breakwalls and other coastal infrastructure, sand mining,
and urban development. In addition, pipis are heavily harvested. Further
confirmation of the strength of larval connections may involve surveying
genetic variation in newly settled larvae and/or juveniles, and in
particular, the use of molecular markers that evolve rapidly and are more
sensitive to short-term perturbations (Neigel 1994).
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CHAPTER 7 GENERAL DISCUSSION

Donax deltoides is both cryptic and highly mobile, tends to form
dense aggregations, and shows large variations in distribution and
abundance in both space and time. My data, which represent the first
quantitative study of eastern Australian populations of D. deltoides, support
claims made by King (1985) for South Australian populations, by showing
prolonged recruitment, continuous gametogenesis with eggs present all
year round, fast initial growth, and a relatively early onset of sexual
maturity. However in general, eastern Australian populations showed faster
growth rates, a larger maximum size, and more changeable distribution
dynamics than South Australian populations, although apparent differences
may be a reflection of the fact that I sampled more intensively, and across a
wider range of the beach, including the subtidal.
My data strongly support published accounts for this genus which
suggest that Donax species have highly variable distributions. The
popUlation dynamics of Donax deltoides appear to be characteristic of the
infauna of high energy sandy beaches around the world, with variable
recruitment, fast growth up to the size at which sexual maturity was
reached, and very prolonged spawning period. All these features have been
widely reported for other members of the genus. In general my data fit with
life history predictions for an outcrossing planktotrophic speCies m a
variable environment.
7.1 Life History
In ecological studies, the total number of individuals in an area (N)
may be the most effective measure of population size. However the
breeding population may be much smaller. Life history traits such as
variation in individual reproductive output, the sex ratio of the breeding
population, and fluctuations in popUlation size over generations may all act
to decrease effective population size (Wright 1969). The concept of
effective popUlation size (N e) offers a means of predicting the rate of
inbreeding and the loss of genetic diversity in wild popUlations (Frankham
1995). ,
Many marine invertebrates show fluctuating abundances, and high
recruitment variability is typical of marine invertebrates with a planktonic
larval phase (Connell 1985). Animals with planktonic larvae may display
substantial variation in reproductive success, due to high fecundity and
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high early mortality of larvae. Reproduction in marine invertebrates is
generally strongly influenced by oceanographic processes, which may
affect gonad maturation, spawning, fertilisation, survival of larvae and
recruitment (Hedgecock 1994). On the east coast of Australia the erratic
nature of the East Australia Current (Cresswell and Legeckis 1986;
Hamon 1965), and the fact that surf beaches often show limited water
circulation (Talbot and Bate 1987) might be expected to restrict larval
dispersal and make the supply of recruits variable. While species with a
planktonic larval phase are generally highly fecund, laboratory studies
indicate that molluscs can show high variability in gamete quantity and
quality, (e.g. Lannan 1980; Muranaka and Lannan 1984), and fertilisation
success can be lowered by dilution of sperm or low densities of spawning
adults, particularly in the turbulent conditions of the surf zone.
Fertilisation success decreases as the mean velocity or the turbulence of
water increases (Denny and Shibata 1990), and larvae may have less
control over settlement as larval swimming speeds are much slower than
wave and current velocities (Denny and Shibata 1990). If timing of
spawning is not linked to appropriate oceanographic conditions, variation
in individual reproductive success can be very high, which will
dramatically decrease Ne (Hedgecock 1994).
In a review of the relationship between Nand Ne in wildlife,
Frankham (1995) suggested that the most important variable reducing the
ratio of Ne/N was fluctuation in popUlation size, followed by variation in
family size, the measure of actual population size used (total census size,
number of adults, or number of breeding individuals), and unequal sex
ratios. Frankham suggested that, in general, ratios of Ne/N are probably
much smaller in the wild than have been previously recognised. For
Donax deltoides, I found highly fluctuating abundances (Chapter 2), and
reproductive data suggest that individual females could contain very
variable numbers of eggs (Chapter 3), although sex ratios did not differ
significantly (Chapter 3). Values for egg numbers only come from one
point in the spawning cycle, and do not provide information on lifetime
reproductive success. However it does seems likely that Ne for this
species could be much smaller than N.
Surf beaches have been described as semi-closed ecosystems
(McLachlan 1980; Talbot and Bate 1987). If spawning occurs during
periods when water (and hence larvae) is retained in rip circulation cells,
then dispersal may be very limited. This, allied to the erratic nature of the
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East Australian Current suggest that on exposed sandy beaches, the bulk of
recruits at any time are quite likely to be produced locally. This would have
serious consequences for the recovery of populations of Danax delta ides
after catastrophic events such as mass mortality, or from overharvesting,
particularly if the effective population size was very low. However year
round spawning may mitigate these effects, particularly if D. delta ides is
spawning in response to oceanographic triggers. For instance, many
archaeogastropods have been shown to initiate spawning under conditions
which may enable eggs to be carried swiftly out of the surf zone, namely
rough seas which are associated with onshore winds, and cold, upwelling
water (Creese 1983; Shanks 1998; Thompson 1979). Under these
conditions, the residence time of water in the surf zone drops rapidly, while
the onshore winds ensure that larvae are not carried too far offshore before
conditions change (Shanks 1998). Alternatively, calm surf conditions
(when fertilisation success may be higher), are often brought about by
strong westerly (i.e. offshore) winds, which could ensure larvae are carried
out to sea. Once out of the surf zone, larvae may be transported relatively
long distances by currents. It is feasible that oceanographic cues might
trigger spawning in D. de Ita ides , although there is no information available
about any connection between weather conditions and spawning in beach
clams. The fact that pipis are reproductively active all year round probably
ensures at least periodic recruitment from other beaches, as circulation
conditions fluctuate continuously (Talbot and Bate 1987). Frequent
spawning may ensure that at least some larvae are able to disperse widely,
hence prolonged, year-round "dribble" spawning may be a form of bethedging in exposed environments with changing environmental conditions,
even if spawning is not being initiated by oceanographic conditions.
My genetic data support the prediction that dispersal may be
widespread (Chapter 6). My study, the first on the patterns of allelic
variation for any sandy beach invertebrate in Australia, found extremely
low levels of genetic differentiation over 1200 km of the east Australian
coast.·, Inferred high levels of gene flow may reflect historical rather than
current patterns of dispersal. Moreover relatively few migrants are needed
to prevent the genetic differentiation of large popUlations (Johnson and
Black 1991; Wright 1969). Hence recruits arriving on a beach may
originate from other areas which are not harvested, and so this species may
have abundant reservoirs of reproductively active animals.
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In fluctuating environments, life history theory predicts "r-selection",
with an early age at first reproduction and large numbers of poorly
provisioned eggs (Stearns 1976; Steams 1977). Hirshfield and Tinkle
(1975) predicted that for animals in variable environments, low but
variable reproductive effort would be an advantage. Planktotrophic species
in unpredictable habitats often show prolonged spawning (Newell et al.
1982), and variable recruitment is common in unstable habitats. Variable
survivorship in offspring is thought to lead to a trade off in which
reproductive effort is lowered in order to live longer and reproduce in a
wider variety of conditions. This is also a form of bet-hedging (Stearns
1976; Steams 1992). Pipis appear to fit these predictions, with a prolonged
spawning period, early maturation, small eggs, and relatively low but
variable reproductive effort.

