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Experimental enclosures inside a mussel farm (see Chapter 6). 
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ABSTRACT 

The spatial and temporal variability of food abundance is likely to be a major factor 

determining the productivity of mussel (Perna canaliculus) farms. Phytoplankton are a 

major food source for mussels and depletion of phytoplankton could therefore be a 

significant factor in farm productivity. 

Measurements of phytoplankton biomass (as chlorophyll a) were made inside and 

outside mussel farm sites, over a 13-month period. High ambient chlorophyll a 

concentrations in the surface waters occurred during winter, when farms had a 

significant reducing impact on phytoplankton biomass. In five of the seven months 

when farms were surveyed, the highest chlorophyll concentrations were in deeper water 

(15-25 m), associated with a pycnocline. This led to one management option that could 

increase mussel productivity: the deployment of mussels to deeper waters to take 

advantage of the deep-water chlorophyll maxima. 

The influence of water current on phytoplankton depletion was then investigated. Two 

farms were compared that were predicted to have different ambient flow regimes. 

Current data showed an ambient mean speed of 8.3 cm s-l at Farm A, and 9.1 cm S-1 at 

Farm C. It was calculated that this difference in mean speed would result in Farm C 

receiving 9.6% more chlorophyll a per unit time than Farm A. Surveys inside and 

outside the farms showed that the longline structure reduced water speed by an average 

of 20% at Farm A, and 17% at Farm C. Land-based chamber experiments showed that 

mussel effects on chlorophyll a decreased with increasing water speed. Mussels at an 

assumed maximum in situ density were able to reduce chlorophyll a in water speeds up 

to 15 cm S-1, but beyond this speed they had little impact. 

The effects of mussel farms on phytoplankton biomass, cell counts, biovolume and 

taxonomic richness were investigated by sampling inside and outside a single farm 

every two months over an annual cycle. Small flagellates were numerically dominant, 

and the diatom Ditylum brightwellii was the most abundant species by biovolume. 

Mussels were shown to reduce phytoplankton abundance and biovolume. And while 

there was some evidence of mussels being able to select certain phytoplankton species, 

the analysis across the entire study period showed that mussels did not have a 

Xl 



significant influence on taxonomic richness, and so removed cells in an unselective 

manner. 

A management option that arose in the first part of the study, deployment of mussel 

dropper ropes to deeper water to take advantage of the chlorophyll maxima, was then 

tested. The selected site showed thermal stratification of the water column, causing a 

high concentration of phytoplankton at 15 to 25 m. Mussels were grown 

simultaneously at 5 and 17 m, for up to 96 days. Mussel growth and condition index 

data showed no significant differences between the two depth treatments, indicating that 

there are unlikely to be substantial mussel productivity benefits from lowering mussel 

farms to the deep-water chlorophyll maximum layer. Possible reasons for the lack of a 

higher growth rate at depth include higher phytoplankton turnover rates in shallow 

waters, different mussel feeding behaviour between treatments, and greater water 

current speeds at depth. 

The relationships between mussels, nutrients, seasonal conditions, and phytoplankton 

biomass were then investigated experimentally using in situ enclosures. Four enclosure 

experiments were done, two in summer when ambient nitrogen was low and two in 

winter when it was high. In summer there was a highly significant increase of 

chlorophyll a in response to added nitrogen, showing that phytoplankton were nitrogen

limited. At this time mussels caused an increase in phytoplankton biomass by 

converting particulate nitrogen to ammonium and thereby making the nitrogen available 

for phytoplankton growth. During winter, the highest ambient chlorophyll a 

concentrations coincided with high ambient nitrogen. At this time mussel grazing 

mediated a significant decrease in phytoplankton concentration, further indicating that 

within-farm depletion of phytoplankton is most likely to occur in winter. 

The key concepts arising from this study were that phytoplankton depletion does occur 

in mussel farms in the Marlborough Sounds, and that the magnitude of depletion 

depends on time of year, ambient nitrogen concentration, and water current speed. 
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General introduction 

CHAPTER 1 

General Introduction 

As the human population of the world increases, so does the demand for sources of 

protein. With ever-increasing pressure on natural fisheries, aquaculture (simply defined 

as the process of culturing organisms in water) has emerged as a high-potential method 

for meeting this demand (Currie, 2000). Many species of organism have been grown in 

aquacultural activities ranging from algae in ponds, to shellfish, through to fish raised in 

sea cages (Feldman, 1993). 

