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Abstract 

Bivalves are commercially and ecologically important in estuarine ecosystem. Austrovenus 

stutchburyi is a dominant bivalve species in the Blueskin Bay inlet, New Zealand, and has been 

considered as culturally, commercially and ecologically important (Irwin 2004). For long 

pelagic microalgae have been regarded as the main food source for A. stutchburyi in this inlet, 

while the importance of benthic primary production may have been overlooked. The present 

study aims to examine the contribution of pelagic and benthic primary production in support 

of the A. stutchburyi stock in Blueskin Bay inlet. 

Chlorophyll fluxes through the mouth of the Blueskin Bay inlet during tidal exchange were 

monitored using fluorometers as a proxy of the biomass of pelagic primary production. Spatial 

surveys of pelagic and benthic chlorophyll concentrations were conducted to assess spatial 

distribution. Suspended particulate organic matter (SPOM) and sediment organic matter 

(SOM) were sampled seasonally for stable isotopes to complement the chlorophyll data. A 

two-source mass balance model using stable isotopes 13C and 15N was applied to calculate the 

relative contribution of pelagic and benthic organic sources to the diet of A. stutchburyi in 

Blueskin Bay.  

Tidal and seasonal patterns can be seen from the concentration of chlorophyll detected at 

the entrance of the estuary. Chlorophyll concentrations in flood tides (2.73±0.29 ug/L to 

1.41±0.04 ug/L) and the proportion of chlorophyll depleted on a tide (39.00±0.05 % to 

18.66%±0.03 %) peaked in spring and reached their lowest point in winter. The SPOM data 

shows similar seasonal variation. A positive relationship was found between the 

concentration of benthic chlorophyll concentration and SOM and the distance from the 

estuary mouth.  Areas with higher density of A. stutchburyi (average 6.2kg/m2) tend to have 

higher abundance of diatoms than areas with lower density of A. stutchburyi (<1kg/m2). 

Results from the stable isotope model indicates that while SPOM accounts for the majority of 

the carbon of A. stutchburyi, benthic organic matter source can be an important contributor 

to the diet of A. stutchburyi (11.82±3.93% to 34.10±1.78%). The proportion of food derived 

from the benthic environment becomes larger as the distance from the estuary mouth 

increases.   
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The study shows that the relative contribution of pelagic versus benthic primary production 

to A. stutchburyi varies spatially and temporally within Blueskin Bay, which should be given 

consideration in ecosystem-based management of the species. 
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Chapter 1: General Introduction 

An estuary is defined as a semi-closed coastal body of water connecting with the open sea, 

within which the sea water is measurably mixed with fresh water deriving from land drainage 

(Cameron & Pritchard 1963). Strongly affected by tidal action, estuaries are dynamic places 

where land, fresh water and marine ecosystems merge (Nienhuis & Smaal 1994).  

The indispensable services provided by estuaries have been well determined. Thrush et al. 

(2013) summarised the ecosystem services as  

1. Provisioning services - estuaries supply food and raw material via primary and 

secondary production and other biogeochemical processes; 

2. Regulation and maintenance services - biophysiochemical cycles that regulate the 

assimilation of waste, store and cycle nutrients, stabilize gaseous and sediment 

environments, moderate climate change, maintain hydraulic cycles and protect 

shorelines; 

3. Habitat and ecological community services – estuaries provide habitats for biota, 

ecosystem resilience and preservation of genetic resources; 

4. Cultural services – estuaries serve as cultural and spiritual heritage sites, places for 

recreation and tourism and provide other benefits such as aesthetics. 

Nowadays estuaries are confronted with natural and anthropogenic stressors including 

climate change (Law et al. 2017), sedimentation (Feng et al. 2010), eutrophication (Parker et 

al 2012), and increasing fishing pressure (Dzoga et al. 2018). There are over 400 estuaries 

along the coastline of New Zealand, covering an area of approximately 5300km2 (Hume & 

Herdendorf 1993). A number of studies have been carried out about how estuaries function 

under the impact of riverine input and sea water (e.g., Dickinson & Mark 2004, Zeldis et al. 

2008, Fry et al. 2011). However, the relative importance of pelagic and benthic primary 

production has rarely been quantified, especially when it comes to their contribution to the 

secondary production of key species. A thorough understanding of estuarine primary 

production provides a baseline for food web studies and can be considerably helpful for 

resource management and estuarine environment conservation. 
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The Blueskin Bay inlet is a tidal estuary with a prism of over 90% of the total water volume 

(calculated in Chapter 2.3.1) and an abundant Austrovenus stutchburyi resource (Stewart 

2008). It connects to the sea with only one narrow entrance and the current is divided into 

two channels after entering the estuary, which makes it ideal to quantify both pelagic and 

benthic primary production and their contribution to the key species, A. stutchburyi.  

 

1.1. Food webs in bivalve-dominated estuaries 

Estuaries are often productive ecosystems with an average productivity of 1500 g/m2/year 

(dry matter), compared to only 125 g/m2/year for open ocean (Whittaker & Likens 1975). 

They support a myriad of biological processes and human uses (Mann 2000). At the bottom 

of the food chains are primary producers, which transforms an abiotic source of energy (e.g. 

light) into energy stored in organic matter. Organic matter includes particulate organic matter 

(POM), or detritus, and dissolved organic matter (DOM) (Thurman 1985). POM is directly 

consumed by invertebrates or consumed by decomposers such as bacteria and fungi and then 

enter the nutrient flux of the ecosystem while DOM can be passed on to higher trophic levels 

via its incorporation into bacterial biomass (Dame 1993, Fenchel 2008). On the other hand, 

the primary producers, mainly phytoplankton in the water column and microphytobenthos 

(MPB) in the sediment, not only underpin the food web as a food source for higher trophic 

levels, but also contribute considerable energy and organic material by carbon fixation (e.g. 

photosynthesis) (Correll 1978). Seagrasses are also regarded as highly productive producers 

in some estuarine ecosystems, possibly being incorporated into food webs via bacteria 

(Caraco et al. 1998). Further up the food chain, there are primary consumers such as copepods, 

zooplankton, meiofauna and macrofauna, followed by higher-trophic-level consumers (e.g. 

fish and birds). All these trophic levels, in return, contribute to the detritus pool in the form 

of dead particulate organic material (Winemiller et al. 2007). 

As a buffer area between the land and the sea, estuaries with tidal exchange are different 

from other aquatic ecosystems as the sediments are exposed at ebb tide and submerged in 

water at flood tide (Baba et al. 2003). Potentially, different food sources can be available for 

consumers due to various physical conditions over the tidal cycles. The water column carries 

food supplies and oxygn that benthic filter feeders require and removes wastes while deposit 
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feeding organisms absorb food from the sediment (Baba et al. 2003). Furthermore, shallow 

and well mixed tidal fluxes make it possible for suspension feeders to utilise the whole water 

column (Asmus et al. 1992, Asmus et al. 2000, Asmus & Asmus 2011). This way, marine inlet 

systems with abundant suspended particulate and certain abiotic environmental factors tend 

to be suitable for bivalves to evolve and become dominant (Dame 1996).  

The ecological roles of bivalves in estuaries have been well studied (Prins & Smaal 1990, Dame 

et al. 1991, Smaal & Haas 1997, Prins et al. 1998, Powson 2004, Asmus & Asmus 2005, Jones 

2011). The feeding activity of bivalves has a prominent impact on the material and energy 

coupling between the pelagic and benthic environment ecosystems. Bivalves remove 

phytoplankton, resuspended benthic algae, organic detritus and even microzooplankton from 

the water column, and deposit this organic matter into the sediment as faeces and 

pseudofaeces (Kaspar et al. 1985, Newell et al. 2005). This creates sediment with a high 

amount of organic matter, ideal for deposit feeding microbiota, meiofauna and macrofauna 

(Commito & Boncavage 1989, Dame 1996, Commito et al. 2008). Dame (1996) reviewed the 

filtration capacity of the oyster Crassostrea gigas ranging from 4.9 g C m−2 yr−1 in Chesapeake 

Bay to 263.7 g C m−2 yr−1 in the oyster bed of Marénnes-Oleron Bay in France. Dense beds of 

bivalves tend to exert a significant top-down control on primary producers (Sterner 1986, 

Dame 1996). Meanwhile, nutrients (e.g. nitrogen) in the biodeposits produced by bivalves 

return to the benthos and stimulate remineralisation via increasing bacterial activity (Tilman 

1976, Kaspar et al. 1985, Sommer 1989, Newell et al. 2002, Newell et al. 2005, Giles & Conrad 

2006). Hence bivalves perform a key role, connecting primary producers and predators at 

higher trophic levels as well as, exerting impact on the nutrient cycles of the ecosystem (Dame 

1993). 

 

1.2. Pelagic primary production 

Primary production is deemed as the biochemical production of biomass of primary producers 

from photosynthesis and chemosynthesis (Bollman et al. 2010). The organic matter 

synthesised can be successively used by higher trophic levels in the marine ecosystem 

(Ferguson et al. 1981). Correll (1978) suggested that, in spite of the morphometrical, 

meteorological, chemical, and biological variability of estuaries, the most important primary 



 

4 

 

producers in the pelagic environment seem to be phytoplankton, including cyanobacteria, 

diatoms, dignoflagellates, green algae and cocclithophores (Field et al. 1998, Han & Takahashi 

2001).  

Cloren et al. (2014) calculated the net annual phytoplankton primary production of estuarine-

coastal ecosystems, which they found varying from 105g C m-2 yr-1 in the Scheldt Estuary to 

1890g C m-2 yr-1 in the Tamagawa Estuary. The productivity differences are considered as the 

result of major factors such as nutrient availability, ambient temperature and light intensity 

(Ferguson et al. 1981). Seasonal changes and gradients along with factors such as depth, 

salinity and tidal phase, can also be observed in the abundance and productivity of these 

pelagic primary producers (Bradford 1972, Perkins 1974, Bradford et al. 1976, Dodds 1990). 

This also further affects the higher trophic levels (e.g. filter feeders) that they support.  

However, few studies on pelagic primary production have been carried out in Blueskin Bay 

Inlet. Over a two-month period, Kainamu (2011) conducted chlorophyll samplings (November 

2009 and January 2010), recording a chlorophyll concentration of 0.1 -5.2 ug/L at the mouth 

of the estuary. Similar chlorophyll measurements were also seen in the Papanui Inlet (Pawson 

2004), which is approximately 15km south of Blueskin Bay inlet, and in Avon Heathcote 

Estuary (Marsden 2004). Pelagic phytoplankton production in Manukau Harbour has been 

estimated to be 170 to 200g C/m2/yr, while in Whangateau Harbour, the phytoplankton 

production was calculated at only 29 g C/m2/yr (Jones 2011). 

 

1.3. Benthic primary production 

Microalgae, macroalgae, and seagrasses are the representative primary producers in shallow 

coastal waters (Correll 1978). Compared to macroalgae and seagrasses which are conspicuous, 

photosynthetically active microorganism assemblages can be found on close inspection as 

brown, yellow or green colouring of sediment surfaces. These microorganisms are described 

by the term microphytobenthos (MPB) and include surface living microscopic, unicellular 

eukaryotic algae, namely Bacillariophyceae, Chlorophyceae and Dinophyceae (Miller et al. 

1996).  
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In shallow water ecosystems such as intertidal sand and mudflats and salt marshes, MPB are 

often the dominant primary producers, contributing significantly to the total primary 

production of the inlet (Gattuso et al. 2006, Oberg 2006, Krause-Jensen et al. 2011, Hardison 

et al. 2013), where they supply organic matter for organisms including bacteria, deposit 

feeders and grazers (Decho & Lopez 1993, Kawamura et al. 1998). Underwood & Kromkamp 

(1999) suggested that over 50% of the primary production could be attributed to MPB in an 

estuary ecosystem. Therefore, MPB play a vital role in supporting the secondary production 

by supplying labile organic material for the whole food web (Miller et al. 1996, Middleburg et 

al. 2000, Kang et al. 2003). 

Apart from producing organic matter via photosynthetic processes, the ecological significance 

of MPB has also been proven in the the enhancement of sediment resilience (Van de Koppel 

et al. 2001, Wolfstein et al. 2002, Thrush et al. 2012) and nutrient fluxes (Sundbäck et al. 2000), 

as well as in temporarily or permanently storing carbon and nutrients (Middelburg et al. 2000, 

Hardison et al. 2011). 

A lot of primary production studies merely focus on pelagic primary production and exclude 

the possible important contribution from the benthic communities (MacIntyre et al. 1996, 

Cahoon 1999, Attard 2016). Indeed, a series of studies have found them to be vital primary 

producers in shallow estuarine ecosystems, supporting abundant natural or cultivated 

suspension feeding bivalve populations (reviewed by MacIntyre et al. 1996, Miller et al. 1996).  

However, the biomass and distribution of MPB residing in the Blueskin Bay inlet has never 

been studied, and little data is available regarding the trophic relationship between MPB and 

A. stutchburyi in this habitat. 

 

1.4. Biology of Austrovenus stutchburyi 

The New Zealand littleneck clam (Austrovenus stutchburyi, formerly Chione stutchburyi, 

hereafter A. stutchburyi) is traditionally known as tuaki, tuangi or the New Zealand cockle. It 

belongs to the bivalve family Veneridae, commonly known as Venus clams, which play an 

important role in littoral and sublittoral communities in soft substrates (Larcombe 1971).  
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A. stutchburyi is endemic to New Zealand and found on sheltered beaches of soft mud to fine 

sand (Morton & Miller 1973, Larcombe 1971, Powell 1979). A. stutchburyi distribution is often 

restricted to the lowest high water neap tide mark to the lowest part of the shore and 

occasionally they may extend to 20 m depth (Larcombe 1971, Stephenson 1981). As a 

suspension feeder, A. stutchburyi rarely burrows 2-4 cm below the substrate surface 

(Larcombe 1971, Wildish 1984).  They live in the sediment with 10-85% fine silt (Owen 1992) 

and with a preference for sediments with a larger grain size. The maximum density of A. 

stutchburyi decreases with increased mud content (Pratt et al. 2014). It is also common to 

observe extensive patches of eelgrass (Zostera sp.) and Ulva lactuca in their habitat (Leduc et 

al. 2006). 

As a dominant species, large beds of littleneck clams can reach a maximum abundance of 

around 4000 individuals (small individuals) per square metre on Cheltenham beach near 

Auckland (Larcombe 1971). In the South Island, various mean densities of clams were 

reported, including 600 clams/m2 in Otago Harbour (Dobbinson 1986), 350 clams/m2 in Avon-

Heathcote Estuary near Christchurch (Marsden & Pilkinton 1995), and 100 clams/m2 in 

Western Golden Bay (Bull 1984). The distribution and density of clams depends on factors 

regarding tidal and sediment characteristics (Grace 1972, Healy 1980, Rainer 1981, 

Stephenson 1981, Owen 1992), salinity (McLeod & Wing 2008), shore height (Dobbinson et 

al. 1989), predation and harvest pressure (Irwin 2004). Tidal height also influences the size 

frequency distribution of A. stutchburyi. Specifically, the average size of clams increases from 

mid-tide regions to lower shore due to longer immersion times and greater feeding 

opportunities (Woods 1962, Voice 1975, Wildish 1984, Dobbinson 1985, Dobbinson et al. 

1989).  

Growth rates are significantly variable in A. stutchburyi at different sites and shore level with 

the growth rate coefficient K ranging from 0.1252 to 0.2345 (Larcombe 1971, Voice 1975, 

Blackwell 1984, Martin 1984, Dobbinson et al. 1989, Irwin 2004). The growth rate is higher in 

summer than in winter, at about 5mm per month in the Papanui Inlet, South Island, New 

Zealand (McKinnon 1996). With a potential life span of more than 25 years, A. stutchburyi can 

reach a shell length of more than 60mm and a total weight of >90g (Jillett 2001). A. stutchburyi 

are dioecious, and the two sexes occur in approximately equal numbers (Larcombe 1971). 

Sexual maturity appears to be a function of size rather than age, reaching maturity at a shell 
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length of 18-20 mm (Larcombe 1971). The breeding frequency of A. stutchburyi is reported as 

‘highly variable’ (Larcombe 1971, Stewart 2005, Adkins et al. 2014). Spawning begins in 

January and can extend to April or May (Larcombe 1971, Stephenson 1981, Irwin 1999) with 

peak spatfall observed from February to May (Stephenson & Chanley 1979).  

A. stutchburyi are only able to feed when they are submerged in water (Jillet 2001). Living 

within the intertidal zone, the shell usually gaps to extend it siphons when the tide is coming 

in. One siphon draws an intake from the overlying water, and the other one expels an exhaust 

stream (Healy 1980). The gills trap particles in the water stream, which are subsequently 

delivered to the mouth in a mucus sheet (Healy 1980). A. stutchburyi burrow shallow so that 

their siphons can reach the sediment surface for feeding.  

It's been suggested that large beds of A. stutchburyi have a significant impact on the 

improvement of water quality, through their removing of suspended particles in the water 

column (Stephenson 1981, Pawson 2004, Kainamu 2010, Jones et al. 2011). However, the 

clearance efficiency of A. stutchburyi differs according to flow rate, sedimentary environment 

(Jones 2011) and food quality (Pawson 2004). The feeding rate is also constrained by the time 

of submergence (Beentjes 1984), distance from the tidal entrance (Larcombe 1971) and 

intraspecies competition (Jones 2011). Healy (1980) estimated that actively feeding clam 

stock in the Pauatahanui Inlet region were able to filter half the volume of water entering 

over a full tidal cycle. Research in the Papanui Inlet region showed similar results (Pawson 

2004). 

In addition, A. stutchburyi are considered an autogenic engineering species, as its shell (dead 

or alive) serves as the hard surface for invertebrates to reside on, especially in mud flats 

(Thomas et al. 1998). Its burrowing and feeding behaviours also provide the ecosystem with 

bioturbation, increasing the oxygenation of surface sediment (Newell 2004). A. stutchburyi 

have considerable influence on the functioning of estuarine ecosystems, in terms of 

biodepositing nutrients to the sediment as pseudo-faeces and boosting primary production 

(Jones 2011).  

Where there are dominant species in their habitat, bivalves are vulnerable to the ecosystem 

shifts. Firstly, food quantity and quality are among the main factors affecting the biomass and 

productivity of bivalves (Page & Ricard 1990, Grant & Crawford 1991, Lesser et al. 1994). 
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Strong depletion capacity of bivalve beds with a high biomass and patchiness in plankton are 

likely to lead to limitation and competition of food source (Bayne 1993), resulting in decline 

of growth rate and survival rates (Frechette & Bourget 1985, Peterson & Black 1987, Marsden 

2004). Additionally, harvesting by humans has been reported as a major cause of the biomass 

change (e.g. Morrison 2000). 

While A. stutchburyi are ecologically, economically and culturally important, thorough studies 

of their food source and feeding preferences are lacking. It is generally assumed that 

phytoplankton is the only main food source for A. stutchburyi, which is supported by feeding 

experiments in laboratory (Pawson et al. 2004, Kainamu 2011).  Leduc et al (2006) first 

suggested seston was not the sole food for A. stutchburyi by comparing the δ34S signatures 

between seston and A. stutchburyi. Using a food-web model, Jones (2011) suggested that 

MPB was likely to play an important role in supporting the secondary production of A. 

stutchburyi.  

Investigating how much A. stutchburyi are feeding from the pelagic and benthic environment 

can increase the understanding of the species’ impact on the ecosystem. In addition, this 

information can be beneficial for policy-making regarding both clam resource management 

and ecosystem-based management of the estuary. 

 

1.5. Study site 

Blueskin Bay (45°43’S, 170°35’E) is an estuary located to the north of the Otago Peninsula, 

South Island, New Zealand with an area of 6.5 km² (Figure 1.2). The Waitati River and Careys 

Creek flow into the inlet at its southwest and northwest corners. The inlet opens to the Pacific 

Ocean at the southeast corner with a narrow mouth between Warrington (a long sand spit 

from the northern headland) and Doctor’s Point. Rabbit Island lies right inside this entrance, 

spliting the two channels in the northern and southern part of the inlet. In the Warrington 

reserve there is a wastewater treatment plant with an oxidation pond, where wastewater is 

treated and then sprayed onto a designated part of the sand spit reserve. 