7.2 Management of Donax deltoides
Beach clams, including this species, typically show an intertidal to
shallow subtidal distribution, making them very accessible to harvesting.
The assessment of the impacts of human harvesting on sandy beaches has
lagged behind that of rocky shores. There are suggestions that harvesting
can have a significant impact on populations of beach clams, in particular
on abundance and size distributions (McLachlan et al. 1996). Defeo and de
Alava (1995) found higher densities in all year classes after humans were
experimentally excluded from some areas in the fishery of Donax
hanleyanus, and many beach clam fisheries in other countries have shown a
trend to declining catches over time, thought to be the result of
overharvesting by both the commercial and recreational sectors
(McLachlan et al. 1996).
Anglers have been complaining bitterly about the collapse of pipi
popUlations on the north coast of NSW since the 1960s, e.g. (Anon. 1965;
Anon. 1966; Cornish 1966; Dallimore 1965; Gaudron 1965). There is,
however, no evidence that harvesting of pipis in Australia has a deleterious
effect on population structure and density.
In the following sections, I will discuss the options and strategies
that are commonly used in fisheries management, before specifically
addressing the implications of my data for management. I will then suggest
appropriate strategies and tactics that might be appropriate for the pipi
fishery in NSW.
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7.2.1 Management implications: Fisheries biology of Donax deltoides
Reproduction and recruitment
Data about recruitment and reproduction are central to fisheries
management. It is generally accepted that the collapse of many of the
world's fisheries have been due to recruitment failure (Cushing 1973).
Variable recruitment in particular can be a major problem in fisheries
management, because large fluctuations in recruitment can lead to the rapid
collapse of a fishery, particularly if recruitment is independent of stock size
(Gulland 1973; Sainsbury and Polacheck 1994). When recruitment is
variable, particularly when abundances fluctuate, it is not always easy to
tell if overfishing is occurring, especially in the case of recruitment
overfishing (Gulland 1989; Hilborn and Walters 1992~ Hirshfield and
Tinkle 1975). In some instances yields from a population with variable
recruitment may be stabilised by a "storage effect", where adults have a
relatively long life span, i.e. successful recruitments are "stored" as longlived adults and the fishery is supported by one predominant size class
(Chesson 1986).
It is difficult to make predictions about stock-recruit relationships,
longevity and reproduction from published studies on other species. For
instance, surf clams show wide variation in their life histories. For instance
the surf clam Spisula solidissima may live for >20 years (Cerrato 1992)
while many Donax species are short-lived and die after 1-2 years (Ansell
1983). Recruitment in beach clams typically varies from year to year or
among sites, but some species have strongly seasonal, highly synchronised
reproduction while others do not. The degree to which reproduction is
strongly seasonal will determine whether there are consistent periods when
there is no reproduction and hence no recruitment.
Although I found considerable variation in the timing of
reproduction from year to year both within individuals and among years, in
general at all sites spawning was prolonged, with recruitment all year
round. However not all recruits survived to enter the fishery. There
appeared to be high post-settlement mortality at all sites, with few recruits
appearing to establish cohorts. High variability in the survival of recruits
generally implies differential mortality (Keough and Downes 1982), and
surviv~l in surf clams may be a stochastic event, with large storms
removing the bulk of settlers so that only those which have reached a
sufficient size can survive high wave activity and hence recruit.

