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ABSTRACT
Austrovenus stutchburyi is one of the dominant bivalves of New Zealand‟s soft shore
sheltered habitats (Morton and Miller, 1968; McArdle and Blackwell, 1989). The total inlet
biomass level of A. stutchburyi has not differed since the initial survey within Papanui and
Waitati Inlets; however, the size class biomass level has differed over time. Most important to
the future of the fishery is the juvenile clam biomass that has depleted in both Inlets and
remained low with no evidence to predict future recruitment.

The laboratory study showed that the population factors of size class and density of clams
affect the clam filtration rates of phytoplankton, with faster clearance rates by large sized
clams at high density. The in situ study of the phytoplankton flux across tidal cycles suggests
that filter feeding occur during day rather than night periods, with a potential affect of
seasonality. The laboratory and field data were combined and showed that the total inlet filter
capacity was 20.8 mg per day and 3.0 mg per day of chlorophyll a is filtered by medium and
large clams respectively.

This fishery that is harvested by non-commercial and commercial harvesters shows
uncertainty in the pattern of recruitment of juvenile clams. The commercial operation needs to
consider methods of restocking the population to restore the level of biomass in this fishery.
This information provides a baseline assessment for monitoring the health of an inlet, and
further monitoring of this dominant species should be continued to ensure the maintenance of
its role in this system. Since this current study is based on the latest survey of 2004 and 2007
within Papanui and Waitati Inlet respectively, the improvement in management and the
restoration of this population is urgent.
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CHAPTER ONE
Introduction
GENERAL BIOLOGY
The New Zealand cockle Austrovenus stutchburyi (Gray, 1828) is known as tuangi to tangata
whenua (local indigenous people), and also known commercially as the New Zealand
Littleneck Clam. This species belongs to the bivalve family Veneridae, commonly known as
Venus clams. Venerid bivalves are important components of littoral and sublittoral
communities in soft substrates (Larcombe, 1971). They are generally well represented in the
intertidal of temperate regions, and may form dense beds (Larcombe, 1971).

Austrovenus stutchburyi is endemic to New Zealand and is regarded as economically,
ecologically, and culturally important (Morton and Miller, 1973; Marsden, 2004).

A.

stutchburyi is found throughout New Zealand, in coastal areas (Morton and Miller, 1973),
including Stewart Island and the Chatham Islands (Powell, 1979), and is an important mollusc
in soft-shore communities (Larcombe, 1971). The shell of A. stutchburyi is large, solid and
considerably inflated. The valves are sculptured with numerous strong rounded radial ribs,
and overridden by crisp weak lamellae. The shell is creamy coloured, and tinged at the
posterior end with pale purplish-brown; internally the valves are a whitish colour. The shells,
both living and dead, are used as a substrate by a variety of animals and plants, for
attachment, grazing, or boring (Larcombe, 1971). A. stutchburyi is an infaunal filter feeder,
found in sheltered shallow waters with soft mud to fine sand (Larcombe, 1971; Morton and
Miller, 1968). It is a shallow-burrowing suspension feeder, thus rarely found buried deeper
than 10 cm below the substrate surface (Larcombe, 1971; Wildish, 1984).

ABUNDANCE AND DISTRIBUTION
A. stutchburyi is one of the dominant bivalves of New Zealand‟s soft shore sheltered habitats
(Morton and Miller, 1968; McArdle and Blackwell, 1989). Larcombe (1971) has recorded
densities of over 4000 clams per m² on Cheltenham beach near Auckland. The distribution of
A. stutchburyi is limited by tide and sediment characteristics (Stephenson, 1981). The
distribution has been found to be restricted to the shore below the lowest high water neap
(Stephenson, 1981) and may extend sublittorally to 6-8m water depth (Larcombe, 1971).
However, distribution has also been found to be often patchy (Richardson et al., 1979;
Stephenson, 1981; Blackwell, 1984) peaking in mid-tidal areas (Larcombe, 1971; McArdle
12

and Blackwell, 1989). There are two trends in its size distribution on the shore: firstly the
mean size of A. stutchburyi increases from high to low shore levels; secondly the mean size
decreases with distance from the entrance of a harbour or inlet (Larcombe, 1971; Dobbinson
et al., 1989). These findings have been evident throughout New Zealand (Larcombe, 1971),
such as Otago Harbour (Dobbinson et al., 1989) and at Pakawau Beach in Tasman Bay (Bull,
1984).

GROWTH AND RECRUITMENT
Transplant experiments have shown that the growth of cockles varies with tidal height
(Blackwell, 1984; Martin, 1984; Dobbinson et al., 1989). Local research in Otago has shown
that growth and recruitment of A. stutchburyi vary spatially and temporally. The growth of A.
stutchburyi is most rapid over the spring-summer period, and widely variable in the smaller
sized group (Larcombe, 1971; Blackwell, 1984; Martin, 1984).

The sexes are separate, and occur in approximately equal numbers (Larcombe 1971). Sexual
maturity appears to be a function of size, with maturity reached at a shell length of 18-20 mm
(Larcombe, 1971). Spawning occurs once a year, but varies spatially and temporally
(Larcombe, 1971; Booth, 1972; Booth, 1983; Stephenson, 1981). Booth (1972) had reported
two peaks in a yearly spawning cycle: in October and March for Wellington Harbour and Bay
of Islands populations. Booth (1983) reported a small peak in October and a larger peak in
January-February for a Bay of Islands population.

Settlement is variable from year to year, and between different areas (Larcombe, 1971). It has
been demonstrated that the recruitment pattern trend was also highly variable both spatially
and temporally, and through analysis of long term biomass trends, a consistent supply of new
recruitment cannot be relied upon (Irwin, 2004). Clams recruit to the spawning biomass at
about 18 mm shell length, and become of legal harvest size at 30 mm shell length. It has been
predicted that clams reach the harvestable size, of 30-35 mm shell length, within 6 to 12 years
depending on location (Irwin, 2004). The movement of smaller size individuals, less than 25
mm in length (non-commercial and juveniles), has been observed to be extensive, but
movement rare in larger sizes (≥25 mm length) (Larcombe, 1971; Stephenson, 1981;
McDonald, 1999).
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PREDATION AND MORTALITY
Past reports of the causes of mortality included predation by oystercatchers (Haematopus
ostralegus), and burial of cockles by shifting sediment (Stephenson, 1981). Foot cropping in
A. stutchburyi with the cockles unable to bury before their foot has regenerated will elevate
the overall mortality rate (Thomas and Poulin, 1998; Mouritsen, unpublished data reported by
Mouritsen and Poulin 2003). Less important mortality agents include predations by whelks,
starfish, flounder and eagle rays (Grace, 1972). Exploitation by humans was reported as the
greatest potential source of mortality for this species (Martin, 1984).

FISHERY HISTORY
A. stutchburyi has been present in Papanui Inlet for at least 6000 years (Rayns, 1985), and is
also present in Waitati Inlet and the Otago Harbour. Gathering in Otago Harbour has been
restricted to recreational and customary gathering, in particular to the western sand flats
between Aramoana and Port Chalmers, and around Otakou on the eastern side (Bell, 1999).
Both Papanui and Waitati Inlets have also been key areas for traditional gathering since
arrival of Māori, and have been the focus of commercial harvesting since 1983 (Ministry of
Fisheries, 2010). However, Papanui Inlet is not currently commercially harvested (Southern
Clams Ltd., personal communication, 2009) with the last report of commercial landing over
the 2005-06 period (Ministry of Fisheries, 2010). This fishery can be divided into three user
groups: traditional, recreational (also known as amateur fishers), and commercial harvesters.
In New Zealand the management of A. stutchburyi was introduced into the Quota
Management System in 2002 (Ministry of Fisheries, 2008).

TRADITIONAL AND RECREATIONAL HARVESTING
Traditional or customary take is harvesting by tangata whenua. A. stutchburyi has been an
important food source and is regarded as a taonga (treasure), especially to the iwi (tribe) or
hapū (subtribe) situated near the habitat of the A. stutchburyi population. In the case of Otago
this is the iwi of Ngai Tahu, particularly in Huirapa and Otakou regions where A. stutchburyi
has constituted a major part of their diet since the region was first settled (Waitangi Tribunal,
1992). Kaitiaki (official caretakers/guardians) of the local area are issued customary harvest
permits from the Ministry of Fisheries for A. stutchburyi in the Otago area, and they report the
amount gathered to the Ministry of Fisheries. The customary gathering of A. stutchburyi
generally includes some fishing done under recreational bag limits, so that the customary take
14

is estimated to be about one-third of the recreational take (Reported by Smith et al., 2010).
Recreational harvesters also take this species, and have done so well before commercial
harvesters. Whilst data on the biomass removed by recreational harvesters is not available, it
would have been small in relation to commercial takes. Both customary and recreational
groups have a preference for large individuals of about 30 mm length or larger, and gathering
is done by hand digging (Ministry of Fisheries, 2009).

COMMERCIAL HARVESTING IN NEW ZEALAND
On a national level, the management of the clams was introduced into the QMS (Quota
Management System) in 2002 (Ministry of Fisheries, 2008). Commercial operations are
conducted under commercial fishing permits. The set catch limit for harvesting clams differs
according to region; for example, the Otago fishery inlets are both managed by annual
restrictions on catches (Ministry of Fisheries, 2010), whereas on Snake Bank there is no
annual limit, but an allowed daily catch of 200kg (reported in Cryer, 1997). There is no set
size limit in place for harvesting of cockles (Ministry of Fisheries, 2010). The major fisheries
stocks are:
1. Snake Bank, Whangarei Harbour, in COC1A;
2. Papanui Inlet, Waitati Inlet, Purakaunui and Otago Harbour, Otago Peninsula in COC3A;
3. Nelson/Marlborough in COC7A and COC7B (Ministry of Fisheries, 2008).

Several venerid species are commercially exploited in New Zealand and in other parts of the
world (Larcombe, 1971). In 1980, a memorandum of understanding to allow exporting of
shellfish to US markets was signed by the United States‟ Food and Drug Administration and
the New Zealand Ministry of Agriculture and Fisheries Meat Division (Holdsworth and
Cryer, 1991). Therefore, harvesting operations started in the early 1980s (Wing et al., 2002),
and operate throughout New Zealand, in the North Island at Snake Bank (Whangarei Harbour,
Fisheries Management Area (FMA) 1), and in the South Island at Tapu Bay (Tasman Bay,
FMA 7), Pakawau Beach (Golden Bay, FMA 3), Papanui and Waitati Inlets (Otago, FMA 3)
(Cryer, 1997). Picking is by hand, by mechanical harvester within FMA 7 only (Cryer, 1997),
or with a „body dredge‟ in the water in Otago (Southern Clams Limited, 2008). A „body
dredge‟ is a light dredge with a sieving basket that is pulled by each harvester (Southern
Clams Limited, 2008).
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Further to this, Snake Bank was the first area to be commercially fished, and the biomass
trend has been reported as a negative trend in response to increased landings (Holdsworth and
Cryer, 1991; Cryer, 1997). Specifically, with increased commercial landings between 1982
and 1991, recruited biomass (clams ≥30 mm length) declined to one-third of its virgin level,
and large clams (≥35 mm) declined to less than 10% of the virgin level (Holdsworth and
Cryer, 1991; Cryer, 1997). Therefore, management limits on commercial landings have
resulted in poor sustainability outcomes for this clam fishery.

COMMERCIAL HARVESTING IN OTAGO
There is a single permit holder, Southern Clams Limited, for commercial harvesting in
Waitati and Papanui Inlets, who has been operating since early 1983 (Ministry of Fisheries,
2010). As described above, commercial clam harvesting in Otago uses a „body dredge‟
(Southern Clams Limited, 2008). There has been no size limit set; however, the target size has
been reported to be ≥30 mm length (Irwin, 2004), and more recently ≥28-34 mm size range
(Stewart, 2008) and generally ≥28 mm (Ministry of Fisheries, 2010). COC 3A was introduced
to the QMS in October 2002 with a Total Allowable Catch (TAC) of 1500 tonnes (t),
comprising a customary allowance of 10 t, a recreational allowance of 10 t, an allowance for
other fishing related mortality of 10 t, and a Total Annual Commercial Catch (TACC) of 1470
t (Ministry of Fisheries, 2010).

The commercial catch of the fishery for the Otago inlets has been recorded from 1986. A limit
of 104 t was in effect for Papanui and Waitati Inlets combined from 1986-87 through to 199192 (Ministry of Fisheries, 2010). From 1992-93 to 1998-99, the catch limits were 90 t for
Papanui Inlet and 252 t for Waitati Inlet (Ministry of Fisheries, 2010). In April 2000, the
catch limits were increased to 427 t for Papanui Inlet and 746 t for Waitati Inlet (Table 1.2;
Ministry of Fisheries, 2010).
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Table 1.1 Reported commercial catch (in tonne) of Austrovenus stutchburyi from Papanui and Waitati
Inlets, Otago, combined (FMA 3), from 1986-87 to 2008-09 based on Licensed Fish Receiver Returns
(LFRR). Catch split provided by Southern Clams Ltd (Stewart, 2005).

Year
1986–87
1987–88
1988–89
1989–90
1990–91
1991–92
1992–93
1993–94
1994–95
1995–96
1996–97
1997–98
1998–99
1999–00
2000–01
2001–02
2002-03
2003-04
2004-05
2005-06
2006-07
2007-08

Papanui (t)
14
8
5
25
90
90
90
90
90
90
90
90
90
118
90
49
52
73
91
68
0*
-

Waitati (t)

16
14
92
109
252
252
252
252
293
434
606
591
717
689
709
870
907
-

Total (t)
14
8
5
25
106
104
182
199
342
342
342
342
383
552
696
640
767
762
800
943
907
760

*No catches were taken from Papanui Inlet in 2006-07 because of water quality problems.
+Catch split unavailable in 2007-08 and 2008-09.

STOCK ASSESSMENTS
The main information about the state of this fishery in Otago, COC 3, can be found from past
biomass surveys and catch history of the fishery. These data extend from the summer of 198384 and surveys have been undertaken periodically to the current survey undertaken in 200607. In most of the past surveys of this fishery, the focus has been on the total inlet biomass as
well as estimation of biomass for the size classes, which have differed across the surveys.
Three main size classes (clam shell length) have been consistent through most surveys:
juvenile (>2 and <19 mm), medium (>19 and <35 mm), and large (>35 mm) clams.
In Papanui Inlet the biomass has decreased since the initial survey, whereas the most recent
total biomass estimate in Waitati Inlet is similar to that of the initial survey (Figures 3.1 and
3.2; Chapter 3). In a previous study of the commercial methods of harvesting and biomass
trends, it was concluded that the current levels of this fishery do not appear sustainable with
harvested biomass not being replaced (Irwin, 2004). Irwin (2004) also found that there was a
continual reduction in juvenile biomass, which however recruitment of this species is highly
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variable in both space and time, and suggests that a closer analysis of the biomass of size class
over time be undertaken.

CONCERNS FOR SUSTAINABILITY
The sustainability of fisheries stocks is a common worldwide concern with harvested benthic
shellfish stocks declining (Irwin, 2004; Castilla & Defeo, 2001; Cryer, 1997) or have
collapsed entirely, for example the cockle fishery in the Dutch Wadden Sea (Dare et al.,
2004). Another common issue across these studies is that the fisheries are made up of various
user groups such as commercial and recreational harvesters (Irwin, 2004; Castilla and Defeo,
2001; Cryer, 1997; Larcombe, 1971). This trend of depletion across the world brings to light
that fisheries management is failing, and has in some cases failed to maintain sustainability,
and promote increased population abundance. There is much uncertainty in fisheries
management because of the variability found in population dynamics, error in abundance
estimates and population parameters, and a lack of knowledge of factors that control
population, community and ecosystem dynamics (Fogarty and Murawski, 1998).

This issue also highlights that over-exploitation is occurring. Over-exploitation itself is a
major concern to local fishers (Cummings 2007; Castilla and Defeo, 2001), as it results in the
depletion of population stocks such as benthic shellfish (Castilla and Defeo, 2001). In New
Zealand in particular, many estuarine shellfish beds have become degraded through overharvesting and sediment run-off from eroding farmland and deforestation of catchment areas,
affecting Paphies australis (pipi), Austrovenus stutchburyi, and Amphibola crenata (mud
snail) (reported in Booth and Cox, 2003). It has been reported from early on, that there are
concerns by tangata whenua and other interest groups over the 1980s commercial
development of the cockle resource in the Otago region (Wildish, 1984b). However, the
commercial company that has been operating for 22 years has published newspaper articles
that assert no long-term declines in clam number is evident. The commercial company had
sought permission to expand its operation into Otago Harbour from Waitati Inlet, Blueskin
Bay, which is the largest estuary in the East Otago Taiāpure complex (a coastal patch
managed by local people). This operation has been approved under licence to remove 600-800
tonnes of clams per year from Otago Harbour beginning in March 2010, as a trial (Stewart,
2009). A recent study of the implications of harvesting in the Otago Harbour showed that if
after this trial commercial harvesting proceeds, the amount of carbonate removed from Otago
Harbour will increase by a factor of over a thousand, affecting the carbonate budget (Smith et
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al., 2010). The carbonate budget is an important measure of historical changes for an area
(Smith et al., 2010).

In considering the trial research in place within Otago Harbour, the past biomass trend in the
Otago fishery must be examined to highlight any long term impacts of harvesting. It has been
shown that another national fishery, in Whangarei Snake Bank, had been substantially
depleted, which gives the potential for the Otago fishery to be similarly at risk. A thorough
analysis of the past biomass reports in combination with harvesting takes within the currently
commercially harvested Waitati Inlet fishery may be useful to determine the sustainability of
this population. That Papanui Inlet has not been commercially harvested since 2005-06, but
would be a replicate of another Otago fishery inlet to assess the overall harvesting and any
differences in clam biomass between the two inlets.

ECOLOGICAL IMPORTANCE
As fishing causes major habitat disturbance that impacts estuarine and coastal ecosystems
(Dayton et al., 1995), there is a need for an ecosystem-based assessment of this fishery. It has
been recommended that a precautionary approach be consistently applied to fishery
management, where managers need to understand how harvesting affects marine systems by
removal of biomass, harvesting patterns, changes in food web structure and habitat
disturbance (Fogarty and Murawaski, 1998). Since this species is gathered by all harvesters
(non-commercial, customary, and commercial) within the Otago fishery area, it is harvested
relatively heavily. Certainly, all harvesters would favour the sustainability of this resource, if
not an increase in stocks. However in consideration of the ecosystem-based approach to
management, it is necessary to consider the ecological value of this species within the marine
habitat.
ENERGY FLUX
Bivalves are a useful tool for monitoring changes within a system. Bivalves typically
comprise one of the largest and longest lived groups in many infaunal communities and are
typically the most abundant suspension feeders in estuaries (Dame, 1996). Filter-feeding
bivalves are linked to the material they process and affect the system with bio-deposits of
wastes to the benthic layer. Filter feeding is one of the most ecologically significant features
of aquatic environments and facilitates benthic-pelagic coupling as well as influencing water
quality (Dame, 1996). Bivalves have a tremendous capacity to filter water, and in some
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enclosed estuaries and bays can filter the entire volume of water in the system in a manner of
hours (e.g. Cloern, 1982; Beukema and Cadée, 1996). Estimates of the filtering capacity of
mussels and cockles in the Dutch Wadden Sea indicate that the bivalve populations filter the
entire water mass of the sea in less than a week (Dankers and Zuidema, 1995). Thus bivalve
filter-feeders are both a product of their habitat as well as influence their environment.

It is, therefore, important to consider the flow of energy at a system level, or across a whole
estuary, as opposed to at the individual level (Dame, 1996; Emmerson and Huxham, 2002).
Potential ecosystem consequences of bivalve decline include sediment instability and
increased turbidity, loss of habitat for epibionts, increased seston concentrations, and a
changed nutrient environment (Newell, 1988; Prins et al., 1998). Infaunal bivalves form a
critical functional group in terms of their benthic link with the pelagic environment, provision
of habitat and food for benthic ecosystems, and modulators of eutrophication (Bolam et al.,
2002). The captured material is either ingested and metabolised leading to growth and yield in
the bivalve population which then becomes available as a food source, or is expelled as
biodeposits or pseudofaeces fuelling benthic deposit feeders and recycled production within
the sediments (Tenore and Dunstan, 1973; Dankers and Zuidema, 1995; Prins et al., 1998).
The impacts of the loss of bivalves and the secondary effects to the coastal system have been
reported in the past. The loss of extensive bivalve beds in New York harbour and other
regions on the eastern seaboard of the United States from overfishing and pollution has had
profound influences on the water quality and food webs of these estuaries (Lenihan and
Peterson, 1998).

Consequently, further declines or loss of A. stutchburyi populations may have a major impact
on the coastal system in terms of the productivity of the system and the stability of the
resource base. Therefore, a study of the ecological significance of the population size of A.
stutchburyi within this fishery would be useful in terms of the potential decline or loss of this
population and the coincidental loss of this ability to capture large amounts or pelagic organic
matter and deliver it to the infaunal community. The ecological role of the population could
be achieved by estimating the feeding rates within a laboratory and the in situ chlorophyll a
depletion and combining these findings with the biomass survey over time.
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STUDY AREA
This study involved Papanui and Waitati Inlets with a greater focus on the latter inlet. Papanui
Inlet opens to the outer coast of the Otago Peninsula and covers an area of 3.25 km², and
Waitati Inlet opens to Blueskin Bay located north of the Otago Peninsula, and covers an area
of 6.5 km² (Figure 1.1). Both are in the South Island of New Zealand (Figure 1.1). Both inlets
are divided into commercial beds, non-commercial zones and outlying areas. Where
commercial harvest is restricted to gathering within the discrete beds, non-commercial (also
known as recreational and amateur fishers) and customary harvesters can take from the
recreational area as well as the commercial beds. Beds have been allocated titles by Southern
Clams Ltd for identification and management purposes: „R‟ for the recreational (noncommercial) bed, „O‟ for the outlying area, and other letters for the commercial beds, for
Papanui and Waitati Inlets (Figures 1.2 and 1.3).
Waitati Inlet is situated within the East Otago Taiāpure. A taiāpure is a coastal area managed
by local people and for which the government has acknowledged that Māori, as tangata
whenua (local indigenous people), are entitled to have rangatiratanga (sovereignty) over their
fisheries (amongst other natural resources), as guaranteed by Article II of the Treaty of
Waitangi.

Figure 1.1 Map of New Zealand showing the location of Papanui and Waitati Inlets, where PML is the
Portobello Marine Laboratory. This map is sourced from Irwin (2004).
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Figure 1.2 Aerial photograph of Papanui Inlet with discrete beds outlined and labelled. This map is
sourced from Irwin (2004).

Figure 1.3 Aerial photograph of Waitati Inlet with discrete beds outlined and labelled. This map is
sourced from Irwin (2004).

22

STUDY OBJECTIVES
The ultimate objective of this study was to assess the population filter-feeding capacity by
Austrovenus stutchburyi in Waitati Inlet, in the South Island of New Zealand. The overall
question addressed in this study is „what is the filter-feeding capacity of Austrovenus
stutchburyi in the depletion of chlorophyll a in Waitati Inlet, and the significance of the
population biomass?‟ Within this objective were specific studies to estimate the current
biomass in non-commercial areas, to assess the long term biomass trends within noncommercial and commercial harvest areas, and to examine the filter feeding rates of this
species and the tidal flux of phytoplankton in situ. Furthermore, Papanui Inlet was also used
in this study as a replicate in the biomass assessment.

CHAPTER LAYOUT

CHAPTER 1: Introduction
This section introduces the thesis topic and thesis direction.

CHAPTER 2: The current and long term biomass trend of the non-commercial beds
This section examines the current status of clams on non-commercial sites in Papanui and
Waitati Inlets, in Otago. These particular areas are restricted from commercial harvesting. In
this study, a biomass survey was carried out to estimate the current status of A. stutchburyi in
the non-commercial beds in Papanui and Waitati Inlets. From these current estimates, the
changes in the total biomass, the commercial size classes, and the modelled growth estimates
since 2002 were assessed.

CHAPTER 3: An assessment of discrete beds within two East Otago Inlets over time
This work compares past surveys in terms of the overall biomass and biomass for discrete
beds within Papanui and Waitati Inlets over time. This section compares and analyses the
changes in biomass of clams in commercial size classes since the first survey in 1992. The
objective of this chapter was to focus on the trends of the size class biomass of the
commercial beds over time.

CHAPTER 4: The effect of size and density on the feeding rates in Austrovenus stutchburyi
This chapter examined the functional role of this species by estimating the feeding rates for
various population structures. This study measured the filtering rate and the clearance rate of
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phytoplankton biomass and chlorophyll a concentrations by A. stutchburyi within laboratory
flumes. The objective was to assess the effect of the size class and density of the clams, as
well as the interaction of these two factors, on feeding rates.

CHAPTER 5: The in situ study of chlorophyll a flux in Waitati Inlet
The in situ chlorophyll a concentration was sampled within the Waitati Inlet entrance over
two seasonal periods. The objective was to estimate the flux of phytoplankton across tidal
phases to compare night and day periods of flux, and during spring and summer (November
and January respectively).

CHAPTER 6: Discussion and Conclusion
This chapter links the above objectives and examines the relationship between the functional
role and phytoplankton depletion of the current A. stutchburyi population within the fishery. It
also discusses the implications that long-term harvesting has had on A. stutchburyi and current
management measures are discussed in this section.
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CHAPTER TWO
The current and long term biomass trend of the non-commercial beds
INTRODUCTION
A fishery may include more than one harvest user group, such as commercial, noncommercial and customary groups. For each group there are varied levels of harvest take
permitted under national regulations. Because of this, the management of a fishery to
effectively achieve a sustainable shellfish population has many challenges. The harvesting by
non-commercial and customary groups is a much smaller take than commercial take, but is
nevertheless important in the local context. Shellfish populations are generally valued by noncommercial harvesters for their intrinsic value and as a source of subsistence (Diegues, 1998;
Doulman, 1993; Keough and Quinn, 2000). An avenue to assess the non-commercial trend in
shellfish biomass can be from data extracted from the surveys completed in an existing
commercial area.