At present, there are recreational, customary and commercial fishery of A. stutchburyi in 

Blueskin Bay Inlet. A. stutchburyi resource of the inlet is a popular target for recreational 
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fishers by hand digging (Teirney et al. 1997). Blueskin Bay Inlet is included in Fisheries 

Management Area 3 and referred to as COC3 under Quota Management System. However, 

no recreational harvest data for this area is available (Ministry of Fisheries 2017).  

Blueskin Bay Inlet holds its customary importance as a part of the East Otago Taiāpure, which 

is a customary fishery protection area where local management of fisheries is allowed (New 

Zealand Legislation 1999). Establishment of the Taiāpure was initiated by Kati Huirapa Runaka 

ki Peketeraki with the concern that the depletion of fish resource within their rohe would 

impair their rangatiratanga for their present and future generations to “cartch a feed” in the 

Taiāpure (Ministry of Primary Industries 2012). A. stutchburyi are considered as an important 

food source to local iwi (Ngai Tahu).  
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Figure 1.1 Map of the Blueskin Bay inlet (LINZ). The blue line near 1 is Careys Creek; the blue 

line near 2 is Waitati River; 3 is Rabbit Island. Warrington and Doctor’s Point are also shown 

on the map; 4 is Warrington wastewater treatment plant (Land Information New Zealand 

2013). 

 

Commercial fishing of A. stutchburyi has been carried out in Blueskin Bay since 1983 with a 

targeted size of 28mm-34mm (Stewart 2006). A. stutchburyi in the inlet is harvested by a local 

fishery company, Southern Clams Ltd. Commercial landings are listed in Table 1.1. A Total 

Allowable Catch (TAC) of 1500t was established in the Quota Mangement System.  
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Table 1.1 Reported landings (t) of clams from Blueskin Bay Inlets, and Otago Harbour (COC3), from 

1986-87 to 2017-18 based on Licensed Fish Receiver Returns (LFRR) and Catch Effort Landing Returns 

(CELR) (Miller 2019). 

Year Blueskin Bay Inlet landing (t) Catch Limits (t)  

1986-87 -  

 

 
104 

1987-88 - 

1988-89 - 

1989-90 - 

1990-91 16 

1991-92 14 

1992-93 92  

 

 
 

342 

1993-94 109 

1994-95 252 

1995-96 252 

1996-97 252 

1997-98 252 

1998-99 293 

1999-00 434  
1,173 2000-01 606 

2001-02 591 

2002-03 717  

 

 

 

 

 

 

 

 
1,470 

2003-04 689 

2004-05 709 

2005-06 870 

2006-07 897 

2007-08 760 

2008-09 752 

2009-10 379 

2010-11 92 

2011-12 358 

2012-13 403 

2013-14 438 

2014-15 466 

2015-16 453 

2016-17 825 

2017-18 906 
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1.6. Study aims and thesis structure 

The main objectives of this study are to investigate the spatio-temporal variation of pelagic 

and benthic primary production of the estuary and to assess the relative importance of pelagic 

and benthic carbon sources to the diet of A. stutchburyi. 

The thesis includes the following chapters: 

Chapter 1: General introduction 

This chapter introduces the background of the study and the main objectives of the study. 

Chapter 2: Spatial and temporal variation in primary production in the Blueskin Bay inlet 

This section contains investigation on the distribution and variation of primary productivity in 

the pelagic and benthic environment. The questions to be investigated are:  

• How does the primary production in the water column was vary over tidal cycles? 

• What is the seasonal pattern for pelagic primary production? 

• What is the relationship between benthic and primary production and distance to the 

inlet mouth? 

• What is the relationship between benthic primary production and A. stutchburyi 

density? 

Chapter 3: Relative contribution of pelagic and benthic food sources to the diet of 

Austrovenus stutchburyi 

The natural stable isotope signatures of suspended organic matter (SPOM), sediment organic 

matter (SOM), and A. stutchburyi were determined and subsequently submitted to the 

Isoerror mixing model to quantify the proportions of the above food sources in the diet of A. 

stutchburyi.  

Stable isotope sampling of organic matter sources and A. stutchburyi was conducted in both 

summer and winter, to examine if the clams’ diet shifts seasonally.  

The relative importance of the two food sources in relation to the distance to the mouth of 

the estuary was studied. The hypotheses are that both pelagic and benthic primary 
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production are major food sources for A. stutchburyi and their relative contribution varies 

spatially and seasonally inside the inlet. 

Chapter 4: Conclusion and discussion 

This chapter combines findings of previous sections and discusses the food supply for A. 

stutchburyi in the inlet andpotential conseuqneces of its depletion on the inlet ecosystem. A 

primary production budget was constructed for the estuary based on data from previous 

studies and findings in the present study. The ecological role of A. stutchburyi was discussed. 

Recommendation on fishery management of A. stutchburyi, limitations and suggestions for 

further studies are also included. 
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Chapter 2: Spatial and temporal variation in primary 

production in the Blueskin Bay inlet 

 

2.1. Introduction 

Estuaries are dynamic systems exhibiting wide and frequent physicochemical fluctuations in 

factors including salinity, temperature, and light. Variability in these factors could be in 

response to tidal, spatial and seasonal cycles or to irregular events (e.g. heavy precipitation) 

and anthropogenic activities (Lara-lara et al. 1990). Accordingly, spatial and temporal shifting 

in primary production have been detected in many estuaries (e.g. Pennock & Sharp 1986, 

Azhikodan & Yokoyama 2014). Both phytoplankton and MPB have established their role as 

key primary producers in estuarine systems (e.g. Banas et al 2007, Kwon et al 2018) and 

understanding of the mechanisms controlling their abundance and production is vital for the 

conservation and management of estuaries. 

For this study, I chose the Blueskin Bay inlet, because little information regarding its primary 

production has been documented, despite its ecological, commercial and customary 

importance.  

 

2.1.1 Chlorophyll 

Chlorophyll has been commonly used as a good indicator of the biomass of primary producers 

(e.g. Colwel et al. 1975, Papageorgiou & Govindjee 2004, Blondeau-Patissier et al. 2014). In 

the present study, chlorophyll was determined as a proxy of the primary production both in 

the benthic and the pelagic environment. 

Chlorophyll is classified into five different types (chl-a, b, c, d, and e) based on the side chain 

structure in the pigment molecules with chlorophyll-a being the dominant form 

(Papageorgiou & Govindjee 2004). In this study, the instruments deployed in situ took account 

of the full spectrum of chlorophyll, while in the laboratory only chl-a was measured. 
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2.1.2 Chlorophyll determination methodology 

Spectrophotometry, high performance liquid chromatography (HPLC) and fluorometry are 

the commonly accepted chlorophyll analysis methodologies used to measure chlorophyll in 

seawater (Gregor & Maršálek 2004). Although the first two approaches have been extensively 

used in scientific studies, they do have disadvantages. The sample processing is time 

consuming and continuous monitoring over a period is not feasible considering the intensive 

workload involved (Holm-Hansen 1978, Tett et al. 1975). Compared to spectrophotometry 

and HPLC, fluorometry has the advantages of higher sensitivity and efficiency (Yentsch & 

Menzel 1963, Strickland & Parsons, 1968, Holm-Hansen et al. 1965). 

In order to monitor in situ changes of chlorophyll, a variety of in vivo fluorometers able to 

conduct rapid detection (Pires 2010) were developed commercially. In natural environments, 

fluorometers generate an excitation beam of blue light, detecting the light fluoresced by 

chlorophyll to calculate its concentration. In this way, real-time data of chlorophyll over a 

relative long term become possible with less time and effort (Holm-Hensen et al. 1965). 

Although chlorophyll results obtained through different measurement techniques can be 

compared directly, there is a potential loss of accuracy by using optical sensors as opposed to 

lab analysis using certified extractive procedures. Therefore, both types of data should be 

combined in the determination of chlorophyll (Gruber et al. 2011, Collins et al. 2013). 

 

2.1.3 Drivers of variation in phytoplankton production 

The factors that could affect primary production by phytoplankton have been well studied. 

Light (e.g. Gallegos et al. 1983, Geider et al. 1996, Madariaga 2002) and temperature (e.g. 

Tillmann et al. 2000, Tadonleke 2010, Lewandowska et al. 2012) are among the factors that 

have a direct effect on the intensity of photosynthesis and are related to seasonal variability 

(Azevedo et al. 2010). Phytoplankton primary production can be enhanced by light availability, 

especially in turbid, nutrient rich estuaries (Domingues et al. 2011). Also, temperature 

posititvely influences phytoplankton production by increasing the efficiency of enzymes 

involved in the photosynthetic process (Underwood & Kromkampm 1999). 
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Nutrient availability (e.g. nitrogen and phosphorus) is another vital element for the formation 

of the nucleus and ribosomes of phytoplankton (Falkowski et al. 1998, Jones 2012). The 

abundance and distribution of phytoplankton can be directly and effectively affected by the 

nutrient composition and nutrient level in the water column (Ramadyan 2017). Lack of 

nutrients has been found to siginificantly limit not only the photosynthesis activity, but also 

the biomass of phytoplankton (Underwood & Kromkampm 1999). Nutrient variability within 

an estuary can be caused by land runoff (Zammit et al. 2005) and input from the sea currents 

(Falkowski et al. 1998). Under favourable light and temperature conditions, nutrient 

enrichment can trigger phytoplankton bloom which can last from a few days to a couple of 

weeks (Murphy et al. 2001, Skliris & Djenidi 2006). However, there is only limited nutrient 

data available about the study region except local council records. Otago Regional Council 

(2008) monitored the water quality of Waitati River and Carey’s Creek, the main freshwater 

input sources of the inlet, in terms of total nitrogen and phosphorus concentrations from July 

2007 to February 2008. Overall, total nitrogen inputs to the inlet from land was high in winter 

and summer and low in spring. No seasonal pattern was observed in total phosphorus 

concentrations, but it was suggested that rainfall might have some bearing in the results 

measured. Generally, both nitrogen and phosphorus concentrations were within 

recommended contact recreation guidelines 0.614 mg/l for nitrogen and 0.33 mg/l for 

phosphorus.  

Another factor impacting the biomass of phytoplankton not to be overlooked is the feeding 

pressure of suspension feeders (Harris 1986), especially in the Blueskin Bay inlet, where there 

is high abundance of A. stutchburyi. The filtration capacity of A. stutchburyi has been studied 

both in the field and in the lab (e.g. Pawson 2004, Kainamu 2011). Albeit using a different 

calculation formula and expression units, it's been suggested that large beds of A. stutchburyi 

have a significant effect on the removal of phytoplankton. Pawson (2004), using in situ data, 

estimated that per gram dry weight, A. stutchburyi were able to clear the particles in 5.09L to 

0.33L per hour, while Kainamu (2011) suggested a clearance capacity between 20.8 mg and 3 

mg per day of chl-a by medium clams (19mm-35mm shell length) and large clams (>35mm 

shell length) respectively.  
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2.1.4 Drivers of variation in microphytobenthos production 

The distribution of microphytobenthos (MPB) appears to be highly heterogeneous at spatial 

scales of even a few centimetres (Spilmont et al. 2011). The distribution of MPB is likely to be 

influenced by the tidal cycle, biological and chemical gradients, which vary along shore or with 

distance to the entrance of an estuary (Dobbinson 1985, Baba et al. 2003).  

There are many factors that have an impact on the biomass and primary productivity of MPB. 

Nutrients and light irradiance are the two key factors that determine the distribution and 

positively influence the growth of MPB. As a result, assemblages of MPB tend to be 

constrained to the top 2 mm of the sediment (Wolff 1979, MacIntyre et al. 1996). The growth 

rate of MPB is also influenced by other factors including temperature and salinity (Wolff 1979, 

Aberle-Malzahn 2004). Blanchard & Guarini (1999) suggested that the productivity of benthic 

diatoms increases as temperatures increase, until the optimal temperature of 25 °C is reached. 

At the same time, high salinity has been proven to have a negative effect on the 

photosynthetic efficiency of certain MPB species (Juneau et al. 2014). Due to the above 

factors, reported primary productivity and chlorophyll levels of microphytobenthic 

assemblages are wide-ranging (reviewed in Aberle-Malzahn 2004). 

Another driving factor is the grazing effect by macrofauna. Apart from being directly 

consumed by deposit feeders (Lopez & Levinton 1987), MPB has also proved to be an 

important food source for suspension feeders due to resuspension of sediment (Millers et al. 

1996). Since MPB stays on the top layers of the sediment, it can be easily eroded and 

transported by water movements in shallow estuaries and accounts for a considerable 

proportion of microalgae in the fluid flow near the sediment-water boundary (Mayer et al. 

1993). For instance, Judge et al. (1993) estimated that nearly 90% of the near bottom 

microalgae in a seagrass bed were made up of suspended pennate diatoms, and in the Ems 

estuary in Germany the proportion of suspended MPB of filter feeders’ diet were over 50% 

on an annual basis (Jonge et al. 1992). In this way, benthic suspension feeders exert a top-

down control on the MPB biomass and productivity (Millers et al. 1996). 

On the other hand, suspension feeding macrofauna can boost MPB production by mediating 

nutrient cycling (Kausky & Evans 1987, Dame et al. 1991). For example, Swanberg (1991) 
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identified the role of Cerastoderma edule L. in stimulating the growth and productivity of MPB 

by releasing phosphate and NH4
+ into the sediment. 

As for A. stutchburyi, only a few studies have been conducted to determine its impact on MPB. 

A trophic model developed by Jones et al. (2016) suggested that in Whangateau Harbour, 

New Zealand, MPB played a more important role than phytoplankton in primary production 

passing through A. stutchburyi as the main secondary producers to higher trophic levels. 

Furthermore, the density of A. stutchburyi was suggested to be positively related to nitrogen 

fluxes in the sediment (Sandwell et al. 2009) and sediment chl-a concentration (Pratt et al. 

2015). 

 

2.1.5 Study aims 

The objectives of this chapter are as follows:  

1. To investigate the tidal and seasonal variation of pelagic primary production of the 

estuary; 

2. To quantify the fluxes of pelagic primary production of the estuary; 

3. To investigate the distribution of pelagic primary production along the mian channels; 

4. To investigate the possible impact of A. stutchburyi density on the benthic primary 

production; 

5. To examine the relationship between distance to the inlet mouth and the benthic 

primary production.  

 

2.2. Methods 

2.2.1. Chlorophyll measurement using fluorometers 

In this study, pelagic chlorophyll was measured using three approaches: (i) extraction analysis 

in the lab, (ii) fluorometric sensor (6025) on a data Sonde YSI (Yellow Springs Instruments, Inc.) 

mode 6600 V2 and (iii) optical fluorescence meters (total algae sensor) sensor on EXO 3. 

Details of the two fluorometers are listed in Appendix Table A.1. 

The structure of the chlorophyll sensor 6025 is shown in Appendix Figure A.1. The LED light 

source emits a beam of light with a peak wave length of around 470nm, which induces 
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chlorophyll inside live cells to fluoresce. The fluorescence is then detected by highly sensitive 

optical sensors (YSI 2013). Before the fluorescence reaches the photodetector, it has to go 

through a filter that prevents 470nm light backscattered off particles in the water from being 

detected, which would bias the result (Appendix Figure A.1, YSI 2013). In other words, the 

filter eliminates the effects from resuspended sediments in turbid water. Additionally, the YSI 

6025 sensor is equipped with a mechanical wiper that cleans the sensor at set time intervals 

to allow long term deployment in the field (YSI 2013). 

YSI 6600 has been widely used in in situ chlorophyll monitoring studies (e.g. Sanders & 

Sanders 2005, Maupin et al. 2013, Santema & Huettel 2018). The data collected by YSI 

demonstrated strong agreement with chlorophyll measurements carried out in the lab by 

taking discrete water samples (Jarvie et al. 2003, Collins et al. 2013). Lambert (2001) 

confirmed the reliability of YSI 6600 in terms of chlorophyll measurement in the field by 

comparing fluorescence readings from the chlorophyll sensor with the lab extraction methods. 

However, it was pointed out that the correlation could be temperature dependent, as the 

ratios of fluorescence to extracted chlorophyll-a are much higher at low water temperature.  

The total algae sensor on EXO3 is a combination of a Chlorophyll sensor and a Blue-green 

algae Phycocyanin (BGA-PC) sensor and provides two independent sets of data respectively 

(YSI 2012). The working of the chlorophyll sensor follows the same principle as the YSI 6025 

sensor, while the BGA-PC sensor utilises 590-wave-length light to excite the phycocyanin 

accessory pigment residing in blue-green algae (cyanobacteria) (YSI 2012). Similarly, narrow 

bandpass optics filter out interferences caused by turbidity, dissolved organic matter and 

degraded pigments (YSI 2012). However, the lack of a wiper on the EXO-3 introduces the 

possibility of bias caused by biofouling. To minimize this influence, sampling runs using EXO-

3 generally had shorter deployment periods (<9 days) than those using YSI 6600 v2. What’s 

more, any data gathered with the likelihood of readings elaborating were abandoned. 

 

2.2.2. Pelagic primary production 

CHLOROPHYLL 

A YSI 6600 v2 Sonde was deployed at the mouth of the inlet (45.7328S, 170.5992E) for 5-10 

days a month, from January to July 2017, measuring chlorophyll, salinity, temperature and 
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dissolved oxygen every five minutes. The instrument was tied to a buoy with a short rope to 

keep it at a depth of approximately 1 m. Due to unexpected damage, no monthly monitoring 

data was collected during the months from August to October. From November 2017 to 

September 2018, a new YSI EXO 3 (an upgraded version of YSI 6600 v2 Sonde) was deployed 

for monthly monitoring at the same position. Chlorophyll sensors on both instruments were 

calibrated using the same methodology to ensure consistency of data.  Besides all the 

parameters listed above, YSI EXO 3 also measures turbidity and total algae. However, due to 

the uncertainty of battery life, the sampling frequency was decreased to every 15 minutes.  

 

Each month of sampling, one to two litres of water samples (triplicate) were taken at the 

middle of the flood and ebb tides at the same location and depth where the sonde was 

deployed to groundtruth the sonde measurements. The samples were kept frozen at -20oC in 

the dark until analysis. Chlorophyll of water samples was spectrophotometrically determined 

by the methods described in Jeffrey & Humphrey (1975). Seawater samples were passed 

through glassfibre filters (47mm diameter, 0.7 um retention) using a vacuum filtration 

instrument at 0.2-0.3 bar. The filters were put into 15ml polypropylene tubes to which 11ml 

95% ethanol was added. The tubes were then closed and placed in a freezer at -20oC for 

extraction for at least 24h. Next, the tubes were centrifuged at 3000rpm for 10min to avoid 

high turbidity from filter particles. Afterwards, the samples were analysed 

spectrophotometrically, using the Shimadzu UV-1603 Spectrophotometer. The extract was 

measured at four different wavelengths, in the order 750nm – 665 nm – 647nm – 630nm in 1 

cm length cuvettes and repeated for three times (Jeffrey & Humphrey 1975). Chlorophyll-a 

was calculated as                                                                                                                                                                                                                                          

Chl-a (ug/dm3) = ((11.85 x kor E665 – 1.54 x kor E647 - 0.08 x kor E630) x V) / (P x l) 

Where  

kor E665 = E665 – E750 

kor E647 = E647 – E750 

kor E630 = E630 – E750  

Ex is the reading at wavelength x 

V is the volume of ethanol (11.0ml) 

P is the volume of the filtered water sample (L) 

l is the length of the cuvette (1cm) 
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The depletion proportion of chlorophyll over one tidal cycle was calculated as  

Depletion proportion = (Mean flood tide chlorophyll – Mean ebb tide chlorophyll) / Mean 

flood tide chlorophyll 

 

It is recognized that the instruments measure the full spectrum of chlorophyll while 

laboratory procedures only measure chl-a. Considering the dominance of chl-a in chlorophyll 

(Papageorgiou & Govindjee 2004), the difference is considered negligible. 

 

TRANSECTS ALONG CHANNELS 

Transects of water column chlorophyll concentrations were recorded along the two main 

channels (Fig 2.12 – 2.15) seasonally in May 2017, July 2017, November 2017, and February 

2018 to obtain a spatial distribution of chlorophyll at about 1 m depth below the water surface, 

to determine if the inflowing and outflowing tidal movement depletes the chlorophyll. Mid-

flood and mid-ebb tides were chosen for the highest flow rate, and the transects were 

conducted going against the current, to capture the variation of chlorophyll. YSI 6600 v2 was 

used for the first two transects and EXO 3 for the other two transects. The sampling 

instrument (either YSI 6600 v2 or EXO 3) was tied to the boat and the sampling frequency was 

set at 5 s. The sampling boat went against the flow to minimize the influence of the current. 