The cultivation of marine bivalves is an important component of the aquaculture 

industry. From as early as 1235, when poles in the intertidal zone were used to grow 

mussels in France (Figueras, 1989), the production potential of mussels has been 

recognised, and this is reflected in the fact that mussels are commercially grown in 

many parts of the world today, including China, Spain, The Netherlands, France, 

Scotland, Canada, Australia, and New Zealand. (Jenkins, 1985; Dijkema and van 

Stralen, 1989; Figueras, 1989; Perez Camacho et al., 1991; Karayucel, 1997; Kiley and 

O'Sullivan, 1997). 

The Greenshell™ mussel Perna canaliculus Gmelin 1791 is indigenous to New Zealand 

(Croft 1995), and aquaculture production of this species arose following the collapse of 

the dredge fishery of natural populations (Hickman, 1989; Holland and Jeffs, 2000). 

Production of P. canaliculus makes up the largest and fastest-growing sector of New 

Zealand's aquaculture industry, with exports of $117.6M in 1998/99, an increase of 

36% from the previous year (Floyd, 1999). Approximately 80% of the mussels are 

produced in the Marlborough Sounds, at the north-eastem tip of the South Island (James 

and Ross, 1996). 

Mussels obtain their food by actively filtering particles from the water column and 

mussel fanning therefore depends on the supply of natural food from the environment 

(James and Ross, 1996, 1997). The most important component of that food is likely to 

be single-celled primary producers collectively termed phytoplankton. There is 

considerable evidence that growth of suspension feeders can be limited by 
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General introduction 

phytoplankton flux or concentration (Wright et al., 1982; Wildish and Kristmanson, 

1984; Frechette and Bourget, 1985; Frechette at al., 1989). 

In the longline method of mussel cultivation used in the Marlborough Sounds, mussels 

are suspended in the water column where they can gain access to natural food 

(Figure 1.1). Ropes, referred to as longlines, are attached to a series of about 50 plastic 

buoys. The longline is anchored to the seabed at both ends and the section of the 

longline at the surface of the water is typically 100 m in length (Figure 1.2). Mussels 

are seeded onto a continuous rope that is lashed to the longline at the surface, and loops 

down to about 10-15 m water depth, which in the Marlborough Sounds is usually a 

quarter to a half of the entire depth of the water column. A typical mussel farm will 

consist of 8-10 longlines in an area of about 2-3 hectares. When the mussels are of 

sufficient size, usually greater than 80 mm shell length (Jeffs et al., 1999), they are 

removed by cutting the lashings and feeding the continuous rope through a harvester on 

site. 

An understanding of the sustainability of the mussel industry depends on a knowledge 

of the impacts of mussel populations on the environment (Smaal, 1991). Among the 

factors that potentially affect mussel growth, phytoplankton supply is one of the most 

important because low food concentrations have often been observed to limit bivalve 

energy assimilation (Seed, 1976; Incze et aZ., 1980; Rodhouse et al., 1984; Page and 

Ricard, 1990; Grant, 1996). 

One approach to assessing the sustainability of an aquaculture practice is to determine 

the carrying capacity of the ecosystem for the culture species. Carrying capacity in this 

sense is defined as "the stock density at which production levels are maximised without 

negatively affecting growth rates" (Carver and Mallet, 1990). Considerable scientific 

effort is being directed towards the development of mathematical models of the carrying 

capacity of embayments in the Marlborough Sounds (James and Ross, 1997). These 

models are being developed at the whole-embayment scale and do not, as set, account 

for variability at the farm-scale. It is at this smaller scale that the present study is 

investigating the biomass of phytoplankton. There may well be situations where the 

average phytoplankton levels in an embayment are high and yet there may be growth

limiting phytoplankton concentrations within farms as a consequence of local depletion. 
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General introduction 

Figure 1.1: Two musselfarms near Wilson Bay, with Beatrix Bay in the background. 