Since the initial commercial harvesting operation within these inlets, surveys have been
conducted to assess the A. stutchburyi stocks. The first survey conducted in Papanui and
Waitati inlets was in the summer of 1983-84 (Wildish, 1984) and further surveys have been
done, with the most recent in 2007 (Stewart, 2008). Although the surveys are useful for the
comparison of whole inlet stock assessments of the A. stutchburyi populations over time,
comparing discrete beds over time is difficult as there are differences in sampling design in
regards to strata layout, discrete bed biomass reported, and the size classes reported. The
strata layout of beds surveyed is consistent from the survey of 2002 (Wing et al., 2002) to the
current (Stewart, 2008) in both inlets.

Current management of shellfish populations in New Zealand is largely restricted to the use of
daily bag limits and local bans. As mentioned in the previous chapter (see Introduction),
Waitati Inlet sits within the East Otago Taiāpure and the existing regulations that apply to
recreational fishing within the Taiāpure are the Fisheries (Amateur Fishing) Regulations
1986, and the Fisheries (South Island Customary Fishing) Regulations 1999, which includes
the maximum daily limit of 150 cockles per person per day (Ministry of Fisheries, 2009). This
set bag limit of 150 cockles per person per day for recreational users also applies to Papanui
Inlet (Ministry of Fisheries, 2009). Further to this, the Fisheries Act 1996 allows a Taiāpurelocal fishery management committee, in this case the East Otago Taiāpure Management
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Committee, to recommend to the Minister of Fisheries the making of regulations for the
conservation and management of fish, aquatic life, or seaweed in the taiāpure-local fishery. In
terms of customary harvesting, kaitiaki (caretakers/guardians) of the local area are issued
customary harvest permits from the Ministry of Fisheries for A. stutchburyi in the Otago area.
These takings are reported by kaitiaki in “number of individual A. stutchburyi collected” and
are then documented (Table 2.1). However, local customary harvesters generally adhere to
these daily amateur (non-commercial) bag limits for customary needs (reported in Stewart,
2008).

Since non-commercial harvesting (also called recreational harvesting) is a major determinant
in the abundance of shellfish (Hartill et al., 2005), an analysis of this fishery over time would
give an insight to the existing management. It is important to understand that recreational and
traditional harvesting efforts are not restricted to any particular area of either inlet. However,
a particular bed in each inlet has been designated as recreational. Such areas are excluded
from the commercial harvesting regime, and are generally areas more accessible to noncommercial users. Furthermore, it has been reported that customary harvesters of Ngai Tahu
believe that the recreational set bag limit is unreasonably large, and that the limit results in
over-harvesting of the cockle beds (Waitangi Tribunal, 1992). It is shown that these daily
limits fail to constrain annual recreational harvests to appropriate levels when accessibility is
high, such as in the Auckland Metropolitan area (Hartill et al., 2005).

Table 2.1 Reported number of clams harvested under customary fishing permits in the Otago area
(Ministry of Fisheries, 2010).

Year
1998
1999
2000
2001
2002
2003
2004
2005

Individuals
750
0
1109
1090
0
2750
4390
5699

A further reason for this study is that Papanui Inlet has not been commercially harvested since
2005-06 year (Ministry of Fisheries, 2010), leaving Waitati Inlet as the sole area of
commercial operation. In addition, there is now harvesting in the Otago Harbour for research
purposes on the potential viability of a commercial operation there by Southern Clams Ltd.
Like Papanui and Waitati Inlets, Otago Harbour has existing sites of non-commercial and
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customary gathering, therefore the inclusion of commercial harvesting would increase the
level of harvest practice. This increase in harvesting could be detrimental to the sustainability
of the A. stutchubryi population in the harbour. The analysis of the long term biomass of the
non-commercial area would demonstrate the pattern of A. stutchubryi trend in an area where
commercial harvesting does not take place and whether the population of this area can be still
be sustainable in an inlet where there is commercial take in other areas.

STUDY SCOPE
A major focus of this thesis is to assess the Austrovenus stutchburyi population on noncommercial sites that are restricted from commercial harvesting in Papanui and Waitati Inlets,
in Otago. In the study described here, a survey was carried out to estimate the current biomass
levels of A. stutchburyi in the non-commercial beds in Papanui and Waitati Inlets. The current
commercial size classes and age-at-length were also modelled for these areas. From these
current estimates, the changes in the total biomass, the commercial size classes, and the
modelled growth estimates since 2002 were assessed. The findings are discussed with
particular focus on the management strategy currently in place, and the sustainability of these
non-commercial bed populations.
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METHODS
BIOMASS SURVEY
STUDY DESIGN
A two-tiered stratified sample design similar to that in previous surveys (Wildish, 1984;
Stewart et al., 1992; and Breen et al., 1998) was used. Grids 100 m x 100 m were used in the
recreational area as high biomass levels were known to exist from previous surveys. Random
longitude and latitude coordinates (Stewart, 1992) within each grid were loaded onto
handheld GPS unit for location of quadrat samples. The sampling objective was to take four
quadrat samples from each grid. (Note: there were grids where this was not possible, even
given very low tides (for example tides of 0.1m height in Waitati Inlet) there were grids, and
points of grids that could not be reached due to deep channels and samples underwater where
a quadrat and shovel could not give a quality sample. A total of 34 and 18 quadrat samples
were taken from the recreational beds at Papanui and Waitati Inlets respectively.

SAMPLING DESIGN
Waitati Inlet was sampled between May and April 2009, and Papanui Inlet between July and
September 2009. Clams were extracted from a 0.1 m² quadrat (Stewart, 2008; Irwin 2004;
Wing et. al 2002) using a shovel as used in past methods (Wildish, 1984a; Stewart et al.,
1992; Breen, 1998). Recent sampling designs have used a Venturi action pump, and past
concerns about possible implications of differences in sampling effort were resolved by Wing
et al. (2002), where an independent survey undertaken to compare the two methods found no
significant difference between the two mean biomass values. The shovel was chosen as it is a
common tool of recreational fishers and an easily applied, economical and independent
method. It was also chosen as it would be used in community-based surveys.

CURRENT METHOD
A 0.1 m² steel quadrat with 10 cm deep sides was pushed into the substrate and the shovel
was used to remove all contents of the quadrat to a depth of just less than 10 cm to ensure all
clams were removed. The extracted material was washed on a sieve with a 2 mm aperture
mesh so that the clams were free of substrate. Each sample was placed into a labelled bag and
taken to Portobello Marine Laboratory where the cockles were counted and weighed to the
nearest 0.1 g using a digital balance.

28

ATTACHED SHELL
Samples were washed clean of any extraneous material. In areas where the sediment has a
high shell content small fragments of shell can attach themselves to the clams. In some cases
there was some shell left on the clams when weighed. However, both Stewart et al. (1992)
and Irwin (2004) found this to be a rare occurrence, but where it happened shell fragments
contributed less than 1% to the total clam biomass of a quadrat.

BIOMASS ESTIMATES
ABSOLUTE BIOMASS AND CONFIDENCE INTERVAL ESTIMATION
The mean clam weight per quadrat was calculated for each grid, and scaled up to give total
biomass estimates for each grid. This was used to estimate the mean biomass for the
recreational bed for each inlet. The sample variance and 95% confidence intervals were
estimated for the recreational bed of each inlet. Grids were included into the calculation
where two or more quadrats were sampled for that particular grid. Where there were fewer
than two quadrats for a grid, that grid was excluded from the calculation.

For the calculation of 95% confidence intervals, estimates of the sample variance in each grid
were based on the total biomass values for each quadrat as in Stewart et al. (1992). This was
done using the equation:
∑
Where

equals the sample variance for the grid i;

each quadrats total biomass

equals the difference between

) and the mean quadrat biomass value

); n equals the

number of quadrats taken in grid i.
These sample variances were then used to produce 95% confidence intervals for the biomass
in each inlet using the following equation:
√∑
Where

equals the total number of quadrats that could be placed in grid i.

29

BIOMASS ESTIMATES FOR DIFFERENT SIZE CLASSES
PREVIOUS METHODS
A major difference in methods used to extract biomass values for different size classes exists
between previous surveys. Wildish (1984) and Stewart et al. (1992) separated cockles by
sieving into three size classes. Breen et al. (1998) measured random samples of cockles from
each inlet. The first method only allows for estimation of biomass from predetermined size
classes. By calculating size structure of populations using length to weight data a more
flexible approach was allowed where data could be matched to current commercial needs as
well as to future survey results. The 1998 survey used random samples from each inlet to
calculate length to weight relationships.

CURRENT METHODS
This survey sampled the recreational zones in Papanui and Waitati Inlets. Biomass was
accurately estimated for each area (recreational zone) using relevant length-weight
relationships. Counted and weighed clams from quadrat sampling were split into bed strata
and taken to the Portobello Marine Laboratory where they were maintained in running
seawater. Once all quadrats within a bed stratum were sampled, the shellfish were put through
a splitter halving the volume of shellfish. The volume of shellfish were repeatedly halved
using the splitter until a number not less than 400 and not more than 1000 shellfish were left
for each bed. These were then individually weighed to the nearest 0.1g on a scientific scale
and measured to the nearest 0.1 mm using digital callipers.

SIZE CLASS ESTIMATES
From the length and weight data of individual clams a length-weight curve was produced for
clams from each bed. The equations from these curves were used to calculate length specific
densities for 1 mm increments in length within each bed stratum. From these figures the
proportion of biomass between size classes was estimated for each bed stratum. In this study,
size classes included nominal size (length) classes used in Wildish (1984) and Stewart et al.
(1992). These were juvenile (>2 mm and <19 mm), recreational or medium (≥19 mm and <35
mm) and commercial or large clams (≥35 mm). The biomass of every quadrat was then split
into size classes, the proportions calculated from the length to weight curve of the relevant
bed.

30

The total biomass, sample variance and 95% confidence intervals were calculated the same
way as for the total biomass. In calculating the variance for each size class the term
equals the difference between each quadrats biomass value and the mean biomass value for
biomass of the relevant size class.

CHANGE OVER TIME
The objective in this section is to determine changes in the size class biomass and absolute
biomass of cockles in the non-commercial bed in Papanui and Waitati Inlets over time.
Firstly, each bed (such as Bed B, or Bed R...etc) are known as discrete beds that make up the
whole Inlet. In the maps of both inlets the non-commercial area are labelled „R‟ for
„recreational‟ area, these sites are area where no commercial take can occur, however noncommercial take is not limited to this area and may harvest across the inlet. In the past change
over time could only be performed reliably between whole inlet values, as comparing discrete
beds requires the study design of strata for each bed to be consistent over surveys, and
therefore time. Data that could be obtained from past survey were compared in their methods,
and surveys which had consistent beds, and grids within the beds, sampled were then used in
this section.

The total biomass estimates obtained for the recreational beds of each inlet in this survey were
compared with the previous estimates that were calculated from past survey biomass data
given. The data extracted from past survey data were that of comparative grids sampled (i.e.
quadrat samples that were taken from the „recreational‟ bed and of the same grid from each
year where the study design and sampling design were consistent through time). For each
inlet, a comparison of the estimated biomass was made with one-way ANOVA, testing the
null hypothesis that there is no difference in biomass across the surveys. In this case the
survey years that have consistent strata are the years 2002, 2004, 2007 and this current study
2009.

GROWTH
Thirty shellfish of various sizes were sub-sampled from length distribution samples for each
bed of each inlet. The flesh of the clams was removed and the shells were dried. The shells
were soaked in a 4.8% (±0.2) solution of sodium hypochlorite (bleach – “Dynowhite”) for
two hours to remove any remaining organic material (because concentration is less than
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previous study of 13%). The shells were then rinsed and dried in the oven. These were
measured for length using digital callipers to the nearest 0.1mm. Once the shells were dry
they were set in an epoxy resin (Appendix A). The right valve was used in sectioning unless it
was damaged in which case the left shell was used. As venerids are equivalve (Powell, 1979)
the assumption was made for the purposes of this study that both valves grew at the same rate.
Each shell was sectioned along the axis of maximum growth using a diamond rock cutting
saw and thin sectioned (Appendix A). Shells were than polished using a lapidary wheel with a
fine grit. Shells were analysed visually under a bisecting microscope and the number of
growth rings counted.

The von Bertalanffy growth model (von Bertalanffy, 1938) was used to fit a curve to the
length at age data collected
)
Where

is length at age t,

is the asymptotic average maximum body size, K is a growth

rate coefficient that determines how quickly the maximum is attained, and is the hypothetical
age at which the species has zero length (Haddon, 2001). The curve was fit to the length at
age data using non-linear least squares methods taken from Haddon (2001).
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RESULTS
CURRENT BIOMASS ESTIMATES
TOTAL BIOMASS ESTIMATES AND SIZE CLASS ESTIMATES
In this section of the report the commercial size classes were calculated and reported by their
name, this is different to further analysis of size structure, and comparison between years. The
size classes for the following table are juvenile (>2 and <19 mm), medium (≥19 and <35
mm), and large clams (≥35 mm). From the biomass survey undertaken in the non-commercial
beds the current bed biomass estimates in tonnes (± 95% CI) was 604.2 (±118.0) for Papanui
Inlet and for Waitati Inlet 295.7 (±83.8) (Table 2.2). The estimates of the three size classes
give very different size structures between the inlets. These estimates for the clam size classes
are also shown in Table 2.2, and are as follows, the juvenile size class had an estimated
biomass in tonnes (±95% CI) of 1.1 (±0.2) and 1.6 (±0.4) were found in Papanui and Waitati
Inlets respectively. Medium shellfish had an estimated biomass in tonnes (±95% CI) of 569.6
(±111.3) and 19.2 (±5.4) in Papanui and Waitati Inlets respectively. In the large size class the
estimated biomass in tonnes (±95% CI) was 33.5 (±6.5) and 274.9 (±77.9) in Papanui and
Waitati Inlets respectively. From these results it is clear that both inlet non-commercial beds
have low juvenile biomass, and largely differ in their relative proportion of medium and large
clams, where the Papanui non-commercial bed has a high proportion of medium sized clams,
and Waitati non-commercial bed has a high proportion of large sized clams.

Table 2.2 Current biomass estimates in tonnes (±95% CI) for each size class of clams and the total
estimate for the non-commercial bed of Papanui and Waitati Inlets.

Size class
Juvenile
Medium
Large
Total

Biomass in tonnes (±95% CI)
Papanui
Waitati
1.1±0.2
1.6±0.4
569.6±111.3
19.2±5.4
33.5±6.5
274.9±77.9
604.2±118.0
295.7±83.8

BIOMASS OF TOTAL BED OVER TIME
The current biomass estimations for the total bed are illustrated here in Table 2.3 with the past
estimates of surveys conducted from 2002. The biomass in tonnes (± 95% CI) of the noncommercial bed in Papanui Inlet showed an overall increase over time from 505.2 (±123.1) in
2002 to 604.2 (±118.0) in 2009 (Table 2.3), and an increase over time in Waitati Inlet with a
biomass estimate of 285.6 (±75.1) in 2002 to a value of 295.7 (±83.8) (Table 2.3). This gives
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an increase of 99 tonne in Papanui Inlet with no evidence of decreasing trend across each
survey, and 10.1 tonne in Waitati Inlet over these seven years in biomass across the surveys.

Table 2.3 Current and previous total biomass estimates in tonnes (±95 CI) for the non-commercial bed of
Papanui and Waitati Inlets.

Survey
2002
2004
2007
2009

Biomass in tonnes (±95% CI)
Papanui
Waitati
505.2±123.1
285.6±75.1
570.5±165.5
247.4±39.7
321.9±54.1
604.2±118.0
295.7±83.8

Note: Papanui Inlet was not included in the 2007 survey.

BIOMASS OF SIZE CLASSES OVER TIME
In all the following results the size class data are presented as their numbered format (i.e. >2
and <19 mm) and not by their name (i.e. „juvenile‟). This is to prevent any misinterpretation
on the sizes analysed, as there are changes across previous reports in the actual sizes such as
recruit size class is ≥30 mm in the years 1998 to 2004 (see Tables 2.4 and 2.5) whereas a new
recruit size class of ≥28 mm (Stewart, 2008) is introduced in 2007 (see Table 2.4); another
difference is the size class of mature recreational of ≥19 and <35 mm in the years 1992 to
2004 surveys, then ≥19 and <30 mm in the year 2007 (Stewart, 2008). Biomass estimates for
the non-commercial beds prior to 2002 were not available, and the sampling design was
different before the 2002 survey. Table 2.4 and Table 2.5 shows the biomass estimates for
each of the commercial size classes and the total from each survey along with estimates of the
non-commercial bed from Papanui and Waitati Inlets respectively.

The overall change of the biomass estimates for each of the commercial size classes in the
non-commercial bed of Papanui Inlet over time are as follows. The biomass trend from 2002
to the current survey illustrate that the size classes >2 and <19 mm, ≥35 mm, and recruited
size class ≥30 mm have decreased over time, whereas the size class ≥19 and <35 mm
increased over time (Table 2.4). There is a slight increase in the size classes >2 and <19 mm
during the period of 2002 to 2004, and there is an increase per year for the size class ≥19 and
<35 mm from 2002 to the current study (Table 2.4). The fitted relationship between biomass
and time for medium clams suggested an increase of 49.99 tonnes per year, and this
relationship was a good fit (r² = 0.9848; Table 2.6). Further to this, the current study estimates
have very low biomass estimates for the larger clams (≥35 mm) compared to past estimates
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(Table 2.6). The overall increase in total bed biomass is therefore largely representative of the
increase in the medium clams of this bed, not an increase in each size class.

The overall change of the biomass estimates for each of the commercial size classes in the
non-commercial bed of Waitati Inlet over time are as follows. The results illustrate that the
size classes of >2 and <19 mm, ≥19 and <35 mm have decreased since 2002 (Table 2.5). The
>2 and <19 mm size class of clams had an increase of biomass into the population shown in
the 2007 survey. The size class ≥19 and <30 mm decreased from 2007 survey, but this is not
an extensive comparison as it has only been a two year period. However, this size class may
be used to represent the previous (prior to Stewart, 2008) medium clams of ≥19 and <35 mm,
where the values have decreased consistently over the five years. Furthermore, the >2 and <19
mm, ≥19 and <35 mm are very low in the current study in relation to the past survey,
especially the estimates of 2002. The two recruit sizes of ≥28 mm and ≥30 mm size classes, as
well as the larger ≥35 mm size class have increased in biomass over time (Table 2.5). Again,
the size class ≥28 mm was only introduced in 2007, which gives a short comparative time
period. The fitted relationship between biomass and time for large clams suggested an
increase of 1.44 tonnes per year, and this relationship was a good fit (r² = 0.8103; Table 2.6).
However, it can be seen across the surveys that this was not a continuous increase of biomass
over time; in fact there was an increase during the period of 2004 and 2007. Therefore the
general trend for large clams follows a decreasing trend with a peak of increasing biomass
into the population shown in the 2007 survey. This is further supported by the weak
relationship (r² = 0.1918; Table 2.6) between total size biomass and time.
Table 2.4 Current and previous biomass estimate in tonnes (±95 CI) for clams in each size class and the
total from the non-commercial bed of Papanui Inlet.

Size Class
>2 and <19mm
≥19 and <30mm*
≥19 and <35mm
>28mm*
≥30mm*
≥35mm
Total (t)

2002
2.9±0.7

SURVEY
2004
5.8±1.7

219.7±53.6

296.3±86.0

3849.6±343.9
282.6±68.9
505.2±123.1

3676.8±5.9
268.4±77.9
570.5±165.5

2009
1.1±0.2
397.3±77.6
569.6±111.3
348.4±68.1
205.3±40.1
33.5±6.5
604.2±118.0

Note: A survey was not undertaken of Papanui Inlet in 2007.
*These size classes were added into the current (2009) study as they have been added in a previous survey 2007
(Stewart, 2008) and may be used in future survey work where the medium size class ≥19 and <35 mm is no
longer estimated.
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Table 2.5 Current and previous biomass estimate in tonnes (±95 CI) for clams in each size class and the
total from the non-commercial bed of Waitati Inlet.

Size Class
>2 and <19mm
≥19 and <30mm*
≥19 and <35mm
>28mm*
≥30mm*
≥35mm
Total (t)

2002
4.5±1.2

SURVEY
2004
4.2±0.7

179.4±47.2

166.9±26.8

194.0±51.0
191.7±26.7
285.6±75.1

2007
10.5±1.8
98.9±16.6

168.4±27.0
76.4±12.3
247.4±39.7

245.9±41.3
212.5±35.7
321.9±54.1

2009
1.6±0.4
9.3±2.6
19.2±5.4
287.5±81.5
284.8±80.7
274.9±77.9
295.7±83.8

*These size classes were added into the current (2009) study as they have been added in a previous survey 2007
(Stewart, 2008) and may be used in future survey work where the medium size class ≥19 and <35mm is no
longer estimated.
Table 2.6 Parameters from least squares regressions for total biomass and biomass in each size classes.

Inlet
Papanui
Papanui
Papanui
Papanui
Waitati
Waitati
Waitati
Waitati

von Bertalanffy Parameters
Size Class
B
>2 and <19mm
≥19 and <35mm
≥35mm
Total
>2 and <19mm
≥19 and <35mm
≥35mm
Total

-0.850
119.490
-87.950
30.693
-0.2479
-56.308
63.655
10.467

r²
0.2998
0.9848
0.9222
0.8676
0.0072
0.9325
0.8103
0.1918

GROWTH MODELS
Using length at age data von Bertalanffy growth curves were modelled in Figures 2.3 and 2.4
for the growth curves of the non-commercial bed within Papanui and Waitati Inlets
respectively. Past surveys have estimated the growth models of the whole inlet, in contrast to
this current study that focussed specifically on one area (non-commercial bed) of the inlet,
thus the results of this current study are more conservative values. The current parameters for
these models for the non-commercial bed of Papanui and Waitati Inlets are shown in Table
2.7, and the past reported parameters for the total inlet values of Papanui and Waitati Inlets
are shown in Table 2.8. The value for

in the Papanui Inlet non-commercial bed was

calculated at 29.34 mm with the value of K estimated at 1.982 (Figure 2.3). In the noncommercial bed of Waitati inlet the value of

was calculated at 33.521 mm with the value

of k estimated at 0.428 (Figure 2.4). These samples were representative of sampled clams
from the non-commercial sites of these two inlets. The growth model, for Papanui Inlet noncommercial bed, shows that the clams reach up to ≥30 mm at four years of age and remain at
this size up to eight years of age, which suggest that this is the size of recruitment into the
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population (Figure 2.3). In Waitati Inlet the growth model, for the non-commercial bed, also
shows that the clams reach the size ≥30 mm at four years of age, however continue to increase
in size up to ≥35 mm at eight years of age (Figure 2.4). This may suggests that these clams of
Waitati Inlet reach the size of recruitment at the same rate as Papanui Inlet clams, but
continue to grow after recruitment, therefore reaching a larger size over the same time period.
The growth model shows that the predicted growth rate is higher for both beds in each inlet
compared to the past report growth rates for the total inlet (Tables 2.7 and 2.8). Although the
the non-commercial bed clams in Waitati Inlet grow to reach the size of recruitment at a faster
rate than Papanui Inlet, they plateau at a smaller sized length than in the past surveys (Table
2.8).

Table 2.7 The past reported (Wing et al., 2002; Irwin, 2004; Stewart, 2008) growth parameters from von
Bertalanffy growth models for the whole inlet of Papanui and Waitati Inlets.

Inlet

Year Sampled

Papanui

2002(a)
2002(b)
2002(a)
2002(b)
2007

von Bertalanffy Parameters
Year
K
(mm)
Published

Waitati

0.311
0.1554
0.24
0.127
0.326

40.3
42.8
35.8
42.9
41.0

2002
2004
2002
2004
2008

Table 2.8 Current growth parameters from von Bertalanffy growth models for the recreational bed of
Papanui and Waitati Inlets.

Inlet

Year Sampled

von Bertalanffy Parameters
Year
K
(mm)
Published

Papanui
Waitati

2009
2009

1.982
0.428

29.3
33.5

Current study
Current study
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Figure 2.1 The age at length, with the predicted growth curve of shellfish from the non-commercial bed of
Papanui Inlet using the von Bertalanffy growth model.

Figure 2.2 The age at length, with the predicted growth curve of shellfish from the non-commercial bed of
Waitati Inlet using the von Bertalanffy growth model.
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DISCUSSION
The objective of this study was to assess the Austrovenus stutchburyi population on noncommercial sites that are restricted from commercial harvesting in Papanui and Waitati Inlets,
in Otago. A survey of these two areas was carried out to estimate the current biomass levels of
total A. stutchburyi, as well as estimate the size class biomass, and model the growth curve for
this shellfish of the non-commercial area. These current results were compared to past surveys
since 2002 to assess the trend in the total biomass, the commercial size classes, and the
growth curves. The findings are discussed with particular focus on the management strategy
currently in place, and the sustainability of these non-commercial bed populations.

CURRENT AND LONG TERM BIOMASS TREND
In this current study the biomass estimates in tonnes (±95% CI) for the recreational bed of
Papanui inlet was double that of Waitati Inlet with 604.2 (±373.2) and 295.7 (±264.9)
respectively. Papanui Inlet bed was expected to have more than Waitati as it has a larger noncommercial area designated, whereas Waitati Inlet has an overall larger sized inlet (see
Figures 1.2 and 1.3 in Chapter One). The size classes that made up these total bed biomass
estimates were different for each Inlet, where the Papanui non-commercial bed was largely
represented by the medium size class of 94.3%, and 93% of the Waitati non-commercial bed
was of the large sized class. However, these two Inlets beds were similar in that they both had
low estimates of juvenile biomass. The sizes for medium, recruited, and large sized clams are
given in brackets in order to prevent confusion as these three sizes have changed in their
lengths in the surveys (for example Table 2.5).