 

SUSPENDED PARTICULATE ORGANIC MATTER 

Considering chlorophyll readings can only serve as the index for biomass of phytoplankton, 

suspended particulate organic matter (SPOM) samples were also taken, to provide further 

information on the organic matter in the water column. Three replicates of 2 litre water 

samples of suspended particulate organic matter, were collected at the same site of 

chlorophyll sampling at mid flood and mid ebb tide at about 0.5m depth in February 2017, 

July 2017, January 2018, April 2018, July 2018 and September 2018. The water depth varied 

spatially during mid-tide from approximately 1m to 3m. A 125um mesh screen was used to 

remove wood chips and large particles such as sand grains. Then the water samples were 

filtered, ashed at 500 oC and pre-weighed 55mm Whatman GF/C filters (pore size 1.2um). The 

filters were dried at 55oC for 48h and weighed to quantify the total particulate matter. 

Afterwards, the filters were combusted at 450oC to 500oC for 4h and re-weighed to estimate 
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particulate inorganic matter (PIM). The value of particulate organic matter was calculated as 

the weight loss before and after combustion (Newell 1982). 

                                                                                                                                                                     

CHLOROPHYLL FLUXES 

The total amount of chlorophyll coming into/out of the inlet (Chlin and Chlout) was calculated 

as follows (modified from Albrecht 2003): 

Chlin = Chlave-in x Vhigh 

Chlout = Chlave-in x Vhigh - Chlave-out x (Vhigh – Vlow) 

Where  

Chlave-in is the average of chlorophyll measure at S0 during flood tide; 

Vhigh is the volume of water inside the inlet at high tide; 

Chlave-out is the average of chlorophyll measure at S0 during ebb tide; 

Vlow is the volume of residual water inside the inlet at low tide. 

The depletion proportion for each tidal cycle was calculated as  

Depletion proportion (%) = (Chlin - Chlout) / Chlin  x 100% 

In order to calculate the volume of the inlet, it was assumed that the shape of the inlet was a 

circular cone to simplify the calculation (Figure. 2.1, modified from Albrecht 2003). Hence, the 

formula for the cone was used. 

V= πr2 * h /3 

In the case of the Blueskin Bay inlet 

Vhigh = (Ahigh x Dhigh) /3 

Vlow = (Alow x Dlow) /3 

Ahigh and Alow were calculated using GIS software Fugawi (Northport Systems Inc.). Dhigh and 

Dlow were tide heights plus the water depth of the lowest point of the tide height at zero.  
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The flow of Waitati River and Careys Creek were negligible considering the low flow rate 

(estimated <1 m3/sec), compared to the tide flow. 

 

 

 

Figure 2.1 A simplified model of volume calculation of the Blueskin Bay inlet. Dhigh is the 

water depth of the lowest point at high tide and Dlow is the water depth of the lowest 

point at low tide. Ahigh is the surface area covered by water at high tide and Alow is the 

surface area covered by water at low tide. Vlow is the volume of residual water within the 

inlet at low tide. 

 

OTHER ENVIRONMENTAL DATA 

During the sampling period, salinity, dissolved oxygen and water temperature data were also 

collected by the YSI 6600 v2 and EXO3 sondes respectively. Rainfall data was collected by a 

rainfall gauge installed at the Blueskin Bay store (Southern Clams Ltd.). Tide data and average 

daylight hours were sourced from LINZ (Land Information New Zealand). 

 

2.2.3. Benthic primary production  

It has been suggested that MPB in temperate areas is likely to reach biomass peak in spring 

or summer, similar to phytoplankton (Mitbavkar & Anil 2006). In order to capture the 
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maximum MPB abundance and spatial variation, an abundance survey of MPB was conducted 

in October 2017 during the low tide period over two consecutive days with dunny weather. 

Three 100 x 100 m stations (M1-M3, M4-M6) were selected along each channel in areas with 

high density of clams (approx. 6.2kg/m2 on average, density data were provided by Southern 

Clams Ltd), and three 300 x 300 m stations (3M1-3M3, 3M4-3M6) were selected along each 

channel in areas with low density of A. stutchburyi (<1 kg/m2 on average, density data were 

provided by Southern Clams Ltd) (Figure. 2.2). The size difference of stations chosen is 

because that clam density is more spatially variable than in high-density area than in low-

density area (Stewart 2008). In this way the sampling efficiency reflects the biomass of A. 

stutchburyi. At each station, three 1m x 1m quadrats were randomly selected. Three replicate 

readings were taken inside each quadrat using a BenthoTorch (BBE Moldaenke) for 

measurements of benthic green algae, benthic diatom and benthic cyanobacteria. The bbe 

BenthoTorch uses LEDs of various wavelengths to excite the fluorescence in algal cells and 

emit red fluorescence light from natural phenomena with high sensitivity. By using the density 

of chl-a fluorescence, green algae, blue-green algae (cyanobacteria) and diatoms are 

calculated as chl-a. Five sediment samples (2cm deep) within the quadrat were also collected 

using syringe cores. These were pooled in the lab, for later analysis of POM and chlorophyll 

respectively. The sediment samples were kept frozen at –20°C, freezing them as soon as 

possible after sampling without any additional treatment, as Reuss & Conley (2005) have 

suggested that neither lower store temperature, freeze-drying nor nitrogen gas flushing 

improve preservation. 

Unfortunately, these sediment samples were ruined, due to the malfunction of a freeze-dryer 

in the lab. Subsequently, another surface sediment chlorophyll survey was carried out in 

September 2018. The same sampling procedures were repeated, with the sediment 

chlorophyll analysis methodology being modified from Belley et al. (2016). After being 

transported back from the field, the sediment samples were immediately frozen at -20 oC and 

then freeze-dried. For each sample, 3ml 90% acetone was added to 1g of freeze-dried 

sediment. The samples were then briefly vortexed and sonicated in a water bath ultrasonic 

cleaner for 30 seconds, followed by incubation at 4 oC for 24 hours. After the incubation, the 

samples were briefly vortexed and centrifuged at 1750 xg for 5 minutes. The extract was 

measured for chlorophyll-a at four different wavelengths in the order 750nm – 665 nm – 
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647nm – 630nm, in 1 cm length cuvettes. This was repeated twice, using the Shimadzu UV-

1603 spectrophotometer. The sediment was subsequently dried at 60 oC for 24 hours and 

weighed to calculate the pigment concentration per gram of sediment. Chlorophyll-a was 

calculated as                                                                                                                                                                                                                                                

Chl-a (ug/g DW) = ((11.85 x kor E665 – 1.54 x kor E647 - 0.08 x kor E630) x Vacetone) / (dwt x l) 

Where  

kor E665 = E665 – E750 

kor E647 = E647 – E750 

kor E630 = E630 – E750  

Vacetone is the volume of acetone (3ml) 

dwt is the dry weight of the sediment (g) 

l is the length of the cuvette (1cm) 

For organic matter analysis, the sediment samples were freeze-dried for 72 hours, after which 

about 5 g dry sediment was measured and combusted at 500 oC for 4h and weighed again. 

The sediment organic matter was determined as   

Organic matter = (Dry weight – Combusted weight) / Dry weight * 100 

(Newell 1982) 

A sampling scheme is shown in Table 2.1. 
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Figure 2.2 The location of MPB sampling stations. M1-M6 were 100 x 100m sampling 

stations in high A. stutchburyi density area (approx. 6.2kg/m2 wet weight on average); 3M1-

3M6 were 300 x 300m sampling stations in low A. stutchburyi density area (<1 kg/m2 wet 

weight on average). 
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Table 2.1 The sampling scheme for Chapter 2.22 and 2.23. Sampling time, replicates and 

Instruments used were listed. 

Type Sampling Time Replicates Instrument 

Pelagic 

Pelagic Chl-a Monthly (Jan-July 17) 
10-25 consecutive full 
tide cycles YSI 6600V2 

Pelagic Chl-a 

Monthly (Dec 17, Feb 
18, Mar 18, May 18, 
Jun 18, Sep 18) 

6-17 consecutive full 
tide cycles EXO 3 

Pelagic POM  

Seasonally (Feb 17, 
July 17, Jan 18, May 
18, July 18, Sep 18) 

3 X 2L samples each at 
mid flood tide and mid 
ebb tide Water bottles 

Transect May 17 and July 17 

Along two main 
channals at mid flood 
and mid ebb tide YSI 6600V2 

Transect Nov 17 and Feb 18 

Along two main 
channels at mid flood 
and mid ebb tide EXO 3 

Benthic  
Benthic Chl-a  Oct 17 

3 pooled samples (5x) 
each at 12 stations at 
low tides BenthoTorch 

Benthic Chl-a & POM Sep 18 

3 pooled samples (5x) 
each at 12 stations at 
low tides Syringe cores 

 

 

2.2.4. Data quality control 

Holm-Hansen et al. (1965) first suggested that fluorometric determination of chlorophyll 

could be a reliable and sensitive approach that can be widely used in field studies of primary 

production. Since then, the reliability of data collected by these fluorescence meters has also 

been investigated.  Islam & Tanaka (2007) tested the accuracy of fluorescence measured by 

the chlorophyll sensor 6025 in Chikugo Estuary, Japan, by comparing the data with chlorophyll 

samples determined in the laboratory. The significant relationship between the results of the 

two approaches suggested that the chlorophyll sensor can be an effective option for 

continuous sampling in the field. For the same sensor, Jarvie et al. (2003) reported a similar 

near-linear relationship but reported that at high chlorophyll concentration (>100 ug/L) the 

relationship became slightly weaker. 
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In an evaluation report of YSI 6600 done by Lambert (2001), it was confirmed that it can be 

used for long term monitoring of chlorophyll concentration, providing probes being regularly 

cleaned, calibrated, and monitored for any abnormal readings. Caveats were also given that 

turbidity could introduce errors in fluorescence readings (Lambert 2001). Although inorganic 

turbidity in the water can cause light scattering and absorption (Lee et al. 1995), YSI 6600 

manual suggested a small turbidity interference factor of only 0.03 ug/L chlorophyll per NTU. 

In the case of this study, the only case that could possibly be influenced is the potential algae 

bloom in July 17 (Chapter 2.4.3). Unfortunately, no turbidity data is available for that period 

to calibrate the chlorophyll data. Considering the small factor (100 NTU only causing a bias of 

3 ug/L chlorophyll), it is unlikely to impact the conclusion. 

The two instruments used heavily in the present study, YSI 6600 V2 with chlorophyll sensor 

6025 has been widely used in many studies during the last two decades (e.g. Lambert 2001, 

Lawrenz & Richardson 2011, Yuan et al. 2010, Zhang et al. 2018).The total algae sensor 

installed on EXO 3 is an upgrade version of the chlorophyll sensor 6025 and supposed to have 

a higher accuracy and sensitivity (YSI 2012). As a relative new product, it has only been used 

in a few recent studies (e.g. Havlik et al. 2013, Bowling et al. 2016). 

To ensure the quality of chlorophyll data collected by fluorometric sensors in the present 

study, any data that showed possible drift or error were abandoned and re-measured 

whenever possible. Measures including calibration before each deployment, regular cleaning 

and checking of sensors, and taking discrete water samples for groundtruthing measurements 

were also taken. Although the outage or malfunction of instruments and securing the 

instrument in waves could be challenging from time to time, it is undeniable that the 

utilisation of deployable fluorometer provides a much efficient and feasible approach for 

monitoring primary production in dynamic estuary ecosystems in the long term. 

 

2.2.5. Statistical analysis 

T-tests were used to detect if there were significant differences in chlorophyll and SPOM 

levels in the water column between flood and ebb tide phases. Seasonal chlorophyll in flood 

tide, chlorophyll depletion over full tidal cycles, and SPOM were compared using one-way 

ANOVA, followed by a Tukey’s post-hoc test for pair-wise comparisons of mean values. 
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Chlorophyll concerntration measured along the transects was compared between mid-flood 

and mid-ebb tide using t-test.  

ANOVA assessment was undertaken on the benthic chlorophyll and organic matter data to 

assess the significance of effect of clam density and distance to the entrance. Normality and 

homogeneity test had been carried out prior to all ANOVA tests. 

Regression was used to examine the relationship between benthic chlorophyll concentration 

and the distance to the estuary mouth, and between SOM concentration and the distance to 

the estuary mouth. The distance was calculated using GIS software Fugawi (Northport 

Systems Inc.). 

Multivariable linear regression analysis was carried out to determine the relationship 

between chlorophyll levels in water column and environmental parameters.  

All analyses were carried out using the software package R v3.5.0 (R Development Core Team 

2014). P values was set at <0.05. 

 

Results 

2.3.1. Temporal variation 

MONTHLY CHLOROPHYLL FLUXES  

The chlorophyll concentration (ug/L) monitored at the mouth of the inlet was plotted 

coincident with the tide phase for each month from January 2017 to September 2018 

excluding August 2017 to November 2017 due to instrument outage, and January 2018, April 

2018, July 18 and August 2018 due to the malfunctioning of instruments during sampling 

(Appendix Figure A.2 – Figure A.14).  

A clear tidal pattern can be seen in each month across the four seasons (e.g. Figure 2.3 - Figure 

2.6), with chlorophyll values increasing rapidly as the tide came in, reaching peak 

concentrations at the mid or near the end of flood tide and then dropping towards the lowest 

point at the end of the ebb tide (e.g. Figure 2.7). It is notable that the chlorophyll level 

detected in the water column at the mouth of the estuary remained high at the very beginning 

of the ebb tide. The water with low chlorophyll concentration was detected at the entrance 
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as it left the inlet. The chlorophyll concentration detected at the estuary mouth remained low 

during the majority of the ebb tide period. The opposite pattern was observed in flood tides: 

for each month sampled, the chlorophyll levels during flood tides were significantly higher 

than during the ebb tide (p<0.05, Appendix Table A.3). 

In general, the average chlorophyll concentration in the water column was highest in early 

spring (September 18, 2.21±0.05 ug/L) and lowest in late winter (May 18, 1.06±0.03 ug/L) 

(Figure 2.8), with maximum instantaneous chlorophyll readings (excluding possible algae 

bloom occasions) recorded in September 2018, at 9.44 ug/l. Attempts were made to 

investigate the relationship between tidal chlorophyll concentration and spring/neap tide, 

but no pattern could be found. Seasonally, spring flood chlorophyll concentration was 

significantly higher than during the other seasons (F3, 154 = 17.62, P<0.01). On average, the 

amount of chlorophyll flooding into the inlet was 93.6% higher in spring than it was in winter. 

No statistically significant difference was found between other seasons. Average chlorophyll 

values flowing into the inlet were highest with greatest standard error in spring (2.73±0.29 

ug/L) and lowest in winter months (1.41±0.04 ug/L).  

Another  finding was that there was a seasonal pattern of chlorophyll depletion over full tidal 

cycles (F3, 154 = 6.191, p<0.05). On average, the highest depletion proportion of chlorophyll 

abundance of 39.00±0.05 % between flood and ebb tides happened in spring, compared to 

30.60±0.04 % in summer, 23.09±0.021 in autumn and 18.66%±0.03 % in winter. The tidal 

depletion of chlorophyll in spring was significantly higher than in winter (p<0.01) and autumn 

(p<0.01). The tidal depletion of chlorophyll in summer was also significantly higher than that 

in winter (p<0.05).  

A possible algal bloom happened during the sampling period in July 2017 (Figure 2.9). During 

a period of heavy rainfall, the rainfall gauge installed in Blueskin Bay store recorded 95.8mm 

on 21st July and 50.4mm on 22nd July. Ten hours after the rain started, the chlorophyll level at 

the inlet mouth showed a dramatic increase, reaching three peaks at the (near) end of next 

three ebb tides (Figure 2.11). Similar changing patterns were detected in the dissolved oxygen 

level in the water column. The opposite changing pattern occurred in the salinity level and 

the temperature (Figure 2.11). By the end of the first ebb tide after the beginning of the heavy 

rainfall, both salinity and temperature dropped continuously to 4.32 ppt and 6.53 °C 
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respectively. As the flood tide moved in, the readings for both salinity and the temperature 

returned to the previous level fast.  Another two more lowest points were reached at the end 

of following ebb tides.
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Figure 2.3 The chlorophyll (ug/L) over consecutive tidal cycles in February 2017 (summer) at the entrance of the Blueskin Bay inlet.

Figure 2.4 The chlorophyll (ug/L) over consecutive tidal cycles in April 2017 (autumn) at the entrance of the Blueskin Bay inlet.  
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Figure 2.5   The chlorophyll (ug/L) over consecutive tidal cycles in June 2018 (winter) at the entrance of the Blueskin Bay inlet. 

Figure 2.6 The chlorophyll (ug/L) over consecutive tidal cycles in September 2018 (spring) at the entrance of the Blueskin Bay inlet.  
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Figure 2.7 A snapshot of the chlorophyll (ug/L) over two consecutive tidal cycles in April 2017 (autumn) at the entrance of the Blueskin Bay 
inlet. This month is chosen for its high resolution of data (sampling at a frequency of every 5min). 

 

 

 

 

 

 

 

 

Figure 2.8 Month mean of chlorophyll (ug/L) in the incoming and outgoing fluxes, with standard error bars. Data for July 17 only includes 
the part before the two occurrences of heavy rainfall. There is no data not available for April 2017- November 2017, January 2018, April 
2018, July 2018 and August 18. 
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Figure 2.9 Part of the chlorophyll (ug/L), dissolved oxygen (DO), temperature and salinity monitored over consecutive tidal cycles in July 

2017 at the entrance of the Blueskin Bay inlet.  
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SUSPENDED PARTICULATE ORGANIC MATTER 

Overall, the amount of SPOM in the water column was highest in spring and lowest in winter 

(Figure 2.10). Significant SPOM depletion in the water column between flood and ebb tide 

was only detected in spring (t2.0024= 10.536, p<0.05).   

Statistically significant differences were found in the seasonal SPOM for flood tide only (One-

way ANOVA F 5, 11 = 34.58; p<0.05). SPOM sampled in flood tide in 2018 spring was 

significantly higher than the other seasons (p<0.05) while SPOM sampled in flood tide in 2017 

winter was significantly lower than other seasons excluding 2018 summer (p<0.05) (Appendix 

Table A.4) 

 

Figure 2.10 Suspended particulate organic matter (SPOM) levels in the water samples 

collected seasonally with standard error bars (n=3). 
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7.70 x 106 m3 and 9.30 x 106 m3, depending on the tide height. The calculated chlorophyll 
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10073.48±1329.44g) while late autumn (May 18, 2563.11±292.28g) and early winter (June 

2018, 2391.76 ± 234.33g) exhibited the lowest values. In January 2017, February 2017, May 

2017, May 18 and June 2018, it was detected that the chlorophyll levels in ebb tide were 

higher than the flood tide in 1 to 3 tidal cycles, and the total amounts of chlorophyll flowing 

out of the inlet were greater than the amounts coming in along with the flood tide.  

 

Figure 2.11 Average tidal chlorophyll depletion in each sampling month with standard error 

bars. Chlorophyll depletion is calculated as the difference between total amount of 

chlorophyll coming into and out of the inlet (Chlin and Chlout) over a full tidal cycle. Data are 

not available in April 2017- November 2017, January 18, April 18, July 18 and August 18. 

 

2.3.2. Spatial variation 

SPATIAL VARIATION IN PELAGIC PRIMARY PRODUCTION 

The chlorophyll profile along the transects is shown in Figure 2.12 to Figure 2.15. Different 

legends were used to fit the data range.  

Significant differences (p<0.05) were found between chlorophyll concentrations profiled 

during the transects at the mid-flood tide and mid-ebb tide in all four seasons. In spring, 

autumn and winter transects, the former was higher than the latter. However, in summer the 

opposite trend was observed. The summer transect was conducted after heavy rainfall: 
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52.2mm and 55.4mm rainfall were recorded in situ, three and two days before the transect 

respectively. 
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Figure 2.12 Transect conducted in July 2017 (winter) in the Blueskin Bay inlet during mid-flood (left) and mid-ebb tide (right). 
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Figure 2.13 Transect conducted in Nov 2017 (spring) in the Blueskin Bay inlet during mid-flood (left) and mid-ebb tide (right). 
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Figure 2.14 Transect conducted in Feb 2018 (summer) in the Blueskin Bay inlet during mid-flood (left) and mid-ebb tide (right). 
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Figure 2.15 Transect conducted in May 2017 (autumn) in the Blueskin Bay inlet during mid-flood (left) and mid-ebb tide (right). 