214

My genetic data suggest that pipis on the east coast of Australia
could be treated as a single, panmictic stock, and that recruits to a beach
may be coming from other locations, or perhaps from reservoirs offshore.
My data from Seven Mile Beach support this contention, as I observed year
round recruitment over a five year period, during which time I rarely found
sexually mature animals on the beach (Chapter 4). Taken together,
prolonged spawning, high levels of gene flow, and the presence of settlers
in high numbers on the beaches in samples all year round, imply that the
pipi fishery is unlikely to be recruitment limited.
Size at first capture
For species with delayed maturity and low fecundity, even moderate
increases in fishing intensity can decrease the supply of larvae (recruitment
overfishing). However for fast maturing, highly fecund animals,
recruitment may not decrease greatly until stock sizes are very low. This
tendency increases the risk of collapse. Any tendency to harvest animals
before they have made a contribution to reproductive output will increase
the likelihood of recruitment overfishing. As described previously, a
common management tactic involves restrictions based on size, in which
smaller individuals are protected in order to allow them to grow to a size at
which they can reproduce at least once.
Pipis appeared to grow fast, reaching sexual maturity within six to
nine months, however they begin to be harvested well before they reach
sexual maturity. I have superimposed a plot of the sizes taken by the
combined commercial and recreational harvesting sectors in the 12 months
that I surveyed the harvest (data from Fig. 5.3, pooled across all harvesting
sectors) onto a plot of the number of eggs held per female (data from Fig.
3.9) (Fig 7.1). These data show clearly that pipis <45 mm in length did not
contain large numbers of eggs at anyone time. However they had been
recruited into the fishery at this size and hence were subject to considerable
fishing pressure. While the majority of animals targeted by harvesters were
large, recreational food collectors often took very small animals, down to
10 mm in length. Even commercial harvesters took animals as small as 26
mm at times, although all groups expressed a preference for larger animals
(Chapter' 5). Nearly 60% of the recreational food harvest, and 14% of the
combined recreational and commercial harvest, was <37 mm, the size that
my data suggest that D. deltoides reaches sexual maturity. This contrasts
with the recreational fishery for Donax serra (similar in size and
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Figure 7.1 Number of eggs (Ill) contained in female Donax deltQides of different;-lengths from a collection made on 23111196 from Stockton Beach, estimated using
stereological methods (Chapter 3). Solid line shows pooled length frequency of pipis
taken by commercial fishers (n=4227), and recreational food (n=1502) and bait (n=205)
harvesters combined, from a study of harvesting on Stockton Beach between March
1996 - February 1997. Combined data n=5934 (Chapter 5).
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appearance to D. deltoides) in which only 1.3% of the total catch was <45
mm, the estimated size of sexual maturity for this species (Schoeman
1996). There is enormous potential for increases in both catch rates and
numbers of participants in the recreational harvesting sector (as discussed
in Chapter 6). In addition, commercial fishers will take small animals when
no large are available. Given the fact that such large numbers of prereproductive individuals are taken, and the potential for the proportion of
small animals taken to grow if the fishery expands or if larger animals
become scarce, there appears to be a real risk of recruitment overfishing,
although this must depend on the relationship between adults and
recruitment levels (Gulland 1973).
In general there does not appear to be a consistent pattern between
stock and recruitment in bivalves (Hancock 1973). Two well replicated
studies of beach clams suggested that recruitment is density-dependent,
e.g. year-class strength in Mesodesma mactroides declined with increasing
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adult density at the time of settlement (Defeo et al. 1992), and Schoeman
(1997) obtained similar results for Donax serra. In contrast, after a
dinoflagellate bloom caused mass mortality of D. serra in Elands Bay, S.
Africa, negligible recruitment was found in the following two years, and
the population had not recovered after six years (de Villiers 1975). The
author infers a positive relationship between stock and recruitment, based
on the size frequencies of the various size classes found at this site over the
next six years. However sampling appeared to be limited to one date per
year, at different times of the year, and the data are not convincing,
although many infaunal bivalves are capable of spectacular recoveries from
low stock levels (Coe 1953; Hancock 1973), e.g. after high mortality
following an anoxic fish kill, a population of the surf clam Spisula
solidissima did recover rapidly, thought to be due to recolonisation from
other areas (Ropes 1980). In other species of beach clams, recruitment
appears independent of density e.g. Tivela stultorum (Tomlinson 1968),
however in general, studies are poorly replicated and suffer from a lack of
independence of data.