PAPANUI INLET
The total biomass slightly increases overtime in the non-commercial bed of Papanui Inlet, and
the biomass of size classes showed an increase only in medium sized (≥19 and <35 mm)
clams and decrease in other the other two commercial size classes. The recruitment of
juvenile clams into this bed is unpredictable with a variable pattern of biomass, and the
increase in biomass between 2002 and 2004 suggests the successful settlement of juveniles. It
is assumed that the bed conditions (i.e. sufficient phytoplankton) are sufficient for supporting
the survival of clams as the medium clams have increased in biomass per survey since 2002.
There has been a large proportion of larger clams and recruited clam (≥30 mm) that have both
decreased over time, the first has decreased of up to 89% and the latter 49.7% since 2002
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(Table 2.4; Wing et al., 2002; Stewart, 2006). This supports that any harvesting pressure on
this bed is focussed on the larger clams, where possibly the medium size class (≥19 and <35
mm) of clams have been left unharvested, and therefore have become the greater proportion
of the total biomass in this area. There has been no survey conducted in this bed between
2004 (Stewart, 2006) and the current study. It is possible that smaller clams could have settled
during this period; however, it is likely that the juveniles in past surveys have moved up into
the next size class as demonstrated by the very low number of juveniles.

WAITATI INLET
The total biomass of the Waitati Inlet non-commercial bed in 2009 is similar to that reported
in 2002; however, the biomass estimates have been variable over time. There is a noticeable
increase in biomass reported since 2007 (Stewart, 2008). This may be explained by an
increase of juveniles and recruited size (≥30 mm) classes, with an increase of 150% and 26%
respectively since 2004 (Stewart 2006). Since then, the juvenile clam biomass has greatly
decreased with the lowest biomass estimate in this current study compared to the values over
time. This suggests that recruitment of juvenile clams into this area is variable and
unpredictable, and that the conditions of this bed may not support the settlement of the level
of juvenile biomass that has been shown in the past surveys. As the biomass of medium size
clams (≥19 and <35 mm) has decreased over time, the large clams (≥35 mm) have increased
over time, both at a similar rate of change (slope of line was ~60 for each, Table 2.6).
However, the 2007 survey did not estimate these two sizes, but instead estimated medium
clams as ≥19 and <30 mm, large clams ≥30 mm, and recruited clams ≥28 mm. When the size
estimates are used in place of the missing values the results still supported a decreased in
medium clam biomass and an increase in large clam biomass. This may suggest that the
medium clams are successfully recruiting into the large clam class, and that the large clams
are not heavily harvested at this site. It may be that other sites of Waitati Inlet are used to
gather clams by this group; there is a more easily accessed place on the Warrington side of the
inlet where gathering has been seen (personal observation). Finally, it is of concern that both
the juvenile and medium clams are of low biomass, and this may result in a low biomass of
large clams in the future for harvesting, and increased pressure on the medium sized clams by
harvesters.
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GROWTH MODEL
The growth results comparison across surveys could show that these beds have a naturally
higher growth rate or perhaps that a greater sample is needed to represent the same area as
past surveys. The comparison of the size in length reached by non-commercial clams in
Papanui Inlet to Waitati Inlet may suggest that conditions in Waitati Inlet promote a higher
growth rate in this population of clams. The position of the non-commercial bed of Waitati
Inlet is closer to the Inlet mouth than that of Papanui Inlet, and would potentially receive a
greater supply of phytoplankton on incoming tides than that of Papanui Inlet which would
receive a depleted supply of phytoplankton being further from the Inlet mouth than other clam
beds in this inlet. It must be further cautioned that this is a very conservative comparison as
perhaps the current growth predictions for the whole inlet may differ to the non-commercial
beds estimated in this study.

LIMITATIONS AND FURTHER STUDY
The comparison of surveyed biomass estimates over time conducted for the non-commercial
beds are a good comparison; however, the biomass of size classes is limited by the change of
length of size classes in 2007, and for Papanui Inlet not surveyed in 2007. For instance, the
2004 survey showed a large decrease in the biomass of large clams (≥35 mm) within the noncommercial bed of Waitati Inlet with a continued decline in biomass reported in this study,
and it would have been a more robust comparison for the 2007 survey to estimate this size
class instead of the „new‟ large clams (≥30 mm). It is also recommended that the growth
analysis is continued with the continuation of biomass surveys every two to three years, as
recruitment and shifts of the clams into size classes could be monitored and give a better
understanding on the management needed to promote sustainability of the population.

CONCLUSION
The biomass estimated for the non-commercial bed of each inlet demonstrated that these two
inlets are similar in that they have had a slight increase in biomass. However, the analyses of
the size class demonstrate that the bed within each inlet have supported that juvenile
recruitment is unpredictable and that the current management strategy may need to address
this through adjusting the bag limits. Both beds require recruitment of juvenile clams into the
bed and a period of no harvesting may support supplementing of the biomass levels of each
size class. It is supported that local trends in shellfish need to be critically analysed and used
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effectively to guide the fishing regulations set within heavily harvested areas such as these
inlets.
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CHAPTER 3
Long-term biomass trends: An assessment of discrete beds within two
Otago Inlets over time
INTRODUCTION
The New Zealand Littleneck Clam Austrovenus stutchburyi is highly valued in Otago by local
recreational and customary user groups, and especially as a commercially exported species
(see Chapter One). This chapter focuses on the commercial sector of the Otago Austrovenus
stutchburyi fishery, as the non-commercial fishery was largely covered in the previous
chapter. As mentioned previously, Waitati Inlet is located within the East Otago area and is
currently the only commercially harvested area in Otago. However, there is currently research
in place to examine the possible commercial harvesting of A. stutchburyi in Otago Harbour, as
it has been shown to have the largest stock of A. stutchburyi adjacent to the Otago Peninsula
in a past survey (Breen et al., 1999). Breen et al. (1999) surveyed the five large beds within
Otago Harbour, which combined cover an area of 10.84 km², with a combined estimated
biomass of 32975 tonnes (t) in recruited sized clams (≥30 mm), and a total clam number (all
sizes) of 4155.1 t (Breen et al., 1999). This was the first survey of its kind, and a similar
survey has not been repeated for Otago Harbour. When the recruited clams (≥30 mm) biomass
is compared to that in Papanui Inlet of 3677 t (Stewart, 2006) within 3.25 km², and Waitati
Inlet of 7107 t (Stewart, 2008) within 6.5 km², it supports the view that the Otago Harbour
clam fishery is the largest in the Otago Peninsula region, and perhaps New Zealand.

The current management strategy has divided both the inlets into areas of commercial beds,
non-commercial areas, and an outlying area (Figures 1.2 and 1.3; Chapter One). The
commercial fishery in Otago Peninsula is managed by annual restrictions on catches (Ministry
of Fisheries, 2010; also see Chapter One) and the Fisheries (Commercial Fishing) Regulations
2001. The level of harvesting is reported in Table 1.2 (Chapter One) with the maximum catch
of 943 t in 2005-06 year, which is less than the Total Annual Commercial Catch (TACC) of
1470 t (Ministry of Fisheries, 2010).

As this is a commercial fishery, regular surveys of A. stutchburyi have been conducted in
Waitati Inlet and also of previously commercial stocks in Papanui Inlet. The past surveys have
measured the biomass and size structure of the A. stutchburyi population of these two inlets,
with a focus on the comparison of the total inlet values. The first biomass survey of Papanui
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and Waitati Inlets was conducted in the summer of 1983-84 (Wildish, 1984) and similar
surveys were done over time, with the recent biomass surveys of both inlets in 2004 (Stewart,
2006) and of Waitati Inlet only in 2007 (Stewart, 2008) (Tables 3.1 and 3.2). The long-term
trend demonstrates that the biomass estimate for Papanui Inlet decreased over time from 6140
t in the summer of 1983-84 (Wildish, 1984), to 4752.13 t in 2004 (Stewart, 2006), whereas for
Waitati Inlet the estimated values are similar at 12080 t (Wildish, 1984) and the 2007 value
12064.1 t (Stewart, 2008). With no recent reported commercial take from Papanui Inlet as
well as a decline in the total biomass, a small difference in the total biomass trend in Waitati
Inlet, as well as the potential for commercial harvesting in Otago Harbour, a comparison at a
finer scale of the past surveys may be valuable in assessing the sustainability of the A.
stutchburyi populations from long term harvesting and the current management strategy.

These past stock assessments have analysed the estimated biomass and growth factors of the
A. stutchburyi populations in Papanui and Waitati Inlets over time, and have compared the
total biomass over time. There has been no comparison of the estimated biomass of clams or
size classes for the discrete commercial beds over time. The long term size structure of the A.
stutchburyi population is important as this may illustrate the natural pattern over time of
certain size classes and may support that a finer scale analysis of long trends is necessary in
understanding the pattern of A. stutchburyi under this harvesting regime.

STUDY SCOPE
The main objective of this study is to compare the long term trend of the A. stutchburyi
biomass for each designated area within Papanui and Waitati Inlets over time, with a
particular focus on the commercial discrete beds. This is then compared to the whole inlet
biomass trend for each inlet in the Discussion. The biomass for each size class for the total
inlet is compared over time, and where surveys are comparable, the size classes per
designated area are compared as well. The findings are discussed with particular focus on the
management strategy currently in place, and the sustainability of this commercial fishery. The
future implications that these findings may have on future harvesting of Otago Harbour are
included in the Overall Discussion (Chapter Six). The analysis in this study is restricted by the
changes in study design and size classes estimated over time, as it required the specific inlet
areas to be consistent in surveys. The differences across surveys are analysed by re-estimating
the biomass using the past survey data sets. The differences are addressed in the Methods and
in the Discussion.
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Figure 3.1 Whole inlet biomass estimates for Papanui Inlet from 1984 (Wildish, 1984), 1992 (Stewart et al.,
1992), 1998 (Breen et al., 1999), 2002 (Wing et al., 2002), 2004 (Stewart, 2006).
Note: Confidence limits for 1984 are taken from Wing et al. (2002). Wing et al. (2002) suggest that these
confidence intervals should be viewed with some caution, as sampling was not strictly random.

Figure 3.2 Whole inlet biomass estimates for Waitati Inlet from 1984 (Wildish, 1984), 1992 (Stewart et al.,
1992), 1998 (Breen et al., 1999), 2002 (Wing et al., 2002), 2004 (Stewart, 2006), and 2007 (Stewart, 2008).
Note: confidence limits for 1984 are taken from Wing et al. (2002). Wing et al. (2002) suggest that these
confidence intervals should be viewed with some caution, as sampling was not strictly random.
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METHODS
LONG TERM BIOMASS TREND
PAST METHODS
In the past surveys, Papanui and Waitati Inlets were divided into strata. The stratum area size
was based on the density of clams as determined in a method by Wildish (1984a), and which
was followed by Stewart et al. (1992), Breen et al. (1999), Wing et al. (2002), Stewart (2006),
and Stewart (2008). Strata were 300 m² in extensive (low density) areas, and 100 m² in
intensive (high density) areas. However, where stratum area was reduced by the coastline of
each inlet, a more specific area size is given to that particular stratum. The survey design was
further redefined by Wing et al. (2002), where each inlet was divided into several smaller
strata based on discrete harvesting beds, non-commercial zones, and outlying low-density
areas (Figures 1.2 and 1.3; chapter one). This was done so biomass could be more accurately
estimated for each area. This design was continued in the surveys by Stewart (2006) and
Stewart (2008).

The biomass was estimated for each bed, and beds were summed to give a biomass for the
entire inlet. The beds are used for management purposes only and are subject to differing
harvest regimes, except for non-commercial beds which are strictly non-commercial harvest
areas. The biomass were estimates for the sizes classes (clam shell length) of juvenile (2–19
mm), medium (19–35 mm), and large clams (≥35 mm) in surveys 1984 (Wildish, 1984)
through to 2007 (Stewart, 2008). The size for recruited clams (≥30 mm) was introduced in
1998 (Breen, 1999), and for commercially targeted clams (≥28 mm) in 2007 (Stewart, 2008).

CURRENT METHODS
The biomass over time for each inlet area was plotted with fitted lines from least squares
regression. These estimates were sourced from the past surveys where the inlet area design
was the same. The estimated biomass per size class over time for the total inlet was also
plotted with fitted lines from least squares regressions. The biomass per size class for the inlet
areas were analysed as bar graphs for the years they were available. These results are
compared to the previous total inlet biomass trend.

In order to compare the size classes per bed over time it was required that there was
consistency in the size class range estimated and for these classes to be estimated for each
bed. The values used in this section were extracted from previous surveys. Each survey from
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2002 to 2007 has consistently estimated the same size classes per Inlet. However, this is not
consistent for the size classes estimated per bed areas of each Inlet. The size classes were
estimated per bed for the years 2002 and 2004 as juvenile (>2 and <19 mm), medium (≥19
and <35 mm), large (≥35 mm), and recruited (≥30 mm) clams. However, there are no 2007
data for Papanui Inlet, and the size classes estimated per bed were different in size for
medium (≥19 and <30 mm), large (≥30 mm), and recruited (≥28 mm) clams. These
commercial sizes of the 2002 and 2004 size clams are compared over time to determine the
trend of sizes per discrete commercial bed, the non-commercial zone, and outer areas.

RECALCULATED BIOMASS
The recalculation of the biomass for each inlet area enabled a thorough statistical analysis of
the data sets. To compare inlet areas over time a consistency of study design was required
across past surveys. The study design of inlet strata that was consistent and comparable was
for the surveys done in 2002, 2004 and 2007. However, in the 2007 survey Papanui Inlet was
not surveyed. The 2002 data (Wing et al., 2002) included the area size for each grid, which
made it possible to calculate the biomass per stratum, while the 2004 data (Stewart, 2006) did
not have grid area size. The assumption was made that the area size of grids is the same across
the surveys, and this was sourced from Wing et al. (2002) (Appendix C). The data sets were
divided into commercial beds, non-commercial areas, and outer areas. There are cases where
the bed boundary crosses the grids partially, so that grids are in more than one bed. For
example, grid 52 lay within beds D and E. Furthermore, an extra bed (bed G) was in the 2004
data set for Papanui Inlet and it was advised to add this to the outer area (personal
communication Stewart, 2009). To provide consistency in the beds compared over time the
2004 data set was run as a set with bed G and labelled as part of the outer area samples of the
inlet, and this was run again as another set with bed G excluded. From the arranged data, the
biomass was estimated for each inlet area and for the total inlet with the following method.

ABSOLUTE BIOMASS AND CONFIDENCE INTERVAL ESTIMATION
The mean clam weight per quadrat was calculated for each grid. This was scaled up to give
total biomass estimates for each grid. Grid estimates were summed to give the absolute
biomass estimates for each inlet. For the calculation of 95% confidence intervals, estimates of
the sample variance in each grid were made based on the total biomass values for each
quadrat as in Stewart et al., (1992). This was done using the equation:
∑
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Where

equals the sample variance for the grid i;

each quadrats total biomass

equals the difference between

) and the mean quadrat biomass value

);

equals the

number of quadrats taken in grid i.
These sample variances were then used to produce 95% confidence intervals for the biomass
in each inlet using the following equation:
√∑
Where

equals the total number of quadrats that could be placed in grid i.

ABSOLUTE

BIOMASS

AND

CONFIDENCE

INTERVAL

ESTIMATES

FOR

INDIVIDUAL BEDS
Once the data were divided into individual beds, using the grids already in place, the same
method as described above for each inlet was used to estimate the mean biomass, sample
variance and 95% confidence intervals for each bed.

DATA ANALYSIS
The biomass data estimated were first compared to the past survey results to determine any
differences in the methods. The biomass data was then compared over time to determine any
differences of bed biomass over time using one-way ANOVA. The null hypothesis was that
the means were not different between these surveys. It also was run to test the 2004 data of
outer area with and without bed G against each other, as well as total inlet with and without
bed G against each other. The null hypothesis was that the means were not different with and
without bed G.
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RESULTS
LONG TERM BIOMASS TREND
TOTAL BIOMASS OF THE INLET
The total inlet biomass estimates from each survey are shown in Figure 3.1 (Introduction
section) and Table 3.1 for Papanui Inlet, and Figure 3.2 (Introduction section) and Table 3.4
for Waitati Inlet. The most recent inlet biomass estimates in tonnes (t) (± 95% CI) are 4752.13
t (±424.8) for Papanui Inlet in 2004, and 11948.5 t (±920.9) for Waitati Inlet in 2007 (Stewart,
2006; Stewart, 2008). From the year 1984 to 2004 the total biomass for Papanui Inlet has
declined by 23%, at a rate of 69.39 t per year (Table 3.1). In Waitati Inlet the total biomass
across the 23 year survey period has decreased at an average rate of 5.72 t per year, and
remains at 99% of the 1984 biomass estimate (Table 3.2). The biomass estimates for each
inlet area over time are shown in the Size Class per Inlet Area section below in Figure 3.5 for
Papanui Inlet, and Figure 3.6 for Waitati Inlet.

SIZE CLASS BIOMASS THE INLET
The biomass estimates for each size class are plotted against time for Papanui Inlet (Figure
3.3) and Waitati Inlet (Figure 3.4). There are no size class values available for 1984. The
parameters from the fitted least squares regression for the relationship between biomass and
the year for both inlets are listed in Table 3.2.

PAPANUI INLET
In terms of size class biomass trend from 1992 to 2004, the results show a 74% decrease in
juvenile clams, a decrease of 35% for medium clams, and an increase of 35% of large clams.
The fitted relationship between biomass and time for large clams suggested an increase of
60.3 tonnes per year, however this relationship was not a good fit (r² = 0.77). From 1998 to
2004 there has been a decrease of 7.9% for the recruited size with a suggested decrease of
49.4 tonnes per year, and this relationship was a good fit (r² = 0.92).

In comparison of the size class biomass to that of the total inlet the time frame is considered
here as juvenile, medium and large clams were estimated in past surveys from 1992 to 2004,
and the recruited size class from 1998 to 2004. The total inlet biomass trend from 1992 to
2004 showed depletion in biomass of 814.9 t, this equated to a decrease of 67.9 t per year.
The differences over this time for each size class was a decrease in biomass of 103.0 t of
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juvenile clams, 1306.1 t of medium clams, and an increase in biomass of 595.2 t of large
clams.

The total inlet biomass from 1998 to 2004 showed a depletion of 946.3 t, which is 157.7 t per
year. This loss of biomass was a little greater than the decreasing biomass across the past
surveys because in this year the total biomass was reported to have increased by 131.4 t from
the 1992 survey, which is an increase of 2%. However the trend from 1998 continued to with
a decrease in total biomass over time. The recruited (≥30 mm) clams had decreased by 313.4 t
over this period of 6 years. The status of each size class within the total inlet biomass in the
most current survey (2004) shows that juveniles of 0.8%, medium of 50.8%, large of 0.48%
and recruited clams of 77.4%.

Figure 3.3 Biomass estimates in tonnes (±95% CI) for each of the size classes >2 mm and <19 mm, ≥19 mm
and <35 mm, ≥35 mm, and ≥30 mm clam length in Papanui Inlet.
The fitted lines are from least squares regression relationships between biomass and year. No data in the
various size classes are available from the 1984 survey, and in 1992 for the size ≥30 mm. Data sourced
from 1992 (Stewart et al., 1992), 1998 (Breen et al., 1999), 2002 (Wing et al., 2002), and 2004 (Stewart,
2006).
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Table 3.1 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total from
Papanui Inlet.
Size Class (mm)

1984

1992

SURVEY
*1998

2002

2004

>2 and <19

139±41

32.9±11.31

16.9±1.7

36.01±2.6

≥19 and <35

3721±852

3434.6±645

1969.6±191.6

2414.89±150.7

≥35

1706±635

2230.8±708

2578.8±252.1

2301.23±271.9

3990.2±1115

3859.7±364.6

3676.81±367.4

≥30

6140
5567±1058 5698.4±1154 4565.4±423.8 4752.13±424.8
Total (t)
*1998 Sourced from Breen (1999), past reports have sourced either Breen et al. (1998) or Breen et al. (1999), the
latter is the final report of the two.
Table 3.2 Parameters from least squares regression for total biomass and biomass in each of the
commercial size classes and size ≥30 mm for Papanui and Waitati Inlets.

Inlet
Papanui
Papanui
Papanui
Papanui
Papanui
Waitati
Waitati
Waitati
Waitati
Waitati

Size Class
>2 and <19mm
≥19 and <35mm
≥35mm
≥30mm
Total
>2 and <19mm
≥19 and <35mm
≥35mm
≥30mm
Total

b
-9.228
-136.9
60.271
-49.431
-72.507
-58.916
120.52
-33.031
10.285
2.6196

r²
0.765
0.7641
0.7673
0.9202
0.7861
0.6362
0.3176
0.5306
0.0089
0.0008

WAITATI INLET
In terms of the size class biomass estimates from 1992 to 2007, the juvenile clams declined by
72%, the medium size class has increased by 48%, and the large clams have declined by
14.7%. From 1998 to 2007 the biomass estimate of recruited size class has decreased by
1.8%. In 2007 the size ≥19 and <30mm, is reported at 4507.5 tonnes, and the size targeted by
commercial of ≥28mm at 8377.9 tonnes. The fitted relationship between biomass and time for
medium and recruited clams and the total biomass estimate had positive slopes suggesting
increases of 120.5 tonnes, 10.3 tonnes, and 2.6 tonnes per year respectively, however the fit
for each was poor (r²=0.32, r²=0.01, r²=0.00 respectively).

In comparison of the size class biomass to that of the total inlet the time frame is considered
here as the juvenile, medium and large clams were estimated in past surveys from 1992 to
2007, and the recruited size class (≥30 mm) from 1998 to 2007. The total inlet biomass from
1992 to 2007 showed an increase in biomass of 921.4 t, which equated to an increase of 61.4 t
per year. The differences over this time for each size class was a decrease in biomass of 875.2
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t of juvenile clams, 679.1 t in large clams, and an increase in biomass of 2474.8 t of medium
clams. The total inlet biomass trend from 1998 to 2007 showed a depletion of 1255.1 t, which
is 139.5 t per year. This loss of biomass is different to the increase in the inlet biomass from
1992 to 2007. This difference is due to an increase in biomass of 2176.6 t in the 1998 survey
since 1992 survey, which is an increase of 19.7%. This increase in inlet biomass was a result
of medium clam increase, where the juvenile and large clams decreased. The recruited (≥30
mm) clams had also decreased by 128.5 t over this period of 6 years. The status of each size
class within the total inlet biomass in the most recent survey (2007) show that juveniles of
2.8%, medium of 64%, large of 33% and recruited clams of 59.8%.

Figure 3.4 Biomass estimates in tonnes (±95% CI) for the size classes >2 mm and <19 mm, ≥19 mm and
<35 mm, ≥35 mm, and ≥30 mm clam length in Waitati Inlet.
The fitted lines are from least squares regression relationships between biomass and year. No data in the
various size classes are available from the 1984 survey, and in 1992 for the size ≥30 mm. Data sourced
from 1992 (Stewart et al., 1992), 1998 (Breen et al., 1999), 2002 (Wing et al., 2002), 2004 (Stewart, 2006),
2006 (Stewart, 2008).
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Table 3.3 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total from
Waitati Inlet.
SURVEY
Size Class (mm)

1984

1992

*1998

2002

2004

2007

>2 and <19

1210±115

303.8±63

153.1±20.4

257±13.6

334.8±25.8

≥19 and <35

5198±363

8519±1241

6652.6±651.9

7272.4±403.4

7672.8±591.4

≥19 and <30
≥35

4507.5±346.8
4620±596

≥30

4380.8±1335

4297.5±297.9

4534.7±507.9

3940.9±462.1

7234.7±1625

7183.1±462.7

7992.3±720.5

7106.2±548.3

≥28

8377.9±645.7

12080 11027±707 13203.6±1947 11103.1±847.8 12064.1±924.9 11948.5±920.9
Total (t)
*1998 Sourced from Breen et al. (1999), past reports have sourced either Breen et al. (1998) or Breen et al.
(1999), the latter is the final report of the two.

SIZE CLASSES PER INLET AREA
The biomass in tonnes (±95% CI) of the size classes per bed for the years 2002 and 2004 in
Papanui Inlet are shown in Table 3.4 and Table 3.5 respectively. This is also shown for
Waitati Inlet for the years 2002, 2004 and 2007 in Tables 4.0, 4.1, and 4.2 respectively. The
biomass in tonnes (±95% CI) for the size classes of juvenile, medium, large and recruited
clams, as well the total sizes, are plotted for the discrete commercial beds and noncommercial zone for Papanui Inlet (Figure 3.5) and Waitati Inlet (Figure 3.6). The changes
over time in the biomass of each size class per bed are listed here with a focus on the noncommercial area, the outer area, the commercial area, as well as in finer scale the discrete
beds of the commercial area. The biomass in tonne (t) results are reported in order of total
sizes, then the juvenile, medium, large, and recruited size classes for Papanui Inlet, then again
for Waitati Inlet.

PAPANUI INLET
In Papanui Inlet the trend for all sizes showed an increase of 4% that equates to a biomass of
186.3 t. The total inlet results show an increase in juvenile clams by 19.1 t, and medium clams
by 418.8 t. The total inlet biomass of large and recruited (≥30 mm) size class declined by
251.4 t and 172.8 t respectively.