 

43 

 

SPATIAL VARIATION IN BENTHIC PRIMARY PRODUCTION 

The MPB distribution in the October 2017 sampling is shown in Figure 2.16. No green algae 

were found in the MPB community in this sampling. 

 

 

The sediment surface chlorophyll concentration and organic matter measurements across 

six stations from the survey in September 2018 were shown in Figure 2.17. For stations with 

Figure 2.16  

The concentration of 

benthic green algae [µg 

chl-a/cm²], 

cyanobacteria [µg chl-

a/cm²] and diatoms [µg 

chl-a/cm²] inside the 

Blueskin Bay inlet 

determined by 

BenthoTorch. Diatom is 

shown as grey bars and 

cyanobacteria is shown 

in orange bars, stacking 

on top of the grey bars. 

The scale is given in the 

legend. 



 

44 

 

high clam densities (M1-M3, M4-M6), along each channel, concentration of chlorophyll and 

organic matter became higher as the distance from the inlet mouth increased (chlorophyll: 

R2=0.8799, p<0.05; POM: R2=0.8527, p<0.05).  

Analysis of variance for SOM and sediment chlorophyll showed no significant difference 

between different A. stutchburyi density and channels (Table 2.2). The abundance of diatom 

at high A. stutchburyi density areas were significantly higher than that at low density areas 

(F1, 29 = 16.381, p<0.05, Table 2.2). 

 

Figure 2.17 Chlorophyll concentration (a) and SOM (b) in the sediment surface sampled (0-

2cm) during low tide in September 2018. M1-M6 were sampling stations in high A. 

stutchburyi density area; 3M1-3M6 were sampling stations in low A. stutchburyi density 

area. 
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Table 2.2 ANOVA for SOM, chl, cyano (cyanobacteria), and diatom (significance <0.05 

highlighted in bold) between different A. stutchburyi density and channels. 

  Source  Df Sum Sq Mean Sq F value Pr(>F) 

SOM 

density 1 5 4.99 0.144 0.707 
channel 1 0.1 0.05 0.002 0.969 
Density*channel 1 43.7 43.67 1.262 0.270 
Residuals 31 1072.9 34.61     

Chl 

density 1 28.42 28.425 2.868 0.101 
channel 1 1.89 1.886 0.19 0.666 
Density*channel 1 0.47 0.471 0.048 0.829 
Residuals 30 297.31 9.91     

Cyano 

density 1 0.00679 0.00679 3.673 0.065 
channel 1 0.0071 0.007098 3.84 0.060 
Density*channel 1 0.01497 0.014973 8.1 <0.01 
Residuals 29 0.0536 0.001848     

Diatom 

density 1 0.08154 0.08154 16.381 <0.001 
channel 1 0.01305 0.01305 2.621 0.116 
Density*channel 1 0.10681 0.10681 21.459 <0.001 
Residuals 29 0.14435 0.00498     

 

 

2.3.3. Other environmental parameters 

Multiple regression analysis was performed between flood chlorophyll levels and 

environmental factors, namely sunlight hours during the full tide cycle, salinity, temperature, 

tidal height and daylight hours (or respective log transferred values) (Table 2.3, raw data in 

Appendix Table A.17). Although salinity, temperature, tide heights and average day light 

hours showed significant influence on the flood chlorophyll concentration (p<0.05), the R-

squared value was only 0.2099. 

Multiple regression analysis was also performed between tidal chlorophyll depletion 

proportion and the same environmental parameters (or respective log transferred values) 

(Table 2.4). Only sunlight hours during the tide and average daylight hours showed significant 

influence on the depletion proportion (p<0.05), and R-squared value was only 0.1072 (Table 

2.3). 
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Table 2.3 Statistic results of multivariable regression betweern flood chlorophyll levels 

and environmental factors. 

  Estimate SE t value p 

(Intercept) 9.7051 5.2134 1.862 0.064 

sunlight hr -0.392 0.1975 -1.985 <0.05 

temperature -2.7121 0.9941 -2.728 <0.01 

salinity -6.0863 3.4889 -1.744 0.083 

tide height 1.9494 0.8462 2.304 <0.05 

average daylight hr 3.8534 0.9331 4.129 <0.001 

R2= 0.2099, F5, 171= 9.088, p <0.001 

 

Table 2.4 Statistic results of multivariable regression betweern tidal chlorophyll depletion 

proportion and environmental factors. 

  Estimate SE t value p 

(Intercept) 0.358968 0.43079 0.833 0.406 

sunlight hr -0.01033 0.004427 -2.333 <0.05 

temperature 0.006105 0.008667 0.704 0.482 

salinity -0.0136 0.012939 -1.051 0.295 

tide height 0.030492 0.054652 0.558 0.578 

average daylight hr 0.023647 0.009278 2.549 <0.05 

R2= 0.1072, F5, 171= 4.106, p <0.05 

 

2.4 Discussion  

Quantification of primary production provides a baseline for studies on food webs and the 

carbon cycle (Platt et al. 1980). Intertidal estuaries can be a sink for oceanic phytoplankton, 

especially where a large number of consumers exist (Banas et al. 2007). Meanwhile, benthic 

primary producers within the estuary can contribute considerably to the total production and 

organic carbon, as well as serve as a food source for herbivores (Kwon et al. 2018). Both 

pelagic and benthic primary production are subject to a range of factors, including light 

availability, biomass of primary producers, nutrients and temperature (Platt & Sathyedranath 

1988, MacIntyre et al. 1996). Thus, seasonal and spatial variation in the pelagic and benthic 
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primary production should be considered in the evaluation of overall primary production that 

can fuel secondary production. 

2.4.1 Pelagic primary production 

The chlorophyll concentration in the tidal fluxes in Blueskin Bay detected in this study fell 

within the range of 0.1-9.4 ug/L. This is comparable to chlorophyll values in previous studies 

done in the same or nearby estuaries, including 0.1 -5.2 ug/L recorded in the same place 

(Kainamu 2011) in November 2009 and January 2010, 1-26 ug/L from March to December in 

the Papanui inlet (Pawson 2004) and an annual average of below 8 ug/L, in Avon Heathcote 

Estuary (Marsden 2004).   

The chlorophyll level monitored at the entrance could possibly indicate a tidal procedure of 

how seawater outside the inlet circulated within the estuary (Figure 2.7). A likely scenario is 

that at the beginning of the flood tide, chlorophyll levels detected at the entrance increased 

rapidly as the incoming seawater with relatively higher abundance of phytoplankton mixed 

with the residual water likely to be depleted in phytoplankton at the inlet mouth. The 

chlorophyll concentration remained high for the rest of the flood tide as seawater 

continuously flooded into the inlet. When the tide phase changed to ebb tide the seawater 

flowed outwards, after just passing the entrance and not yet having reached the consumers 

residing within the estuary, causing the chlorophyll readings at the entrance to remain high 

at the beginning of ebb tide. The level of chlorophyll detected then dropped sharply to a low 

concentration. This could be due to the water mass from the inner estuary, which had been 

more depleted in phytoplankton, reaching the entrance.  

Both the significant difference in chlorophyll concentration and net chlorophyll fluxes 

calculated between flood and ebb tide for all months sampled (2392g-10073g chlorophyll per 

tide) may suggest a strong tidal depletion on phytoplankton inside the estuary. In other words, 

phytoplankton transported from offshore could serve as an important source of primary 

production, supporting the estuary food web. This is also supported by the chlorophyll data 

collected inside the inlet during transect at mid-flood and mid-ebb date. 

In the present study, seasonality in the chlorophyll concentration of incoming sea water was 

observed. The significantly high biomass of phytoplankton in spring was in accordance with 

the seasonal patterns of temperate open coastal ecosystems reviewed by Cebrian & Valiela 
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(1999). The considerable growth of phytoplankton in spring could be attributed to an 

increasing water temperature, longer daylight and more nutrients than in winter, which could 

enhance the primary productivity (Jaworski 1981, Geider et al. 1996, Tillmann et al. 2000). It 

is also worth noting that the salinity level recorded in September 2018 (sampling month for 

spring) was on average 2.5ppt lower than in June 2018 (sampling month for winter), which 

may imply large fresh water input into the sea, which could further lead to high nutrient load 

in the water column, boosting primary productivity (Moisander et al. 2002). Spring was also 

the season which demonstrated the highest variability in chlorophyll levels, which agrees with 

the data collected by Kainamu (2011) in the same estuary. The strong variability seems to 

occur as a combined result of rapid changing environmental factors as mentioned above. 

Seasonality was also seen in the proportion of chlorophyll depleted over the tidal cycle in the 

estuary with significantly stronger chlorophyll removal in spring and summer. The difference 

of phytoplankton community in flood water and ebb water could be an integrated result of 

growing, grazing, sinking and other losses (Harris 1986). In the case of this study, grazing 

activity by A. stutchburyi is likely to be a predominant factor, considering the relatively high 

chlorophyll concentrations measured, the ecological role of A. stutchburyi as efficient grazers 

(Kainamu 2011), their very high biomass (Jiang et al. 2011), and high filtration capacity 

(Pawson 2004, Jones 2011). In spring and summer, the primary productivity is likely to benefit 

from increased availability and intensity of sunlight and a warmer pelagic environment 

(Ramadyan 2017), leading to higher food availability for A. stutchburyi. Observed higher 

depletion rates may imply that the filtering impact of A. stutchburyi is more significant in 

spring and summer than it is in winter and autumn with less available food in the pelagic 

environment. This finding was also supported by the experiment conducted by Pawson (2004), 

which suggested that an enhanced clearance rate of A. stutchburyi could be found as the 

concentration of algal cells increased in the overlying water. Water temperature could be 

another reason for seasonal variation in depletion proportion. In spite of the lack of relevant 

research on A. stutchburyi, the clearance rate and absorption efficiency of many filter-feeding 

bivalve species have been well proved to increase with temperature within a certain range 

(below 25 oC) in both the laboratory and natural environments (Vanderploeg et al. 1994, 

Zhuang & Wang 2004).  
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The SPOM data of the flood tide (Figure 2.10) may further underpin the implication that the 

food supply from the pelagic environment of A. stutchburyi was highest in spring and lowest 

in winter. The significant lower amount of SPOM measured in the ebb tide in spring can also 

be seen as a consequence of intensive feeding activity within the estuary. However, no such 

difference was observed in other seasons. One possible explanation is that phytoplankton 

may not be the main component of SPOM (Gameiro et al. 2004). In summer 2018, the higher 

SPOM levels in the ebb tide indicate possible strong primary production inside the inlet due 

to algae bloom, which will be discussed later in Chapter 2.4.2 below. 

No clear spatial pattern in water column cholorophyll was observed from the seasonal 

transects. Although in summer and autumn the chlorophyll levels during the flood tide was 

marginally higher in the southern branch than in the northern branch, the opposite was 

detected in spring and no significant difference was observed in winter. Besides, in the 

Papanui inlet, situated approximately 15 km south of the Blueskin Bay inlet, Pawson (2004) 

found by taking discrete water samples that the chlorophyll-a concentration in the water 

column decreased as the distance from the mouth of the inlet increased. This pattern was not 

obvious in this study. Compared to the tidal exchange volume of the Papanui inlet (approx. 

2.2 x 106 m3, Pawson 2004), the water volume in the Blueskin Bay inlet was much higher 

(approx.7.7 x 106 m3 to 9.3 x 106 m3, as calculated in Chapter 2.3.1). The flow rate of the 

Blueskin Bay inlet is much higher, perhaps leading to a better mixing at the water surface. The 

chlorophyll transects along the main channel also provide a snapshot of the distribution of 

phytoplankton communities inside the inlet. Strong inner primary production can be seen 

along the northern branch of the main channel in spring (Figure 2.13) and near Doctor’s point 

in autumn (Figure 2.15). The former could be linked to an oxidation pond in the Warrington 

reserve which processes local water and discharges nutrient-loaded water, which could 

therefore promote primary production locally (Dunedin City Council).  

 

2.4.2 Elevated fluorescence readings 

Elevated fluorescence readings were observed in July 2017, after a major storm event. One 

possible explanation could be that it is reflection of high concentrations of phytoplankton 

detected in the water column. With favourable light and temperature conditions, nutrient 
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enrichment can trigger a phytoplankton bloom, which can last from a few days to a couple of 

weeks (Murphy et al. 2001, Skliris & Djenidi 2006). The influx of a large amount of nutrient 

(nitrogen and phosphorus) rich water over a short period of time can be attributed to coastal 

discharge (Jones et al. 2013) or episodic events such as major floods (Zhang et al. 2013). 

Before the event, the chlorophyll level measured at the inlet mouth remained at a low level 

(<2ug/L), similar to that during the other winter month (June 2017). The possible scenario of 

the event is described as below. Large quantities of fresh water started entering the estuary 

at ebb tide on the afternoon of 21st July, mixing with the existing seawater inside the inlet and 

flowing outwards, resulting in a steady drop in salinity measured at the inlet mouth. 

Meanwhile, the pelagic chlorophyll levels were increasing dramatically. Strong 

photosynthesis processes may also lead to the increasing dissolved oxygen concentration in 

the water, as shown in Fig 2.9 (Gubelit & Berezina 2010, Wang et al. 2017). Besides, the water 

temperature dropped possibly due to the mixing with cold fresh water (Wang et al. 2017). By 

the end of ebb tide, the water salinity at the estuary mouth was only 4.36 ppt, therefore 

making it likely the entire estuary was covered with low salinity water, mainly from the land. 

When the tide turned again, the incoming seawater in the flood tide began to push back the 

fresh water and a steep rise of salinity appeared once the seawater flow passed the inlet 

entrance. Accordingly, the chlorophyll concentration, water temperature and dissolved 

oxygen returned to normal winter levels (of the seawater) during the flood tide. The changing 

patterns of these environment parameters match the suggestion of Lemley et al. (2018) in a 

South Africa estuary, but varied in a smaller range. Once the ebb tide arrived the same cycle 

started again. 

Considering the event happened in the mid of winter, however, the likelihood of a significant 

algae bloom tends to be low. Therefore, the chlorophyll peaks detected may also be (partially) 

attributed to increased turbidity or the presence of macroalgae which may have blocked the 

sensor. Admittedly, discrete water sampling during the event of turbidity and cholorphyll 

levels would be helpful in the interpretation of the data collected by in situ gear.   

2.4.3 Benthic primary production 

The two biomass surveys of MPB provided a snapshot of the general concentration, 

composition, and distribution of benthic primary production within the estuary. Due to 
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logistic reasons (water depth at low tide, cost, etc.), twelve sampling stations, with different 

spatial characteristics (distance to inlet mouth) and A. stutchburyi densities, were selected. 

During the first survey using BenthoTorch, the limited presence of green algae in the MPB 

community was congruous with personal observation during frequent visits to the Blueskin 

Bay inlet over the last two years. The MPB patches on the sand flat were generally in a mixed 

colour of orange, brown and occasionally red (pers. obs.), however they are not identified to 

species. The prevalence of diatom, on the other hand, supported the finding of benthic 

diatoms being ubiquitous in intertidal areas, especially in fine sediments (Grant 1988, Yallop 

et al. 1988). 

This study found a higher concentration of diatoms in areas with a higher density of A. 

stutchburyi. Diatoms have been reported as a possible major food source for suspension 

feeders like A. stutchburyi (Alfaro et al. 2006). Kanaya (2014) suggested the presence of 

suspension feeders could significantly reduce the benthic diatom density in a study on 

bivalves Ruditapes philippinarum and Nuttallia japonica. On the other hand, it has been 

suggested that a high density of A. stutchburyi can improve MPB productivity through 

increasing nutrient fluxes in the sediment (Sandwell et al. 2009). Excretion by A. stutchburyi 

enhances the organic matter content of sediment, which stimulates nutrient remineralisation 

and therefore increases the benthic primary productivity. Similar impact has also been 

suggested in laboratory studies on suspension feeding bivalves Cerastoderma edule L. 

(Swanberg 1991) and Crassostrea virginica (Newell et al. 2002). Besides, the productivity of 

MPB community can benefit from higher availability of light as a result of feeding of A. 

stutchburyi on phytoplankton (Porter et al. 2004). Further investigation of the potential 

drivers of higher diatom concentration as revealed in this study would require more 

temporally resolved sampling as well as nutrient evaluation in the sediment. 

A clear trend emerged of higher concentrations of benthic chlorophyll and SOM at the 

stations along both branches of the channel as the distance from the inlet mouth increased. 

On the one hand, MPB residing closer to the inlet mouth are subject to strong wave action 

and therefore are more likely to be suspended and consumed by consumers such as filter 

feeders or zooplankton (Alfaro et al. 2006) while the residual MPB measured at low tide tends 

to be lower. On the other hand, stations further from the estuary mouth are generally covered 
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by water for shorter periods, with shallower water allowing more sunlight to reach the 

sediment surface, which may lead to a higher benthic primary productivity in the MPB 

community (Aberle-Malzahn 2004). 

Caveats should be given that sampling effort for MPB was much less than phytoplankton. The 

distributions of MPB are highly heterogeneous (Spilmont et al. 2011). Highly dynamic systems 

like tidal estuaries are constantly influenced by environmental parameters including salinity, 

temperature, nutrients, and irradiance levels, which vary rapidly with the interaction between 

tidal movements and land input. Long term monitoring and intensive frequent sampling 

would be ideal to better investigate the benthic primary production in the estuary ecosystem. 

 

2.4.4 Conclusion 

1. The concentration of chlorophyll in the incoming water fluxes varies seasonally, reaching 

peak concentrations in spring and lowest concentrations in winter. 

2. In the Blueskin Bay inlet strong tidal depletion of pelagic chlorophyll can be seen with 

seasonal variation. 

3. The benthic diatom concentration was significantly higher in areas with a high 

concentration of A. stutchburyi.  

4. The concentration of benthic chlorophyll and organic matter content in the sediment are 

positively related to the distance from estuary mouth. 
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Chapter 3: Relative contribution of pelagic and benthic food 

sources to the diet of Austrovenus stutchburyi 

 

3.1. Introduction 

 Suspension feeding bivalves have been suggested to utilise multiple sources of organic 

matter including phytoplankton (Bayne & Hawkins 1992) and microphytobenthos (MPB) 

(Komorita et al. 2014). The various dietary compositions are likely to be linked to the quality 

and availability of different food sources (Rueda & Smaal 2002, Komorita et al. 2014). 

Suspension feeding bivalves living in ecosytems where high phytoplankton concentrations 

have been found to exert top-down control on pelagic primary production (Smaal & Prins 

1993, Dame & Prins 1998). While in an environment with a low concentration of 

phytoplankton but abundant MPB, the secondary production of bivalves tends to be 

supported by the latter (Page & Lastra 2003, Komorita et al. 2014). 

 

3.2.1 Phytoplankton as a food source 

It has been generally assumed that the main food consumed by A. stutchburyi is 

phytoplankton captured from the overlying water column (Jillet 2001). In the field, large beds 

of A. stutchburyi were found to have a significant effect on chorophyll removal from the water 

column (Healy 1980, Pawson 2004). Laboratory studies also suggested that a higher 

concentration of pelagic microscopic cells and flow rate can enhance the filtration rate of A. 

stutchbutyi (Pawson 2004, Jones 2011). The findings of Chapter 2 also underpin this 

conclusion. As a result, A. stutchburyi can exert a control on eutrophication of aquatic systems 

(Cloern et al. 2007). Further, by feeding on pelagic primary production and depositing 

material into the sediment, A. stutchburyi couples the benthic and pelagic environments and 

therefore has the potential to alter the flow of energy and materials in the food web.    
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3.2.2 Possible contribution of MPB 

The importance of MPB as a primary production source in shallow estuaries was reviewed by 

Maclntyre et al. (1996). When the phytoplankton populations are low, MPB could play a more 

important role than pelagic primary producers (Maclntyre et al. 1996).  

MPB re-suspended by currents and waves can be consumed by suspension feeding bivalves 

(Dame 2002). Many of the ecosystems reviewed by Maclntyre et al. (1996) supported large 

amounts of wild or cultured suspension feeders and it is likely that MPB sustains the 

population of suspension feeders in the food web. Using stable isotope signatures, Kang et al. 