Stock assessment
Stock size dependent strategies are reliant on an accurate assessment
of stock. However my estimates of biomass at the transect level were very
different over along-shore distances as small as 20 m (Chapter 2). Pipis
were also likely to move offshore and out of sampling range. These factors
mean that obtaining accurate stock assessment would require very intensive
(and perhaps prohibitively expensive) sampling. My estimates of biomass
also varied over short temporal scales, presumably due to changes in
distribution either along the shore or down the shore, hence stock
assessments would need to be well replicated in time as well, adding to the
cost. My preliminary stock estimates for a small part of Stockton Beach
increased from 2.6 to 12.9 t m- I over only five months (Table 2.7). On the
first date, large pipis were located subtidally and hence I may not have
sampled them all, while on the second date all animals were intertidal and
hence accessible. On the other hand, this increase in biomass could be a
result of low mortality and fast growth among settlers, or a movement
alongshore. It is difficult to differentiate among these explanations.
High mobility in a cryptic species, along with day-to-day variation in
location on shore and differences in abundance over very short spatial and
temporal scales, creates major problems in the calculation of many
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ecological and fisheries parameters, including biomass. My data highlight
the inadequacy of the single transect approach, particularly for comparative
studies, because of the variability in distribution and abundance across the
spatial and temporal scales I have described.
The variation in distribution and abundance found during this study
was reflected in large changes in catch, and catch rates, in the commercial
and recreational fisheries. Varying catches are characteristic of beach clam
fisheries world wide (McLachlan et al. 1996), which suggests that there is
variation iIi either the absolute numbers available, or the accessibility of
targeted animals. This provides supporting evidence that, despite sampling
inadequacies, distributions and abundances are probably highly variable in
sandy beach fauna.
In some fisheries, catch per unit effort (CPUE) is used as an index of
population abundance. However CPUE is really estimating the abundance
of older stock, and can remain high until the stock is seriously depleted,
hence is not a particularly useful indicator of abundance for management
purposes (Jamieson 1986). In any case, in the pipi fishery CPUE by
commercial fishers fluctuates depending on the position on shore of the
animals (Chapter 6), as well as with short term fluctuations in abundance,
hence CPUE cannot be reliably standardised to provide an index of
abundance (Klaer 1994; Szarzi et al. 1995).
In the absence of precise stock abundance estimates, only general
predictions can be made about the effects of any future increases in
harvesting. Pipi prices are generally low, fluctuating between 80c and $5
per kilogram over the past few years, with an average price on the Fish
Market floor of $2 per kilogram during the commercial harvesting survey
(1996-7) (Fish Marketing Authority data base). If further fishing decreased
stock abundance, collecting pipis would quickly become uneconomical for
commercial fishers (who took 80% of the catch in 1996-7). Indeed in late
1996, commercial fishers began targeting other beaches as numbers
declined on Stockton Beach, or switched back to other finfishing activities.
While., rarity value could force the price up, pipis are not regarded as a
particular delicacy, and never fetch the high prices of other shellfish such
as abalone (average price $24.60 per kilogram during 1996-7, Fish
Marketing Authority data base). In any case, NSW Fisheries are currently
proposing a management strategy involving limited fishing licences which
will greatly reduce the number of participants in the fishery.
In the recreational sector, fishing effort was far higher than in the
commercial sector. Recreational harvesters accounted for 89 % of total
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effort, although their catch rates were very low even when abundances
were high. As long as the majority of recreational harvesters continue to
access beaches on foot, declines in abundance on a long beach such as
Stockton Beach will serve to limit individuals' catches. However, as
discussed in Chapter 5, there is the potential for the recreational catch to
increase substantially, particularly if harvesters become more experienced
at collecting. Decreasing the recreational bag limit would be a suitable
method of further limiting the catch if the proportion of the catch taken by
recreational harvesters became larger.
7.2.2 Appropriate harvest tactics for the pipi fishery
Management concerns in the pipi fishery include conserving the
resource, the sustainability of harvesting, partitioning of the resource
between user groups, and resolving conflict between commercial fishers,
recreational harvesters for food, recreational anglers, local residents and
other recreational beach users (pers. comm. Manager, Newcastle/Nelson
Bay Fishing Co-op; Secretary, Master Fish Merchants Association of
NSW; NSW Fisheries officers; Secretary, Mid North Coast Amateur Deep
Sea Fishing Association; and John Prosser, NSW Fishing Clubs
Association). Harvest tactics that can be employed to address specific
management concerns and to implement management strategies include
quotas and bag limits, gear restrictions, effort controls and restricted entry,
stock enhancement, size limits, area and seasonal closures, and the
maintenance of unfished areas to act as reserves (Jamieson 1986). These
tactics are not mutually exclusive. Some of these are already in place in the
pipi fishery including gear restrictions and bag limits. No implement may
be used to locate, dig, or sieve pipis by either sector, and the recreational
bag limit is 50 pipis per person per day (Lynch and Prokop 1993). Most
beach clams do not appear to be good candidates for aquaculture
(McLachlan et al. 1996), so stock enhancement is probably not an option.
As previously mentioned, there is so much variability in the distribution
and abundance of this species that neither my data, nor other studies, yield
enough information to assert that management tactics need to be
immediately applied. However there appears to be some risk of recruitment
overfishing, hence the precautionary principle applies (sensu O'Riordan
and Cameron 1994). A reduction in bag limits for recreational fishers, or
closed areas, might be appropriate.
I
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Specific management strategies
In Chapter 1, I listed the main harvesting strategies commonly used
in fisheries management (including stock size dependence, yield-per-recruit
(YPR) and egg-per-recruit (EPR) models. Most of these are not appropriate
for the pipi fishery in NSW.
1. Stock-size dependent strategies. For the pipi fishery, it would not
be appropriate to base management decisions on models that require
estimates of biomass and stock abundance, as these may be unreliable and