An increase was found for juvenile clams in all three inlet areas, with an increase in the noncommercial zone of 2.9 t, and commercial area of 4.8 t. Within the commercial area, beds A,
E, and F increased, while beds C and E+ decreased in biomass. Bed A had the largest increase
of 5.4 t, while bed C had the largest decrease of 1.6 t.
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Medium-size class biomass increased in all three inlet areas, with 76.6 t in the noncommercial zone, and 711.7 t in the commercial area. The commercial beds A and E+
increased, while beds C, E and F decreased in medium-size clam biomass. The largest
increase was 88.3 t in bed A, and the largest decrease was 72.6 t in bed C.

A decrease in the biomass of large clams of 14.2 t was found in the non-commercial, while
there was an increase of 115.8 t in the commercial area. In addition, most of the commercial
discrete bed increased in the large clam biomass, with the highest values in beds F and C with
47.9 and 42.4 t respectively. The only bed to decline in this size class was bed A with a
decrease of 69 t.

There was an increase of recruited size class for the non-commercial and commercial area,
and a decrease in the outer area biomass. The increases were 114.7 and 97.8 t in the noncommercial and commercial areas respectively. The commercial bed C remained the same
across time, while bed A decreased by 18.4 t, and beds E, E+ and F increased, with the largest
increase of 44 t in bed F.

Figure 3.5 The biomass estimates in tonnes (±95% CI) in Papanui Inlet for the juvenile, medium and large
size classes as well as the total of all sizes for 2002 (bold outline) and 2004 (shaded) for each of the
commercial beds and the non-commercial area.
These values are sourced from Wing et al. 2002 for the 2002 data and from Stewart 2006 for the 2004
data.
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Table 3.4 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total in 2002
from Papanui Inlet (Wing et al., 2002).

Biomass tonnes (±95% CI)
Size Class
>2 and
Bed

≥19 and <35mm

≥35mm

≥30mm

Total

2.7±0.9
2.2±0.6
1.9±0.4
0.8±0.2
1.0±0.2
8.5±1.2

186.2±63.2
224.5±65.4
264.8±54.6
99.8±26.6
113.1±20.6
113.1±20.6

397.6±135.0
378.8±110.3
299.9±61.8
194.5±51.8
460.4±83.9
1731.3±209.6

516.3±175.3
543.3±155.6
473.5±97.7
265.0±70.6
532.7±97.1
2321.8±280.9

586.5±199.1
605.6±159.3
566.6±111.0
295.1±72.9
574.5±100.7
2628.3±304.7

5.4±0.8
2.9±0.7

888±136.2
219.7±53.6

538.8±82.6
282.6±68.9

1115.1±171.0
412.8±100.6

1432.1±195.6
505.2±123.1

16.9±1.6

1996.1±183.8

2552.6±235.6

3849.6±343.9

4565.6±382.4

<19mm
A
C
E
E+
F
Commercial
total
Outer Area
Noncommercial

Total

Table 3.5 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total in 2004
from Papanui Inlet (Stewart, 2006).

Biomass tonnes (±95% CI)
Size Class
>2 and
Bed
A
C
E
E+
F
Commercial
total
Outer Area
Noncommercial

Total

≥19 and
<35mm

≥35mm

≥30mm

Total

<19mm

8.1±2.4
0.6±0.1
2.8±0.7
0.7±0.2
1.1±0.3
13.3±1.3

274.5±80.2
151.9±22.3
212.1±52.8
103.8±24.8
82.4±20.8
824.8±87.9

328.6±96.0
421.2±61.9
377.0±93.8
212.0±50.6
508.3±128.1
1847.1±208.4

497.9±145.4
543.3±79.8
512.0±127.4
289.7±69.1
576.7±145.3
2419.6±271.3

611.8±178.5
573.7±84.3
592.0±147.3
316.5±75.5
591.8±149.1
2685.1±297.6

17.0±2.9
5.8±1.7

1293.8±219.5
296.3±86.0

185.7±31.5
268.4±77.9

859.9±145.9
397.3±115.3

1496.3±253.9
570.5±165.5

36.0±2.2

2414.9±150.7

2301.2±271.9

3676.8±367.4

4751.9±424.8

WAITATI INLET
The trend for all sizes in Waitati Inlet showed an increase of 8% this is a biomass of 916.38 t.
The total inlet results have shown that each size class had increased over time (Figure 3.6).
The juvenile and recruited size class trend is reported for the years 2002 to 2007, whereas the
medium and large size class are reported for the years 2002 and 2004. Furthermore, the
recruited size (i.e. ≥30 mm) in the year 2007 was reported in terms of the new „large‟ size
clam, but this report compares this size across each survey as the previous recruited size class.
The trend of size class for the total inlet showed that there was an increase of juvenile clams
by 180 t, recruited clams by 6.72 t, medium clams by 635.7 t, and large clams by 293.23 t.
The changes over time of each size class per inlet area are as follows.
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There was an increase in the juvenile size class in the non-commercial zone of 5.97 t, and all
discrete beds of the commercial area. The largest commercial bed increases were seen in bed
B of 26.1 t, and bed D of 24.38 t. The outer area of the inlet decreased in juvenile clam
biomass.

The medium size class of the non-commercial zone had decreased in biomass by 12.57 t,
while there was an increase in the commercial area of 112.76 t. However, not all commercial
beds increased in medium clams. While beds B, D, and G increased, with the largest value
seen in bed G of 99.68 t, the beds C and E had decreased in medium clam biomass by 34.27 t
and 74.19 t respectively.

Similar to the medium clams, the large sized class had decreased in biomass in the noncommercial zone, in this case by 25.26 t. Similar also is the increase of large clam biomass in
the commercial area with beds B, G, and C showing an increase, and the largest seen in bed G
with 514.0 t. The large clam biomass of beds D and E decreased, the greater decline was
263.89 t in bed E.

This pattern of biomass differed for the recruited size clams, with an increase of 18.53 t in the
non-commercial area, and a decrease in biomass in the commercials areas of 638.79 t. Each of
the discrete commercial beds decreased, with the largest decreases in bed A of 320.2 t and
Bed E+ of 228.2 t.
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Figure 3.6 The biomass estimates in tonnes (±95% CI) in Waitati Inlet for the juvenile, medium and large
size classes as well as the total of all sizes for 2002 (bold outline) and 2004 (shaded) and where available
2007 (bold outline and lighter shade) for each of the commercial beds and the non-commercial area.
These values are sourced from Wing et al. 2002 for the 2002 data, Stewart 2006 for the 2004 data, and
Stewart 2008 for the 2007 data.
Table 3.6 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total in 2002
from Waitati Inlet (Wing et al., 2002).

Biomass tonnes (±95% CI)
Size Class
>2 and
Bed
B
C
D
E
G
Commercial
total
Outer Area
Noncommercial

Total

≥19 and
<35mm

≥35mm

≥30mm

Total

<19mm

13.4±1.4
3.8±0.4
7.4±0.9
0.8±0.2
1.1±0.6
26.5±1.8

1089.2±111.8
583.1±72.8
776.2±97.2
139.6±26.8
34.2±18.2
2622.4±168.2

841.4±86.3
761.7±95.1
1077.3±134.9
739.4±142.0
209.8±111.8
3629.5±259.5

1495.3±153.4
1206.8±150.6
1581.4±198.0
848.7±163.0
232.3±123.8
5364.4±356.8

1944.0±199.5
1348.6±168.3
1860.9±233.0
879.9±169.0
245.1±130.6
6278.4±409.9

122.9±19.9
4.5±1.2

3835.0±622.2
179.4±47.2

510.3±82.8
191.7±26.7

1541.1±250.0
194.0±51.0

4468.1±724.9
285.6±75.1

153.9±20.1

6636.7±646.2

4241.5±273.7

7099.5±438.7

11032.1±836.1
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Table 3.7 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total in 2004
from Waitati Inlet (Stewart, 2006).

Biomass tonnes (±95% CI)
Size Class
>2 and
Bed
B
C
D
E
G
Commercial
total
Outer Area
Noncommercial

Total

≥19 and
<35mm

≥35mm

≥30mm

Total

<19mm

31.9±3.8
11.3±2.0
29.1±3.9
3.4±0.9
1.8±0.3
77.4±4.2

1104.5±131.2
548.8±96.1
882.6±116.6
65.4±17.3
133.9±18.0
2735.2±128.9

929.7±110.4
792.6±138.8
950.8±125.6
475.5±125.8
723.8±97.6
3872.4±383.8

1641.3±195.0
1200.7±210.3
1426.7±188.4
519.7±137.5
823.9±111.1
5612.2±470.3

2066.1±245.4
1352.7±236.9
1862.5±246.1
544.3±144.0
859.5±106.4
6685.0±516.9

175.4±26.1
4.2±0.7

4370.4±650.0
166.9±26.8

585.9±87.1
76.4±12.3

2211.7±329.0
168.4±27.0

5131.6±763.2
247.4±39.7

257.0±13.6

7272.4±403.4

4534.7±507.9

7992.3±720.5

12064.0±943.7

Table 3.8 Previous biomass estimates in tonnes (±95% CI) for clams in each size class and the total in 2007
from Waitati Inlet (Stewart, 2008).

Biomass tonnes (±95% CI) Size Class
Bed
>2 and <19mm
B
39.45±6.13
C
24.73±3.31
D
31.78±3.98
E
3.61±0.77
G
1.95±0.52
Commercial total
101.52±7.55
Outer Area
26.96±35.13
300m grids
195.80±35.13
Non-commercial
10.47±1.76
Total
334.75±25.8

≥30mm
1175.1±179.9
1072.2±143.4
1487.9±187.0
620.5±133.1
367.0±57.1
4725.6±352.8
520.3±72.6
1647.80±295.62
212.5±35.7
7106.2±547.7

Total
1678.1±257.0
1344.5±179.8
1978.8±249.5
715.6±153.5
394.5±63.6
6111.5±455.8
1170.9±163.4
4344.46±779.42
321.9±54.1
11948.5±920.9

RECALCULATED BIOMASS
The recalculated biomass estimates for the discrete commercial beds, non-commercial bed,
and outer area are shown in Table 3.9 for Papanui Inlet and in Table 3.11 for Waitati Inlet.
The differences across the recalculated 2002 and 2004 estimates are compared and reported
for each inlet. The comparison of these calculations to the previous surveys for Papanui and
Waitati Inlets (Table 3.10 and Table 3.11 respectively) are also reported here for each inlet.

PAPANUI INLET
The recalculated estimates have shown that the total inlet biomass across time increased by
955.32 t, an increase of 21.6%. The largest differences in biomass estimates for the
commercial area were seen for beds A and E, with increases of 163% and 45% respectively,
and one of the commercial beds did decrease over time, bed F by 3%. The outer area (without
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bed G) and non-commercial area had declined by 2.4% and 7.7% respectively. The statistical
analysis of change over time for these recalculated values showed there was no statistical
significant difference between the two sets of data for Papanui Inlet. The extra set of data
labelled bed G (2004 survey) was compared to the data set excluding this extra bed with no
statistically significant difference found from including this bed in the total inlet analysis.

The comparison between the recalculated biomass and that reported in past surveys shows
that the recalculated total inlet values were 3% lower in 2002 and 13% larger in 2004 than the
past surveys. When the recalculated total inlet included bed G in 2004, the difference was
33% larger than the past surveys. The recalculated commercial area values were both larger
than past surveys by 16% in 2002 and 33% in 2004. The 2004 difference could be accounted
for by the commercial bed A with a 63% higher estimate than the past surveys. The
recalculated outer area estimation (without bed G) of the inlet resulted in a higher biomass
than the past surveys of 133.54 t and 31.62 t in 2002 and 2004 respectively, which is
equivalent to 93% and 21% higher than past surveys. The outer area including bed G in 2004
was 3113.12 t more than the outer bed biomass of the past survey. The non-commercial bed
estimated at 13% higher in 2002 and 7% lower in 2004 than the past survey values. Overall,
the comparison results show that there were differences in the comparison of the recalculated
value and past surveys. The main difference was the recalculated 2004 values of both bed A
and the bed G (only reported in 2004) are very different to the past surveys calculations in
2004. However, the comparison over time in the recalculated values of biomass per bed over
time is very limited as there was only two years of available data (that were consistent in their
survey design) that could be extracted from the past surveys for this inlet.
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Table 3.9 Recalculated biomass estimates in tonnes (±95% CI) for clams for each bed of Papanui Inlet,
from the survey data sets of 2002 (Wing et al., 2002), and 2004 (Stewart, 2006).
*The data labelled Bed G were included as a separate value with outer area and total inlet.

Biomass tonnes (±95% CI)
Bed
A
C
E
E+
F
Commercial total
Outer Area
Outer Area with Bed G*
Non-commercial
Total
Total with Bed G*

2002
622.38±207.3
624.47±206.36
649.18±170
383.59±116.3
568.87±110.43
3064.79±384.85
1565.64±255.48
577.66±176.76
4428.51±452.01

2004
1640.87±781.23
630.6±255.77
615.41±226.99
554.57±284.48
551.94±230.92
3993.39±928.12
1527.92±465.26
4609.42±1489.41
532.98±249.63
5383.83±1012.12
7085.7±1155.87

Table 3.10 Reported biomass estimates in tonnes (±95% CI) for clams for each bed of Papanui Inlet, from
the survey of 2002 (Wing et al., 2002) and 2004 (Stewart, 2006).

Biomass tonnes (±95% CI) of Total All Size Class
Bed
2002
586.5±199.1
A
605.6±159.3
C
566.6±111.0
E
295.1±72.9
E+
574.5±100.7
F
2628.3±304.7
Commercial total
1432.1±195.6
Outer Area
505.2±123.1
Non-commercial
4565.6±382.4
Total

2004
611.8±178.5
573.7±84.3
592.0±147.3
316.5±75.5
591.8±149.1
2685.1±297.6
1496.3±253.9
570.5±165.5
4751.9±424.8

WAITATI INLET
The recalculated estimates have shown that the total inlet biomass has increased by 980.26 t,
an increase of 9%. The largest differences in biomass estimates for the commercial area were
found in bed B with 16% and bed G with 10% increases. The largest decrease of commercial
bed biomass was bed E with 41% decline, while overall the commercial total biomass
declined by 2% over this time. The outer area had increased by 11%, and the non-commercial
area had decreased by 5%. The statistical analysis of change over time for these recalculated
values showed there was no statistical significant difference between the two sets of data for
Waitati Inlet.

The comparison between the recalculated biomass and that reported in past surveys showed
that the recalculated total inlet values had differed little to the past surveys by 0.1% for 2002
and 0.0% for 2004. There was a larger difference in the specific areas of the inlet with the
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recalculated commercial area values higher than the past surveys by 18% in 2002 and 12% in
2004. The recalculated outer area values were both larger than the past surveys by 15% in
2002 and 12% in 2004. The non-commercial values were also higher than the survey by 4% in
2002 and 12% in 2004. The size of the area that is included in recalculating the biomass may
have been different between the recalculated method and that of the past surveys. Therefore,
the statistical analysis run between the two inlets over time would be a robust comparison,
whereas the statistical analysis run between the beds over time would be more robust if the
accurate bed area dimensions were given in a consistent layout in past surveys conducted in
this inlet.

Table 3.11 Calculated biomass estimates in tonnes (±95% CI) for clams for each bed of Waitati Inlet, from
the survey data of 2002 (Wing et al., 2002), and 2004 (Stewart, 2006).

Biomass tonnes (±95% CI)
Bed
2002
2249.44±253.50
B
1831.8±342.32
C
2126.65±271.62
D
1057.43±256.26
E
291.05±147.71
G
7611.3±588.83
Commercial total
5231.32±767.47
Outer Area
296.04±75.43
Non-commercial
11103.15±846.85
Total

2004
2609.92±388.57
1814.34±367.96
2109.17±315.49
620.6±154.22
321.47±100.3
7475.48±647.89
5817.0±964.57
280.54±106.99
12083.41±1013.28

Table 3.12 Reported biomass estimates in tonnes (±95% CI) for clams for each bed of Waitati Inlet, from
the survey of 2002 (Wing et al., 2002) and 2004 (Stewart, 2006).

Biomass tonnes (±95% CI) of Total All Size Class
Bed
2002
1944.0±199.5
B
1348.6±168.3
C
1860.9±233.0
D
879.9±169.0
E
245.1±130.6
G
6278.4±409.9
Commercial total
4468.1±724.9
Outer Area
285.6±75.1
Non-commercial
11032.1±836.1
Total

2004
2066.1±245.4
1352.7±236.9
1862.5±246.1
544.3±144.0
859.5±106.4
6685.0±516.9
5131.6±763.2
247.4±39.7
12064.0±943.7
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DISCUSSION
The main objective of this study was to compare the long term trend of the A. stutchburyi
biomass for each designated area within Papanui and Waitati Inlets over time, with a
particular focus on the commercial discrete beds. This was done by using the past surveys of
this fishery to compare the trend of total size class, the commercial size classes for the total
inlet, as well as the classes per designated area over time for each Inlet where surveys were
comparable. The differences across surveys are analysed by re-estimating the biomass using
the past survey data sets. These comparisons size class trends and total size class trend could
then be compared to the past whole inlet estimations of the past surveys. The findings are
discussed with particular focus on the management strategy currently in place. The future
implications that these findings may have on future harvesting of Otago Harbour are included
in the Overall Discussion (Chapter Six). The differences in study design and size classes
estimated over time are addressed in the limitations section below.

TOTAL BIOMASS AND SIZE CLASS BIOMASS OF INLET
The observation of the long term trend of the total inlet biomass in Papanui and Waitati Inlets
showed that there has been a decline in Papanui Inlet and little change in Waitati Inlet. These
biomass trends show that since the initial survey in the summer of 1983-1984 (Wildish, 1984)
there remains 77% of the total inlet biomass in Papanui Inlet across 20 years, and 99% of total
biomass remains Waitati Inlet over 23 years. A closer analysis of the trend of the size class
biomass is discussed here.

PAPANUI INLET
In Papanui Inlet, the surveys show a loss in juvenile and medium clams over the 12 years,
with a greater decline in the juvenile clams, and an increase in large clam biomass. The
decrease for medium clams was much higher than the total inlet biomass loss over this time.
Perhaps this pattern was due to the movement of juvenile clams into the medium class;
however, it does not seem that the decrease in juvenile clams added to the medium clam
population, unless the medium clam biomass is declining at a rate that matches the rate of
recruitment of juvenile clams into this size class. The loss in medium clams could be a sign of
recruitment of these clams into the large size class, with little harvesting of the large clams.
Recruited clams (≥30 mm) also had a decrease in biomass of 7.9% from 1998 to 2004.
Therefore the medium clams may have been the target size for harvest, more so than the
larger clams. This is supported by the reported commercial take target size of ≥30 mm length
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(Irwin, 2004), and more recently ≥28-34 mm size range (Stewart, 2008) and generally ≥28
mm (Ministry of Fisheries, 2010). The final status of the size class stock within the inlet
shows a poor estimate of juvenile clams accounting for less than 1% of the total biomass
estimated. The total biomass surveyed is accounted by medium and large clams, with an
approximately equal distribution.

WAITATI INLET
The past surveys across 15 years show a loss in juvenile and large clam biomass, with an
increase in medium clams of nearly three times that of the loss of juvenile clams. In fact, the
trend across this period from 1992 to 2007 demonstrates that the increase for medium clams
was much higher than the total inlet biomass increase over time. The loss of juveniles could
mostly be accounted for by their recruitment into the medium clam size, as well as no
successful recruitment into the juvenile class. This would explain the increase of medium
clam biomass however it is not evident where other medium clams would have been recruited
from. There was no increase in the large clam size after the 2004 survey. In a closer
examination of the large clam trend between surveys, the only biomass increase of this size
class is seen between 2002 and 2004, of 237.2 t, and the smallest loss was between 1998 and
2002, of 83.3 t. These two trends suggest that the decrease of large clams would be accounted
for by harvesting over this time with little movement of medium clams into this size class.
Another point to note within the results is the loss of 593.8 t of large clams between the
surveys of 2004 and 2007, which is 87% of the overall decline of large clams over the 15
years. The harvesting pressure in Waitati Inlet during this time increased, with less amount
harvested from Papanui Inlet (Ministry of Fisheries, 2010).

There were two points where an increase in total inlet biomass was seen in the surveys, this
was in the 1998 and 2004 surveys. The 1998 survey was due to an increase only in the
medium clams, and the 2004 survey had an increase in both juvenile and medium clams.
However, over the 1998 to 2007 period a decrease in large and recruited clams illustrate that
these would be the targeted size of the harvesting operation. The current status (Stewart,
2008) of size class biomass within the total inlet biomass estimated has shown that medium
clams accounted for the greater proportion (64%), with less than half of this being large clams
(33%) and a very low proportion of juveniles (2.8%).
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SIZE CLASS BIOMASS PER INLET AREA
The size class biomass estimated in past surveys over 2002 to 2004 surveys for Papanui Inlet
and 2002 to 2007 surveys for Waitati Inlet are discussed here with particular reference to the
commercial discrete bed trends. In Waitati Inlet the surveys differed in the size class
measurements over the 2002-2007 time frame, where the juvenile class was the only constant
size class, and both medium and large clams had differed in the length measured in 2007
(Stewart, 2008). However, the recruited size (i.e. ≥30 mm) of the years 2002 and 2004 was
reported in the year 2007 in terms of the new „large‟ size clam, but this current study
compares this size across each survey as the size „≥30 mm‟ clams.

PAPANUI INLET
The analysis of the size class biomass trend for the inlet areas showed that the noncommercial bed was similar to the overall inlet with an increase in juvenile and medium
clams, with a decrease in large clams; however, this bed differed with an increase in recruited
clam biomass. The size class trend in the non-commercial area suggests that the large clams
would be the preferred size by non-commercial harvesters, and the increase of juvenile and
medium clams could be a result of no commercial harvesting and preferred natural conditions.

In comparison, the commercial area increased in biomass for juvenile, large and recruited
clams, and decreased in medium clam biomass. Within the commercial area the discrete
commercial beds had varied in their trend of clam size class biomass. The increase of total
commercial juvenile clams could be accounted to that of beds A, E and F. The differences in
juvenile clam biomass trend could be a result of these clams moving across beds. The
decrease of total commercial medium clams could be accounted to that of beds C, E, and F.
The biomass of large biomass clams had increased in all beds except bed A. The beds E and F
shared similar biomass trends across size classes, whereas the other beds differed. These
results demonstrate that the biomass trend differs according to discrete beds and that they
each influence the commercial total biomass and this could be relative to the harvesting
regime of beds in place. For instance, bed A could have been the main source of harvesting
large clams during this period thereby resulting in the only bed that had a decrease in large
clams.

A possible variable that influences the recruitment of juvenile clams could be due to the area
size of the bed as there was an increase of juvenile biomass in the commercial beds A (~680
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m²), E (~280 m²), and F (~370 m²), which are relatively large areas within the total
commercial area (~1050 m²), as well as the non-commercial bed (~470 m²), and the outer area
(~1530 m²). The largest increase in juvenile biomass occurred within the outer area. However,
when the increase in juvenile clam biomass is scaled to the area size it was bed A that had a
higher density of juvenile biomass increase.

WAITATI INLET
In Waitati Inlet the pattern of biomass trend for each size class differs for each inlet area, and
this differs to the total inlet biomass trend according to the time frame measured. The longterm trend from 2002 to 2007 shows that the non-commercial bed was similar to the total inlet
trend with an increase in juvenile and the ≥30 mm clams biomass, whereas the trend of the
commercial area was similar with an increase in juvenile clam biomass, but differed with the
decrease in the ≥30 mm clam biomass. The total inlet was also compared over the 2002 to
2004 period to account for the medium and large clams that were the same in their size class
measurement (i.e. ≥19 and <35 mm) in this time frame only. The length changed in further
surveys to ≥19 and <30 mm. The trend of all size classes was also compared over this time.
The trend in the non-commercial area had a decrease in each size class including the ≥30 mm
clam biomass, while the commercial area was similar to the total inlet trend of increased
biomass in each size class. Thus the total inlet trend in size class is not representative of the
distinct inlet area trends. Further to this, the 2002 to 2007 surveys demonstrate that a
successful recruitment of juvenile clams occurred during this period, but a larger increase was
seen over the 2002 to 2004 period. This suggests that the recruitment of young clams is both
unpredictable in time, but also unpredictable in the amount that settles into this population.

The comparison of size class trend across the 2002-2007 surveys of the distinct commercial
beds shows that the increase of juvenile clams is accountable to an increase in all discrete
beds and the decrease of ≥30 mm was a result of the decrease in all but one discrete bed,
which was bed G. The repeat of this comparison over the 2002-2004 surveys shows that the
juvenile clams also increased in all discrete beds, but ≥30 mm increased in all but bed E. The
increase in the commercial area medium clam biomass was due to a large increase in bed D
and smaller increase in beds B and G, and the large clam increase was a result of increases in
beds B, C and G, with the largest increase in the last bed. The patterns in the beds show that
juvenile clam recruitment occurred during this period, and that they have settled onto each
discrete bed. The beds B and C had the highest biomass of juvenile clam recruitment, which
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could be due to their position in the inlet near channels as well as their relative large area
sizes. No two beds were identical in their pattern of biomass however it is possible that the
clams move across beds and a longer time scale of surveys would benefit this analysis. It is
also possible that within these beds are the source stocks of the population and since the beds
(except bed B) are adjacent, a spawning of spat from these beds would settle in these areas.

The position of the beds may influence the trend of large clams in this inlet, where beds B, G
and the non-commercial area are nearest the inlet mouth and have increased over the 20022007 surveys. The non-commercial bed decreased in large clams over the 2002-2004 surveys,
which could be due to this size being favoured by non-commercial harvesters. These beds of
clams would receive nutrients from incoming tidal phases before the beds further from the
inlet mouth, and would therefore have the opportunity to filter feed first and thereby result in
a gradient of phytoplankton across the inlet. This has been shown to occur within a past study
where there is a gradient of high to low chlorophyll a, a proxy for phytoplankton, from the
mouth of Papanui Inlet into the inlet itself across high density clam beds (Pawson, 2004).
However, there is evidence of ≥30 mm length clams increasing in biomass in the outer area,
the area that sits around the commercial discrete beds but mainly situated within the inlet
itself. Therefore, the combination of harvesting intensity and bed location influences the
increase in biomass of large clams. This rationale is supported by the results that the
commercial beds further from the inlet beds C and E have decreased in medium clams, and
these beds, also with bed D, have decreased in large clams.