(1999) calculated that MPB was one of the two main carbon sources for Cerastoderma edule 

in a muddy sandflat of Marennes-Oiqon Bay, France. A field experiment conducted in a cove 

in Nova Scotia postulated that resuspended MPB could be a valuable supplement to water 

column production as food for cultured Ostrea edulis. Similarly, the dependence of Laternula 

marilina on microphytobenthos was demonstrated in a study in a temperate estuarine muddy 

sandflat of Kwangyang Bay, Korea (Kang et al. 2006).  

Previous studies on the feeding ecology of A. stutchburyi tend to consider phytoplankton as 

the only food source (Marsden 2004, Pawson 2004, Kainamu 2011). However, a trophic model 

in a recent study by Jones et al. (2017) asserted that MPB, the key primary producer in 

Whangateau Harbour, New Zealand, imposed an obvious impact on A. stutchburyi, which was 

the predominant bivalve species.  

In this study, Blueskin Bay is an estuary with large amounts of tidal exchange (approximately 

over 8x106 m3) and nearly 95% area of the inlet is exposed during low tides (Chapter 2). 

Therefore, MPB can grow in a light-sufficient environment as observed in Chapter 2.3.2, and 

get re-suspended by tidal movement. Both these elements make MPB an important factor 

not to be neglected when considering the dietary budget for A. stutchburyi.  

 

3.2.3 Diet studies 

Conventionally, stomach analysis and direct observation have been used to study the diet of 

animals (Fry & Arnord 1982). However, these methods require large sample size and can only 

give a snapshot over a short period of time prior to sampling, with the possibility of being 
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unrepresentative (Sherwood & Rose, 2005). Also, bias can be caused as the prey ingested may 

not necessarily be integrated into the consumer’s tissue (Horn et al. 2013). Consequently, it 

has been recognised that stable isotope measurements provide a natural approach to 

investigating ecological connections and cycling over time, especially food source tracing 

(Peterson & Fry 1987, Fry 2006) and that it can be used to provide time- and space-integrated 

diet information (Vander Zanden et al. 1999, Smit 2001, Rossi et al. 2007, Layman et al. 2012, 

Costantini et al. 2014, Careddu et al. 2017). In fact, when direct observation or gut analyses 

are not feasible, stable isotope analysis tends to be the only feasible means to assess trophic 

relationships in some aquatic ecosystems (Smit 2001).  

The assumption with stable isotope analysis is, that natural abundance of stable isotopes in 

consumer tissues reflects assimilated food sources, making the enrichment between each 

trophic level predictable (Park et al. 2013). Autotrophs have diverse carbon and nitrogen 

signatures due to differences in the inorganic C and N pools and photosynthetic processes 

(Smit 2001, Fry 2006).  Different food sources, compositions, and processing fractionation 

contribute to various stable isotope signatures of heterotroph tissues (Smit 2001). 

Consequently, natural carbon (C) and nitrogen (N) isotopes have been widely used to 

investigate the sources, incorporation and transportation of natural or anthropogenic C or N 

in an ecosystem (Smit 2001). For instance, using an isotope mixing model Dubois et al. (2013) 

characterised the contribution of multiple organic matter sources to trophic groups, including 

suspension feeders in a semi-enclosed macrotidal ecosystem in the Arcachon Bay, France. 

Similarly, the proportion of potential food sources, phytoplankton, benthic diatoms, and 

organic matter derived from the sediment surface, seagrass and seaweed, in the diet of 

Ruditapes philippinarum in Hichirippu lagoon were determined by stable isotope approaches 

(Komarita et al. 2013).  

Stable carbon isotope analysis was first carried out on A. stutchburyi by Stephenson and Lyon 

(1982) in the Avon-Heathcote Estuary, Christchurch, and showed that A. stutchburyi utilise 

carbon of both terrestrial and marine origin. A study on A. stutchburyi in Blueskin Bay and 

Harwood, Dunedin, further suggested that SPOM was not the only food source used (Leduc 

et al. 2006). However, the relative importance of pelagic and benthic primary production to 

the diet of A. stutchburyi remains undiscovered.  
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It has been commonly suggested that suspension-feeding bivalves do not ingest seagrass 

directly, and therefore seagrass in not considered in the present study. Moreover, seagrass is 

not abundant in the study ecosystem.  It is notable that there have been intensive Ulva 

blooms in the Blueskin Bay inlet seasonally (personal observation). However, the current 

study focuses on microalgae and hence Ulva sp. is not included as it is a macroalga and 

incorporation would be indirect only via the microbial food web. 

 

3.2.4 Study aims 

In this study, it was assumed that the pelagic and benthic organic material were the only 

two food sources utilised by A. stutchburyi.  

In this chapter, the relative contribution of pelagic and benthic organic matter sources was 

quantified. Two hypothesises were tested: 

H0: The relative contribution of pelagic and benthic organic matter sources to A. stutchburyi 

varies seasonally. 

H0: The relative contribution of pelagic and benthic organic matter sources to A. stutchburyi 

varies spatially within the inlet. 

 

3.2. Methods 

3.2.1 Sample preparation 

SPOM, sediment and A. stutchburyi samples were collected in February 2018 and June 2018. 

Triplicate water samples were collected at S0 using 2L water bottles, while sediment and clam 

samples were collected at M1, M2, M3, M4, M5 and M6 (same stations for benthic chlorophyll 

and organic matter sampling) within random selected 1x1m quadrats, scraping the sediment 

surface with visible presence of MPB (orange or yellow) with a metal spatula (Figure 2.2). All 

the samples were kept cool in the field and were immediately frozen at –20°C upon arrival in 

the laboratory, until future analysis. No chemical preservation was used, as this may affect 

the isotopic composition (Kaehler & Pakhomov 2001, Sarakinos et al. 2002). 
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In the lab, water samples were filtered through a pre-combusted Whatman fibreglass GF/F 

filter (47 mm diam., 0.7pan retention size). The filter was dried at 55°C for 1 hour, left for 24 

hours in a HCl atmosphere to remove carbonates (Van Hale 2002) and kept frozen. The filters 

were subsequently treated with 1N HCl to remove inorganic carbonates, which can alter the 

carbon isotopic signatures. The the filters were rinsed with deionized water to remove the 

acid and freeze dried (Komorita et al. 2014). The acidification procedure is expected to create 

few changes in the nitrogen signature of the samples (Lorrain et al. 2003, Carabel et al. 2006). 

Afterwards, the filters were ground up and sealed in 10 x 10mm tin capsules for mass 

spectrometry (Dias et al. 2014). 

Sediment samples were freeze-dried at Portobello Marine Lab for 4hours and then added to 

an excess of 1M HCl to remove the inorganic carbon. The sediment samples were freeze-dried 

again and 100mg samples sealed in 10 x 10mm tin capsules for mass spectrometry (Yuan et 

al. 2017). Any visible shell fragment or wood chips were removed using tweezers. It is notable 

that both MPB and benthic organic material were sampled as a potential source of benthic 

organic matter, which is refered as SOM in the description hereafter. 

Clam foot tissues of individual specimens were dissected, and then rinsed in deionised water. 

Tissues from three to four random individuals from each station were pooled as one sample 

and put into sterile centrifuge tubes and oven-dried at 60°C for 72h. A total of three pooled 

samples were prepared for each station, so a total of nine clam samples per station. Dry 

samples were ground into powder using mortar and pestle, which were rinsed between 

samples with deionised water and dried with lint-free tissue. Then 1mg of subsample was 

weighed and sealed in a 5 × 3.5 mm tin capsule for stable isotope analysis of δ13C and δ15N. 

During the study period, no commercial harvests were carried out within 50 metres of any of 

the sampling stations.  

 

3.2.2 Mass spectrometry 

Stable isotope analysis was conducted, using a Europa Scientific Hydra 20/20 continuous flow 

isotope ratio mass spectrometer, coupled to a Carlo Erba NC2500 (precision: 0.2‰ for δ13C, 

0.3‰ for δ15N) in the Department of Chemistry at University of Otago. The analysis will be 

calibrated to DTA laboratory standard reference (Elemental Microanalysis) and standardized 
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against international standards (IAEACH-6 for carbon, IAEAN1 and IAEAN2 for nitrogen). 

Atmospheric air and PDB (Peedee belemnite) limestone will be used as primary standards for 

δ13C and δ15N respectively. The results are expressed in delta δ notation (Peterson & Fry 1987):  

δ13C= [(Csample/Cstandard) – 1] * 1000 

where Csample = 13C /12C of the sample and Cstandard = 13C /12C of the atmospheric air; 

δ15N= [(Nsample/Nstandard) – 1] * 1000 

where Nsample = 15N/14N of the sample and Nstandard = 15N /14N of the PDB. 

 

3.2.3 Two-source mass balance model 

The ISOERROR model (Phillips & Gregg 2001) was applied to partition the pelagic food source 

and benthic food source. For A. stutchburyi, trophic discrimination factors of 1.3‰ and 2.9‰ 

were assumed for carbon and nitrogen isotopes as muscle tissue was selected for SIA 

(McCutchan et al. 2003).  

A two-step iteractive procedure was used after Jack & Wing (2011). Firstly, the stable isotope 

signatures of the SPOM, sediment and foot tissue were input into the IsoError model to 

estimate the relative contribution of each source using δ13C. Then the trophic level was 

measured using the equation below: 

TL=(𝛿15𝑁𝑠𝑎𝑚𝑝𝑙𝑒-𝛿15𝑁0)/ △ 𝛿15𝑁𝑐  

(Post 2002), where  

𝛿15𝑁𝑠𝑎𝑚𝑝𝑙𝑒 is the nitrogen stable isotope signature of the tissue sample; 

△ 𝛿15𝑁𝑐 is the trophic enrichment factor for nitrogen; and 

𝛿15𝑁0 is the corresponding δ15N of the mixture of organic matter sources calculated from 

the result of the model. 

The resulting estimate of trophic level was then applied back to the 2-source mass balance 

model until a stable solution for the mixture of basal organic matter sources and trophic level 

was reached.  



 

59 

 

 

3.2.4 Statistical analysis 

T-test was used to detect if there was any significant difference in stable isotope signatures 

of A. stutchburyi and SOM between the two seasons. ANOVA was used to examine the 

difference in the carbon and nitrogen signature of SOM between stations. T test was also used 

to examine if there is any seasonal difference between the relative contribution of pelagic 

and benthic organic matter sources. Regression was used as well, to determine the 

relationship between the contribution proportion of SPOM and SOM and the distance to inlet 

mouth. The distance was calculated using GIS software Fugawi (Northport Systems Inc.). All 

analyses were carried out using the software package R v3.5.0 (R Development Core Team 

2014). The significance level was set at <0.05. 

 

3.3. Results 

The stable isotope signature of A. stutchburyi foot tissue, SPOM, and SOM are shown in Figure 

3.1. Overall, the mean δ13C value for A. stutchburyi foot tissues (n = 36) was -20.24‰ with a 

standard deviation of 0.71‰. The mean δ15N value was 10.30‰ with a standard deviation of 

0.59‰.  

No statistically significant difference was found in the stable isotope signature of A. 

stutchburyi between Feb 18 and Jun 18 (δ13C: t-9.9984=-1.1162, p =0.2706; δ15N: t-9.8923=-

0.46258, p =0.6537). No significant difference was found in SOM signature between sampling 

months (δ13C: t8.9083=1.1047, p =0.2982; δ15N: t9.9105=0.21729, p =0.8324). T test was not run 

on SPOM signatures due to small sample size (n=2 due to autosampler error). 

No significant difference can be found between the carbon signatures of SOM at different 

stations (F5,18=2.18, p>0.05). A siginificant difference can be seen in the SOM nitrogen 

signature between stations (F5,17=2.929, p=0.0437). However, when the sampling season is 

included as a variable, the p value is higher than 0.05 (F5,16=2.764, p=0.0552) 

IsoError model output is shown in Figure 3.2 and Appendix Table A.19. The carbon sources of 

A. stutchburyi in both sampling groups were more linked to SPOM, ranging from an average 

of 65.90±1.78% (1SE) to 88.18±3.93% (1SE) of carbon source derived, while SOM accounted 
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for 11.82±3.93% (1SE) to 34.10±10.04.78% (1SE) of the organic matter integrated by A. 

stutchburyi. No significant difference was found between the relative contribution of pelagic 

and benthic organic matter sources (t-0.0976=9.9669, p>0.05). 

In February 2018, as the distance from the inlet mouth increased, the proportion of 

sedimentary organic matter contribution increased (R2=0.6639, p<0.05). In June 2018, such a 

trend was only found in the northern channel (R2=0.8838, p=0.2214). No significant difference 

was found in proportion of two carbon sources in terms of sampling seasons (winter or 

summer), or between sampling sites (northern or southern part of the estuary). 

 

 

Figure 3.1 Dual isotopic plots of SPOM, SOM and A. stutchburyi foot tissue sampled in 

February 2018 and June 2018. The error bars represent standard error. 
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Figure 3.2 The proportion of clam organic matter demand derived from SPOM (pelagic food 

source) and SOM (benthic food source) sampled in February 2018 (a) and June 2018 (b), 

calculated using IsoError. The sites are located along the main northern channel, in order of 

increasing distance from the Blueskin Bay Inlet entrance is M1, M2 and M3.  To the left of 

the entrance of Blueskin Bay Inlet, on the southern channel, M4 is the first sampling station, 

followed by M5 and M6 is the furthest site. 

 

3.4. Discussion 

Multiple sources of organic matter input can be incorporated in estuarine food webs (Cloern 

et al. 2002, Hoffman & Bronk 2006). Quantification of trophic pathways between key species 

and primary production sources provide a basis for ecosystem modelling (Winemiller et al. 

2007). A. stutchburyi plays an ecologically important role in the estuary ecosystem and 

therefore, characterizing the food sources of A. stutchburyi is of great importance (Jones 

2011). In the present study, stable isotope analysis was used to determine the relative 
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contribution of pelagic and benthic primary production to the diet of A. stutchbuyi. The 

relative contribution during different seasons and at different locations was also compared, 

considering the spatial and temporal complexity of estuarine food webs. 

The stable isotope signature of A. stutchburyi measured in the present study is in accordance 

with the values recorded in previous studies, but slightly depleted in δ13C compared to the 

study by Leduc et al. (2006) in the same estuary (Table 3.1). However, it should be noted that 

A. stutchburyi samples collected in that study were from higher up the shore area near the 

end of the northern branch of the main channel, while in this study sampling stations were 

located closer to the channel (Figure 3.3). No significant seasonal variation can be found in 

the isotopic signature of A. stutchburyi. This could be attributed to the slow turnover rate of 

the muscle tissues of bivalves (Raikow & Hamilton 2001, Lorrain et al. 2002). Long term 

sampling may be required to detect seasonal shifts in the stable isotope signature of A. 

stutchburyi or tissues with a faster turnover rate can be used to capture seasonal variation.  

Table 3.1 Carbon and nitrogen signatures of A. stutchburyi determined in previous studies 

in New Zealand. N/A, data not available. 

Sites δ13C ‰ δ15N ‰ Source 

Avon-Heathcote Estuary  -16.7 ~-26.0 N/A Stephenson & Lyon (1982) 

Matapouri -18 8.6 Alfaro et al. (2006) 

Harwood -16.7~17.3 11.1~11.7 Leduc et al. (2006) 

Blueskin Bay -17.5~-18.8 10.3~10.8 Leduc et al. (2006) 
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Figure 3.3 The locations of sampling stations of Leduc et al (2006) (1 and 2) and sampling 

stations of the current study (M1-M6) for A. stutchburyi.  

It has been suggested that there was little intra- and inter-annual variation in the carbon and 

nitrogen isotope signature of SPOM along the Otago coast (Van Hale 2002). In this study, the 

SPOM samples sampled in summer (Feb 18) showed marginal difference in the isotopic 

signature, compared to the figures determined in Otago Harbour (-22.3‰ for δ13C and 6.4‰ 

forδ15N). However, the isotopic signature of SPOM in winter (July 2018) showed relatively less 

depleted carbon (Figure 3.1). This possibly implies that there is a seasonal variation in the 

isotopic signature, however, only limited samples (n=2) were examined due to the error of 

the autosampler of the mass spectrometer. Besides, high variation of the nitrogen signature 

was observed in winter, which could be due to the low concentration of nitrogen in the 

samples (<2 umol nitrogen). 
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Considering the high spatial variability of MPB (Spilmont et al. 2011), SOM was sampled at 

each station for stable isotope signature. Nevertheless, no significant difference was found in 

either the carbon or the nitrogen signature within each sampling month. This could possibly 

suggest that the benthic organic pool of the estuary tends to be spatially homogeneous, 

though further comprehensive sampling would be required to support this conclusion. When 

data from both months were analysed together, there was a significant difference in the 

nitrogen signature. This is likely due to the low nitrogen abundance in most of the sediment 

samples (<2 umol nitrogen). 

It is vital to include all potential sources of isotope variation in the environment when it comes 

to carbon source tracing studies (Smit 2001). Tidal estuary ecosystems like the Blueskin Bay 

inlet tend to function with multiple carbon pools, including (but not limited to) phytoplankton, 

photosynthetic bacteria, macroalgae, MPB, seagrasses and detritus, and there is an exchange 

of energy and materials between these pools. Consequently, it is considerably difficult and 

costly to investigate the stable isotope signature of every single possible organic matter 

source and partitioning their contribution using models. Previous organic matter source 

tracing studies on suspension feeding bivalves suggested that phytoplankton, MPB and 

detritus were the main sources (e.g. Kang et al. 1999, Kasai et al. 2004, Kanaya et al. 2005, 

Komorita et al. 2014). Detrital organic matter in both pelagic and benthic environments can 

be sourced from a wide range of sources, such as macrophytes (Kang et al. 1999). It is 

therefore difficult to obtain an accurately estimated isotope signature for this source pool. To 

simplify the question, the present study divided the carbon sources on the basis of their 

physical presence into two groups, the pelagic and the benthic. The pelagic organic matter 

source was sampled by taking SPOM samples from the surface water (0.5 -1m deep) at the 

estuary mouth at mid flood tide, to avoid mixing resuspended benthic organic materials. 

SPOM samples are assumed to be mainly phytoplankton communities and other pelagic 

organic material. The isotopic signature of the benthic organic matter source was obtained 

by taking sediment samples with MPB at low tide, which is regarded as a mixture of MPB and 

benthic organic material. This may introduce a higher variability of sources and sacrifice a 

certain amount of accuracy of the output information derived from the model. However, it is 

a feasible way to identify the diet of A. stutchburyi providing the available research resources. 
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It can be seen that, despite the major contribution from pelagic primary production, the 

proportion of carbon derived from the benthic environment to A. stutchburyi increased as the 

distance from the entrance of the estuary increased (except stations along the northern 

channel in winter). This could be attributed to the reducing availability of phytoplankton in 

the water column as the tidal current moves shore-wards. Although not clearly observed in 

this study, Pawson (2004) reported that pelagic chlorophyll concentration was significantly 

depleted as the tidal water moved from the inlet entrance to the inner estuary in another 

Otago estuary. This could mean that there is less food available from the phytoplankton for 

the bivalves further from the estuary mouth. Furthermore, MPB and SOM measured in 

Chapter 2.3.2 indicated that further along the channel the benthic primary production tends 

to be higher. This could lead to more re-suspended SOM in the water column, making 

available a higher proportion of benthic primary production for A. stutchburyi when tides flow 

across the sand flat. With its siphon extended to the benthic boundary layer while feeding, A. 

stutchburyi tend to have access to re-suspended organic matter.  

The contribution of benthic organic matter sources to the diet of A. stutchburyi was estimated 

to be as high as 34.10% (95% CI:  26.44% - 41.75%, Figure 3.1). The role of benthic primary 

production as a potential food source utilised by A. stutchburyi, has for long been overlooked, 

since phytoplankton has been seen as the major carbon source for suspension feeders such 

as oysters and mussels. Recently, in a study of Whangateau Harbour, New Zealand (an estuary 

similar to the Blueskin Bay inlet in terms of tidal prism and key species, A. stutchburyi) Jones 

et al. (2017) suggested that phytoplankton and detrital production alone were not sufficient 

to sustain the consumers and that A. stutchburyi plays a vital role in facilitating energy transfer 

from benthic primary production to higher trophic levels. Besides, the importance of the 

benthic primary production has been well studied for other suspension-feeding species (e.g. 

Newell et al. 2002, Kang et al. 2003).  