obtaining precise estimates is likely to prove prohibitively expensive.
2. YPR and EPR models. These models rely on accurate estimates of
the age-length relationship, mortality, and knowledge about longevity. I
have little information about longevity. I found considerable differences in
mortality between the north coast and south coast, with animals large
enough to be sexually mature being rare throughout the study at the Seven
Mile Beach, and abundant initially at Comerong Island but disappearing in
the latter stages of the survey. At Stockton Beach , large animals were
generally present, however I was not able to obtain accurate estimates of
mortality from my data. I was also unable to satisfactorily age animals,
although I was able to obtain a reasonable estimate of growth rates until
about the size of sexual maturity. In addition, fecundity is difficult to
measure in asynchronous spawners in which the gonad cannot be separated
from the visceral mass (Chapter 3).
Because the relevant input parameters are imprecise, YPR and EPR
models based on my data are unlikely to generate sensible information for
making management decisions about fishing effort for the pipi fishery. In
any case, YPR calculations can be misleading when fluctuating abundances
mean that the equilibrium assumptions underpinning such models are not
being met (Jamieson and Caddy 1986). In addition, optimum yield methods
do not consider recruitment so can be problematical when recruitment is
variable (Sainsbury and Polacheck 1994). High recruitment variability
creates particular management difficulties in a fishery, and in the long run
it may prove economic to forgo the maximum potential yield from a strong
year class when yields are likely to oscillate (Murawski and Serchuk 1989)
3. Pulse or periodic strategies. Pulse strategies are those in which
fishing grounds are rotated or areas left unfished for some period of time in
order to allow animals to grow to marketable size. These strategies are
effective when older animals fetch a higher price, or it is more economic to
collect large numbers at a time. However this is not the case in the pipi
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fishery. This is a low cost fishery, with no equipment requirements, and
large pipis do not fetch a higher price. Although the Master Fish
Merchant's Association of NSW has in place a system of grading by size,
there is no mean difference in sale price between sale lots of extra large
(£30 pipis per kg), large (31-40) or small (~40) pipis (Fish Marketing
Authority of NSW data base). To some degree, pulse fishing happens
naturally in the pipi fishery, as commercial fishers will tend to target other
beaches, often in different geographic regions, if local stocks decline.
4. Size limit strategies. The imposition of a minimum size limit
would prevent the heavy harvest of small animals, and avoid some conflict
over resources, as local residents resent tourists who are perceived as
taking very small animals (pers. comm. Manager, Birubi Point Caravan
Park). I have listened to many complaints from different users groups over
this issue, and indeed observed violence. Size limits would be relatively
easy to enforce for the commercial sector (which accounts for 80% of the
total harvest), as most fishers grade their catch by size already. A minimum
size limit may be more difficult to enforce for the recreational sector due to
the large numbers of recreational harvesters participating. The recreational
fishery in South Africa for Donax serra employs a minimum legal width
of 35 mm, corresponding to a length of 55 mm (Schoeman 1996).
Schoeman found that as much as 38 % of the recreational catch was smaller
than the legal length, rising to nearly 50% during holidays and weekends.
A maximum size limit is sometimes thought to be of benefit in
preventing recruitment overfishing. However, while I found that the
number of eggs held per female clearly increased with size for small pipis,
I found little or no correlation between size and number of eggs held in
larger animals (Fig. 7.1). Large animals may, of course, recover faster and
produce more eggs over a prolonged spawning period, but I have no data
on which to base the imposition of a maximum size limit.
In addition, ensuring that some areas of long sandy beaches which
support a large popUlation of pipis are set aside as reserves may offer
protection from the limitations of managing variable recruitment fisheries,
perhaps enhancing long term sustainability (Lauck et al. 1998). Such area
closures in the form of intertidal protected areas have been under
discussion in NSW for some time (Anon. 1991), and are intended to
include parts of sandy beaches, but these have not yet been formalised.
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7.3 Directions for future work
I was not able to adequately assess stock for any of the beaches that I
sampled. Despite a large amount of effort, I was only able to obtain
biomass estimates for very small portions of Stockton and Seven Mile
Beaches, on a few occasions. These estimates cannot be readily
extrapolated to the entire beach, as variations in abundance along beaches
are likely. Such variation has been reported for several species of intertidal
clams, (e.g. Defeo and de Alava 1995; Donn 1987; Schoeman 1997) .
Generally abundances appeared to be lower at the ends of long beaches,
although high within site variation was found in all cases making the
drawing of general conclusions difficult. Although my sampling effort was
high, I have little information about the absolute stock sizes available to
harvesters at any of the sites I surveyed.
As Donax deltoides is a heavily exploited species, it is important to
attempt to monitor stock size on harvested beaches, despite the problems I
encountered. James and Fairweather's rapid sampling methods of finger
dredging and locating pipis by running a knife through the sand may prove
of value in getting faster, though less accurate, estimates of stock size
(James and Fairweather 1995).
The management of harvested species needs to be more intensive
when there is a strong positive stock-recruit relationship. When recruitment
is highly density-dependent and there is a negative stock-recruit
relationship, yields can be maximised. Hence a study designed to
determine the stock-recruitment relationship for this species across a wide
range of beaches is required. Further confirmation of the source of recruits
and the strength of larval connections may come from the use of molecular
markers that evolve rapidly and are sensitive to short term perturbations
(Neigel 1994). It would be particularly interesting to determine whether
this species is triggered to spawn by oceanographic conditions. Further
work should also be particularly concerned with attempting to validate the
age-length relationship, as well as obtaining accurate estimates of mortality
and fecundity.
Hopefully all future sandy beach studies will show some awareness
of the high degree of variability in space and time that can be exhibited by
sandy beach fauna, and at least attempt to address these problems with
appropriate sampling schemes.
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APPENDIXl
Page :
PIPI QUESTIONNAIRE