RECALCULATED BIOMASS
The recalculated values for Papanui Inlet supported the above findings that an increase over
the 2002 and 2004 survey period occurred for the inlet total biomass. However, the trend for
discrete commercial beds differed between the recalculated values and the values reported in
past surveys. It is considered that bed A of Papanui 2004 data set had values that did not
correspond to the same bed sampled in the past, and bed G was an extra bed that was not
reported previously or on the survey map in 2004. Therefore the past surveys in which the
data was extracted lack consistency in the reporting of raw data, which could have been useful
in determining the statistical significance of the trend of biomass per inlet area, and per
commercial discrete bed over time.
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In comparing the Waitati Inlet recalculated values to those of the 2002 and 2004 surveys,
there was little difference in the overall inlet biomass value (0.1% difference in 2002 and
0.0% for the 2004 value). The largest difference between this study and the past surveys was
found when recalculating the inlet areas, which rely on the data set being divided into their
allocated grids within each bed, and the grid area size that coincides with this. Since the
analyses of 2004 data were based on the bed area sizes of that available from the 2002 survey,
these area sizes may have changed, as in the natural setting the change in the sand beds would
occur over time such as sand deposited and removed by tidal movement. Therefore, survey
reports of biomass for this inlet should include the area size of the bed sampled. Further to
this the data set of Waitati Inlet in 2007 could not be divided into beds as it was labelled
differently from the past surveys.

LIMITATIONS AND FURTHER STUDY
This current study has shown that the trend in total inlet biomass over time of each inlet does
not equally represent the trend of the size classes over time per inlet in their contribution to
the overall pattern of total inlet biomass. The size class biomass trend in both inlets illustrates
the large and continued decline of juveniles over time, with medium and large clam patterns
differing per inlet. It is recommended that the size classes are included in future surveys with
emphasis placed on the trend at this level of the fishery, and in comparison to the total inlet
trend. Future management decisions should include this level of measurement of the fishery
as the basis for the examination of clam population sustainability within Papanui and Waitati
Inlets, as well as the potential Otago Harbour fishery of the Otago clam fishery quota. The
lack of recruitment of juvenile clams was a major concern in the analysis of size classes.
Further study to estimate the trend of the size classes per bed over time may further indicate
the temporal and spatial occurrence of juvenile recruitment within both inlets, and within
Papanui Inlet which has no commercial harvesting taking place.

This study was restricted by the changes in study design and size classes estimated over time,
as it required the specific inlet areas to be consistent in surveys. Although the size classes are
the same for the total inlet biomass, this is not the case for the biomass estimated per inlet area
(i.e. per bed). It is recommended that further studies repeat the size class lengths in their
biomass estimate analysis, as well as any future size class measurements. The consistency of
the length of size class estimation would provide a greater robustness to the study
measurements over time with the ability to analyse the trend of size classes over time. In
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addition, no further survey post-2004 was undertaken in Papanui Inlet. A further survey
undertaken within Papanui Inlet is recommended as this site was commercially harvested
from 1986 to 2006 (Ministry of Fisheries, 2010), and the data sets for the size classes were
based on a relatively short time period. Furthermore, another survey may give an insight to
the recovery of this inlet from commercial harvesting, as well as support future trends of the
overall behaviour of Otago Peninsula inlet as sites of clam fisheries. A further survey within
Waitati Inlet is also suggested as this inlet has been the main site of commercial harvesting
since 2007.

CONCLUSION
This study compared the long term trend of the Austrovenus stutchburyi biomass for each
designated area within Papanui and Waitati Inlets over time, with a particular focus on the
commercial discrete beds. It is concluded that there is an underlying trend for each size class
within both inlets and these are not well-represented by the total inlet biomass over time. It
was found that no two beds in the commercial area were identical in their pattern of biomass
in clam size class; however, it is possible that the clams move across beds and a longer time
scale of surveys would benefit this analysis. This study was limited by the change in study
design as well as the change in size class lengths estimated, limiting the study within small
time frames of analyses. Further studies need to maintain consistency in the size class
biomass estimated per bed for these inlets.

This current study showed that the long term trend of size structure of the A. stutchburyi
population is important as this would indicate the impact that long term commercial
harvesting may have on each size class. The harvesting regime in place has not supported the
recuperation of juvenile biomass for either of the two inlets. This is of concern, and from this
trend further decline is likely with continued commercial harvesting in either Papanui or
Waitati Inlet. Based upon this size class, the fishery is unsustainable with an urgent need to
restore the juvenile biomass and habitat suitable for the survival of this clam size within these
inlets. Further to this the level of harvesting that was reported in the Introduction section and
in Table 1.2 (Chapter One) showed that the commercial operation does not harvest their total
allowance (Total Annual Commercial Catch), which shows that the overall fishery allowance
has not supported the sustainability of this fishery. These results show that a finer scale
analysis of long trends is necessary in understanding the pattern of A. stutchburyi under this
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harvesting regime. Further management discussion is included in the final chapter (Chapter
Six).
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CHAPTER FOUR
The effect of size and density on the feeding rate in Austrovenus stutchburyi
INTRODUCTION
A laboratory-based experimental investigation into the feeding rates of Austrovenus
stutchburyi was undertaken to determine the potential filtering and clearance rate of clams in
their natural environment. The functional role of filter feeding by these clams is potentially
vital to benthic-pelagic coupling in New Zealand inlets, and to quantify this relationship may
be beneficial in places where this species is abundant. As previously mentioned, this species
is currently commercially harvested in Waitati Inlet, and there is the potential to
commercially harvest in Otago Harbour, a site with a much larger clam population. It may be
beneficial to understand the relationship between harvesting, the clam abundance pattern, and
the overall influence of this species on the benthic-pelagic coupling processes. Consequently,
declines or losses of A. stutchburyi populations may have a major impact on benthic-pelagic
processes and, therefore, estuarine health and functioning.

Bivalve populations often form highly dense beds, where they are likely to be important
players in material cycling as they function as filter-feeders, grazing on pelagic prey and
depositing material, thus transferring energy from the pelagic to the benthic environment
(Cloern 1982; Alpine and Cloern, 1992). A. stutchburyi is a filter-feeding clam in which its
feeding behaviour involves the bivalve pumping and filtering large volumes of water through
the gills (Smaal and Prins, 1993). Filtration is defined as the capacity of an organism to filter
water over a given period of time (Ogilive, 1993). This filtering process causes a continuous
flux of particulate matter from the overlying water column to the bivalve beds that result in
benthic-pelagic coupling (Smaal and Prins, 1993). From this process the bivalves can control
phytoplankton biomass in the water column (Cloern 1982; Officer et al., 1982; Alpine and
Cloern 1992; Prins and Escaravage, 2005) as key phytoplankton consumers (Cloern et al.,
2007). Past studies support this notion of top-down control of phytoplankton by the functional
role of bivalves (e.g. Dame, 1996) and with it eutrophication control (Cloern et al., 2007).
This stresses the importance of bivalve population sustainability as well as their ecological
function (e.g. Cloern et al., 2007).

Since the majority of the material bivalves consume is phytoplankton, chlorophyll a content
can indicate phytoplankton biomass in the water column (Dodds, 1990). A. stutchburyi is an
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intertidal organism so they feed during periods of mid-tide to high-tide when phytoplankton
can be filtered from the water column. Beentjes & Williams (1986) found that A. stutchburyi
displayed an internal endogenous timer, which allowed the cockle to synchronize emergence
with the presence of „food‟ on the flood tide. A. stutchburyi has been observed to process
water at a variety of clearance rates as they open their valves in anticipation of high tide
(McClatchie, 1992). This enables A. stutchburyi to feed efficiently and avoid expending
energy at times around low tide. Other factors that affect phytoplankton biomass are the
considerable effects of salinity and temperature that result in variable biomass throughout the
year (Bradford, 1972; Perkins, 1974; Bradford et al., 1976; Dodds, 1990), thereby affecting
water quality and the level of nutrients in situ.

Laboratory-based studies have been undertaken to quantify the potential role that bivalves
play in the field, as they give a controlled method to attempt to estimate natural behaviour
with replication at a smaller scale. The common laboratory approach to study feeding rates is
to measure filtration as the volume of water cleared of algal cells over a given period of time
(Ogilvie 1993; Riisgȧ rd and Seerup, 2003). This rate of cleared algal concentration is termed
clearance rate in this study. It is important where possible to replicate the natural factors of a
population to those of laboratory studies. Past laboratory studies have reported that multisized assemblages of clams at natural densities removed phytoplankton suspended in a
unidirectional flow (Cole et al., 1992), while others estimated that A. stutchburyi could filter 3
litres hrˉ¹ indˉ¹ (Beentjes, 1984), 1.6 litres hrˉ¹ indˉ¹ (Heggie, 2008), or that 550 million
individuals could filter 1.6 million m³ tidal cycle (Healy, 1980).

The basic assumptions in this filtration experiment are that (Ogilvie, 1993):
1. Filtration is assumed to remove all algal cells;
2. All observed changes in algal concentration are a result of filtration;
3. The algal suspension is homogeneous;
4. The filtration rate is constant throughout the experiment.
Through the estimation of laboratory clearance rates, these can then be applied to a larger
field scale to estimate area-specific filtration potential by bivalves (Forster and Zettler, 2004).

STUDY SCOPE
As part of the overall focus on the ecological role that the Austrovenus stutchburyi population
plays in Waitati Inlet, this chapter examines the functional role of filter feeding by this
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species. This study used laboratory flumes to estimate the feeding rates of A. stutchburyi for
various density and size classes and attempts to estimate the potential filtration capacity that
may occur in Waitati Inlet. The null hypotheses are that the size class factor, the density
factor, and the interaction between size class and density do not significantly affect feeding
rates.
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METHODS
OVERVIEW
This study was carried out in November in 2009 to coincide with the flux of activity in the
inlet after the winter low. The feeding rates of Austrovenus stutchburyi on phytoplankton
were measured using three Self Contained Underwater Fluorescence Apparatus (SCUFA
Turner Designs®) in three identical recirculating flumes with two population structures.
These consisted of two of the commercial size classes of medium (≥19 and <35 mm) and
large (≥35 mm), and two density sizes of 32 and 62 clams per 0.18m² plate. The
phytoplankton concentration losses when the clams were present were used to estimate
filtration rates. The uptake amount of chlorophyll a concentration and biomass of
phytoplankton were measured per individual clam. This was used to determine the clam
clearance rate of phytoplankton. These feeding rates were plotted against the size class and
the density from which the relationship between feeding rate and population structure could
be derived. A general linear model and a 2-way ANOVA were constructed to test for the
effect of the addition of the clams, the effect of the two population structure factors, as well as
relevant interaction terms on the uptake amount of phytoplankton.

SCUFA CALIBRATION
To quantify SCUFA® readings in terms of biomass and chlorophyll a concentration three
replicates of a range of dilutions of the phytoplankton Tetraselmis chui (Table 1) were made
from which each SCUFA® reading was taken as well as biomass (mg Lˉ¹) and chlorophyll a
(µg Lˉ¹) measurements. Each dilution was made using seawater filtered with a 1 µm mesh
bag. Average readings for each of the three SCUFA® were then plotted against
corresponding chlorophyll a and biomass concentrations for each dilution to provide a set of
standard curves that could be used to translate recorded SCUFA® data into biomass (mg Lˉ¹)
and chlorophyll a (µg Lˉ¹).

Table 4.1 Tetraselmis chui dilutions from stock culture used to calibrate SCUFA®

Stock culture
(mL)
Sea water
(mL)
Dilution

200

100

20

1,800 1,900 1,980
1/10

1/20

10

2

0.2

0.02

0

1,990

1,998

1,999.8

1,999.9

2,000

1/100 1/200 1/1,000 1/10,000 1/100,000

0
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CHLOROPHYLL A CONCENTRATION
500 mL samples from each dilution were taken and refrigerated overnight for chlorophyll
extraction the following day. T. chui was separated from the diluted samples by filtration onto
1.2 µm GF/C filter paper (47mm Glass Fibre Filter) using a vacuum pump. The filters
containing the phytoplankton were transferred into 10 mL test tubes and soaked in 8 mL of
90% acetone. Samples were refrigerated overnight to allow for pigment extraction. The
following day the absorbance of each sample was recorded using a spectrophotometer.
Chlorophyll a concentrations were then determined in µg Lˉ¹ using the equation:
C (chlorophyll a) = 11.85E664 – 1.54E647 – 0.08E630

Where Ei is the absorbance determined at wavelength i (corrected for the 750 nm reading).
These amounts (C) were then used to calculate the concentrations of the different
chlorophylls in the original natural water sample as follows (Note: a 1 cm pathlength cuvette
was used):

mg chlorophyll/m³ =

Where v is the volume of acetone (ml), and V is the volume (L) of natural sample that was
originally filtered. The chlorophyll a concentrations from each replication were then averaged
for each dilution.

PHYTOPLANKTON BIOMASS
1 L samples of each dilution were filtered using a vacuum pump onto 1.2 µm GF/C filter
paper. These filter papers were then dried in an incubator overnight at 40 ºC. The filter papers
were labelled and weighed to achieve a dry weight for each filter paper. The following day
these were cooled in a desiccator for 3 hours. These cooled samples were re-weighed for
biomass and the initial dry weight of each filter paper was subtracted for their respective reweighed value. To account for the weight of salt crystals on the dried papers the blank weight
(seawater only) was subtracted from all the dry weights within respective replications to
achieve a dry weight of T. chui biomass in grams for all diluted samples.
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The samples of „dilution 1‟ (dilution 1/10) had proved difficult to filter using the vacuum
pump, so 1 L samples of this dilution were run through a centrifuge. The dilution was poured
into test tubes and run on about 4000 rpm for 4-5 minutes. This process resulted in the test
tube consisting of a top clear layer and the biomass at the bottom of the test tubes. The top
layer of the centrifuged sample was poured into a 1 L beaker with caution to keep the biomass
in the test tube, and this process of centrifuging was repeated until the 1 L samples were run.
The glassware with the biomass was placed into an oven overnight at 40 ºC. The remaining
solution was filtered by vacuum pump filter onto 1.2 µm filter paper to account for any
residual biomass. The above method of drying and weighing were repeated, and this was
added to the weight of the biomass from the test tubes. The test tubes were labelled and
weighed to achieve a dry weight for each test tube; the salt crystals were also accounted for as
above. The biomass from each replication was then averaged for each dilution.

SAMPLE COLLECTION
Individual Austrovenus stutchburyi were collected from Waitati Inlet in late November 2009.
The location of clams in regard to datum was ignored, as Beentjes (1984) showed there was
no difference in filtration ability of A. stutchburyi at different shore heights. The clams were
sieved at the site to separate them from sediment and other animals. Individuals greater than
19 mm in length were selected and clams smaller than this were placed back in their site to
minimise disturbance. The clams were transported to Portobello Marine Laboratory where
they were divided into the two commercial size classes, medium ≥19 to <35 mm, and large
≥35 mm, and then placed into containers with flowing seawater. These were left for two
weeks to acclimatise, and fed cultures of Tetraselmis chui at least 3 times a week, and 2 times
a day during the holding period. These were then sorted into groups to be plated and run
through feeding experiments in the flumes.

PLATING
In New Zealand the density of clams varies from up to 44 individuals mˉ² in Doubtful Sound
(Macrellis, 2001) to 768 in mˉ² indiv. dense patches in Papanui Inlet (McKinnon, 1996) and
to 4500 indiv. mˉ² in other dense shellfish beds (Ministry of Fisheries, 2009). In the Otago
area the most recent biomass surveys give a biomass of 4752.13 tonnes in total inlet with
2685 tonnes in the commercial area for Papanui Inlet (Stewart, 2006), and total inlet biomass
of 12064.1 tonnes with 6112 in the commercial area for Waitati Inlet (Stewart, 2008). At
~35,000 clams per tonne (Ministry of Fisheries, 2009) with commercial areas of 815,811 m²
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in Papanui and 943,986 m² in Waitati Inlets (Ministry of Fisheries, 2009a) this gives a density
of up to 115 clams mˉ² and 227 clams mˉ² in these areas respectively.
The plates used in this study are 0.18mˉ² in size, so the calculation of the above densities into
this scale gives the equivalent of 21 clams per 0.18mˉ² and 41 clams per 0.18mˉ² respectively.
These populations normally comprise a range of size classes, and the medium and large size
class of A. stutchburyi are the size classes of focus as their functional role of filter feeding
would be much greater than that of juvenile clams. The densities chosen for A. stutchburyi
were less than those found in natural conditions. In this study two densities were chosen to
represent the natural population densities of 200m² and 400m².
Chosen:

Corresponding to:

Representing the natural population of:

182mˉ²

32 individuals per 0.18mˉ²

200mˉ²

352mˉ²

62 individuals per 0.18mˉ²

400mˉ²

The clams collected were divided into the two sizes, and again into densities of 32 clams and
62 clams and plated. There were three replicates for each group, and each was weighed before
plating (Appendix D). The clam groups were set up on 44.6cm x 39.5cm (0.18m²) fibreboard
plates the afternoon preceding the day feeding rates were measured. In attaching them to the
plates, the shell surface was dried with compressed air and clams were arranged in a similar
orientation then glued using SIKA adhesive. Once they were dry each board was placed into
tanks supplied with flowing seawater overnight before feeding rate was determined. The
average weight per group was then used to model the feeding rate according to biomass and
density in the natural population of Waitati Inlet (see the Modelling Feeding Rate section).

PHYTOPLANKTON CULTURE
The phytoplankton Tetraselmis chui was used to feed the clams during this experiment. T.
chui is a flagellate about 9 µm x 15µm in size (Guillard and Ryther, 1962), which has
previously been used in similar feeding experiments (Heggie, 2008). T. chui is high in
nutritional quality, specifically protein and lipid content (Wikfors et al., 1996), and has been
shown to promote higher live weight growth rates of the bivalve Crassostrea virginica. The
phytoplankton stock was cultured in 15 litre batch bags. In each case 3 litres of culture was
added to 12 litres of seawater which was filtered using a progressive 10 µm, 5 µm, 1 µm and
0.35 µm filtering system followed by UV sterilisation. The 15 litre cultures were grown in F/2
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media1 sterile conditions, in continuous light and harvested in the log-phase of growth. The
cell density was determined using a Neybaeuer haemocytometer. This stock was counted for
use at about 2000 cells ml .

FLUME SET UP
Three identical flumes were used to run the experiment. The flumes were constructed of clear
Plexiglas measuring 240cm long by 40cm wide and 40cm deep and the circulation pipe
component had a volume of approximately 280 L. Water flow in each was generated by a 1
hp motor and drive shaft with a three-blade propeller at the end of the tank. A propellerdriven system was used because it provided adequate flow velocity but imparted relatively
little shear (compared to impeller and centrifugal pumps), allowing the algae to survive for
prolonged periods with only a slow loss rate. The speed of the propeller and thus the flow
velocity was controlled for each tank by an electronic panel.

Each flume was filled with filtered seawater using a 1µm mesh bag to a depth of 20cm, and
the flumes were run with the water volume of about 470L. The flumes were set to a moderate
velocity (Ū = 7.9 cm sˉ¹), slightly faster than the moderate velocity of Heggie‟s (2008) study
(Ū = 6.3 cm sˉ¹), and this was setting 16 according to McCowan‟s (2009) flume calibration
(e.g. the setting 10 was Ū = 5.1 cm sˉ¹, and setting 20 was Ū = 11.0 cm sˉ¹).

EXPERIMENTAL PROTOCOL
To obtain a time series of phytoplankton density and quantify their uptake and clearance
rates, the change in chlorophyll a concentration and biomass of phytoplankton was calculated
by measuring the change in fluorescence. In this study the clearance rates were calculated
based on the assumption that the quantity of water that has passed through the gills is related
to the removal rate of particulate matter from the system. Fluorescence was monitored by
SCUFAs® that were placed at the end of each flume bed. Fluorescence signature was
monitored continuously at the 5-minute time interval to prevent „noise‟ created by continuous
logging.

1

The F2 media consisted of stock solutions of NaNO3, NaHPO4, FeCl3 (7H20), Na EDTA, NaSiO3 and MnCl2

(4H2O); trace solutions of ZnSO4 (7H2O), CoCl2 (6H2O) and Na2MoO4 (2H2O); and vitamins B12 and H (biotin).
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The group of clams were plated the day before the experiment, and these trays containing the
bivalves were placed in tanks with flowing seawater. On the days that the tests were run, each
flume was filled with filtered seawater using a 1 µm mesh bag and the salinity of 34 ppt was
checked using a Refractometer, and each flume was set to the desired flow velocity. The
SCUFAs® were set in the centre and near the rear of the flume such that readings were taken
approximately 10 cm above the bottom of the flume. The SCUFAs® were programmed to
continuously sample fluorescence every five minutes. In order to obtain one control and two
feeding tests for each plate of clams the experiment was run from 9:00 hours to 19:00 hours
for each day.

The phytoplankton T. chui was added to each flume and given time to mix homogeneously in
the water column by the propeller. A period of 60 minutes was given following this mixing
time to measure fluorescence in the presence of no clams (control). The sets of plated clams
were introduced into each of the three tanks, and a period of 40 minutes was given for the
clams to acclimatise to the flume flow. A period of 120 minutes was run to measure
fluorescence for feeding tests one. Another batch of phytoplankton was added to each flume
with another 40 minute mixing time, and 120 minutes was given for feeding test two. At the
end of this period the flow was stopped, the trays were removed and flumes washed out to
clean off pseudofaeces left. The recorded fluorescence data were uploaded using the
SCUFA® Soft program. On 16 December 2009 the second feeding test with SCUFA®
number two was only measured for 60 minutes; these data were still used and calculated for
amount per hour.

DATA PROCESSING FOR FEEDING RATES
In this study the uptake amount of chlorophyll a and biomass of T. chui, as well as clearance
rates were calculated based on the assumption that the quantity of water that has passed
through the gills is related to the removal rate of particulate matter from the flume system.

The data uploaded into SCUFA® Soft program were exported into Microsoft Excel. The
fluorescence data were translated into terms of biomass (mg Lˉ¹) concentration and
chlorophyll a (µg Lˉ¹) using the equations from the standard curves which were plotted after
the calibration of each SCUFA® (Fig. 1 and Fig. 2). For each control and test run the rate of
T. chui uptake was determined from the gradient given by the linear trend lines fitted to the
graphs of biomass concentration and chlorophyll a versus time. The inverse value of the slope
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was taken to show the uptake amount instead of the declining rate of phytoplankton over
time. From these rates the total amount of biomass concentration and chlorophyll a taken up
by each plate of clams over the feeding period could be determined. These rates were
standardised per hour for the control and feeding tests. The uptake amounts of the control
period were subtracted from each of the two feeding tests for each respective plates to
calculate the ultimate uptake rate. These values were divided by the number of clams per
respective plates and multiplied by the flume volume (470L) to give the feeding rate of
biomass (mg indˉ¹ hr ˉ¹) and chlorophyll a (µg indˉ¹ hr ˉ¹). The results were plotted against the
population structure in order of size and density. From these graphs the relationships between
the coupled effect of size class and density on feeding rate could be inferred.
The clearance rates, CR (L hr ˉ¹ indˉ¹) per plate were also calculated in this study using the
biomass feeding rate. Clearance rate is defined as the volume of water completely cleared of
particles per unit of time (Bacon et al., 1998; Riisgård, 2001; Gosling, 2003). In this study,
the clearance rate was determined by the difference of biomass concentration multiplied by
the flume volume (470L) divided by the number of clams per respective plate with the
following formula:

CR =

The CR standardised per individual has been reported in the past with this clam species
(Heggie, 2008), and other species (e.g. Fernandes et al., 2007). When this was standardised
per average clam live weight the results of clearance rate were not normal. This is discussed
in the final section. As the total volume of the flume was only estimated, clearance rates
cannot be used to test the hypothesis, however they should reflect the same trend seen in
biomass and chlorophyll a uptake. However clearance rates were only estimated to compare
to other publications which have quantified feeding rates in terms of clearance rate of algal
concentration (cell mlˉ¹) cleared as L hrˉ¹ gˉ¹ (e.g. Riisgård, 2003). Furthermore, an outlier
was excluded from the results as it had a feeding rate five times different to the other plates of
the same group (32 Clams, Large Size Class, of weight 886.1g).

STASTISTICAL ANALYSIS
An ANOVA assessment was undertaken on normalised data of the ultimate feeding rate using
MINITAB to assess the significance of the effects of density (D), the clam size (S), as well as
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the interaction between the density and size factors (DS), using the following general linear
model:
Response (y) = Amount of biomass (B) (mg hrˉ¹ indˉ¹) or chlorophyll a (C) (µg hrˉ¹ indˉ¹)
ijk =

B0 B1 Di B2 Sj B3 DSjk

ijk

MODELLING OF FEEDING RATES FOR WAITATI INLET
The ecological application of this study focuses on the potential clearance rate of
phytoplankton by the medium and large size classes of Austrovenus stutchburyi population in
Waitati Inlet. A model of feeding rates was constructed for the total area (5836942 m²; Wing
et al., 2002) of Waitati Inlet according to the biomass estimates reported by the past biomass
surveys from 1992 to the most recent survey 2007 (Stewart et al., 1992; Breen, 1999; Wing et
al., 2002; Stewart, 2006; Stewart, 2008). The size class biomass was not reported prior to the
1992 survey.
Year
1992
1998
2002
2004
2007

Biomass tonnes (±95% CI) Size Class
≥19 and <35mm
≥35mm
5198 ±363
4620 ±596
8519.0 ±1241
4380.8 ±1335
6636.7 ±646.2
4241.5 ±273.7
7272.4 ±403.4
4534.7 ±507.9
7672.84 ±591.37 3940.89 ±462.06

Reference
Stewart et al., 1992
Breen et al., 1999
Wing et al., 2002
Stewart, 2006
Stewart, 2008

The method to calculate the population filtration capacity was similar to the study by Forster
and Zettler (2004) of filter-feeding bivalve Mya arenaria. First, the clearance rate of biomass
(L indˉ¹ hˉ¹) was plotted against the average plate biomass that was scaled to g mˉ² to give the
linear equation for this relationship. The clam biomass (tonnes) for medium and large clams
was scaled down to gram per m², and from this the clearance rate (L indˉ¹ hˉ¹) equation was
applied to this data.