Many New Zealand estuaries like the Blueskin Bay inlet are typically shallow and tend to have 

low turbidity, which implies that benthic primary production is likely to be an important part 

in supporting the food web (Miller et al. 1996, Safi 2003). Therefore, benthic primary 

production should be taken into consideration when investigating the dietary budgets of 

species at higher trophic levels in the food web. 
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In conclusion, it is confirmed that both pelagic and benthic primary production serve as 

important food sources for A. stutchburyi in Blueskin Bay inlet. The proportion of benthic 

primary production assimilated by A. stutchburyi increases with distance from the inlet 

entrance. 
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Chapter 4: Conclusions and discussion 

4.1 Study aims 

The overall aim of this thesis was to evaluate the food sources for A. stutchburyi in the 

Blueskin Bay inlet, South Island, New Zealand. In the first part of the study, the potential food 

sources were classified into two groups: the pelagic food source from outside the estuary, 

consisting mainly of phytoplankton, and the benthic food source mainly constituted by MPB 

residing inside the estuary sediment. Within this objective, firstly the availability of the pelagic 

food source was investigated in terms of its tidal variation, seasonal pattern, its distribution 

within the inlet, and possible impact of environmental factors, using chlorophyll and SPOM 

as indexes. The availability of the benthic food source was examined regarding its composition, 

organic matter content, spatial patterns and the relationship with A. stutchburyi density. The 

second part of this thesis quantified the relative contribution of the above two sources to the 

diet of A. stutchburyi using stable isotope models and investigated the possible effect of 

distance from the inlet mouth. 

The implications of the two sections are combined and discussed in this final chapter. A 

primary production budget was built by integrating data from this study and previous 

published studies on A. stutchburyi. The seasonal variation in food availability and the 

ecological role of A. stutchburyi are discussed.  

 

4.2 Primary production budget 

The average tidal chlorophyll net flux in the Blueskin Bay inlet ranged between 2.39 kg 

chlorophyll in winter to 10.07 kg in spring (Figure 2.13). The total amount of chlorophyll 

consumed within the inlet can be calculated as the total of net fluxes and the primary 

production by the phytoplankton communities. The production/biomass (P/B) ratios of 

200/yr for phytoplankton were set by reviewing previous ecosystem trophic models of 

estuaries in New Zealand (Bradford-Grieve et al. 2003, Jiang & Gibbs 2005, Pinkerton et al. 

2008, Jones 2011). In this way, on average over a tidal cycle, the total amount of chlorophyll 

flooding into the Blueskin Bay inlet was calculated at 15.31 kg chlorophyll and 7.85 kg 

chlorophyll was consumed (averagely 2.38 mg chlorophyll per m2 and 1.22 mg chlorophyll per 
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m2). The average net pelagic primary production from phytoplankton communities inside the 

estuary is about 1.95 kg chlorophyll per tide (on average 0.30 mg chlorophyll per m2).  

As for the benthic primary production, 5.85-13.76 ug/g DW chlorophyll and 9.61 - 23.61ug/g 

DW SOM were measured in the biomass survey. The main taxa of MPB were diatoms and 

cyanobacteria based on the measurements of BenthoTorch, ranging from 0.07 ug Chl/cm2 to 

0.40 ug Chl/cm2 and from 0.05ug Chl/cm2 to 0.19 ug Chl/cm2 respectively. Assuming the 

benthic survey is a good representation of the whole estuary, the total primary production in 

the sediment during the sampling period would be about 2.58mg chlorophyll per m2 at low 

tide. Similar to phytoplankton, the P/B for MPB is set at 40/yr based on previous mass balance 

models (Bradford-Grieve et al. 2003, Jiang & Gibbs 2005, Pinkerton et al. 2008, Jones 2011). 

The average net increase of benthic primary production in spring over a tidal cycle was 

estimated at approx. 0.15 mg chlorophyll per m2, which is half of the amount of net pelagic 

primary production. Considering it has been reported repeatedly that the biomass of MPB 

tend to peak in spring in shallow estuaries (e.g. Montani et al. 2003, Kang et al. 2006), the 

annual average tidal primary production within the Blueskin Bay inlet tends to be considerably 

lower than spring values. 

Asmus & Asmus (2011) suggested that most bivalve beds are dependent on a continuous 

input of phytoplankton from the sea. In the case of the Blueskin Bay inlet, it can be seen that 

the food web of the Blueskin Bay inlet relies predominately on pelagic primary production 

imported from the sea, while the autochthonous primary productivity and MPB stock inside 

the estuary play a less important role. A. stutchburyi being the major consumer residing in 

the inlet with a biomass of about 12,000 tonnes (Stewart 2008), it is likely to depend heavily 

on the primary production transport from outside the inlet. The stable isotope analysis result 

of A. stutchburyi further supports this conclusion, with over 60% of carbon originating from 

the pelagic environment.  

The filtration rate of A. stutchburyi calculated by Pawson (2004) in a laboratory study was 

1.16 L hr-1 g-1 DW (dry tissue weight) at 15oC over a full tidal cycle. When this rate is applied 

to the total biomass of the Blueskin Bay inlet (approx. 11984 t, Stewart 2008) it leads to a dry 

tissue weight/total fresh weight of 0.043 (Stephenson 1981), making the total amount of 

water filtered by A. stutchburyi during one tidal cycle 3.98 x 106 m3, which is nearly 42.8% - 
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51.7% of the total volume of water present at high tide in the estuary. This proportion is 

higher than the chlorophyll depletion rate (39.00 ± 0.05 % in spring to 18.66 ± 0.03% in winter). 

It is generally acknowledged that the clearance rate of bivalves derived from laboratories tend 

to overestimate in situ rates, due to the lack of incorporation of environmental variables such 

as flow rate, food quality and concentration (Wildish & Saulnier 1993, Cranford 2001, Newell 

et al. 2001). Also, Jones et al. (2011) further suggested that individual clearance rates can be 

suppressed at high bed densities, due to intra-species competition.   

 

4.3 Seasonality 

The seasonality of food availability coincides with the growth and condition of A. stutchburyi. 

In the present study, it was demonstrated that the input of pelagic primary production into 

Blueskin Bay Inlet was strongest in spring, moderate in summer and autumn, and lowest in 

winter. A similar seasonal pattern was also suggested for intertidal MPB in an estuarine 

sandflat of the Seto Inland Sea, Japan (Montani et al. 2003). It has been reported that rapid 

growth of condition indices of A. stutchburyi started in spring and remained at a high level 

during the summer period (Wildish 1982, McKinnon 1996). Furthermore, the breeding cycle 

of A. stutchburyi fits in the seasonal variation of food sources. Although the breeding season 

of A. stutchburyi is broad (from the beginning of January to April), gonadal development could 

take place as early as spring and peaks in mid-summer (Irwin 1999). This further supported 

the assertion that a sufficient food supply is likely to be an important factor in terms of the 

reproductive ecology of bivalves (Martinez et al. 2000). 

 

4.4 Ecological role of A. stutchburyi 

The trophic interactions between suspension feeders and the pelagic and benthic 

environment have been well documented as key ecological processes in estuary ecosystems 

(Smaal & Haas 1997, Prins et al. 1998, Asmus & Asmus 2005). This study provides further 

support for the assertion that A. stutchburyi growing in dense aggregations exerts a 

prominent grazing pressure on phytoplankton communities (Healy 1980, Pawson 2004, 

Kainamu 2011) and therefore has a considerable capability of controlling eutrophication 
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(Officer et al. 1982, Dame 1996). As a suspension feeder, A. stutchburyi in the Blueskin Bay 

inlet also plays a pivotal role in assimilating primary production from outside the estuary, 

which can be then passed on to higher trophic levels in the ecosystem. Furthermore, while 

pelagic microscopic algae have long been assumed to be the normal food for A. stutchburyi, 

the stable isotope results of this study suggest the possible contribution of the benthic 

environment to its diet. In other words, A. stutchburyi may not only regulate the primary 

production in the water column but also exert a top-down control on the benthic primary 

production in tidal estuaries. By grazing on both primary production sources A. stutchburyi 

can pass on the energy and material from the bottom of the food web to higher trophic levels 

(e.g. crab and oystercatchers). 

It has been suggested that a suspension feeder like A. stutchburyi also has a great impact on 

the benthic-pelagic coupling (Asmus & Asmus 2011, Zhang et al. 2014). Suspension feeders 

increase both organic and inorganic matter in the sediment, by producing large amounts of 

biodeposits during their intensive filtering, feeding, and digestive processes (Miller et al. 

2002). The organic matter deposited can be directly consumed by other macrofaunal species 

or rapidly re-mineralised entering nutrient transformations and fluxes along with the 

inorganic material (Newell et al. 2002, Giles & Pilditch 2004, 2006). Nitrogen contained in the 

faeces and pseudo-faeces can be deposited into the sediment and removed from the 

ecosystem as a result of nitrification-denitrification process (Kaspar et al. 1985, Newell et al. 

2005). Alternatively, it can lead to nutrient enrichment in both the benthic and the pelagic 

environment, enhancing the total primary productivity of the system. For example, Sandwell 

et al. (2009) reported the positive relationship between the density of A. stutchburyi and 

nutrient fluxes, which further impacted the primary productivity of MPB. Moreover, the 

filtration activity of suspension feeders can increase the light penetration to the bottom of 

the estuary, which has a beneficial influence on the benthic primary production (Port et al. 

2004). A similar result was found in this study, with the concentration of diatoms being higher 

in areas with high A. stutchburyi densities. In return, the enrichment of MPB can enhance the 

quality of food (organic fraction) in the water column during suspension feeding caused by 

tidal movement, which increases the efficiency of feeding behaviour of A. stutchburyi (Grant 

et al. 1990, Kang et al. 1999, Ubertini et al. 2012). 
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4.5 Implications for stock management of A. stutchburyi 

A. stutchburyi has been regarded as a species of great cultural, commercial and ecological 

importance and Blueskin Bay Inlet is one of the main areas where customary, commercial and 

recreation fishery of A. stutchburyi are allowed (Jiang et al. 2011). As a consequence, a well-

informed stock management is essential and vital to underpin the stock sustainability and 

conservation of the whole ecosystem.  

Findings in this study highlight the importance of long-term monitoring of primary production 

supplied from the sea, which predominately supports the growth of intensive beds of A. 

stutchburyi inside the estuary. The availability of SPOM would significantly influence the 

biomass and condition of A. stutchburyi (Martinez et al. 2000). Particularly, the biomass 

recruitment is likely to be closely related to the abundance and quality of the pelagic primary 

production in spring and summer (Irwin 1999). In this case, variation in ocean primary 

production could have considerable impact on the sustainability of the species (Law et al. 

2018). 

Also, the trophic relationship between A. stutchburyi and the benthic primary production 

should be considered in modelling of the flow of energy and materials in the food web and in 

determination of the secondary production of A. stutchburyi. It should also be noted that the 

contribution of benthic primary production is likely to be spatially variable, depending on the 

relative availability of phytoplankton and factors that influence the production and re-

suspension of MPB.   

A final implication from the observation of this study is the possibly large impact from land 

runoff during major precipitation events. The two rivers flowing into the Blueskin Bay inlet, 

Carey’s Creek and Waitati River, have a total catchment area of 3.35 x 104 m2 and 4.65 x 104 

m2 respectively (Otago Regional Council 2008). When there is a strong rainfall event, the 

freshwater input from the catchment is likely to contain a high nutrient load due to farming 

(Otago Regional Council 2008).  With a tidal prism of over 90% of the total tidal volume in the 

Blueskin Bay inlet (calculated from Chapter 2.3.10), this could trigger significant algae blooms 

that exceeds the filtration capacity of A. stutchburyi, and possibly further disrupt the estuary's 

balance. Under this circumstance, the mitigating function of the estuary can only have limited 

effect.   
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4.6 Limitations and suggestions for future studies 

The estimation of the pelagic primary production of the estuary in this study was almost 

exclusively derived from data gathered by fluorometers deployed in situ. Apart from the 

advantages of access to large amount of sampling data at a high frequency over a long period 

of time, biases could be introduced to the results due to biofouling, coverage of drifting 

seaweed and unexpected malfunctioning of instruments.  

Another limitation is the lack of seasonal sampling of the benthic primary production. Due to 

logistic issues, only a spring sampling was conducted in this study. More frequent sampling 

would provide a better picture of the concentration and distribution of MPB and SOM within 

the inlet and therefore a more thorough and precise primary production budget could be 

achieved.  

Controlled experiments can be carried out in microcosms or mesocosms, to quantify the 

processes in benthic-pelagic coupling (Dame 2002). For future studies, it would be worthwhile 

to determine the feeding strategy of A. stutchburyi on various composition combinations of 

both food resources under different environmental factors, such as temperature and flow 

rates. The density of A. stutchburyi can also be manipulated, to investigate if intra-species 

competition could have an impact on the uptake rates of food. Data gathered from the above 

experiments could be combined with the environmental data from the current study, to 

achieve better understanding of the grazing impact of A. stutchburyi. The quantification of 

removal rates also provides essential information for assessing the capacity of the estuary, in 

terms of supporting A. stutchburyi populations. 

Future studies can also focus on building a dynamic model of the carbon and nitrogen fluxes 

between A. stutchburyi, pelagic primary production and benthic primary production.  

 

4.7 Conclusion 

The monitoring of pelagic primary production suggested that the population of A. stutchburyi 

in Blueskin Bay inlet mainly relies on the phytoplankton in the incoming flow from the sea. 

Seasonality can be seen in both the influxes of phytoplankton as well as of the depletion 
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proportions, with spring being the peak season and winter showing the lowest chlorophyll 

concentrations. MPB, which constituted mainly of diatoms and cyanobacteria, were prevalent 

on the sediment of the estuary. Concentrations of MPB and SOM tend to be higher as the 

distance from the inlet mouth increases, and the concentration of diatoms in the sediment is 

positively related to the density of A. stutchburyi.  

Stable isotope mass balance model output shows that, while pelagic primary production 

serves as the main food source for A. stutchburyi, the relative contribution of benthic organic 

matter increases as the distance from the inlet mouth increases, up to 34.10 ± 1.78%. It is 

suggested that A. stutchburyi is likely to exert a significant grazing effect on both types of 

primary production and it plays a vital role in the connection between the pelagic and benthic 

environments, as well as between primary producers and higher trophic levels.    
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Appendix 

Table A.1 Chlorophyll sensor specifications of YSI 6600 V2 and EXO 3. 

 YSI 6600 V2 EXO 3 

Sensors chlorophyll sensor 6025 with a 

mechanic wiper 

Total algae sensor (Chlorophyll, BGA-PC,  

BGA-PE) 

Range 0 to 100 RFU 

0 to 400 µg/L 

 

Chl: 0-100 RFU, 0-400 µg/L Chl;  

BGA-PC: 0-100 RFU, 0-100 µg/L;  

BGA-PE: 0-100 RFU, 0-280 µg/L 

Resolution 0.1 µg/L Chl 

0.1% RFU* 

Chl: 0.01 RFU, 0.01 µg/L Chl;  

BGA-PC: 0.01 RFU, 0.01 µg/L;  

BGA-PE: 0.01 RFU, 0.01 µg/L 

Linearity R2> 0.9999 R2> 0.9999 

* RFU: relative fluorescence units, a unit of measurement used in analysis which employs 

fluorescence detection 

 

 

 

Figure A.1 Diagram of 6025 Chlorophyll probe installed on YSI 6600 V2 (YSI 2013) 
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Table A2. The coordinates of MPB sampling stations. 

Stations Latitude Longitude Stations Latitude Longitude 

M1-1 -45.7377 170.5921 3M1-1 -45.7411 170.5823 
M1-2 -45.7377 170.5911 3M1-2 -45.7428 170.5832 
M1-3 -45.7374 170.5918 3M1-3 -45.7411 170.5847 
M2-1 -45.7378 170.5861 3M2-1 -45.7327 170.5752 
M2-2 -45.7384 170.5861 3M2-2 -45.7325 170.5782 
M2-3 -45.7382 170.5868 3M2-3 -45.7341 170.5774 
M3-1 -45.736 170.5776 3M3-1 -45.7421 170.5719 
M3-2 -45.7363 170.5772 3M3-2 -45.741 170.5734 
M3-3 -45.7365 170.578 3M3-3 -45.7403 170.5713 
M4-1 -45.7223 170.5937 3M4-1 -45.7219 170.5898 
M4-2 -45.7229 170.5944 3M4-2 -45.7239 170.589 
M4-3 -45.7225 170.5942 3M4-3 -45.7223 170.5875 
M5-1 -45.7201 170.5921 3M5-1 -45.7165 170.5855 
M5-2 -45.7204 170.5923 3M5-2 -45.7179 170.5848 
M5-3 -45.7206 170.5928 3M5-3 -45.717 170.5831 
M6-1 -45.7195 170.5898 3M6-1 -45.7223 170.5782 
M6-2 -45.7192 170.5898 3M6-2 -45.7238 170.578 
M6-3 -45.7193 170.5904 3M6-3 -45.7237 170.5761 

 



 

107 

 

Figure A.2 The chlorophyll (ug L-1) over consecutive tidal cycles in January 2017 at the entrance of the Blueskin Bay inlet. 

Figure A.3 The chlorophyll (ug L-1) over consecutive tidal cycles in February 2017 at the entrance of the Blueskin Bay inlet. 
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Figure A.4 The chlorophyll (ug L-1) over consecutive tidal cycles in March 2017 at the entrance of the Blueskin Bay inlet. 

Figure A.5 The chlorophyll (ug L-1) over consecutive tidal cycles in April 2017 at the entrance of the Blueskin Bay inlet. 
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Figure A.6 The chlorophyll (ug L-1) over consecutive tidal cycles in May 2017 at the entrance of the Blueskin Bay inlet. 

Figure A.7 The chlorophyll (ug L-1) over consecutive tidal cycles in June 2017 at the entrance of the Blueskin Bay inlet. 
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Figure A.8 The chlorophyll (ug L-1) over consecutive tidal cycles in July 2017 at the entrance of the Blueskin Bay inlet. 

Figure A.9 The chlorophyll (ug L-1) over consecutive tidal cycles in December 2017 at the entrance of the Blueskin Bay inlet. New sampling 

instrument EXO 3 was utilised since this month. 
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Figure A.10 The chlorophyll (ug L-1) over consecutive tidal cycles in February 2018 at the entrance of the Blueskin Bay inlet. 
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Figure A.11 The chlorophyll (ug L-1) over consecutive tidal cycles in March 2018 at the entrance of the Blueskin Bay inlet.  

Figure A.12 The chlorophyll (ug L-1) over consecutive tidal cycles in May 2018 at the entrance of the Blueskin Bay inlet.
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Figure A.13   The chlorophyll (ug L-1) over consecutive tidal cycles in June 2018 at the entrance of the Blueskin Bay inlet. 

Figure A.14   The chlorophyll (ug L-1) over consecutive tidal cycles in September 2018 at the entrance of the Blueskin Bay inlet. 
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Table A.3 Chl-a concentration at flood and ebb tides. SE, standard error. P-value < 0.05 were 

highlighted. 