Eachfarm consists of up to 10 mussellonglines. Each longline is about 100 m long. 

Mussel Longline 

Longlin 
Lashing 

Mussel dropper rope (continuous) 

Figure 1.2: Side-view of typical mussellongline structure. Mussels are grown on a 

continuous dropper rope that is lashed to the surface longline. Not drawn to scale. 
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General introduction 

In some situations, the filtration activity of bivalve populations can itself cause a 

reduction in phytoplankton biomass. Several studies have shown that bivalve 

populations can severely reduce or even control phytoplankton, for example, it is 

thought that phytoplankton biomass in South San Francisco Bay is primarily controlled 

by grazing benthic species (Cloem, 1982; Alpine and Cloem, 1992). Ogilvie and 

Mitchell (1995) found that despite a high input of nitrogen from surrounding catchment 

areas, the filtration of the resident mussel population in a New Zealand lake suppressed 

the phytoplankton biomass. Loo and Rosenberg (1989) showed that in 3 days bivalves 

filtered approximately half of the water volume down to 10 m depth in Laholm Bay, 

Sweden. A popUlation of the mussel Mytilus edulis L. was able to reduce 

phytoplankton biomass by 37 ± 20% in a flume experiment in the Wadden Sea. (Asmus 

and Asmus, 1991). The circumstances where filter-feeding populations are most likely 

to control phytoplankton productivity were discussed by Officer et al. (1982): there 

should be a large filter-feeding population, poor hydrodynamic exchange with adjacent 

waters, adequate nutrient supplies, and shallow water depths. 

It has been suggested that periodic depletion of phytoplankton occurs in mussel farms in 

the Marlborough Sounds, causing decreases in mussel condition and increases in the 

length of time it takes for mussels to grow to harvestable size (Meredyth-Young, 1983; 

Waite, 1989; Mackenzie et al., 1986). Attempts to measure phytoplankton availability 

to mussels have, however, yielded varying results. Murdoch and Oliver (1995) could 

show no evidence of reduced chlorophyll a concentrations within farm boundaries, 

whereas Grange and Cole (1997) showed that chlorophyll a concentrations were lower 

inside mussel farms than outside. 

The present study was an investigation of phytoplankton depletion in suspended mussel 

cultures. I define the term "depletion" as "reduction by using quantities of'. The study 

was done in Pelorus Sound, the largest of the Marlborough Sounds (Figure 1.3). 

Pelorus Sound is a drowned river valley system. It is about 50 km long and has an area 

of 290 km2
• It is estimated that the residence time of water in Pelorus Sound is 

approximately 21 days (Heath, 1976). The present study was undertaken at four farm 

sites in Beatrix Bay (Sites A-D), a jetty in Wilson Bay (Site E), and one farm site at 

Hallam Cove (Site F) (Figure 1.3). The seabed in the study embayments has steep sides 
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and is flat-bottomed, the mean depth in Beatrix bay is about m, and Hallam Cove is 

about 25 m (Irwin and Main, 1987). 

6 o 6 kilometres 

Figure 1.3: Study site locations. Letters A to F are sites referred to the text. 
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Gene ral introduction 

There were five parts to the study, represented in the following five chapters of this 

thesis. The first part was an initial investigation of phytoplankton biomass inside versus 

outside farms (Chapter 2). The aim of this chapter was to assess the in situ grazing 

impact of mussel farms on ambient phytoplankton biomass over an annual cycle. The 

specific hypotheses tested in Chapter 2 were: 

1. Ho: That the state of the tide will not influence chlorophyll a concentration inside 

Farm A. 

2. Ho: That chlorophyll a concentration outside farms will not be influenced by time 

over an annual cycle. 

3. Ho: That chlorophyll a concentration will be the same inside and outside farms 

during seven sampling months in a year. 

4. Ho: That nitrate and ammonium concentration outside Farms C and D will not be 

influenced by time over an annual cycle. 