To calculate the population filtration capacity the abundance of each size class was calculated
first from the scaled biomass (g mˉ²) by using the average weight (g) per size class measured
in this study. This was multiplied to the clearance rate and scaled to give the small scale
filtration capacity (L mˉ² hrˉ¹) as well as the total inlet filtration capacity (m³ hrˉ¹) for each
year.
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RESULTS
SCUFA CALIBRATION
Figures 4.1 and 4.2 show the standard curves plotted for the concentration of biomass (mg
Lˉ¹) and chlorophyll a (µg Lˉ¹) for all three SCUFA®. The equations used to translate the
SCUFA® fluorescence readings into biomass and chlorophyll a concentrations are displayed
in Table 4.2. The r² values of the biomass standard curves were lower (r² = 70%) than
chlorophyll a (r² = 90%) which may be a result of underestimation of „dilution 2‟ (dilution
1/20) compared to „dilution 1‟ (dilution 1/10) that had undergone a centrifuge treatment as the
vacuum pump could not filter the sample.

Figure 4.1 Standard curves for SCUFA 1, SCUFA 2 and SCUFA 3 readings for n = 3 plotted against
biomass concentration (mg ˉ¹) showing standard error for n = 3.

Figure 4.2 Standard curves for SCUFA 1, SCUFA 2 and SCUFA 3 readings for n = 3 plotted against
chlorophyll a concentration (µg ˉ¹) showing standard error for n = 3.
Table 4.2 Translation equations for SCUFA readings in terms of biomass and chlorophyll a concentration.
SCUFA to Biomass (mg ˉ¹)

r² value

SCUFA to Chlorophyll a (µg ˉ¹)

r² value

SCUFA 1

=0.0927 SCUFA + 4.6206

0.7340

=0.0061 SCUFA + 0.1152

0.9015

SCUFA 2

=0.1261 SCUFA + 4.3945

0.7302

=0.0083 SCUFA + 0.0986

0.9055

SCUFA 3

=0.1038 SCUFA + 4.5574

0.7677

=0.0067 SCUFA + 0.1181

0.9071
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THE EFFECT OF POPULATION STRUCTURE (DENSITY AND SIZE CLASS) ON
FEEDING AND CLEARANCE RATES
In all feeding tests the addition of algae and clams to the flumes resulted in the concentration
of algae to decrease over time indicating filtration. For example, the chlorophyll a
concentration (µg Lˉ¹) decreased over time during a feeding experiment, which indicates that
filtration by clams is occurring (Fig. 4.3).

Figure 4.3 Reduction in chlorophyll a concentration as a function of time in feeding experiments in clam
A. stutchburyi.
Arrows indicate addition of algae (1), control period of no clams (1 to 2), addition of clams into the flumes
(2), acclimatisation period to about 185, feeding period one 190-310 minutes, addition of algae (3),
acclimatisation period to 365 and feeding period two 370-490 minutes. This figure is an example of the test
with SCUFA® 3 day 3.

FEEDING RATES
Figures 4.4 and 4.5 show the feeding rates as biomass uptake (mg indˉ¹ hrˉ¹) and chlorophyll
a uptake (µg indˉ¹ hrˉ¹) plotted against the size class and density per plate group. These are
reported as the average value (±S.E.) for each size class. These values are the ultimate feeding
rate amounts after the subtraction of the control amounts. The statistical analysis is reported
in the section below.

The feeding rates of clams in their uptake of both T. chui biomass and chlorophyll a, were
influenced by both the density and clam size (Fig. 4.4 and Fig. 4.5). The large size clams had
higher uptake rates then the medium size clams, and the larger density of 62 clams (per 0.18
m² plate) had higher uptake rates then the smaller density of 32 clams. The average uptake
rate of biomass by large size clams at 32 clam density was 0.45 ±0.05 mg indˉ¹ hrˉ¹, and at 62
clam density was 1.26 ±0.28 mg indˉ¹ hrˉ¹. The average uptake rates of biomass for medium
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clams were 0.18 ±0.09 mg indˉ¹ hrˉ¹ and 0.83 ±0.15 mg indˉ¹ hrˉ¹ for 32 and 62 clam densities
respectively. The uptake rates of chlorophyll a concentrations were 0.028 ±0.005 µg indˉ¹ hrˉ¹
and 0.07 ±0.009 µg indˉ¹ hrˉ¹ for large clams of 32 and 62 clam densities respectively; and
0.01 ±0.01 µg indˉ¹ hrˉ¹ and 0.06 ±0.010 µg indˉ¹ hrˉ¹ for medium clams of 32 and 62 clam
densities respectively. The density factor seems to have a greater effect on uptake rate then
size, with medium clams of large density having larger uptakes of phytoplankton then both
large and medium sized clams of smaller density.

Figure 4.4 Biomass uptake (mg indˉ¹ hrˉ¹) against medium and large clams in order of density (32 and 62
individuals per 0.18m²) showing ± 1 SE for n=3.

Figure 4.5 Chlorophyll a uptake (µg indˉ¹ hrˉ¹) against medium and large clams in order of density (32
and 62 individuals per 0.18m²) showing ± 1 SE for n=3.
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CLEARANCE RATES
The clearance rate of the biomass of T. chui plotted against the size class and density per plate
group is shown in Figure 4.6. These are reported as the average value (±S.E.) for each plate
group type. The results are similar to the uptake rates in that they illustrate that larger clams
and higher density have a faster clearance rate then the medium clams and lower density (Fig.
5). There is a positive relationship between clearance rate and density structure with r² value
of 99.12%. Again, the density seems to have a greater effect than the size class of the plate
group type. The range of clearance rate (±S.E) increased with the increase in size and density
of each plate, from the slowest rate of 0.182 (±0.91) L indˉ¹ hrˉ¹ to 1.256 (±0.278) L indˉ¹ hrˉ¹
in order of density of 32 to 62 clams per plate, and medium to large clam size class. Figure
4.7 illustrates the clearance rate plotted against the average plate biomass (g per 0.18 m²).
This relationship fitted by a logarithmic trendline illustrates that clearance rate increases with
biomass with a r² value of 95.92%. The plate groups are in the same order as in Figure 4.5
with the range from the 32 medium class to the 62 large class structure.

Figure 4.6 Clearance rate ( indˉ¹ hrˉ¹) against medium and large clams in order of density (32 and 62
individuals per 0.18m²) showing ± 1 SE for n=3.
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Figure 4.7 Clearance rate ( indˉ¹ hrˉ¹) against the average clam plate biomass (g per 0.18m²) with
logarithmic trendline showing ± 1 SE for n=3.

STATISTICAL ANALYSIS
The ANOVA assumptions for the normality of residuals and the independence of
observations were both met for the general linear models. The analysis of the ultimate
biomass feeding rates showed that the density factor was statistically significant (

with

p<0.005). There was no significant effect from the size class factor or the interaction between
size class and density factor. This model may not represent the relationship between these
factors and the filter rates with the r² values of 64.72%. The results were similar in the of the
chlorophyll a ultimate feeding rates that showed that the density factor was also statistically
significant (

with p<0.05) with no significant effect from the size class factor or

interaction between the density and size class factors. This model had a higher r² values than
the above model of r² = 78.26%. There is evidence to reject the null hypothesis where these
results support that there is a difference in feeding rates between density groups. There is no
statistical evidence to support that the medium and large size classes, or the interaction
between the density and size classes have an effect on the feeding rates of this species.

MODELLING OF CLEARANCE RATES FOR WAITATI INLET
Figure 4.7 illustrates the clearance rate plotted against the scaled-up clam plate biomass (g per
m²). This relationship illustrates that clearance rate increases with biomass with an r² value of
95.92%. The order of plate groups are in the same order as that of Figure 4.5 with the range
from the 32 medium class to the 62 large class structure. The linear equation shown on the
graph is relationship between the average filtration rates estimated with these plate structures
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that may be extrapolated to calculate the area-specific filtration capacity (e.g. Forster and
Zettler, 2004).
The clearance rate (L indˉ¹ hˉ¹) for each size class per year is illustrated in Figure 4.9 and the
general trend is fairly consistent from 1992 to 2007 with the rates of 0.14 to 0.18 (L indˉ¹ hˉ¹)
for medium clams and 0.13 to 0.12 (L indˉ¹ hˉ¹) for large clams. These values scaled to
account for the numbers per metre area and the total inlet illustrate the effect of density on
these clearance values. As the medium size class abundance increased over time the clearance
rate estimates increase, and in contrast the large clam abundance decreased over time the
clearance rate estimates decrease. The small scale filtration capacity for the medium clams
increased from 7.88 to 14.74 (L mˉ² hrˉ¹), and for large clams decreased slightly from 3.30 to
2.59 (L mˉ² hrˉ¹) for large clams. The total inlet filtration capacity estimates are illustrated in
Figure 4.10 (a) and (b) for the medium clams and large clams respectively, for the years 1992
to 2007, plotted with the biomass values (tonnes). This shows that as the biomass trend
changed over time, the estimated filtration capacity followed the same trend for medium
clams this rate increased from 45985.27 to 86037.86 (m³ hrˉ¹) with increase in biomass, and
for large clams this rate decreased from 19244.07 to 15130.03 (m³ hrˉ¹) with decrease in
biomass. However, neither relationship between the medium or large clam biomass and
filtration capacity had a good fit (Figure 4.10(a), (b)). It is assumed that the feeding period by
clams in the natural environment is approximately 3.5 hours of a tide during the slack high
tide phase. When the medium and large size classes are combined in the most recent survey
(extrapolated from Stewart, 2008) the filtration capacity is estimated at 354087.64 m³ for the
inlet for 3.5 hours.
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Figure 4.8 Clearance rate ( indˉ¹ hrˉ¹) against the average clam plate biomass (g per m²) showing with
logarithmic trendline showing ± 1 SE for n=3.

Figure 4.9 Clearance rate ( indˉ¹ hrˉ¹) for medium clams (dark diamond) and large clams (light square)
extrapolated from previous biomass surveys of 1992 to 2007 (Stewart et al., 1992; Breen, 1999; Wing et al.,
2002; Stewart, 2006; Stewart, 2008; respectively).
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Figure 4.10 (a) Inlet area filtration capacity (m³ hrˉ¹) for medium clams (dark diamond) with biomass
(tonnes; light squares) extrapolated from past surveys; and (b) Inlet area filtration capacity (m³ hrˉ¹) for
large clams (dark diamond) with biomass (tonnes; light squares) extrapolated from past surveys.
The biomass surveys were of the years 1992 to 2007 (Stewart et al., 1992; Breen, 1999; Wing et al., 2002;
Stewart, 2006; Stewart, 2008; respectively).
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DISCUSSION
This study examined the functional role of filter feeding by Austrovenus stutchburyi as part of
the overall focus on the ecological role that this species may play in Waitati Inlet. This
chapter examined the feeding rates of A. stutchburyi in laboratory flumes and tested the effect
of the treatments of size class and density on these values. The clearance rate results were
used to model the potential filtration capacity within Waitati Inlet for these two size classes
and their relative biomass based on the latest survey of 2007.

THE EFFECT OF SIZE AND DENSITY ON FEEDING RATES
The laboratory studies demonstrated that there was a positive relationship between the rate of
feeding on Tetraselmis chui and the increase in both the size class and the density of
Austrovenus stutchburyi. Density had a greater effect then size class on the feeding rate and
clearance rate by these clams, which was statistically significant. This was seen with the
overall feeding rate of A. stutchburyi in terms of the uptake amount of T. chui biomass and
chlorophyll a uptake was positively correlated with clam density. The treatment levels could
have been too low and required more levels for each factor (i.e. another density group) to gain
more powerful results in terms of r² values and test statistic results.

THE EFFECT OF SIZE AND DENSITY ON CLEARANCE RATES
The clearance rates of T. chui and the size class and density A. stutchburyi were also
positively correlated. When these clearance rates were plotted against their biomass values on
a larger scale (g per m²) the relationship is positively correlated. This suggests that the density
of the clams is an important population factor in the filtration of this phytoplankton species
from the water column. There is a gap in the filtering rates between the plates of larger sized
clams and higher density group (62 large clams; Figure 4.7) compared to the other three
treatments in terms of the biomass with an increase by a factor of about 2; however, there was
only an increase in clearance rate by a factor of about 1.5. The increase of biomass between
the clumped result of the three plates (32 medium, 62 medium, and 32 large clams) is by a
factor of about 1.6 and 1.2 respectively, with an increase of clearance rate of 2.4 and 1.8
respectively. This demonstrates again that the density of clams has a greater effect than
biomass in regards to the clearance rate function by A. stutchburyi. However, it must be
emphasised that clearance rates can only be estimated in this study as the flume volume was
based on an estimated volume.
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COMPARISON OF FEEDING RATES TO PAST RESULTS
The clearance rates (L indˉ¹ hrˉ¹) results of T. chui by A. stutchburyi in this study differ from
past studies in their values. Heggie (2008) found that the „small‟ sized clams (20-30 mm) had
an average filtration rate of 1.6 ±0.09 L indˉ¹ hrˉ¹ and large clams (40-60 mm) of 1.6 ±0.12 L
indˉ¹ hrˉ¹, whereas another study found that large clams (>35 mm) had a filtering rate of 1.16
L hrˉ¹ gˉ¹ (Pawson, 2004). Heggie (2008) demonstrated that the effect of the two size groups
on clearance rate was not significant. This supports the results of this current study with no
statistically significant difference in the two size classes of this study. However, the rates of
clearance showed that the larger clams had a higher rate than medium clams. The rates of
clearance in this study by A. stutchburyi were lower than those found in previous studies
(Pawson, 2004; Heggie, 2008). However, this may be due to the method of reporting the
clearance rate, Pawson (2004) standardised for the weight of clams (gˉ¹) instead of per
individual, and used glass beakers instead of flumes to run the filtration study with a different
species of phytoplankton (Dunaliella tertiolecta) to feed the clams. In comparing the effect of
density on clearance rates, Heggie (2008) reported a trend of faster clearance rates (2.1 >
~1.25 > 1.4 L indˉ¹ hrˉ¹) at lower densities than higher densities (95 mˉ² > 189 mˉ²> 378 mˉ²)
for A. stutchburyi. In the current study a trend of faster clearance rates at higher density than
lower density was found.

The accurate establishment of bivalve clearance rate has been, and still is, the subject of
extensive research and discussion (Riisgard, 2001). Past studies have observed that algae and
suspended matter have various effects on clearance rate. Many authors have observed that
clearance rate increases with quantity and quality of suspended matter up to a threshold, after
which clearance and absorption efficiency is influenced negatively by increasing quantity
(Navarro and Widdows, 1997) and quality (Iglesias et al., 1996; Hawkins et al., 1998;
Ibarrola et al., 2000). Clearance rates based on laboratory experiments using a monoculture of
nutrient rich algal diets are likely to be greater than those measured in the natural
environment (Cranford, 2001). The concentration of algae is also a factor that has been
observed to affect feeding rates. Pawson (2004) found that algal concentration affected the
filter feeding of A. stutchburyi, where clams had a higher average clearance rate of 3.89 L hrˉ¹
at an algal concentration of 4.6 x
lower algal concentration 1x

cells Lˉ¹ compared to a clearance rate of 1.25 L hrˉ¹ at a
cells Lˉ¹.
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At low particle concentration, the costs of filtration may account for a relevant fraction of
energy intake (Willows, 1992). A study on the effect of various T. chui concentrations on the
feeding activity may be valuable in understanding the difference between this study and past
results. The sampling of phytoplankton cultures that naturally occur in Waitati Inlet for the
concentration and various species present in situ would illuminate another factor that may
affect clearance rates by A. stutchburyi.

MODELLING OF CLEARANCE RATES FOR WAITATI INLET
The modelling of the clearance rate demonstrated that the density factor had an effect on
feeding rates of the clams. On a small scale the clearance rate for each size class was fairly
similar in the estimation from the 2007 biomass (Stewart, 2008) with the rates of 0.18 (L indˉ¹
hˉ¹) for medium clams and 0.12 (L indˉ¹ hˉ¹) for large clams. When these clearance rate
estimates were scaled to account for the inlet area, the difference between the size classes was
more evident with a higher filtration capacity estimated for medium clams than larger clams.
This study has shown that the capability of clearance rate by large clams is higher than that of
medium clams of the same density. However it is ultimately the density levels of the clams
that determine the potential filtration capacity. As the large clams are less abundant than the
medium clams in this Inlet, the filtration of phytoplankton is 50% higher in medium clams
than the large clam population of Waitati Inlet. Furthermore, the relationship between density
and clearance rates illustrates that as the trend of density changes so does the rate of filtration.

ECOLOGICAL APPLICATION TO THE INLET
It is well documented that filter feeding bivalves can have a significant effect on
phytoplankton abundances (Officer et al., 1982) and can also have a significant effect on the
assemblages of phytoplankton communities by selective feeding (Bastviken et al., 1998). The
application of the modelled feeding rate from this experiment could be used to determine the
role of clams in the clearance of phytoplankton and the effect of density in the marine
environment. The ultimate application would be the potential to determine the minimum yield
required of each size class of clams needed in an area to maintain a healthy balance between
trophic levels. This requires knowledge on in situ levels of phytoplankton, the flow velocity
over tidal phases, benthic abundance, and the seasonal factors that affect the benthic-pelagic
relationship at the very least.
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These modelled estimates are conservative in their application to the natural environment as
they are based on the average weight of each size class used in this study. An important factor
to consider would be the effect of current velocity during tidal phases on the feeding rates by
the bivalves. Other studies have studied the effects of changes in current velocity on clearance
rates of bivalves (Wildish and Miyares, 1990; Cole et al., 1992; Ackerman, 1999; Widdows
and Navarro, 2007; McCowan, 2009). Wildish and Miyares (1990) showed that the
percentage of phytoplankton consumed by blue mussels, Mytilus edulis, is inhibited at high
current speeds, which is further supported by McCowan (2009) where feeding rates of the
mussel Perna canaliculus increased with increasing flow velocity up to 20 cm sˉ¹ after which
it appeared to plateau, and the results that the increase in flow rate has a negative effect on
clearance rate of the mussel, Mytilus galloprovincialis. Flow rate also has a negative effect on
clearance rate of the clam, A. stutchburyi (Heggie, 2008). In contrast the flume experiments
by Widdows and Navarro (2007) demonstrated that clearance rate of Cerastoderma edule was
not significantly affected by increasing current speed, at least between 5 and 35 cm sˉ¹.
Although these studies show a difference in the effect of flow velocity on bivalve clearance
rates, the overall finding suggests that suspension-feeding by infaunal bivalves is sensitive to
flow velocity. Therefore, this model can be further modified by measuring the effect of flow
velocities to clearance rates, and taking the flow rates during the course of tidal phases to
account for the difference over tidal cycles. Further understanding as to the abilities of clams
to clear phytoplankton under different flow regimes could, therefore, be used to control
potential eutrophication in coastal ecosystems.

This modelling of clearance rates and the feeding rates estimated in this study provide a basis
on which to base estimates and understand the relationship between A. stutchburyi collected
from Waitati Inlet and the T. chui phytoplankton species. It can be quantified that the loss of
A. stutchburyi from an area results in the decrease of clearance rate of T. chui phytoplankton
in that body of water. Furthermore, as a dominant filter feeder in Waitati Inlet, the mediation
that bivalves provide between the sediment and water interface would be lost with its decline.
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LIMITATIONS AND FURTHER STUDY
This study was conducted during months of expected high activity due to the warmer spring
and summer seasons that result in high phytoplankton biomass and therefore high benthic
filter feeding activity. Thus the potential effect of seasonality on filter rates was not
investigated. Further study that is conducted under the conditions of the winter months, such
as the temperature and amount of phytoplankton biomass may give a good comparison of the
level of increased activity during the spring and summer months. In addition to this,
measurements taken of the in situ biomass of phytoplankton and temperature across the
seasons in this inlet would give further natural environmental factors that would complement
the laboratory-based extrapolations. The use of in situ measurements to complement the
laboratory findings are done in the final Discussion and Conclusions Chapter (Chapter Six).
The results in this chapter of uptake amount of chlorophyll a concentration are compared to
the results in the next chapter (Chapter Five) of chlorophyll a concentration loss across tidal
cycles, and further used to estimate the filtration capacity of the total inlet population.

The calculation of the relationship between the biomass (Ash Free Dry Weight) of this clam
species A. stutchburyi and the clearance rate would give the weight specific rate, a value that
may better account for the difference across size classes. It may indicate a significant effect of
size class on filter feeding, as the finding in this current study, as well as the past study by
Heggie (2008), did not find statistically significant results for the size class treatment factor. It
is recommended that a study on the effect of current velocity on A. stutchburyi feeding rates
is examined across various flow rates. This could then be applied to the potential filtration
capacity over varying flow rates in the inlet.

CONCLUSION
The clearance rates of suspension feeders were affected by population structure, in this study
these were the clam size class and density. However, it could only be concluded that there
was statistical evidence supporting that density had an effect on the uptake rate of T. chui
biomass and chlorophyll a concentrations measured over feeding experiments in flumes. The
relationship between the population density of A. stutchburyi and its influence on the
consumption of primary production should be taken into consideration with future harvesting
management. The quantification of removal rates is important in modelling phytoplankton
dynamics (Kremer & Nixon 1978, Cloern 1982, Officer et al., 1982) and the construction of
nutrient budgets (Jordon & Valiela 1982). This information provides a baseline assessment
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for monitoring the health of an inlet, and further monitoring of this dominant species should
be continued to ensure the maintenance of its role in this system.
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CHAPTER FIVE
The in situ study of chlorophyll a flux in Waitati Inlet
INTRODUCTION
The clam Austrovenus stutchburyi is a significant inhabitant of tidal flats in many New
Zealand inlets (Healy, 1980). Waitati Inlet, Otago, has an abundant Austrovenus stutchburyi
population, and this was examined in relation to the flux of chlorophyll a concentration across
tidal phases. Chlorophyll a concentration represents the phytoplankton abundance, so it serves
as a good indicator of biomass and the photosynthesising capacity of a given geographical
area. The loss of either the benthic or pelagic component from the inlet system may have a
major impact in terms of the productivity of the system and the stability of the resource base.
Furthermore, the results in this chapter of in situ chlorophyll a concentration were compared
to the laboratory uptake values of chlorophyll a concentration (Chapter Four) to calculate the
filtration capacity of this population of clams, and reported in the Discussion and Conclusions
(Chapter Six).

In intertidal communities, large macrofauna are potentially important players that influence
the processes that affect the fluxes of energy and matter from the water column to the benthos
(Dame and Patten, 1981; Thayer, 1983; Green et al., 1998). Through the sedentary nature and
feeding activity of bivalves, the process of consumption strongly couples the benthic and
pelagic environments (Dame and Patten, 1981; Thrush et al., 2006). This flux of energy and
matter from the water column to the benthos occurs primarily as particulate organic material,
and is eventually used for various metabolic and growth activities (Dame and Patten, 1981).

Past hypotheses concerning the impact of bivalve feeding on the pelagic system are based on
the extrapolation of individual rates of filtration of bivalves, estimated from laboratory
measurements, to the scale of an estuary. However, scaled-up bivalve grazing rates that have
been derived from laboratory-based studies on algal diets may severely overestimate in situ
filtration rates (Doering and Oviatt, 1986). Although research based on in situ collected data
would contain many uncontrolled variables that would potentially affect the outcome of a
study, these measurements can provide boundaries for laboratory-based results, and vice
versa. The in situ study of phytoplankton abundance could give relevance to the ecological
importance of the potential scale of benthic and pelagic coupling that occurs in a geographical
area. It has been suggested that the level of phytoplankton is a good indicator of ecosystem
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health in terms of potential for blooms of algae, which in turn would have an adverse effect
on bivalve culture (Gosling, 2003), as blooms of algae can be detrimental to the filtering
function of filter feeders and, therefore, ecosystem functioning.

Through investigation and field observations, the depletion of phytoplankton from the water
column has been directly linked to dense beds of filter feeding bivalves (Wright et al., 1982;
Carlson et al., 1984; Cohen et al., 1984). Durbin (1969) found a reduction of up to 40% of
the total available phytoplankton concentrations over beds of A. stutchburyi. Tidal motion is a
major factor in the supply of phytoplankton and seston to suspension-feeder beds and that this
decreases along a gradient. It has been found that the concentrations of chlorophyll a and total
chlorophyll tended to drop progressively as the flooding tidal water mass moved shoreward
over various bivalve communities (Peterson and Black, 1991). This is also supported in a
similar study, conducted in another Otago inlet, with evidence that chlorophyll a depletion
occurred with increase distance from the mouth of Papanui Inlet (Pawson, 2004). These past
results show that feeding activity of bivalves causes reduction in the standing crop of
phytoplankton stock and depletion of chlorophyll a (Cloern, 1982). Chlorophyll a content can
indicate phytoplankton biomass in the water column, and thus be a good measure of primary
production (Dodds, 1990). Hence information on chlorophyll a could act as an indicator of
ecosystem health, and perhaps give a standard baseline of phytoplankton and bivalve
abundances needed in an area to maintain sufficient ecosystem function.