Objectives: To obtain information about pipis and their harvesting.
To look at the uses of pipis.
To look at their numbers and sizes on NSW beaches both now and in the past.
I

Please circle the lost correct answer. Any additional comments you care to make will be very useful.

11. ~ have ever collected illll, please fill in this questionnare - even if you no longer collect them.
What is your postcode?

1. Have you used pipis (for bait or food) in the past 12 months?

yes / no

If yes, where do you mostly obtain your pipis from?
local fish market / bait shop / collect own / other (elplain) _ _ _ _ _ _ _ _ _ _ _ _ _ __
2. (al Have you collected pipis from any beach(es) in the last 12 months?

yes / no

If lli., which beaches, in which regions? _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

(b) Bow often have you collected pipis in the past 12 months?
more than 30 times / between 29-20 / 19-10 / 9-3 / less than 3 times I not at all in last 12 months
(c) How many pipis do you need to collect before you call a collecting trip successful? (ie How lIany would ycn
like to get?) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
(d) How many are you able to get on a normal collecting trip? _ _ _ _ _ _ _ _ _ _ _ _ _ __
(e) Bow many would you collect in an year (approlimately)? _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

3. If you are collecting your own pipis (or if you have ever collected them) , do you mainly use them:
to eat I for bait / to sell I other (explain) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
L Pipis lIIake good bait for the following species of fish: (list) _ _ _ _ _ _ _ _ _ _ _ _ __
Circle correct answer.
5. I can always collect as many pipis as I need.

true I false

6. I can buy pipis easily from bait shops.

true I false

7. Pipis are too expensive to buy for bait.

true I false

8. I would use pipis for bait if I could collect more of them.

true / false

9. The neli bag limit of 50 pipis per person per day is : too many! about right I I want to be able to collect IIr:-:
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10. Which category best descrihes the fishing that you do? (yOll lay circle more than one)
open ocean beach / open ocean rock / estuary / offshore boat lather (specify) _ _ _ _ _ _ _ _ __
11. Roughly, how long would you estimate it would take to collect 50 pipis troa a beach where you think pipis are
cOlllon?