Chapter 2 has been published in Aquaculture (a reprint is in Appendix 1). As a result of 

the work done in this chapter it became apparent that there were several key areas of 

knowledge that needed to be addressed further in order to understand phytoplankton 

depletion within mussel farms in Pelorus Sound. These key areas are water currents 

(addressed in Chapter 3), phytoplankton cell abundance, biovolume and taxonomic 

richness (Chapter 4), and seasonal cycles of nitrogen concentration (Chapter 6). In 

Chapter 2 it was also found that there is often a layer deep in the water column that has 

high concentrations of phytoplankton. The work presented in Chapter 5 was therefore 

aimed at testing the hypothesis that more phytoplankton could be made available to 

mussels (and therefore phytoplankton would not be depleted) if farms were lowered 

deeper in the water column. 

Water currents can play an important role in the occurrence and degree of 

phytoplankton depletion. The work presented in Chapter 3 is focussed on the influence 

of water current on phytoplankton supply. Two farm sites were chosen for this part of 

the study (Farms A and C) because it was predicted that they have different water 

6 



General introduction 

current regimes. Four specific hypotheses were tested in Chapter 3: 

1. Ho: That ambient water current speeds at Farm A are the samc as those at Farm C. 

Ho: That water current speeds outside and under Farms A and C are the same as 

current speeds inside the farms. 

3. Ho: That water current speed has no influence on the effect of mussel filtration on 

phytoplankton concentration. 

4. Ho: That phytoplankton concentration is the same inside and outside both farms over 

10 months. 

The measurements of phytoplankton biomass made in the previous chapters were 

supplemented with phytoplankton cell counts in Chapter 4. The specific hypotheses 

tested in this chapter were: 

1. Ho: That abundance and biovolume of phytoplankton taxa are the same inside and 

outside a mussel farm over an annual cycle. 

Ho: That phytoplankton taxonomic richness is the same inside and outside a mussel 

farm over an annual cycle. 

The observation made in Chapter 2, that there is often a layer deep in the water column 

that has high concentrations of phytoplankton, gave rise to the concept that more 

phytoplankton could be made available to mussels (and therefore phytoplankton would 

not be depleted) if fanTIs were lowered deeper in the water. The work presented in 

Chapter 5 was aimed at testing this concept. Two specific hypotheses were tested: 

1. Ho: That phytoplankton concentration will be the same throughout the depth of the 

water column. 

2. Ho: That mussel growth will be the same at 5 m and 17 m depth. 
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General introduction 

In the final part of the study (Chapter 6) in situ enclosure manipulations are used to 

investigate the relationship between mussels, phytoplankton, nitrogen, and season. The 

specific hypotheses tested were: 

1. Ho: That phytoplankton growth will not be limited by ambient nitrogen 

concentration. 

2. Ho: That mussel filtration will not influence phytoplankton biomass. 

3. Ho: That nitrogen which is regenerated by mussels will not cause changes in 

phytoplankton biomass. 

The following five chapters (originally written as five papers) represent the main body 

of work of this PhD. How each chapter addresses the above hypotheses will be 

concluded in Chapter 7. 
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Phytoplankton biomass 

CHAPTER 2 

Phytoplankton Biomass Associated with Mussel Farms 

2.1 INTRODUCTION 

Mussel farming is dependent on the supply of natural phytoplankton. Among the 

factors that potentially affect farm productivity, phytoplankton supply is one of the most 

important since the depletion of seston may seriously limit bivalve ingestion and hence, 

by implication, the growth and condition of the cultured stock (e.g. Grant, 1996). This 

has been demonstrated on mussel rafts in Spain, with mussels that receive a higher 

proportion of unimpacted water showing greater scope for growth (Navarro et al., 

1991). 

It has been suggested that decreases in mussel condition in New Zealand are caused by 

periodic depletion of mussel food (Meredyth-Young, 1983; Waite, 1989). Attempts to 

measure mussel food availability have, however, yielded varying results. Murdoch and 

Oliver (1995) could show no evidence ofreduced chlorophyll a concentrations within 

farm boundaries, whereas Grange and Cole (1997) showed that chlorophyll a 

concentrations were lower inside mussel farms than outside. Waite (1984) showed that 

concentrations were progressively depleted through a mussel farm, and the depletion 

zone extended some distance downstream before recovery. In all of these studies it 

appears that the field work was undertaken at one time of the year, so there is no 

consideration of the influence that seasonal changes in ambient phytoplankton biomass 

can have on depletion. 