FACTORS THAT AFFECT THE STUDY
The nature of this study required many considerations as it was undertaken in the natural
environment in which environmental factors are affected by wide and rapid changes.
Temperature and salinity characteristics can vary due to rainfall events and river input, land
run-off, and evaporation (Perkins, 1974). Changes in temperature and salinity characteristics
are also variable over longer time scales. This study was based in Waitati Inlet, in Blueskin
Bay, north-east of Otago Harbour. The temperature and salinity characteristics of water
masses found off Otago Peninsula vary seasonally for the different water masses. This study
focuses on the neritic water, which supplies water to the inlets on the Otago Peninsula. The
salinity and temperature of this water mass is generally <34.5 psu and <10.0°C in winter, and
<34.6 psu and <12°C in summer (Jillett, 1969).
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Marsden (2004) had found that a loss of condition in Austrovenus stutchburyi can occur due
to the effects of prolonged exposure to low salinities. Temperature has been identified as a
limiting factor in affecting bivalve populations. Haure et al. (1998) found that temperature can
induce an increase in clearance rate of oyster Ostrea edulis, and Bougrier (1995) found that
both clearance and oxygen consumption in Crassostrea gigas depend on seawater
temperature. The comparison of five bivalve species has been shown that the influence of
water temperature on filtration rates is species specific (Walne, 1972). The effect of
seasonality is evident in both pelagic and benthic measures studied. The cockle Cerastoderma
edule shows a pronounced seasonal cycle in the rates of oxygen consumed and feeding, with a
maximum in summer and a minimum in winter, the latter related to loss of organism
condition (Newell and Bayne, 1980). Also, changes in phytoplankton biomass have been
found to relate to seasonal changes in climate, with a reduction in biomass in winter (Andrea
et al., 1992), and chlorophyll a concentrations have been found to exhibit a strong seasonal
pattern, with lowest values occurring during the winter months (Yoon et al., 2007). Thus,
chlorophyll a concentrations are measured as a proxy for phytoplankton biomass. Other in
situ measurements in estuaries of a broad geographical range have shown a large seasonal
variation in seston concentration and composition, owing to seasonality of phytoplankton
blooms (Widdows et al., 1979; Cadée, 1982; Berg and Newell, 1989).

Given the above, both phytoplankton biomass and composition, and bivalve physiology are
dependent on the characteristics of salinity and temperature that vary seasonally as well as
across shorter time scales. The ecological relationship between the biomass of phytoplankton
and benthos would also be dependent on each other. The presence and high biomass of
suspension-feeding bivalves may control the biomass of pelagic organisms as well as overall
structure of intertidal communities. In intertidal areas of New Zealand where large infauna
such as the filter feeder Austrovenus stutchburyi are abundant, and can be a dominant species,
any changes to the environment would potentially be reflected in the cockle population.
Therefore, an in situ study in Waitati Inlet could give an indication of benthic-pelagic
coupling and information on the resulting flux of plankton. Given the central position of A.
stutchburyi in Waitati Inlet, their abundance and sustainability may be important in
maintaining the functional role of regulating phytoplankton and energy flux in this area. In a
local Otago study located at Papanui Inlet with high cockle abundance, Pawson (2004) found
significant differences in the gross particulate organic matter entering and leaving the Inlet.
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STUDY SCOPE
The objective of the present study was to investigate the flux of chlorophyll a over tidal
phases in Waitati Inlet, East Otago, and assess the possible role of the clam Austrovenus
stutchburyi in this flux within the Inlet. Data on chlorophyll a were collected for day and
night tidal cycles in a spring and summer period (November and January respectively). It was
hypothesised that day time tides have a higher loss of phytoplankton then night time tides. It
was also hypothesised that summer tides have a higher loss of phytoplankton then spring
tides.
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METHODS
OVERVIEW
The flux of the chlorophyll a concentration of phytoplankton was calculated by measuring the
change in fluorescence and pressure over tidal cycles in situ near the mouth of Waitati Inlet.
Fluorescence was monitored by a SCUFA® and the inlet measurements of temperature,
salinity and pressure by a CTD (conductivity-temperature-depth sensor) RBR data recorder
that was set up during a spring and summer period. Phytoplankton were quantified and
compared between incoming and outgoing tides as well as between day and night tides. These
data were a measure of phytoplankton loss or gain in the Inlet and whether this could be
accounted to filter feeding of Austrovenus stutchburyi. Unexplained outliers were removed
from the data set because of logical constraints.

SAMPLING PROTOCOL
To obtain a time series of phytoplankton density and quantify its flux during tidal cycles, a
sampling station was set up near the inlet mouth with the assumption that incoming and
outgoing phytoplankton is evenly distributed spatially. The periods of spring and summer
were chosen to sample phytoplankton, in anticipation of a potential increase in phytoplankton
activity due to increased temperature. To maintain consistency across the sampling periods, a
week in each month was chosen based on high tides occurring around midday. In spring, the
instrument was set from the evening low tide on 27 November through to 30 November 2009,
and in summer from 25 to 28 January 2010. The water sample readings were taken every 30
minutes during the period of submersion. After each of these sampling periods the data from
the instruments were uploaded and exported to Microsoft Excel™.

SAMPLE STATION
A sampling station was set up near the inlet mouth to measure fluorescence and tidal data to
provide an index of phytoplankton entering and leaving the inlet during November 2009
(spring) and January 2010 (summer). At the station a CTD RBR data recorder and SCUFA
(Turner Designs®) instrument were deployed during low tide. A concrete-filled tyre with a
pole in its centre was used to hold the equipment. The tyre was used so that it could be easily
manoeuvred to the study site. The CTD instrument measures conductivity, temperature, and
pressure. The SCUFA® instrument measures fluorescence and turbidity. These were
programmed to take continuous samples every minute.
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SCUFA CALIBRATION
To quantify SCUFA® readings in terms chlorophyll a concentration (µg Lˉ¹), the instruments
were calibrated in the laboratory with a range of dilutions of the phytoplankton Tetraselmis
chui as described in Chapter Four. The equations used to translate the SCUFA® fluorescence
readings into chlorophyll a concentrations are shown in Table 5.1 for “SCUFA 3”, the
instrument that was used in this study.
Table 5.1 Translation equations for SCUFA® readings in terms of biomass and chlorophyll a
concentration.
SCUFA to Chlorophyll a (µg ˉ¹) r² value
SCUFA 1

=0.0061 SCUFA + 0.1152

0.9015

SCUFA 2

=0.0083 SCUFA + 0.0986

0.9055

SCUFA 3

=0.0067 SCUFA + 0.1181

0.9071

DATA PROCESSING
The data were uploaded from the CTD and SCUFA® into Microsoft Excel™. The pressure
data from the CTD were used to calculate the tidal phase times, and the fluorescence data
from the SCUFA® were translated into terms of chlorophyll a (µg Lˉ¹) using the equations
from the standard curves which were plotted after the calibration of each SCUFA®.

PHYTOPLANKTON FLUX
The pressure data were plotted over time to calculate the tidal times for incoming and
outgoing tides. Incoming and outgoing tides excluded the slack tide between tidal phases. The
division of fluorescence data was based on these tidal times. Outliers were removed from the
chlorophyll a data set for both November and January data sets where the concentration was
higher than 0.15 (µg Lˉ¹).

The pressure and chlorophyll a data were arranged into flood and ebb tidal phases for the
night and day tides. The data from these were divided into 30-minute periods starting at the
low point (low tide at the incoming, and low tide at the outgoing tide in reverse order), with
the 0 period starting from 38 minutes after low tide. This was done so that the slack period of
the low tide was not included, as well as to avoid cross sampling for each tide half (low to
high). The maximum period that could be compared across the tide sets was eight blocks of
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30-minute periods. Therefore, the tidal data, from low to high, were 240 minutes in length
each for comparison, with a total of 480 minutes from low to low tide.

Each 30-minute period was a cumulative amount of chlorophyll a that was sampled. These
were calculated into cumulative amounts of chlorophyll a concentration to account for the
flux from low to high tide. These cumulative amounts as well as total amounts were compared
using linear plots and bar graphs.

The difference between these 30-minute periods was also compared between incoming and
outgoing tidal periods. Since the data were organised from low to high tide periods, the data
were ordered from the 1st to the 8th block for the incoming period, and from the 16th to the 9th
block for the outgoing period. Therefore, the difference was calculated as the outgoing period
subtracted from the incoming (e.g. 16th period of chlorophyll a amount subtracted from the 1st
period amount) to give the residual amount remaining after the flux of the tide.

TEMPERATURE AND SALINITY
Both the temperature and salinity data were uploaded from the CTD instrument. The
temperature was selected according to the tidal times estimated from the pressure (tidal
height) samples. These were plotted across the tidal cycle to present the air and tidal
temperature for the November and January periods. The average salinity was calculated from
the average found during the tidal periods for each of these two sampling periods.

STATISTICAL ANALYSIS
An ANOVA was undertaken on normalised data of the chlorophyll a cumulative amount
using MINITAB to assess the significance of the effects of incoming flux, outgoing flux,
night period, and day period.
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RESULTS
PHYTOPLANKTON FLUX

Figure 5.1 Tidal height (light grey) from the pressure data, and the chlorophyll a concentration (µg ˉ¹)
(dark points) for tidal data over time (24 hours) in November 2009 (left) and January 2010 (right).

Figure 5.2 The cumulative amount of chlorophyll a concentration (µg ˉ¹) per 30-minute period of each
tidal phase vs. the average tidal phase (in 30-minute increments) for night (left) and day (right) in
November 2009 (dark diamond symbols) and January 2010 (light triangle symbols) ± standard error of
the mean.

The tidal heights over time are plotted with the chlorophyll a concentration (µg Lˉ¹) that
coincides with the tide for the period of November and January (Fig. 5.1). It can be seen that
chlorophyll a concentration is generally higher during the night tidal phases than the day tidal
phases. Over this short period for each month there is no obvious difference seen between
spring and summer times. Variability of chlorophyll a concentration values can be seen across
the night tides and day tides separately, as well as potential outliers.
Figure 5.2 illustrates the average tidal data of cumulative chlorophyll a concentration (per 30minute blocks) for the night and day tidal phases in November and January periods. These
results show that the night tide flux of chlorophyll a concentration tends to follow the tidal
phase of increase and decrease in water volume for both seasons. The results for the day time
tidal periods show a fairly flat range of chlorophyll a amount across the tidal phase. The
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average range of cumulative chlorophyll a concentration (± standard error) for November was
3.78 ±0.063 (µg Lˉ¹) to 3.88 ±0.009 (µg Lˉ¹) during the day tides and 3.76 ±0.003 (µg Lˉ¹) to
4.16 ±0.051 (µg Lˉ¹) during the night tides. The average range of cumulative chlorophyll a
concentration (± standard error) for January was 3.61 ±0.099 (µg Lˉ¹) to 3.79 ±0.022 (µg Lˉ¹)
during the day tides and 3.66 ±0.000 (µg Lˉ¹) to 4.12 ±0.113 (µg Lˉ¹) during the night tides.
This shows that the average cumulative chlorophyll a concentration across the November and
January periods are similar in their pattern, with the standard variation a little more variable
for the November data set. This also illustrates that there is loss of chlorophyll a during the
day tidal phases when compared to the night tides.

In terms of the average chlorophyll a concentration per minute, the average night tidal phase
was 0.130 (µg Lˉ¹) and 0.129 (µg Lˉ¹) for the incoming and outgoing tides respectively, and
for the day tidal phase was 0.127 (µg Lˉ¹) and 0.124 (µg Lˉ¹) for the incoming and outgoing
tides respectively in November. In January these values for the night tidal phase were 0.130
(µg Lˉ¹) and 0.129 (µg Lˉ¹) for the incoming and outgoing tides respectively, and for the day
tidal phase were 0.125 (µg Lˉ¹) and 0.125(µg Lˉ¹) for the incoming and outgoing tides
respectively. This shows that the chlorophyll a concentration per minute was the same across
the two periods for the night tidal phases, but the variation was larger in the day tide in
November than in January.

The difference between the cumulative chlorophyll a concentrations was calculated for the
incoming and outgoing values. The residual amount for the night tidal phase was 0.030 (µg
Lˉ¹) and the day tidal phase was 0.084 (µg Lˉ¹) in November, and in January this difference
was 0.041 (µg Lˉ¹) for the night tidal phase, and 0.035 (µg Lˉ¹) for the day tidal phase. This
result shows that for the November samples, the average difference over the night tide was a
smaller loss than over the day tide. The result was similar during the January samples with a
higher loss over the day tides. With the assumption that the loss of phytoplankton is due to
consumption by the filter feeders, a greater amount was taken up during the day than the
night.

TEMPERATURE AND SALINITY
The temperature samples were plotted against the coinciding tidal height (pressure) over time
for the periods of November and January (Fig. 5.3). These results illustrate that during the low
tidal periods the sampling instrument was measuring air temperature and during the tidal
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phase it was submerged to measure the water temperature. In both sampling periods the
general pattern of temperature shows that during the night phase the water temperature
decreases over the tidal cycle, and during the day phase the water temperature increases over
the tidal cycle. Also, air temperature is low prior to each day tidal influx and high prior to the
night tidal influx. The average water temperature over these two periods was 12.9
November and 16.01

C in

C in January. The average salinity over the high tidal times for these

two sampling periods was 35.2 psu in November and 34.6 psu is January.

Figure 5.3 he tidal height (light grey) from pressure data and temperature (
data over time (24 hour) in November 2009 (left) and January 2010 (right).

C) (dark points) for tidal

STATISTICS
Normal distribution assumptions were confirmed for the analysis of these data. The ANOVA
analyses on the effect of the sampling period, the incoming and outgoing, and day and night
factors, on the result of the chlorophyll a concentration resulted in test statistic of the day and
night period, and the test statistic for the incoming and outgoing period, both being larger than
the critical value of F0.05;1,4 = 7.71, with p-value of 0.001 and 0.025 respectively. So the test
statistic is significant at that level. This model had an r² of 96.19%.
There were not enough samples per period to run these months separately to assess the effects
of the day and night tides separately, and effect of incoming and outgoing tides separately on
chlorophyll a concentration for each month.
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DISCUSSION
The objective of this study was to investigate the flux of chlorophyll a concentration over
tidal phases in Waitati Inlet and assess the possible role of Austrovenus stutchburyi in relation
to this flux within this inlet. This was done by collecting data on the chlorophyll a
concentration over day and night tidal cycles with measurements of the temperature and
salinity, during a spring and a summer period (November and January respectively). The
ecological implications and future recommendations from the results are discussed in this
section.

PHYTOPLANKTON FLUX
It can be seen that chlorophyll a concentration was affected by the differences associated with
the day and night tidal phases, as well as the incoming and outgoing tidal phases. The
difference between the sampling months was less obvious in the comparison of graphed
results of phytoplankton flux. However, the physical factors showed that these two seasons
differed in this regard, and that the associated physical factors of the seasons may have
influenced the phytoplankton flux and the coinciding filter feeding of A. stutchburyi.

DAY AND NIGHT TIDAL PHASES
The night tide chlorophyll a concentration was higher than the day tide amount, and this night
tide concentration remained high throughout tidal phases. This pattern was made clearer with
the calculation of the difference in chlorophyll a amounts for the incoming and outgoing
values (residual amount) and these values were compared for day and night tidal periods.
The residual amount illustrated that little phytoplankton was lost during the night period, and
this amount fluctuated in relation to the tidal height. By contrast, the day period of
chlorophyll a concentration was relatively low and remained at a constant amount over the
tidal phase, even when the water volume had increased with high tide. The day tidal result is
further supported by a local study where chlorophyll a concentrations was found to
significantly deplete with inflowing tidal movement within Papanui Inlet (Otago) (Pawson,
2004). Furthermore, the residual amount of phytoplankton across the tidal phases showed that
there was a greater loss of phytoplankton in the day periods than night periods. If the
phytoplankton flux across the tidal cycle is controlled by the consumption by the benthic
population within the inlet, then the difference between the chlorophyll a concentrations
during night and day tidal periods suggests that the benthic population in this inlet actively
filter during the day periods across the entire tidal cycle, but do not feed during the night.
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Also, since the phytoplankton flux remains rather constant across the day tidal cycle, it is
implied that a higher feeding capacity occurs within increased water volume, which could be
due to more clams submerged and consequently actively filter feeding over these periods.
These findings support the view that chlorophyll a concentration flux, and hence
phytoplankton abundance, differ between the incoming and outgoing tides and between the
day and night periods, which were found to be statistically significant.

The differences between the night and day periods could be associated with the range of
temperature pattern over tidal phases shown in this present study. The general pattern showed
that the water temperature decreased over night tidal phases, and increased over day tidal
cycles. These results also showed that the temperature was relatively higher prior to the night
tide phase and low prior to the day tide phase. This may indicate that the flux into the inlet of
higher phytoplankton abundance at night periods could be due to the growth of phytoplankton
during the day in low tidal periods outside of the inlet with sunlight promoting growth and
lower tides preventing consumption by benthic species outside the inlet. The following tidal
flux into the inlet at night results in a relatively high amount of phytoplankton due to this
daylight growth as well as no consumption during this later high tidal period due to little and
no sunlight as well as lowered temperature. In contrast, the high amount of phytoplankton
during the night period leaves the inlet during the low tide period and as the day approaches
and the tidal height increases with high tide the phytoplankton is then consumed outside the
inlet and within the inlet. The result from this is a lower amount of phytoplankton on the
incoming day tide into the inlet, in combination with depletion of phytoplankton from the
benthic bivalves feeding within the inlet across the tidal cycle.

A past local study found that the inlet benthic population depend on the influx of
phytoplankton, as it is likely to be sourced from outside the inlet. Heggie (2008) found the
isotope signatures of pelagic and benthic species within estuaries showed no relationship
between primary consumers, including Austrovenus stutchburyi, perhaps due to the potential
acquisition of food source signatures from outside the estuary. Thus it is possible that the
population of A. stutchburyi within Waitati Inlet is dependent on the influx of phytoplankton
into the inlet. This study also supports that phytoplankton is lost over tidal cycles and this
could be due to the filter feeding capacity performed by these clams, which further supports
the importance of benthic-pelagic coupling within the inlet and the potential consequence of
loss of this function with loss of clams capable of performing this function.
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NOVEMBER AND JANUARY TIDAL PHASES
Over the short period for each month there was no obvious difference seen in the cumulative
chlorophyll a concentration between spring and summer times. However there was more
variability of chlorophyll a concentration over the tides during November than in January. A
comparison of the average residual amount of chlorophyll a concentration across tidal cycles
for these two periods showed that the night data were similar in both months, but the day data
were larger in November than January. The difference in the day data between these two
sampling periods suggests that the phytoplankton activity differs according to the season, and
ultimately the benthic activity differs in response to the phytoplankton activity and other
associated factors of the change in seasons.
The physical factors within the inlet that coincide with the two sampling months support that
there is a difference between these periods, with January having a higher average temperature
than in November by about 4

C and lower average salinity by about 0.6 psu. Therefore the

difference in temperature and salinity across this time frame that has resulted in the
chlorophyll a concentration across these two periods demonstrates that there may be a
difference across seasons. Thus the more variable results of chlorophyll a concentration
during the November day tidal phases compared to those during January may be a result of an
increase in temperature expected after lower winter temperatures. Perhaps the change in
temperature that increases from winter to spring may occur suddenly compared to the change
in temperature from spring to summer, which may result in the relatively highly variable
November pattern of chlorophyll a concentration seen in this current study. The trend of
phytoplankton in spring could also be due to a result of both phytoplankton growth activities
with increased temperature, and the loss of phytoplankton biomass from the increased benthic
filter-feeding activity. By contrast, the further increase of temperature from spring to summer
is perhaps a more gradual change that results in less variable changes in the flux of
phytoplankton, which may also be a result of an optimum temperature range that promotes
efficiency in bivalve filter feeding.

Although there were not enough samples to support this statistically Pawson (2004) supports
the effect of seasonality of phytoplankton abundance. The chlorophyll a concentration
measured across the seasons for a year in Papanui Inlet showed a significant drop in
concentration within the water column during the winter months (Pawson, 2004). This study
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was conducted across areas of high A. stutchburyi biomass, which illustrates that the seasonal
factor in temperature affects phytoplankton biomass and perhaps the level of benthic feeding
activity (Pawson, 2004). It was also found that there was an increase of chlorophyll a
concentration with the onset of spring and a coinciding increase in temperature (Pawson,
2004). This is further supported by Ball et al. (1997) that examined nutrients, particulate
organic matter, chlorophyll a and phytoplankton, and found that chlorophyll a levels were
seasonally dependent. Since the study by Pawson (2004) was also based in a local Otago inlet,
it is likely that this relationship would explain the patterns of chlorophyll a concentration
found in this present study for Waitati Inlet across the two sample periods.

ECOLOGICAL FUNCTION
The potential role of Austrovenus stutchburyi as a key phytoplankton consumer within Waitati
Inlet is supported by the findings of this current study. The pattern of phytoplankton
abundance is important as primary production for the inlet and for potentially illustrating the
magnitude of nutrient cycling that occurs within a geographical area. The ecological
importance of pelagic biomass has been explained in the past in that benthic populations rely
on the flux of pelagic species, which affect the ecological function that benthic species play to
maintain ecological stability, as well as community structure and stability, especially as
variations in the abundance of food affects the physiology of bivalves (Buss et al., 1981;
Okamura, 1988; Fréchette et al., 1993). The filtration role of A. stutchburyi and the ecological
implications of this role in relation to wider phytoplankton population have been shown in
past studies. There have been several cases where filter feeding bivalves have been
documented to reduce the effects of eutrophication due to their ability to clear high quantities
of phytoplankton from the water column (Chinabut et al., 2006). Durbin (1969) found a
reduction of up to 40% of the total available phytoplankton over beds of A. stutchburyi.
Therefore, at high population densities it may represent a major functional component that
strongly couples the benthic and pelagic environments through consumption of primary
producers and stimulate pelagic organism growth through the supply of nutrients, thus energy,
to the sediment and overlying water column (Cloern, 1982). Given that A. stutchburyi is
commercially harvested and the importance of phytoplankton as primary producers in marine
ecosystems, the decrease of A. stutchburyi biomass in this area would be detrimental to
nutrient cycling between these benthic and pelagic populations and further affect the
community structure and ecological function of the inlet system.
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LIMITATIONS AND FURTHER STUDY
Feeding by bivalves is a small-scale process, which may be affected by a number of cooccurring environmental factors such as temperature (Cranford and Hill, 1999; Denis et al.,
1999), flow (Fréchette et al., 1989; Lesser et al., 1994), and variations in seston quantity
and/or nutritional quality (Kiorboe et al., 1980; Baldwin and Newell, 1995; Hawkins et al.,
1999). A limitation in the present study was that the flow rates across tidal cycles were not
sampled. It would be useful to measure the flow rates in an appropriate manner to account for
the flux rate of phytoplankton across the bivalve beds and the effects this has on feeding rates
of the benthic population of the inlet. It has been shown that mussels mainly respond to shortterm changes in the food supply by varying pseudofaeces production coupled with selection
processes, but may also change their clearance rates (Bayne, 1993; Bayne et al., 1993). An in
situ study found that a physical hindrance of feeding of the mussels at the inner side of mussel
patches may cause a reduced overall clearance rate (Prins et al., 1996), as the external
pressure on the shells of mussels will impair shell opening, which is a critical factor in
controlling pumping rates (Fréchette et al., 1992). These studies suggest that flow rate is a
physical factor that may affect feeding by bivalves in terms of their clearance rate
performance. Further to this, whilst current velocity can influence bivalve clearance rate, the
inverse is also true, in that the bivalves can influence local hydrodynamics (Widdows and
Navarro, 2007). This has been shown particularly for epibenthic species (Butman et al., 1994;
Green et al., 1998; Nikora et al., 2002) whose presence is related to regions of increased drag
together with a greater level of turbulence and, consequently, reduced flow speed (Widdows
and Navarro, 2007). Acquiring the flow rate at this point would give insight to the current
behaviour of benthic-pelagic coupling across tidal phases. The flow rate may give the ability
to calculate the flux of volume of water into the inlet and to calculate the flux of chlorophyll a
concentration in relation to the volume of water flux.

To quantify the impact in terms of the various scales, the role of bivalve filtration in coastal
waters should account for system water mass residence time, phytoplankton primary
production or replacement time, and particle clearance rates or clearance time by the great
majority of filtering organisms (Dame, 1996). This would give an indication of the tidal
flushing and quantity of the water replaced with each tidal cycle. It may also be beneficial to
quantify the functional role that the benthic population in this inlet plays, as the residence
time can be used to calculate the clearance rate.
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In this present study the total inlet phytoplankton flux was estimated from one point in the
inlet entrance. This may give an overall guide to the behaviour of phytoplankton across tidal
fluxes and in time; however, to account for greater representation within the inlet more
sampling sites are needed. A specific question would be to determine the difference of
phytoplankton flux across the inlet according to sites of varying benthic biomass. This may
give insight into benthic-pelagic coupling according to beds of high benthic filter feeders to
beds of low density. It is expected that areas of high phytoplankton influx are depleted across
high density benthic beds relative to beds of less dense areas. Past results provided evidence
that chlorophyll a concentration depletion occurred with increased distance from the mouth of
Papanui Inlet (Pawson, 2004). Conversely, the seston content of such systems may affect the
feeding behaviour, particle processing and digestive strategies of suspension feeders.
Therefore, it is important to connect bivalve feeding selectivity and water column processes
(Levinton et al., 2001). Another study has shown the combination of flow rate and algal
concentration in relation to the water column above beds of the cockle Cerastoderma edule.
The measurement of vertical profiles in algal cell concentrations within the water column
showed a marked depletion above the bed, and the size of this was inversely related to
currents speeds below 5 cm sˉ¹ (Widdows and Navarro, 2007). In analysis of this vertical
profile within the water column, at the current speed of 2 cm sˉ¹ the algal cell depletion was
greatest immediately above the cockle bed (Widdows and Navarro, 2007), and this is
consistent with previous studies of mussels (Frecheete et al., 1989; Muschenheim and Newell,
1992; Widdows et al., 2002); however, below currents of 1 cm sˉ¹ the maximum depletion
was at 10 cm above the bed (Widdows and Navarro, 2007). Therefore, the relationship
between pelagic abundance and the ability of benthic filter feeders to pump filtered water
vertically into the water column does occur, and may be important in understanding the
specific range of benthic-pelagic coupling within the inlet. Further investigation into the flux
of chlorophyll a during tidal cycles above high and low density beds of clams is
recommended.