Less than 15 lIinutes / 15 lIins - 30 mins j 30 mins - 1 hr j 1 - 2 hrs I more than 2 hrs I no idea
Which beach are you thinking of? (beach + re9ion) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

12. How long would it have taken in the past on the same beach?
Past 1 - 9 years

- approximately _____ minutes

no idea

10 - 19 years ago

- approximately _____ minutes

no idea

20 or lIore years ago

- approximately _____ minutes

no idea

13. Circle the size of pipi you would prefer to collect.

Less than 20

mil.

I

20 - 29 mm

30 - 39 mm

40 - 49

Ill!

50 JIll or more

14. Circle the average size of pi pi you would expect to find on the beach you named in question 11.

Less than 20

III

/

20 - 29 mil.

30 - 39 rom

40 - 49

Ill!

50

mID

or lore

15. At what time of year do you usually collect pipis? (you may circle more than one)
spring / summer / autumn I winter
16. If you do not collect all year round, give reasons: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
17. Have you ever noticed large changes in the numbers of pipis on a particular beach?

yes j no

If yes, describe these changes,_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

Can you remember a year when there were a lot of pipis? yes I no

When?

probably 19 _ _ _ __

Or a year (or years) when there were very few?

When?

probably 19 _ _ _ __

yes j no

List any beaches where you think pipis used to be common but you now consider they are hard to find:
(Beach + region) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
Can you suggest a reason for this1
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18. Are pipis found in any particular places along the beach?

yes / no

If yes, describe location (eg in 'bays'; parts of beach with steeper slope; etc)

Have you ever noticed changes in where pipis are found along the beach?

yes / no

If yes, had the majority: moved north I south along the beach; other_ _ _ _ _ _ _ _ _ _ _ __

19. Do you think there are any seasonal changes in the numbers of pipis on beaches?
If yes, when are they most common?

yes I no

Least common? _ _ _ _ _ _ _ _ _ __

20. What state of tide do you think is best for collecting pipis? (you may circle mare than one)
law tide (neaps) / low tide (springs) / high tide (neaps) / high tide (springs) I rising tide / falling tide
Best collecting conditions: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
21. Pipis sometimes occur in large patches on the beach (ie in drier sand at

lOll

tide).

Have you ever seen patches like this?

yes / no

Are patches like this always found in the same place?

yes /

Do pipis in patches tend to stay together over time?

yes / no / don't know

DO /

don't know

22. On a slightly different topic, 1 am looking for more information about the use of tractors or graders an the
South Coast, particularly in the lllawarra (probably in the 1950s) to collect pipis for export to the USA. If
you know anything about this activity, and particularly if you have old photographs or newspaper clippings, I
would be most interested in hearing from you, or being able to talk to you lore about this.
I have

I have not heard of this export operation (delete where appropriate).

[ am willing to be contacted for more information if necessary.
OPTIONAL:

yes I no

Your name _ _ _ _ _ _ _ _ _ __
phone numcer (__ )_ _ _ _ _ _ __

rhank yon for your time.
Please return this questionnaire II soon II possible to the Secretary of your Fishing Club or to the Bait and TaCKle
shop yon obtained it frol, or direct to
Su~ Murray-Jones
The Uni versHy of Wollongong
Department of Biological Sciences
Northfie1ds Ave, Wol!ongong NSW 2522
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APPENDIX 2
Pipi recipes
In order to establish rapport with the approximately 5000 pipi harvesters I
interviewed, and to convince them that I was NOT a NSW Fisheries Inspector who
would fine them for illegal catches, I initiated all interviews by asking how people
planned to cook their catch. I have kept a record of the answers and discovered in the
process that pipis are delicious. The recipes reflect the multicultural nature of Australia.
Nearly any of these recipes will work for whole animals or for pre-shelled ones,
depending on whether you like to splash sauce around the table or not. I have also added
a traditional New England clam chowder recipe, contributed by D. J. Ayre after his last
sabbatical.
General preparation

Discard any that will not close when handled. Traditionally, after cooking any
shellfish that have not opened are discarded, however I find that even very fresh pipis
don't always open. If you collected them yourself and have kept them cool, you can tell
that they are alive as the siphons will be extended in cold water. Hence you can be less
strict about this.
Get the sand out first! Rinse thoroughly. If you have collected them yourself,
keep them in sea water in the fridge overnight and change the water occasionally. Or
soak them in cold tap water for a few hours, changing the water occasionally. If you
really hate sand, remove animals from their shell before cooking (easy if they are well
chilled - the valves gape a little and you can easily slit the adductors) and rinse well.
Note that cooking pipis for> 2 minutes will toughen them!
Pre-cooking
For salads: Heat 2 tab oil in a pan with 2 cloves garlic. Add pipis with 1 cup
white wine, a sprinkle of peppercorns, parsley or coriander, cover with a tightly fitting
lid and shake well for a few minutes until the shells gape. Remove from heat, and if
needed, drain juices through a fine strainer. (Alternatively steam open by just adding
animals to 1 cup boiling water, cover with lid and steam till open.)
For other recipes: Slit adductors and remove from shell, and check there is no
sand attached, or cook in shell.