There will be several interrelated key factors involved in the occurrence of 

phytoplankton depletion in suspended mussel cultures. These can be broadly 

categorised into two groups, external factors that result in "natural" changes in ambient 

phytoplankton biomass (outside farm), and mussel-related factors (inside farm). The 

approach in this chapter was therefore to monitor phytoplankton inside and outside 

mussel farms, with the aim of assessing in situ grazing impact of mussel farms on 

ambient phytoplankton biomass, over an annual cycle. 
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AND METHODS 

Site location 

The mussel farms used here were situated around the coastline of Beatrix Bay (41 °1' S, 

174°01 'E), which is a major embayment of Pelorus Sound, at the northern end of the 

South Island of New Zealand. Four farm sites were included in the study, two on the 

northern perimeter of the bay (Sites A and B), one on the west (Site C), and one on the 

east (Site D) (Figure 1.3). 

2.2.2 Monitoring tidal time-scale chlorophyll a variation 

It is possible that chlorophyll a concentrations inside mussel farms could vary on a tidal 

basis, as new water moves into the area with the incoming tide. In order to investigate 

this, a CTD (Ocean Sensors, 9883 Pacific Heights Blvd., Suite E, San Diego, CA, USA) 

fitted with a WETStar miniature fluorometer (WET Labs, Inc., PO Box 518, Philomath, 

OR, USA) was deployed at 5 m depth on a longline inside Farm A in April 1998 

(Figure 2.1). The instrument was set to measure chlorophyll a fluorescence 99 times, 

every 10 minutes, and was moored for four tidal cycles. The fluorometer was calibrated 

in the laboratory, within 2 weeks of field use. Water samples were taken at the field site 

to allow verification of this calibration. The tidal cycle was measured simultaneously 

with the water pressure sensor of an acoustic Doppler current profiler (SonTek, 6837 

Nancy Ridge Drive, San Diego, CA, USA) that was placed on the seabed below the 

CTD. 

Sampling laboratory analysis 

Farm sites were surveyed in each of the months of May, August, September, and 

November 1997, and February, April and May 1998. Each survey consisted of 

randomly selecting three stations on longlines within each farm, and pairing each of 

these stations with a station outside the farm, of an equal distance from the coastline. A 

fluorometer (Chelsea Instruments Ltd, 2/3 Central Ave., East Molesey, Surrey, UK) wa.s 

used to profile in situ chlorophyll a fluorescence over the depth of the water column. 

Additional water samples were analysed for chlorophyll a in the laboratory using a 

Perkin-Elmer fluorometer, after grinding and extraction into 10 ml of 90% acetone 
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(Strickland and Parsons, 1968). A regression equation was constructed for each month, 

allowing the conversion of in situ fl uorescence data to chlorophyll a concentration. 

Figure 2.1: Deployment ofCTD andfluorometer on a longline inside Farm A. 

Ambient chlorophyll a and nutrient concentrations were monitored from May 1997 to 

May 1998, outside farm sites C and 0, using a 0-15 m integrated tube sampler. 

Dissolved nutrients were analysed using an Alpkem auto-analyser. Nitrate nitrogen 

(N03-N) was estimated as the sum of nitrate + nitrite by the cadmium reduction method 

(Grasshof, 1970), dissolved reactive phosphorus (DRP) by the molybdenum blue 

method (Downes, 1978), and ammoniacal nitrogen (NH4-N) by the phenol-hypochlorite 

method (Ivancic and Degobbis, 1984). 
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Each data set was tested for normality (Kolmogorov-Smimov) and homogeneity 

(Cochran C). Two-factor ANOV A was used to compare inside and outside farm 

chlorophyll a concentrations. All statistical analyses used Statistica™ 5.1 (StatSoft Inc, 

Tulsa, USA). 