 

Table A.4 Tukey’s post hoc results for seasonal SPOM in water column with significant P 

values bold. 

  diff lwr upr p 

SPR18-AUT18 1.927564 1.114916 2.740213 <0.001 

SUM17-AUT18 0.396775 -0.51179 1.305344 0.677 

SUM18-AUT18 -0.49699 -1.30964 0.315662 0.359 

WIN17-AUT18 -0.97582 -1.78846 -0.16317 <0.001 

WIN18-AUT18 0.128451 -0.6842 0.941099 0.993 

SUM17-SPR18 -1.53079 -2.43936 -0.62222 <0.001 

SUM18-SPR18 -2.42455 -3.2372 -1.6119 <0.001 

WIN17-SPR18 -2.90338 -3.71603 -2.09073 <0.001 

WIN18-SPR18 -1.79911 -2.61176 -0.98647 <0.001 

SUM18-SUM17 -0.89376 -1.80233 0.014807 0.055 

WIN17-SUM17 -1.37259 -2.28116 -0.46402 <0.001 

WIN18-SUM17 -0.26832 -1.17689 0.640244 0.906 

WIN17-SUM18 -0.47883 -1.29148 0.333819 0.395 

WIN18-SUM18 0.625438 -0.18721 1.438086 0.170 

WIN18-WIN17 1.104267 0.291619 1.916916 <0.001 

 

Month Flood 
Tide 
average 

SE Ebb Tide 
average 

SE t- test results 

Jan-17 1.52 0.04 1.13 0.04 t = 7.3505, df = 1344, p-value <0.05 

Feb-17 1.89 0.03 1.30 0.03 t = 13.441, df = 1977.1, p-value < <0.05 

Mar-17 1.66 0.02 1.24 0.02 t = 17.049, df = 3195.3, p-value < <0.05 

Apr-17 2.23 0.03 1.37 0.02 t = 23.769, df = 1810.8, p-value < <0.05 

May-17 1.71 0.01 1.43 0.01 t = 15.672, df = 3783.7, p-value < <0.05 

Jun-17 1.54 0.01 1.29 0.01 t = 13.071, df = 1703.8, p-value < <0.05 

Jul-17 1.45 0.02 1.62 0.02 t = -5.6995, df = 1472, p-value = <0.05 

Aug-17 0.96 0.13 0.56 0.06 t = 2.6865, df = 6.8602, p-value = <0.05 

Nov-17 1.16 0.03 0.90 0.02 t = 7.6748, df = 795.98, p-value = <0.05 

Dec-17 4.04 0.37 3.76 0.32 t = 0.55967, df = 511.99, p-value = <0.05 

Feb-18 1.99 0.13 1.67 0.15 t = 1.649, df = 391.14, p-value = <0.05 

Mar-18 1.85 0.05 1.09 0.04 t = 11.668, df = 494.76, p-value < <0.05 

May-18 1.16 0.04 0.97 0.03 t = 3.6316, df = 416.92, p-value = <0.05 

Jun-18 1.29 0.02 0.99 0.02 t = 11.721, df = 633.09, p-value < <0.05 

Sep-18 2.73 0.09 1.75 0.10 t = 7.365, df = 631.77, p-value = <0.05 
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Table A.5 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in January 2017.  

Jan-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 2.4 19689.7 0.8 6577.9 13111.8   
Tide 2 1.3 10539.3 0.9 6894.9 3644.5   
Tide 3 1.5 12009.9 0.9 6736.4 5273.5   
Tide 4 2.7 22140.7 3.2 25202.1   -3061.4 
Tide 5 1.9 15768.1 1.4 10778.3 4989.8   
Tide 6 1.9 15931.5 1.0 8465.81 7465.7   
Tide 7 0.5 4166.7 0.6 4364.5   -197.8 
Tide 8 1.1 8804.25 0.7 5779.5 3024.7   
Tide 9 0.6 4695.6 0.7 5297.8   -602.2 
Tide 10 1.1 9055.8 0.7 5379.3 3676.5   

Average 1.5 12280.2 1.1 8547.7 5883.8 1287.1 
 

 

Table A.6 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in February 2017.  

Feb-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 3.1 25245.3 1.7 13076.6 12168.7   
Tide 2 1.4 11739.0 1.0 8058.8 3680.2   
Tide 3 2.8 23142.6 1.4 11084.5 12058.1   
Tide 4 1.3 11235.9 1.3 10269.5 966.4   
Tide 5 2.5 20543.3 1.5 12404.1 8139.1   
Tide 6 2.4 20898.0 2.0 16416.2 4481.8   
Tide 7 2.4 20210.0 1.2 10050.7 10159.3   
Tide 8 1.4 11988.4 0.7 5841.6 6146.8   
Tide 9 1.7 14721.1 1.1 9202.9 5518.2   
Tide 10 1.1 9255.8 1.4 11597.3   -2341.6 
Tide 11 2.1 18335.2 1.4 12127.1 6208.1   
Tide 12 1.1 10023.3 1.1 9256.6 766.7   
Tide 13 1.8 16163.7 1.2 10314.5 5849.2   
Tide 14 1.8 16344.3 1.3 11019.8 5324.6   

Average 1.9 16417.6 1.3 10765.7 6266.7 -2341.6 
 

Table A.7 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in March 2017. 

Mar-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 1.9 15686.4 1.2 9748.0 5938.4   
Tide 2 1.4 11111.2 1.1 8638.5 3582.3   
Tide 3 1.6 13667.6 1.6 12861.5 806.0   
Tide 4 1.2 10062.0 1.0 8231.9 1830.1   
Tide 5 2.5 21156.0 1.6 13050.0 8106.0   
Tide 6 2.1 18060.0 1.7 13819.7 4240.3   
Tide 7 2.2 19216.7 1.6 13573.1 5643.6   
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Tide 8 2.0 17806.3 1.3 10923.0 6883.3   
Tide 9 2.1 18158.9 1.3 10751.0 7407.9   
Tide 10 1.2 10926.3 1.0 8639.5 2286.8   
Tide 11 1.6 14809.2 1.2 10314.5 4494.7   
Tide 12 1.1 9842.7 0.9 8296.4 1546.3   
Tide 13 1.2 10926.3 1.0 8375.0 2551.3   
Tide 14 1.1 9752.4 1.1 9521.1 231.3   
Tide 15 1.3 12111.0 1.0 9402.6 2708.3   
Tide 16 1.0 9030.0 0.9 7934.2 1095.8   
Tide 17 1.3 11833.6 1.1 9493.1 2340.6   
Tide 18 1.4 12280.8 1.1 9961.9 2318.9   
Tide 19 1.5 13274.1 1.0 8375.0 4899.1   
Tide 20 2.0 17806.3 1.5 12729.2 5077.1   
Tide 21 1.9 17157.0 1.4 11901.3 5255.7   
Tide 22 2.5 21596.8 1.8 15720.8 5876.0   
Tide 23 2.2 19128.6 1.5 12542.3 6586.3   

Average 1.7 14582.6 1.2 10643.6 3987.2   

 

Table A.8 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in April 2017.  

Apr-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave 
Chl(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 2.0 18330.9 1.1 9796.9 8534.0   
Tide 2 1.3 12018.5 1.1 9583.5 2435.0   
Tide 3 2.6 23852.1 1.2 10758.8 13093.3   
Tide 4 2.3 21540.9 1.5 13290.3 8250.6   
Tide 5 2.7 25331.3 1.4 12476.6 12854.7   
Tide 6 2.4 22557.8 1.8 16002.6 6555.2   
Tide 7 2.0 17879.4 1.4 12356.4 5523.0   
Tide 8 2.9 26440.7 1.5 13199.9 13240.8   
Tide 9 2.5 22484.7 1.4 11901.3 10583.4   
Tide 10 2.0 18060.0 1.4 11989.5 6070.5   
Tide 11 1.9 17101.1 1.3 11439.1 5662.0   
Tide 12 2.0 17879.4 1.2 10138.2 7741.2   

Average 2.2 20289.7 1.3 11911.1 8378.7   

 

Table A.9 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in May 2017. 

May-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 1.3 11829.3 1.1 9521.1 2308.2   
Tide 2 1.0 9337.5 0.9 8046.5 1291.0   
Tide 3 1.4 12850.6 1.1 9764.3 3086.3   
Tide 4 1.2 11541.2 1.0 9441.1 2100.1   
Tide 5 1.4 12573.2 1.2 10487.6 2085.6   
Tide 6 1.1 10500.6 1.2 10748.8   -248.2 
Tide 7 1.5 14237.3 1.2 10770.9 3466.4   
Tide 8 1.4 13527.8 1.2 11477.4 2050.4   
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Tide 9 1.5 13545.0 1.3 11297.3 2247.7   
Tide 10 1.5 13682.6 1.4 12386.2 1296.4   
Tide 11 1.9 16886.1 1.4 11915.1 4971.0   
Tide 12 2.1 19229.6 1.5 13109.5 6120.2   
Tide 13 1.8 15778.9 1.6 13347.1 2431.8   
Tide 14 2.0 17879.4 1.5 13047.4 4832.0   
Tide 15 1.7 15250.0 1.5 12557.2 2692.8   
Tide 16 2.0 17541.9 1.5 12815.2 4726.7   
Tide 17 1.7 14878.0 1.6 12982.2 1895.8   
Tide 18 2.3 19921.9 1.8 15720.8 4201.1   
Tide 19 2.0 17544.0 2.0 16332.4 1211.6   
Tide 20 2.2 18576.0 1.9 16081.2 2494.8   
Tide 21 1.9 16168.0 1.5 12144.6 4023.4   
Tide 22 2.0 17114.0 1.7 14573.5 2540.5   
Tide 23 1.9 15910.0 1.9 15559.6 350.4   
Tide 24 2.1 17974.0 2.1 17337.5 636.5   
Tide 25 1.7 14448.0 1.7 14221.2 226.8   
Tide 26 1.9 16426.0 1.7 14489.8 1936.2   

Average 1.7 15198.1 1.5 12699.0 2608.9 -248.2 

 

Table A.10 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in June 2017.  

Jun-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 1.5 14144.9 1.3 11676.0 2468.8   
Tide 2 1.4 12665.7 1.3 11572.5 1093.2   
Tide 3 1.6 14086.8 1.2 10591.2 3495.6   
Tide 4 1.6 14699.6 1.3 11301.3 3398.3   
Tide 5 1.5 13046.2 1.2 10677.6 2368.6   
Tide 6 1.5 13815.9 1.4 11989.5 1826.4   
Tide 7 1.6 14192.2 1.2 10493.0 3699.2   
Tide 8 1.5 13134.4 1.4 11597.3 1537.0   
Tide 9 1.6 13416.0 1.4 11390.8 2025.2   
Tide 10 1.6 14104.0 1.4 11474.6 2629.4   
Tide 11 1.6 13588.0 1.3 11209.6 2378.4   
Tide 12 1.5 13158.0 1.4 11376.9 1781.1   

Average 1.5 13671.0 1.3 11279.2 2391.8   

 

Table A.11 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in December 

2017.  

Dec-17 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 2.3 19897.7 0.9 7557.4 12340.3   
Tide 2 2.8 24113.7 1.2 10075.7 14038.0   
Tide 3 0.7 6438.3 0.5 4011.0 2427.3   
Tide 4 1.4 12421.4 0.8 6459.9 5961.4   
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Tide 5 0.8 6465.6 0.6 5419.6 1046.1   
Tide 6 1.3 11080.4 0.7 5812.4 5268.0   
Tide 7 0.6 5381.6 0.6 4845.0 536.7   

Average 1.4 12257.0 0.8 6311.6 5945.4   

 

Table A.12 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in February 

2018.  

Feb-18 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 2.1 17802.0 1.0 8114.4 9687.6   
Tide 2 1.0 8263.8 0.7 6245.0 2018.9   
Tide 3 1.9 16426.0 0.9 7160.2 9265.8   
Tide 4 1.1 9518.6 0.7 6125.3 3393.3   
Tide 5 1.3 11019.7 0.7 5748.2 5271.5   
Tide 6 0.6 5348.4 0.6 4714.5 633.9   

Average 1.3 11396.4 0.8 6351.3 5045.2   

 

Table A.13 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in March 2017.  

Mar-18 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 1.2 10331.5 0.9 7179.0 3152.5   
Tide 2 2.0 16682.5 1.0 8053.8 8628.7   
Tide 3 0.8 6951.9 0.6 4911.4 2040.6   
Tide 4 2.3 18968.3 1.1 8586.8 10381.6   
Tide 5 2.1 18079.5 1.3 10791.4 7288.2   
Tide 6 2.6 21930.0 1.3 10525.3 11404.7   
Tide 7 1.6 13535.7 1.2 9963.9 3571.8   
Tide 8 2.2 18864.1 1.2 10110.0 8754.1   
Tide 9 1.1 9920.9 1.0 8450.6 1470.3   
Tide 10 2.0 17085.3 1.3 11210.4 5874.9   
Tide 11 1.8 15635.2 1.1 9875.3 5759.9   

Average 1.8 15271.4 1.1 9059.8 6211.6   

 

Table A.14 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in May 2018.  

May-18 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 1.5 12344.2 1.3 10206.1 2138.1   
Tide 2 1.1 9667.2 0.8 6868.6 2798.6   
Tide 3 1.4 12081.1 1.1 8884.3 3196.8   
Tide 4 0.8 6971.9 0.7 5742.5 1229.4   
Tide 5 1.3 10963.1 1.1 8881.2 2081.9   
Tide 6 0.8 7494.9 1.0 8638.9   -1144.0 
Tide 7 1.4 12393.1 1.1 9136.0 3257.1   
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Tide 8 0.7 6505.7 0.8 7118.8   -613.0 
Tide 9 1.4 12408.0 1.1 9168.1 3240.0   

Average 1.2 10092.1 1.0 8293.8 2563.1 -878.5 

 

Table A.15 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in June 2018. 

Jun-18 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 1.3 12319.0 0.9 8272.5 4046.4   
Tide 2 0.9 7731.4 1.0 9024.6   -1293.2 
Tide 3 1.3 12321.1 1.0 8737.3 3583.8   
Tide 4 1.0 8651.4 1.1 9607.7   -956. 3 
Tide 5 1.4 13333.8 1.0 9160.5 4173.3   
Tide 6 1.3 11693.9 1.2 10300.3 1393.6   
Tide 7 1.4 13172.1 1.0 8873.1 4299.0   
Tide 8 1.5 13370.8 1.3 10786.1 2584.7   
Tide 9 1.5 13395.8 1.0 8897.4 4498.4   
Tide 10 1.6 13736.1 1.1 9785.8 3950.3   
Tide 11 1.3 11350.3 0.8 6742.5 4607.9   
Tide 12 1.3 11175.9 1.0 8607.2 2568.7   
Tide 13 1.1 9750.2 0.6 5042.6 4707.5   
Tide 14 1.2 10988.1 1.0 8364.7 2623.4   

Average 1.3 11642.1 1.0 8728.7 3586.4 -1124.7 

 

Table A.16 Chlorophyll fluxes at flood and ebb tide in the Blueskin Bay inlet in June 2018. 

 

Sep-18 
Flood ave Chl 
(ug/L) 

Chl Flux In (g) 
Ebb ave Chl-
(ug/L) 

Chl Flux Out (g) 
Depletion 
(g) 

Export(g) 

Tide 1 4.0 36980.0 3.2 28963.8 8016.2   
Tide 2 4.5 42570.0 3.7 34284.9 8285.1   
Tide 3 4.7 43451.5 2.9 26248.5 17203.0   
Tide 4 4.8 45408 2.6 24092.1 21315.9   
Tide 5 1.5 13867.5 1.3 11766.6 2100.9   
Tide 6 2.8 25886.0 1.5 13561.5 12324.5   
Tide 7 2.0 18490.0 1.3 11753.3 6736.7   
Tide 8 2.8 25886.0 1.4 12643.1 13242.9   
Tide 9 3.0 27090.0 1.7 15004.2 12085.8   
Tide 10 2.4 21672.0 1.1 9697.4 11974.6   
Tide 11 1.7 14985.5 0.8 6872.5 8113.0   
Tide 12 1.8 15480.0 1.5 12563.4 2916.6   
Tide 13 0.9 7740.0 0.9 7528.9 211.1   
Tide 14 1.7 14254.5 0.7 5705.3 8549.2   
Tide 15 3.2 26832.0 1.9 15466.4 11365.6   
Tide 16 3.0 24510.0 1.0 7935.4 16574.6   
Tide 17 1.9 15931.5 0.7 5698.1 10233.4   

Average 2.7 24766.7   14693.3 10073.5   
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Table A.17 Data of Environemtal parameters of each sampled month. FChl, average 

chlorophyll concentration in the flood tide (ug/L); EChl, average chlorophyll concentration in 

the ebb tide; depletion, depletion proportion between flood and ebb tide (ug/L); dayhr, 

daylight hours during the tide cycle (h); Fheight, flood tide height (m); Eheight, ebb tide 

height (m); Nheight, difference between flood and ebb tide height (m); Avedaylight, average 

daylight hours in the month sampled (h). 

Month Season Tide No FChl EChl depletion dayhr temperature salinity Fheight Eheight Nheight Avedaylight 

Jan-17 Summer 1 2.41 0.83 65.56% 4 14.26 33.44 1.8 0.4 1.4 15.5 

Jan-17 Summer 2 1.29 0.87 32.56% 3 14.72 33.5 1.8 0.4 1.4 15.5 

Jan-17 Summer 3 1.47 0.85 42.18% 12.5 14.23 32.24 1.8 0.4 1.4 15.5 

Jan-17 Summer 4 2.71 3.18 -17.34% 3.5 13.19 30.04 1.8 0.4 1.4 15.5 

Jan-17 Summer 5 1.93 1.36 29.53% 12 14.56 30.02 1.8 0.4 1.4 15.5 

Jan-17 Summer 6 1.9 1.04 45.26% 3.5 13.67 31.92 1.9 0.4 1.5 15.5 

Jan-17 Summer 7 0.51 0.55 -7.84% 12 14.94 32.75 1.8 0.3 1.5 15.5 

Jan-17 Summer 8 1.05 0.71 32.38% 3 14.66 32.84 1.9 0.4 1.5 15.5 

Jan-17 Summer 9 0.56 0.65 -16.07% 12 15.38 33.16 1.9 0.3 1.6 15.5 

Jan-17 Summer 10 1.08 0.66 38.89% 3 13.64 33.61 1.9 0.3 1.6 15.5 

Feb-17 Summer 1 3.09 1.65 46.60% 1.5 14.98 33.75 1.8 0.4 1.4 13.5 

Feb-17 Summer 2 1.4 0.99 29.29% 12 16.81 33.88 1.9 0.4 1.5 13.5 

Feb-17 Summer 3 2.76 1.36 50.72% 2 16.25 33.91 1.9 0.3 1.6 13.5 

Feb-17 Summer 4 1.34 1.26 5.97% 11 17.48 34 1.9 0.3 1.6 13.5 

Feb-17 Summer 5 2.45 1.52 37.96% 1.5 16.48 34.03 1.9 0.2 1.7 13.5 

Feb-17 Summer 6 2.43 1.96 19.34% 10.5 15.88 34.07 2 0.2 1.8 13.5 

Feb-17 Summer 7 2.35 1.2 48.94% 3.5 15.32 34.07 2 0.2 1.8 13.5 

Feb-17 Summer 8 1.36 0.68 50.00% 10 16.31 34.15 2.1 0.2 1.9 13.5 

Feb-17 Summer 9 1.67 1.07 35.93% 3 15.22 33.99 2.1 0.1 2 13.5 

Feb-17 Summer 10 1.05 1.35 -28.57% 9 16.7 33.94 2.1 0.2 1.9 13.5 

Feb-17 Summer 11 2.08 1.41 32.21% 5 15.66 33.86 2.1 0.1 2 13.5 

Feb-17 Summer 12 1.11 1.05 5.41% 4 17.1 33.91 2.2 0.1 2.1 13.5 

Feb-17 Summer 13 1.79 1.17 34.64% 5.5 16.01 33.71 2.2 0.1 2.1 13.5 

Mar-17 Autumn 1 1.92 1.23 35.94% 1 14.31 33.98 1.8 0.4 1.4 12 

Mar-17 Autumn 2 1.36 0.95 30.15% 12 14.86 33.94 1.8 0.4 1.4 12 

Mar-17 Autumn 3 1.63 1.58 3.07% 0.5 14.2 34.1 1.9 0.4 1.5 12 

Mar-17 Autumn 4 1.2 1.01 15.83% 12 15.02 34.14 1.9 0.3 1.6 12 

Mar-17 Autumn 5 2.46 1.56 36.59% 1 14.4 34.15 2 0.3 1.7 12 

Mar-17 Autumn 6 2.1 1.65 21.43% 11 14.25 34.19 2 0.2 1.8 12 

Mar-17 Autumn 7 2.18 1.58 27.52% 1.5 13.83 34.21 2.1 0.2 1.9 12 

Mar-17 Autumn 8 2.02 1.27 37.13% 10 14.23 34.06 2.1 0.1 2 12 

Mar-17 Autumn 9 2.06 1.25 39.32% 2.5 14.01 33.93 2.1 0.1 2 12 

Mar-17 Autumn 10 1.21 0.98 19.01% 9.5 14.94 34.07 2.2 0.1 2.1 12 

Mar-17 Autumn 11 1.64 1.17 28.66% 3 14.14 34.08 2.2 0.1 2.1 12 

Mar-17 Autumn 12 1.09 0.94 13.76% 9 15.14 34.11 2.2 0 2.2 12 

Mar-17 Autumn 13 1.21 0.95 21.49% 4 14.57 34.07 2.2 0.1 2.1 12 

Mar-17 Autumn 14 1.08 1.08 0.00% 7.5 14.69 33.92 2.2 0.1 2.1 12 
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Mar-17 Autumn 15 1.31 1.04 20.61% 4.5 14.53 33.77 2.3 0 2.3 12 