A study of suspended particulate matter in conjunction with chlorophyll analysis would also
be beneficial, as sedimentation is important for benthic organisms, and may affect filter
feeding. Filter-feeding bivalves are likely to experience large variations in both quantity and
quality of suspended material as a result of natural fluctuations over different temporal scales
(Bayne, 1993). Wind speed, rainfall events, and tidal height would all affect the suspended
sediments in the water column. Human activities may also lead to increases in suspended
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sediment concentrations over time scales ranging from days to decades (Thrush et al., 2004).
For example, the removal of large individuals from a macrofaunal community resulted in
distinct changes in surficial sediment community structure (Thrush et al., 2006). Suspension
feeders remove particles from the water, and therefore are likely to be directly impacted by
changes to suspended sediments (Hewitt, 2002). Increases in suspended sediment
concentration increase the particle encounter probability of bivalves, therefore affecting their
filtration efficiency.

The increase in suspended sediment may be more detrimental in affecting bivalves where the
combination of shallow areas and long time periods of suspension occurs. The basic
suspended particle analysis in a local Otago inlet showed that the weight of material in the
water column varied throughout the year (0.09-0.02 g Lˉ¹) (Pawson, 2004). Those bivalves
that have high filtration rates in shallow coastal environments may encounter much of the
suspended matter within the water column (Doering and Oviatt 1986). This was discussed in
regards to oysters in shallow tidal creeks by Gerritsen et al. (1994) who found that increased
sediment particle encounter affected the diet of bivalves by increasing the inorganic content,
directly affecting the physiology and survival of the filter feeder. In a field experiment, Hewitt
and Norrko (2007) observed decreased biomass of Austrovenus stutchburyi with increased
upper quartile suspended sediment concentrations, in a site in which the upper quartile
suspended sediment concentration was 70 mg lˉ¹. In addition, it has been reported that
elevated suspended sediment concentrations may alter feeding behaviour of suspensionfeeding bivalves, increase pseudofaeces production and damage feeding structures (Robinson
et al., 1984; Hawkins et al., 1996; Iglesias et al., 1996; Urrutia et al., 2001; Shin et al., 2002).

CONCLUSION
The comparison of the flux of chlorophyll a showed a greater loss across day tidal phases than
that of the night period. The differences between the incoming and outgoing tides of
chlorophyll a concentration flux as well as the differences between the day and night flux
were statistically significant. In addition, the general pattern showed that the water
temperature decreased over night tidal phases, and increased over day tidal cycles. These
findings support the notion that the clams in the Inlet filter feed during these day time periods.
The difference in the sampling periods of spring and summer showed more variability of
chlorophyll a concentration in November than January. There were not enough samples to
statistically validate the difference between these two sampled periods. However, a past study
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in a local inlet suggests that seasonality affects the depletion of chlorophyll a concentration
(Pawson, 2004), which is also likely in Waitati Inlet. Overall this supports the view that the
clam Austrovenus stutchburyi is responsible for the depletion of phytoplankton, and
potentially the associated nutrient cycling, within Waitati Inlet. This further supports the
importance of benthic-pelagic coupling within the inlet and the potential consequence of loss
of this function with loss of clams capable of performing this function.
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CHAPTER SIX
Discussions and Conclusions
STUDY AIMS
The ultimate objective of this study was to assess the population filter-feeding capacity by
Austrovenus stutchburyi in Waitati Inlet, in the South Island of New Zealand. Within this
objective were specific studies to estimate the current biomass in non-commercial areas, to
assess the long term biomass trends within non-commercial and commercial harvest areas,
and to examine the filter feeding rates of this species and the tidal flux of phytoplankton in
situ. The implications of these studies are combined in this final chapter to investigate the
impacts of harvesting to the biomass levels and to the filter feeding capacity carried out within
the inlet. This is further compared in terms of the current management regime and further
harvesting in this fishery.

A biomass survey was undertaken in the non-commercial areas and compared to past surveys
of Papanui and Waitati Inlet to analyse the pressures on these areas that sit within
commercially harvested inlets. The long term biomass trends of size classes were extracted
from past surveys to compare the discrete beds for analyses on a finer spatial scale than past
surveys for non-commercial and commercial areas. The study methods and survey designs of
the past surveys were also compared over time. The role that these bivalve suspension feeders
play in controlling phytoplankton load was examined by feeding rate experiments in
laboratory flumes that included size class and density treatments, and in situ measurements of
the flux of chlorophyll a concentration across tidal cycles.
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FISHERY BIOMASS TRENDS
The biomass of size classes of both beds (both Inlets) differs in their long term trend, with a
decrease of juvenile and large clams in Papanui Inlet and a decrease of juvenile and medium
clams in Waitati Inlet. It has been shown in the past that a decrease in clam density may
enable clams in the smaller classes to move through the size classes faster at lower densities
(Irwin, 2004). Although this current study estimated the biomass over time, the decrease in
this value over time would result in the decrease in clam density for these same size classes.
Therefore this study also supports that the decrease in biomass may result in faster growth
rates due to decreasing competition for resources. However, compared to growth in clams
after harvesting found on Snake Bank in northern New Zealand (Morrison 2000), the growth
in these Otago inlets will remain relatively slow (Irwin, 2004).

The comparison of the biomass estimates over time for the total inlet does not represent the
size class biomass in their contribution to the overall inlet. Past reports of the assessment of
long term trends in these fisheries have focussed on reporting the current size class biomass
estimates, and comparing the long term total inlet values. The long term trend of the total inlet
values showed that the total inlet biomass in Papanui Inlet decreased, and that there has been
little change in Waitati Inlet. The decrease in the total inlet values of Papanui Inlet would be
due to the decrease in juvenile and medium clams. While the total inlet remained relatively
constant in Waitati Inlet the size class showed a decrease in juvenile clams with a slight
decrease in large clams for Waitati Inlet. Therefore the analysis of size class trend illustrated a
more specific pattern of the change over time, and the further sustainability of the fishery.

The comparison of long term biomass of size classes was even more critical in the analysis of
the non-commercial fishery in both inlets. This study has shown that there was a slight
increase in total biomass of the non-commercial area of both inlets compared to the current
estimate measured. Whereas the size class biomass trend for the non-commercial area shows
an increase of medium clams only in Papanui Inlet, and large clams in Waitati Inlet. This is of
particular concern as there is a decrease of juvenile size clam biomass in both inlets, which is
not obvious in the total inlet biomass analysis. The analysis of long term data within the
commercial beds for each designated area showed that no two beds in the commercial area
were identical in their pattern of biomass in clam size class however it is possible that the
clams move across beds and this was section of study could only be compared across twoyears, whereas a longer time scale of surveys would benefit this part of the analysis. Overall,
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this highlighted that the comparison of biomass over time should focus on the size class
values for the total inlet, and be repeated for the areas distinct to either user groups (i.e. the
non-commercial area and the commercial area), as this would demonstrate the trend of growth
and maturity of the clams that are under the pressure of harvesting within these two inlets.
This study requires further consistency in the discrete beds surveyed to compare the bed size
classes over time.

The current study analysis of the size classes over time highlights the data of juvenile clams
over time. The previous study by Irwin (2004) on the impact of harvesting over time in these
two inlets reported that the recruitment of juveniles is probably the most important
mechanism in the recovery of harvested areas. Irwin (2004) further reported that the periods
of recruitment were found at different times of the year and at varying intensities amount
study areas. The current study of juvenile clam biomass supports Irwin (2004) that juvenile
recruitment is highly variable spatially and temporally. The non-commercial study has shown
that the juvenile size clams needs to be supplemented as the biomass of these areas for both
inlets is half that since the initial non-commercial estimate in the 2002 survey (Wing et al.,
2002). Whereas the total inlet area had shown that juvenile recruitment has occurred, but the
most recent estimates (Stewart, 2006; Stewart, 2008) show that this is less than a third of the
initial juvenile estimate of the 1992 survey (Stewart et al., 1992). The commercial discrete
beds also showed an increase in juvenile clams over the 2002 to the recent estimate periods
(Stewart, 2006; Stewart, 2008) with varied amounts of this size across different beds. This
could support Irwin (2004) that the change in spatial pattern could be attributed to new
recruitment and small scale local migration around disturbances. Stephenson (1981) and
McDonald (1999) found that migration of adult A. stutchburyi is frequent around the edges of
a disturbance. However, the decrease of juvenile clam biomass over the longer term with no
recovery shows uncertainty in the recruitment of this size class to the inlet areas.

BENTHIC-PELAGIC COUPLING
ECOSYSTEM FUNCTION BY AUSTROVENUS STUTCHBURYI
The decoupling of benthic and pelagic processes within this current study, through laboratory
study and in situ measurements, was used to evaluate the ecosystem function by the
Austrovenus stutchburyi population of Waitati Inlet and assess the consequences related to the
change in biomass trend over time. This study has found that the clearance rate model based
on laboratory experiments for medium and large clam biomass within Waitati Inlet is
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supported by the in situ measurements of chlorophyll a loss across tidal cycles. The clearance
rates modelled were 0.18 L indˉ¹ hˉ¹ and 0.12 L indˉ¹ hˉ¹ with the uptake chlorophyll a
concentration cleared from the water column was 0.012 µg Lˉ¹ and 0.007 µg Lˉ¹ for medium
and large clams respectively based on the most current 2007 biomass survey. This is similar
to the chlorophyll a loss across tidal cycles measured in situ with 0.024 µg Lˉ¹ hˉ¹ and 0.012
µg Lˉ¹ hˉ¹ during November and January periods respectively. These results show that
although there is a relatively large amount of chlorophyll a in situ across tidal cycles with
large clearance rates by individual clams, the amount of chlorophyll a filtered from the water
column is about 7% of the potential clearance rate. This implies that clams perform selective
feeding that may be necessary for energy requirements, and that there is a sufficient amount
of phytoplankton to feed from.

The uptake rate of chlorophyll a from the laboratory-based feeding study was compared to the
in situ amount of chlorophyll a to give the total inlet filter capacity. The inlet filter capacity of
chlorophyll a filtered was 20.8 mg per day for medium clams, and 3.0 mg per day large
clams. These values were also based on the 2007 biomass values for medium and large clams
and 3.5 hours feeding per tidal cycle. The low value of chlorophyll a filtered from the water
column by large clams is due to the relatively low biomass compared to the medium size
class. The large clams have been shown in this study to have a higher clearance rate compared
to medium clams with density influencing the clearance rate for both size classes. This study
has calculated that the loss of large clams over time has resulted in a decrease in filtering
capacity, which would potentially affect the removal of chlorophyll a from the water column
and the delivery of this pelagic matter to higher trophic levels. The decrease of medium and
large bivalves at a system level may affect the mediation that these clams provide at the
sediment and water interface.

FISHERY MANAGEMENT
THE NON-COMMERCIAL FISHERY
The current management regulations for recreational (amateur) harvesters need to be revised,
as the bag limit of 150 clams per person per day, set and enforced by the Ministry of Fisheries
does not support sustainability of this fishery. The results of this study support existing
concerns by customary harvesters of Ngai Tahu who believe that the recreational set bag limit
is unreasonably large, and that the limit results in over-harvesting of the cockle beds
(Waitangi Tribunal, 1992). In 2009, a formal submission on behalf of the East Otago Taiāpure
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Management Committee and local Otago University scientist was passed onto the Minister of
Fisheries, and thereby the Government, in a request to lower the bag limit to 50 clams per
person per day with the result of no support for legislation change by the Government (Otago
Daily Times, 2009). This management committee went onto placing voluntary bag limits on
certain species in 2010, including the cockle as 50 per day per person. However, this is not
legislation, and Ministry of Fishery officers cannot enforce such efforts to promote restoration
and sustainability of these clams. Further management of this area should be based on the
trend of size classes rather than total inlet biomass.

Another major concern is that these two non-commercial beds sit within inlets of a large
commercial harvesting operation. This factor creates two inlets that receive a great pressure of
harvesting by all user groups. If the local population of gatherers are further limited by
regulation to 50 clams from 150 clams per person per day, than the policing of this would
potentially be difficult since the commercial operation functions under a different
management strategy of total allowable catch. It is shown elsewhere that these daily limits fail
to constrain annual recreational harvests to appropriate levels when accessibility is high
(Hartill et al., 2005). This could be the case where commercial harvest take is seen by local
gatherers. The fishery should be based on the viability of a long term local harvest regime, if
the local based harvesting cannot be supported with the greater goal of a sustainable clam
population then the sustainability under a commercial regime is even more unlikely. In this
case, it is suggested that the commercial operation management strategy is also addressed as
Papanui Inlet has not been commercially harvested since 2005-06, and Waitati Inlet receives
the total effort of commercial takes. A final recommendation on the management strategy in
place is that these are guided on local focussed stock assessment surveys, especially in
fisheries of high-gathering areas.

THE COMMERCIAL FISHERY
The commercial operation Southern Clams Limited has shown that they do not take their total
quota of 1500 tonnes, with the largest take in the 2005-06 year of 943 tonnes (Ministry of
Fisheries, 2010). The decrease of juvenile clams in both Papanui and Waitati Inlets over the
past is clearly evident and has been reported in the past as a concern for the fishery (Irwin,
2004). The current juvenile biomass levels are 25.9% (Stewart, 2006) and 27.7% (Stewart,
2008) of their 1992 survey level of biomass value in Papanui and Waitati Inlet respectively.
This demonstrates that further study of juvenile recruitment is required. Further to this, the
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last commercial take reported in Papanui Inlet was in 2005-06 which suggests that this inlet
may no longer suitable for commercial take. Further surveys are recommended to gather
information on the time required for the possible recovery of clams into this fishery. Further
surveys need to focus on the trend of size class biomass over time in addition to the total inlet
biomass over time, to compliment future management decisions in the fishery.

Since there are signs of uncertainty in the pattern of recruitment into the fishery, the
commercial operation needs to consider methods of restocking the population. Since this
current study is based on the latest survey of 2004 and 2007 within Papanui and Waitati Inlet
respectively, there is some urgency for timely improvement in management and the
restoration of this population.

CONCLUSION
The long term data for the size class biomass highlighted changes in sizes classes, with little
change in the total inlet biomass overtime. The depletion of juvenile clam biomass within
both Papanui and Waitati Inlet imply that recruitment is temporally variable and
unpredictable. This study was limited by the change in study design as well as the change in
size class lengths estimated, limiting the study within small time frames of analyses. Further
research needs to be consistent with past reports.

Both the medium and large clams play an important role in filtering chlorophyll a from the
water column, with large clams having a higher clearance rate than medium clams, and the
density of clams was found to be the greater influence in the filtering rate. The biomass of
large clams was within the inlet survey relatively low compared to medium clams; therefore
as an inlet unit the medium clams have a higher filtering capacity than large clams.
Consequently, the decline in the medium and large A. stutchburyi population would
potentially result in lower filtering capacity and perhaps affect their role in ecosystem
function. These clams only filter a proportion of the phytoplankton that occurs in Waitati
Inlet, which may imply that the further decline in the filtration capacity through the loss of
clam biomass may be further detrimental to the ecosystem cycle with more phytoplankton
present to consume the oxygen required by clams and other species within the inlet. The
product of less phytoplankton filtered from the decrease in filtering capable clams may have a
major impact on the coastal system in terms of the productivity of the system and the stability
of the resource base. This study supports the ecological significance of the population size of
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A. stutchburyi within this fishery, and that its ecological value should be considered in future
harvesting decisions. This information provides a baseline assessment for monitoring the
health of an inlet, and further monitoring of this dominant species should be continued to
ensure the maintenance of its role in this system.
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APPENDICES
APPENDIX A

Epoxy Resin, and Thin Sectioning Procedure

The shell is sectioned through the longest growing axis from the umbo to the outer edge
(Sheppard, 1984). To prevent the shell chipping or becoming otherwise damaged during
sectioning, the shell is often placed in a resin. The resin also provides a firm base upon which
to carry out the rest of the procedure.
One valve of the shell was embedded in an electrical cable jointing resin “Araldite K142™”.
This was done by dipping the clams into the mixed resin, and placing onto a tray lined with
cooking paper (Glad cooking paper™), and then dried in an oven for two hours at 45ºC
(alternatively the valves can be left at room temperature for 12 hours), and dipped again with
a total of two to three coatings. Small valves were placed in ice cube containers and resin
poured over them.

Once coated, the shell was sectioned, along the axis of maximum growth (Fig 2.5 Line of
cross section through shell), using a large industrial Saw, followed by a smaller Saw. The cut
edge was ground flat on wet flat surface with coarse powder (100 grit) on a lapidary wheel.
This is followed by being ground smooth on a wet flat glass surface with a fine powder (2000
grit). The block should be ground in a circular motion. This minimises the creation of deep
scratches. Final polishing is done by hand with a polishing paste to remove any fine scratches.
The final polishing should continue until all flaws have been removed from the surface of the
block and it looks mirrored under reflected light.

This was glued to a microscope slide. There are different glues that can be used to secure the
shell to the slide. In some instances catalysed resin has been used. This requires a hot plate to
heat the specimen and if the resin boils bubbles are formed which can be difficult to not
require heating. It was considerably easier to use a glue such as “araldite ™” which does not
require heating. The slide was left to cure for 24 hours at ambient temperature (Sheppard,
1984).

Once the glue had dried the shell was reduced in thickness, by sawing off the excess from the
back. The remainder was about 3 mm thick. The final desired thickness was then achieved by
grinding the block down with silicon carbide paper of a medium (600 grit) to fine (2000) grit
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and then the section was polished with polishing paste, 0.05µm alumina. The best thickness is
when the critical aspects of the shell structure are clearly seen. The optimum thickness for
shells varies from 25-100 microns, and depends on the shell and the amount of detail required
(Sheppard, 1984). The shell sections for this study were on average 30µm thick.

Care should be taken during the final polishing of the section. At this stage the section is very
fragile and it is easy to over polish and damage growth layers.
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APPENDIX B

Survey coordinates from non-commercial area sampling of

Papanui Inlet and Waitati Inlet
Papanui Inlet
Quadrat

Grid

Grid

Number

Weight
(g)

number

area (m²)

of clams

15
16
17
18
19
23
13
14
22
9
10
11
12
24
25
26
28
1
6
7
8
2
3
4
5
20
21
27
29
33
34
35
37
30
31
32

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

numbe
r
40
40
40
41
41
42
52
52
52
53
53
53
53
54
54
54
54
60
60
60
60
61
61
61
61
62
62
62
62
67
67
67
67
68
68
68

12
9
0
26
11
5
47
47
54
26
14
45
35
35
15
36
14
13
43
120
98
39
134
29
44
36
36
41
55
28
30
89
51
91
22
35

364.19
188.33
389.35
336.73
129.92
260.79
676.50
802.70
842.89
321.44
142.27
908.61
493.24
870.39
498.58
1131.79
690.80
389.91
559.29
1119.90
690.29
403.58
1260.59
256.68
714.60
1170.94
385.56
1056.45
1231.19
359.02
394.45
909.46
527.46
1416.86
158.29
335.80

Grid

Grid

Number

Weight (g)

atitude
S

ongitude
E

-45.50956
-45.50961
-45.50955
-45.50968
-45.50974
-45.50972
-45.50994
-45.50992
-45.51015
-45.50998
-45.50991
-45.51023
-45.51019
-45.51003
-45.50988
-45.50991
-45.51015
-45.51068
-45.51057
-45.51046
-45.51043
-45.51065
-45.51075
-45.51077
-45.51047
-45.51054
-45.51062
-45.51056
-45.51033
-45.51137
-45.51092
-45.51108
-45.51101
-45.51106
-45.51136
-45.51117

170.42187
170.42166
170.42171
170.42243
170.42236
170.42287
170.42156
170.42165
170.42162
170.42283
170.42211
170.42264
170.42259
170.42324
170.42297
170.42293
170.42363
170.42196
170.42206
170.42165
170.42199
170.42243
170.42273
170.42243
170.42245
170.42337
170.42348
170.42337
170.42340
170.42181
170.42157
170.42136
170.42167
170.42279
170.42223
170.42251

atitude

ongitude

Waitati Inlet
Quadrat
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number
1
2
3
4
5
6
7
8
9
10
11
15
16
17
18
12
13
14

area (m²)
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000

number
63
63
63
63
68
68
68
72
72
72
72
73
73
73
73
75
75
75

of clams
78
80
179
102
107
74
124
186
209
132
101
200
27
103
46
132
138
143

1163.67
1537.20
1573.70
1800.70
1202.04
831.70
1509.95
1113.32
1613.81
757.59
926.00
2095.20
512.87
768.11
1356.30
502.88
577.74
932.37

S

E

-45.44345
-45.44344
-45.44356
-45.44345
-45.44315
-45.44340
-45.44342
-45.44322
-45.44316
-45.44332
-45.44351
-45.44273
-45.44291
-45.44304
-45.44271
-45.44294
-45.44312
-45.44309

170.35413
170.35415
170.35431
170.35424
170.35516
170.35477
170.35494
170.35540
170.35342
170.35596
170.35561
170.35575
170.35534
170.35547
170.35545
170.35624
170.35638
170.35646
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APPENDIX C

The grid area sizes for 2002 and 2004 survey data used in this

chapter.
Papanui Inlet
Size
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Area Grid
10000
1
10000
2
10000
3
10000
4
10000
5
10000
6
10000
7
10000
8
10000
9
10000 10
10000 11
10000 12
10000 13
10000 14
10000 15
10000 16
10000 17
10000 18
10000 19
10000 20
10000 21
10000 22
10000 23
10000 24
10000 25
10000 26
10000 27

Size
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Area Grid
10000 28
10000 29
10000 30
10000 31
10000 32
10000 33
10000 34
10000 35
10000 36
10000 37
10000 38
10000 39
10000 40
10000 41
10000 42
10000 43
10000 44
10000 45
10000 46
10000 47
10000 48
10000 49
10000 50
10000 51
10000 52
10000 53
10000 54

Size
100
100
100
100
100
100
100
100
100
100
100
100
100
100
300
300
300
300
300
300
300
300
300
300
300
300
300

Area Grid
10000 55
10000 56
10000 57
10000 58
10000 59
10000 60
10000 61
10000 62
10000 63
10000 64
10000 65
10000 66
10000 67
8707
68
33343
1
55487
2
29425
3
62970
4
9000
5
9000
6
9000
7
84242
8
39930
9
22787 10
86990 11
90000 12
90000 13

Size
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

Area Grid
70000 14
80000 15
90000 16
90000 17
37077 18
35770 19
81533 20
88890 21
90000 22
90000 23
30000 24
50000 25
68286 26
50637 27
90000 28
90000 29
70000 30
26149 31
46713 32
40168 33
75917 34
90000 35
89467 36
56298 37
34548 38
32704 39

Size
100
100
100
100
100
100
100
100
100
100
100

Area Grid
10000 43
10000 44
10000 45
10000 46
10000 47
10000 48
10000 49
10000 50
10000 51
10000 52
10000 53

Size
100
100
100
100
100
100
100
100
100
100
100

Area Grid
10000 85
10000 86
10000 87
10000 88
10000 89
10000 90
10000 91
10000 92
10000 93
10000 94
10000 95

Size
300
300
300
300
300
300
300
300
300
300
300

Area Grid
90000 23
90000 24
90000 25
75149 26
56121 27
36364 28
90000 29
90000 30
30000 31
90000 32
90000 33

Waitati Inlet
Size
100
100
100
100
100
100
100
100
100
100
100

Area Grid
10000
1
10000
2
10000
3
10000
4
10000
5
10000
6
10000
7
10000
8
10000
9
10000 10
10000 11

141

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Size
300
300
300
300
300
300

Area Grid
74960 65
50736 66
59893 67
90000 68
77589 69
33125 72

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

100
100
100
100
100
100
100
100
100
100
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
40397
52028
46959
21990
90000
90000
90000
80000
90000
90000
90000
13168
29426
17679
90000
52524
90000
90000
90000
90000
90000

96
97
98
99
100
101
102
103
104
105
1
2
3
4
8
9
10
11
12
13
14
5
6
7
15
16
18
19
20
21
22

300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

90000
90000
90000
90000
90000
44582
39148
90000
30000
73773
62256
90000
90000
90000
90000
90000
82385
12796
42881
73091
90000
90000
60000
80000
90000
39693
24925
42316
50000
73629
47359

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
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APPENDIX D
Date
11/12/2009

12/12/2009

14/12/2009

16/12/2009

Experimental time line for all combinations of variables
Density

Size

62
32
62
62
62
62
32
32
32
32
62
32

Large
Large
Large
Large
Medium
Medium
Medium
Medium
Large
Large
Medium
Medium

Weight
(g)
2790.5
886.1
1908.2
2528.7
993.8
764.59
524.11
603.0
1054.9
1146.3
675.79
375.33

Average
(g)
45.01
27.69
30.78
40.79
16.03
12.33
16.38
18.84
32.97
35.82
10.90
11.73
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