RECIPES
Thai mint salad

1 tsp Thai fish sauce (or to taste)
juice of 1 lime or lemon
3 tab coconut milk
1 tsp sugar (palm sugar for authentic Thai)
2 cloves crushed garlic
1 tsp fresh grated ginger
1 fresh red chilli, finely sliced (if you like it spicy, leave the seeds in)
2 tab fresh mint leaves, finely chopped
Mix together, adding 1 kg (40 or so) pipis pre-cooked as above, still wann (in the shell
or shelled, depends on mood). Serve warm with rice or chill and serve as a salad.
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Stir fry
20 washed, de-sanded pipis in shell
chilli to taste (1-2 small red, chopped)
garlic to taste (2+ cloves)
I tab oil (sesame or olive)
The simplest stir-fry, much loved by the Vietnamese, is to put the oil in a wok with the
garlic and chilli, heat the wok until it smokes, then throw in the whole pipis and stir until
they open. This method can be modified for a barbeque , too.
Pipis in hoi-sin sauce
20 washed, de-sanded pipis (shelled or unshelled)
good dollop of hoi-sin sauce
chilli to taste (1-2 small red)
garlic to taste (2+ cloves)
1 tab oil (sesame or olive)
Place oil in wok, add the hoi-sin sauce, chilli and garlic and fry for a minute. Throw in
the pipis, and whizz around for a few minutes (till opened if unshelled).
This recipe works equally well for black-bean sauce instead of hoi-sin. You can adapt
almost any Asian seafood recipe to work well with pipis, just NEVER cook for more
than a few minutes.
Clam and white bean salad
2 cups haricot or canelli beans, soaked overnight
2 tabs olive oil
10 sage leaves
a sprig of rosemary
freshly ground pepper
6 sprigs of mint
2 tabs lemon juice
1 kg pipis, pre-cooked
Drain beans, rinse, cover with water, add an onion and simmer till soft but not mushy (c.
30 mins). Drain well. Place half oil, sage, rosemary & pepper in pan, heat and toss the
beans and onion lightly. Arrange on platter and allow to cool. Chop mint, add to rest of
oil and mint, toss clams (in shells or shelled) in this dressing and pile onto beans to
serve.
French-style pasta sauce with white wine and cream
1 clove garlic
-·1 onion, chopped
1 tab butter
3 tab flour
1 cup dry~ white wine
2 cups cream
10 uncooked pipis per person (shelled or unshelled)
Cook garlic and onion in butter till soft, add flour and slowly stir in wine and cream.
Simmer over low heat, stirring until thickens. Add pipis, simmer 1-2 mins and serve
over pasta, garnished with parsley &/or basil.
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Italian-style pasta sauce with tomatoes and basil
3 cloves garlic (at least)
1 onion, chopped
3 ripe tomatoes, chopped finely
2 tab basil, chopped finely
small amount olive oil
10 uncooked pipis per person (shelled or unshelled)
Cook garlic and onion in oil till soft, add tomatoes and basil and simmer for at least 20
mins (like many tomato-based sauces, long slow cooking is best). Season to taste. Add
pipis , simmer 1-2 mins and serve over pasta, garnished with parsley &/or basil.
Pipi chowder (this is an authentic New England clam chowder with leeks and bacon)
1 leek, sliced finely (include green bits)
1 clove garlic
125 g lean, coarsely chopped bacon
500 g potatoes, chopped into 1 em eubes (peeled if desired, I don't)
1 tab unsalted butter
1 tab flour
112 tsp dried thyme
500 mllight cream (low fat version, use milk with a dollop of cream and
thicken with extra flour)
Precook 25-30 pipis (wine method) and shell. Strain and reserve liquid. Saute bacon and
garlic in the butter till it begins to brown. Add leek, saute till softens. Add flour and
cook, stirring for 1 min. Keep stirring as you add reserved liquid and cream. Bring to
boil, add potatoes and simmer till tender, c. 15 mins. Add clams and simmer 1-2 mins,
serve in warmed bowls with parsley and chives to garnish. A nice touch is to serve in
hollowed out sourdough bread, as in San Franscico.
Bon appetit!