Mar-17 Autumn 16 1 0.9 10.00% 7 15.09 33.69 2.2 0.1 2.1 12 

Mar-17 Autumn 17 1.28 1.05 17.97% 5.5 14.72 34.17 2.3 0 2.3 12 

Mar-17 Autumn 18 1.36 1.13 16.91% 6 14.89 34.36 2.2 0.1 2.1 12 

Mar-17 Autumn 19 1.47 0.95 35.37% 6.5 14.85 34.36 2.2 0.1 2.1 12 

Mar-17 Autumn 20 2.02 1.48 26.73% 5 14.85 34.4 2.1 0.1 2 12 

Apr-17 Autumn 1 2.03 1.11 45.32% 2 12.83 33.95 2.2 0 2.2 10 

Apr-17 Autumn 2 1.3 1.06 18.46% 8 13.4 34.12 2.3 0 2.3 10 

Apr-17 Autumn 3 2.58 1.19 53.88% 3 12.71 34.2 2.3 0 2.3 10 

Apr-17 Autumn 4 2.33 1.47 36.91% 7 13.36 34.21 2.3 0 2.3 10 

Apr-17 Autumn 5 2.74 1.38 49.64% 4 12.95 34.27 2.3 0 2.3 10 

Apr-17 Autumn 6 2.44 1.77 27.46% 6 12.97 34.42 2.3 0 2.3 10 

Apr-17 Autumn 7 1.98 1.4 29.29% 4.5 12.26 34.39 2.2 0 2.2 10 

Apr-17 Autumn 8 2.86 1.46 48.95% 5.5 12.53 34.45 2.3 0 2.3 10 

Apr-17 Autumn 9 2.57 1.84 28.40% 5.5 12.33 34.33 2.2 0.1 2.1 10 

Apr-17 Autumn 10 2.49 1.35 45.78% 4.5 11.77 34.18 2.2 0.1 2.1 10 

Apr-17 Autumn 11 2 1.36 32.00% 6.5 11.57 34.1 2.1 0.1 2 10 

Apr-17 Autumn 12 1.94 1.33 31.44% 3.5 11.8 34.14 2.2 0.1 2.1 10 

Apr-17 Autumn 13 1.98 1.15 41.92% 7.5 11.67 34.24 2 0.1 1.9 10 

May-17 Autumn 1 1.31 1.08 17.56% 0 10.35 34.17 2.2 0.1 2.1 9 

May-17 Autumn 2 1.01 0.89 11.88% 9 10.61 34.19 2.3 0 2.3 9 

May-17 Autumn 3 1.39 1.08 22.30% 1 9.96 34.12 2.3 0 2.3 9 

May-17 Autumn 4 1.22 1.02 16.39% 8 10.31 34.29 2.4 0 2.4 9 

May-17 Autumn 5 1.36 1.16 14.71% 2 9.78 34.29 2.3 0 2.3 9 

May-17 Autumn 6 1.11 1.16 -4.50% 7 10.1 34.28 2.4 -0.1 2.5 9 

May-17 Autumn 7 1.54 1.19 22.73% 3 10.21 33.17 2.3 -0.1 2.4 9 

May-17 Autumn 8 1.43 1.24 13.29% 6 10.33 33.28 2.4 0 2.4 9 

May-17 Autumn 9 1.5 1.28 14.67% 4 9.78 32.78 2.2 0 2.2 9 

May-17 Autumn 10 1.48 1.37 7.43% 5 10.08 33.19 2.3 0 2.3 9 

May-17 Autumn 11 1.87 1.35 27.81% 4.5 9.71 32.89 2.2 0 2.2 9 

May-17 Autumn 12 2.08 1.45 30.29% 4.5 10.45 34.09 2.3 0 2.3 9 

May-17 Autumn 13 1.79 1.55 13.41% 5.5 10.22 33.4 2.1 0 2.1 9 

May-17 Autumn 14 1.98 1.48 25.25% 3.5 10.47 34.24 2.2 0.1 2.1 9 

May-17 Autumn 15 1.73 1.46 15.61% 6.5 10.53 33.98 2.1 0.1 2 9 

May-17 Autumn 16 1.99 1.49 25.13% 2.5 10.71 34.2 2.1 0.1 2 9 

May-17 Autumn 17 1.73 1.55 10.40% 7.5 10.73 33.46 2 0.2 1.8 9 

May-17 Autumn 18 2.26 1.83 19.03% 1.5 10.76 32.71 2.1 0.2 1.9 9 

May-17 Autumn 19 2.04 1.95 4.41% 8.5 10.85 33.17 2 0.2 1.8 9 

May-17 Autumn 20 2.16 1.92 11.11% 0.5 10.71 33.29 2 0.2 1.8 9 

May-17 Autumn 21 1.88 1.45 22.87% 9 10.92 34.06 2 0.2 1.8 9 

May-17 Autumn 22 1.99 1.74 12.56% 0 10.52 33.82 2 0.2 1.8 9 

May-17 Autumn 23 1.85 1.86 -0.54% 9 10.46 33.2 2 0.3 1.7 9 

May-17 Autumn 24 2.09 2.07 0.96% 0 10.08 32.72 2 0.2 1.8 9 

May-17 Autumn 25 1.68 1.7 -1.19% 9 10.39 33.24 2 0.3 1.7 9 

May-17 Autumn 26 1.91 1.73 9.42% 0 9.82 33.21 2 0.2 1.8 9 

Jun-17 Winter 1 1.53 1.29 15.69% 3 8.52 34.71 2.3 -0.1 2.4 8.5 

Jun-17 Winter 2 1.37 1.28 6.57% 5.5 8.89 34.62 2.3 0 2.3 8.5 

Jun-17 Winter 3 1.56 1.2 23.08% 4 9.15 34.57 2.2 0 2.2 8.5 
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Jun-17 Winter 4 1.59 1.25 21.38% 4.5 9.3 34.58 2.3 0 2.3 8.5 

Jun-17 Winter 5 1.48 1.24 16.22% 5 8.91 34.54 2.1 0 2.1 8.5 

Jun-17 Winter 6 1.53 1.36 11.11% 3.5 9.04 34.52 2.2 0.1 2.1 8.5 

Jun-17 Winter 7 1.61 1.22 24.22% 6 8.81 34.55 2.1 0.1 2 8.5 

Jun-17 Winter 8 1.49 1.35 9.40% 2.5 8.9 34.56 2.1 0.2 1.9 8.5 

Jun-17 Winter 9 1.56 1.36 12.82% 7 8.84 34.59 2 0.2 1.8 8.5 

Jun-17 Winter 10 1.64 1.37 16.46% 1.5 8.95 34.56 2 0.2 1.8 8.5 

Jun-17 Winter 11 1.58 1.34 15.19% 7.5 9.13 34.43 2 0.3 1.7 8.5 

Jun-17 Winter 12 1.53 1.36 11.11% 1 9.36 34.34 2 0.3 1.7 8.5 

Nov-17 Spring 1 0.5 0.5 0.59% 4 17.07 33.96 1.8 0.4 1.4 9 

Nov-17 Spring 2 0.8 0.7 10.06% 5 15.86 33.92 1.9 0.4 1.5 9 

Nov-17 Spring 3 1.2 0.9 22.09% 3.5 15.97 33.91 1.7 0.4 1.3 9 

Nov-17 Spring 4 1.4 0.8 41.41% 5.5 15.67 33.85 1.8 0.5 1.3 9 

Nov-17 Spring 5 1.3 0.9 26.06% 2 15.83 33.8 1.7 0.4 1.3 9.5 

Nov-17 Spring 6 1.1 0.5 48.82% 7.5 16.53 33.84 1.8 0.5 1.3 9.5 

Nov-17 Spring 7 0.8 0.8 5.22% 1.5 17.68 33.86 1.7 0.5 1.2 9.5 

Nov-17 Spring 8 0.9 0.6 28.86% 8 17.69 33.83 1.8 0.5 1.3 9.5 

Nov-17 Spring 9 1.2 0.8 35.01% 0.5 17.96 33.81 1.7 0.4 1.3 9.5 

Nov-17 Spring 10 0.7 0.5 22.87% 9 18.21 33.83 1.8 0.4 1.4 9.5 

Nov-17 Spring 11 1.0 0.7 25.02% 0 18.5 33.82 1.8 0.4 1.4 9.5 

Nov-17 Spring 12 0.7 0.7 2.00% 9.5 18.36 33.81 1.9 0.4 1.5 9.5 

Dec-17 Summer 1 2.3 0.9 61.00% 11 16.86 34.04 2 0.2 1.8 15.5 

Dec-17 Summer 2 2.8 1.2 57.04% 4.5 16.11 34.02 2 0.3 1.7 15.5 

Dec-17 Summer 3 0.7 0.5 36.03% 11.5 18.16 34.09 2 0.2 1.8 15.5 

Dec-17 Summer 4 1.4 0.8 46.53% 4 17.21 34.05 2 0.3 1.7 15.5 

Dec-17 Summer 5 0.8 0.6 13.83% 11 17.56 33.94 2 0.3 1.7 15.5 

Dec-17 Summer 6 1.3 0.7 46.07% 4.5 15.79 33.92 2 0.3 1.7 15.5 

Dec-17 Summer 7 0.6 0.6 7.38% 10 16.75 34.02 1.9 0.3 1.6 15.5 

Feb-18 Summer 1 2.07 0.97 53.14% 4.5 17.63 33.93 2 0.3 1.7 14 

Feb-18 Summer 2 1.0 0.7 22.31% 9.5 18.74 34.01 2 0.3 1.7 14 

Feb-18 Summer 3 1.9 0.9 55.19% 5 18.09 33.99 2 0.3 1.7 14 

Feb-18 Summer 4 1.1 0.7 33.84% 9 18.11 33.93 2 0.3 1.7 14 

Feb-18 Summer 5 1.3 0.7 46.37% 5.5 17.58 33.84 2 0.3 1.7 14 

Feb-18 Summer 6 0.6 0.6 9.38% 8.5 18.35 33.97 2 0.3 1.7 14 

Mar-18 Autumn 1 1.2 0.9 28.42% 0.5 15.12 33.86 1.9 0.4 1.5 12.5 

Mar-18 Autumn 2 2.0 1.0 50.33% 12 16.45 33.91 1.9 0.3 1.6 12.5 

Mar-18 Autumn 3 0.8 0.6 27.32% 2 15.99 33.68 1.9 0.3 1.6 12.5 

Mar-18 Autumn 4 2.3 1.1 53.49% 10.5 16.06 33.92 1.9 0.2 1.7 12.5 

Mar-18 Autumn 5 2.1 1.3 38.64% 2 15.6 33.85 2 0.3 1.7 12.5 

Mar-18 Autumn 6 2.6 1.3 50.72% 9.5 15.46 33.97 2 0.2 1.8 12.5 

Mar-18 Autumn 7 1.6 1.2 24.42% 3 14.46 33.96 2 0.2 1.8 12.5 

Mar-18 Autumn 8 2.2 1.2 44.97% 9 15.22 33.97 2 0.2 1.8 12.5 

Mar-18 Autumn 9 1.1 1.0 12.59% 3.5 14.54 33.92 2.1 0.2 1.9 12.5 

Mar-18 Autumn 10 2.0 1.3 32.63% 8.5 15.56 33.96 2 0.2 1.8 12.5 

Mar-18 Autumn 11 1.8 1.1 35.19% 4 15.42 33.92 2.1 0.2 1.9 12.5 

Apr-18 Autumn 1 0.9 0.8 18.20% 1.5 12.7 32.36 2 0.2 1.8 11 

Apr-18 Autumn 2 0.5 0.6 -12.56% 9.5 12.67 32.68 2 0.2 1.8 11 

Apr-18 Autumn 3 1.1 0.9 18.22% 2 12.57 32.15 2.1 0.2 1.9 11 
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Apr-18 Autumn 4 0.7 1.2 -56.08% 9 12.54 32.19 2.1 0.2 1.9 11 

Apr-18 Autumn 5 1.4 1.0 26.01% 3 12.76 32.52 2.1 0.2 1.9 11 

Apr-18 Autumn 6 0.9 0.7 25.76% 8 13.25 33.12 2.1 0.1 2 11 

Apr-18 Autumn 7 1.1 0.8 23.91% 3.5 13.15 33.35 2.1 0.2 1.9 11 

May-18 Autumn 1 1.5 1.3 14.94% 0 12.31 33.2 1.9 0.3 1.6 9.5 

May-18 Autumn 2 1.1 0.8 26.96% 9.5 12.25 33.22 2 0.3 1.7 9.5 

May-18 Autumn 3 1.4 1.1 24.49% 0 11.6 33.13 2 0.2 1.8 9.5 

May-18 Autumn 4 0.8 0.7 15.38% 9.5 11.62 33.27 2.1 0.3 1.8 9.5 

May-18 Autumn 5 1.3 1.1 16.82% 1 11.26 33.22 2 0.2 1.8 9.5 

May-18 Autumn 6 0.8 1.0 -18.20% 8.5 11.49 33.36 2.2 0.2 2 9.5 

May-18 Autumn 7 1.4 1.1 24.45% 2 11.54 33.28 2.1 0.1 2 9.5 

May-18 Autumn 8 0.7 0.8 -12.08% 7.5 11.92 33.39 2.2 0.1 2.1 9.5 

May-18 Autumn 9 1.4 1.1 22.62% 2.5 11.79 33.4 2.2 0.2 2 9.5 

Jun-18 Winter 1 1.3 0.9 31.33% 6 10.22 32.7 2.3 0 2.3 8.5 

Jun-18 Winter 2 0.9 1.0 -19.42% 2.5 10.32 32.83 2.2 0.0 2.2 8.5 

Jun-18 Winter 3 1.3 1.0 27.40% 5.5 10.14 32.93 2.3 0.1 2.2 8.5 

Jun-18 Winter 4 1.0 1.1 -13.62% 3 10.12 32.86 2.2 0.0 2.2 8.5 

Jun-18 Winter 5 1.4 1.0 29.75% 4.5 9.96 32.84 2.3 0.0 2.3 8.5 

Jun-18 Winter 6 1.3 1.2 9.88% 4 10.16 32.74 2.2 0.0 2.2 8.5 

Jun-18 Winter 7 1.4 1.0 31.12% 4 10.08 32.86 2.3 0.0 2.3 8.5 

Jun-18 Winter 8 1.5 1.3 17.42% 4.5 10.21 32.85 2.1 0.0 2.1 8.5 

Jun-18 Winter 9 1.5 1.0 31.97% 3 9.98 32.86 2.2 0.1 2.1 8.5 

Jun-18 Winter 10 1.6 1.1 26.98% 5.5 10.03 32.84 2.1 0.1 2 8.5 

Jun-18 Winter 11 1.3 0.8 39.15% 2 10.02 32.73 2.2 0.1 2.1 8.5 

Jun-18 Winter 12 1.3 1.0 21.07% 7.5 10 32.69 2.1 0.1 2 8.5 

Jun-18 Winter 13 1.1 0.6 46.99% 1 9.6 32.7 2.1 0.1 2 8.5 

Jun-18 Winter 14 1.2 1.0 21.89% 7.5 9.52 32.69 2.1 0.2 1.9 8.5 

Sep-18 Spring 1 4 3.2 20.00% 2.5 10.21 32.95 2.3 -0.1 2.4 11.5 

Sep-18 Spring 2 4.5 3.7 17.78% 9 10.32 32.96 2.4 -0.1 2.5 11.5 

Sep-18 Spring 3 4.7 2.9 38.30% 3 10.62 31.05 2.3 -0.1 2.4 11.5 

Sep-18 Spring 4 4.8 2.6 45.83% 8.5 10.23 29.6 2.4 -0.1 2.5 11.5 

Sep-18 Spring 5 1.5 1.3 13.33% 4 10.75 29.34 2.3 -0.1 2.4 11.5 

Sep-18 Spring 6 2.8 1.5 46.43% 7.5 10.37 30.43 2.3 0 2.3 11.5 

Sep-18 Spring 7 2 1.3 35.00% 5 11.01 30.06 2.3 0 2.3 11.5 

Sep-18 Spring 8 2.8 1.4 50.00% 6.5 10.71 29.91 2.3 0.1 2.2 11.5 

Sep-18 Spring 9 3 1.7 43.33% 5.75 11.28 29.79 2.2 0 2.2 11.5 

Sep-18 Spring 10 2.4 1.1 54.17% 5.75 11.01 29.74 2.2 0.1 2.1 11.5 

Sep-18 Spring 11 1.7 0.8 52.94% 7 11.87 29.58 2.1 0.2 1.9 11.5 

Sep-18 Spring 12 1.8 1.5 16.67% 4.5 11.05 29.99 2 0.2 1.8 11.5 

Sep-18 Spring 13 0.9 0.9 0.00% 8 12.01 29.53 2 0.3 1.7 11.5 

Sep-18 Spring 14 1.7 0.7 58.82% 3.5 11.68 31.15 1.9 0.3 1.6 11.5 

Sep-18 Spring 15 3.2 1.9 40.63% 8.5 11.66 30.55 1.9 0.4 1.5 11.5 

Sep-18 Spring 16 3 1 66.67% 3 10.97 30.77 1.8 0.3 1.5 11.5 

Sep-18 Spring 17 1.9 0.7 63.16% 10 10.67 30.51 1.9 0.4 1.5 11.5 
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Table A.18 Average carbon and nitrogen signatures of SPOM, MPB and A. stutchburyi at 

station M1 to M6 in Blueskin Bay, New Zealand, in February and July in 2018. FT, A. 

stutchburyi foot tissue 

Sample 
FT 

15N‰ 

FT 

13C‰ 

SPOM 

15N‰ 
SPOM 

13C‰ 
SOM 

 15N‰ 

SOM 

 13C‰ 
Feb 18 S1  9.82 -21.53 7.05 -21.96 6.91 -8.82 

Feb 18 S2  10.02 -20.61 7.05 -21.96 6.17 -5.32 

Feb 18 S3  9.89 -20.32 7.05 -21.96 6.87 -8.20 

Feb 18 S4  10.97 -20.56 7.05 -21.96 5.70 -4.28 

Feb 18 S5  10.23 -20.22 7.05 -21.96 4.96 -5.39 

Feb 18 S6  10.35 -19.49 7.05 -21.96 7.14 -10.40 

JUN 18 S1 10.81 -19.77 4.93 -20.13 5.94 -7.49 

JUN 18 S2 9.96 -21.02 4.93 -20.13 4.69 -8.50 

JUN 18 S3 9.88 -20.12 4.93 -20.13 7.31 -10.31 

JUN 18 S4 10.29 -20.46 4.93 -20.13 5.91 -6.56 

JUN 18 S5 10.71 -19.48 4.93 -20.13 6.22 -7.03 

JUN 18 S6 10.28 -19.19 4.93 -20.13 7.02 -10.47 

 

Table A.19 IsoError mixing model output of the organic matter source of A. stutchburyi at 

Blueskin Bay in February 18 and June 18. SE, standard error. CI, confidence interval. 

    SPOM% SE Upper  

95% CI 

Lower  

95% CI 

SOM% SE Upper  

95% CI 

Lower  

95% CI 

Feb 18 S1 87.24% 2.15% 96.49% 77.99% 12.76% 2.15% 22.01% 3.51% 

S2 83.68% 1.70% 91.01% 76.36% 16.32% 1.70% 23.64% 8.99% 

S3 78.75% 2.34% 86.20% 71.30% 21.25% 2.34% 28.70% 13.80% 

S4 81.89% 1.44% 88.07% 75.72% 18.11% 1.44% 24.28% 11.93% 

S5 80.31% 1.53% 86.90% 73.72% 19.69% 1.53% 26.28% 13.10% 

S6 65.90% 1.78% 73.56% 58.25% 34.10% 1.78% 41.75% 26.44% 

Jun 18 S1 77.15% 3.41% 86.61% 67.69% 22.85% 3.41% 32.31% 13.39% 

S2 88.18% 3.93% 100.00% 75.67% 11.82% 3.93% 24.33% 0.00% 

S3 79.71% 3.42% 94.42% 65.00% 20.29% 3.42% 35.00% 5.58% 

S4 85.25% 4.57% 96.98% 73.51% 14.75% 4.57% 26.49% 3.02% 

S5 76.38% 2.82% 85.36% 67.39% 23.62% 2.82% 32.61% 14.64% 

S6 68.71% 4.08% 80.05% 57.36% 31.29% 4.08% 42.64% 19.95% 
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