RESULTS 

TidaJ-scaJe chlorophyll a variation 

During the monitoring of chlorophyll on a longline at Farm A, the initial chlorophyll a 

concentration was about 2 Ilg rl, and this tended to show an increase over the 

monitoring period (Figure 2.2). There is no apparent relationship between chlorophyll a 

concentration and the tidal cycle. There was one major spike, where chlorophyll levels 

rapidly increased from around 3 Ilg rl to just under 5 Ilg rl, 
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Figure . Chlorophyll a cOllcentration (bold line) over approximately 4 tidal cycles 

inside Farm and water depth (fine line) indicating tidal cycles. 

Chlorophyll a surveys 

Ambient chlorophyll a concentrations measured outside Farms C and D were highly 

variable throughout the annual cycle (Figure 2.3). Highest concentrations occurred 

during March 1998 with peak levels of around 41lg rl at Farm C and llllg rl at 
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Farm D. A low ambient concentration of less than 0.5 Ilg rl was recorded outside both 

farms in May 1997, this increased to around 21lg rl by July, then decreased to about 0.5 

~lg rl by November. This low level was maintained until January when concentrations 

began increasing to reach peak levels in March. 
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Figure 2.3: Chlorophyll a concentration outside Farms C and D from April 1997 to 

April 1998. 

In August 1997 chlorophyll a concentrations inside Farm A in the top 10 metres of the 

water column (i.e. the depth range of the mussel ropes) ranged from 0.2 to 1.8 Ilg rl, 
whereas outside the farm concentrations were higher, ranging from 1.1 to 2 Ilg rl 
(Figure 2.4). There was a tendency for chlorophyll a to increase with depth, with 

highest levels occurring below 15 m both below the farm and outside the farm 

boundary. This was also observed during the 13-month study period where highest 

chlorophyll a concentrations were recorded below 15 min 6 of the 7 sampling months 
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(Figure 2.5). In May and August 1997, and April and May 1998 there was less 

chlorophyll a inside the farm. This was most pronounced in the August sampling with 
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Figure 2.4: Chlorophyll a concentration (Jlg [1) inside and outside farm A on August 

5th 1997. Blue areas indicate lower concentrations, green high. Each graph is an 

interpolation of data from three vertical profiles on the x-axis. Musselfarm (left 

graph) is in top 10 m of the water column. 

concentrations being up to 1.5 J.lg r' less inside the fann. While both the May 

samplings showed lower concentrations inside the fann, concentrations below the fann 

were higher in 1997 compared to 1998. In November chlorophyll a concentrations 

appear to have been higher inside the farm than outside. 
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Statistical analysis of chlorophyll a concentrations at all the farm sites showed that in 

May and August 1997 there was significantly less chlorophyll a inside the farms 

(P<O.OS in all cases) (Figure 2.6). In September, Farm A showed significantly greater 

chlorophyll inside (P<O.OS), there Was no significant difference in Farm B, and there 

was a significantly smaller amount inside farm C (P<O.OS). In November, all four farms 

had more chlorophyll inside compared to outside (P<O.OS in all cases). From February 

to May 1998 the chlorophyl1 was once again significantly lower inside (P<O.05 in all 

cases), except for Farm D in April where there was no significant difference; and Farm 

B in May where there was significantly more chlorophyll inside (Pd)'()S). 
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outside Farms A to D (on x-axis) from May 1997 to May 1998. Symbols: * = 
significantly less chlorophyll a inside farm (P<O.05), + = significantly more 

chlorophyll a inside farm (P<O.05), ND = no data available. 

2.3.3 Nutrients 

* 

c 

Ambient dissolved reactive phosphorus concentrations were high throughout the study 

with a mean concentration of 12.4llg rl (SD = 4.1). Ammonium nitrogen was 

generally lower and less variable than nitrate which showed marked variability (Figure 

2.7). Nitrate concentration was highest from May to July, then decreased to low levels 

in late August, being typically less than 3 Ilg rl. This low level persisted through to the 

completion of nutrient monitoring in December. 
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Figure 2.7: Nitrate and ammonium concentration, means for outside farms C and D 

from April to November 1997. 

2.4 DISCUSSION 

The large spike in chlorophyll a concentration measured at farm site A is an indication 

that occasional patches of water of high chlorophyll concentration may move through 

mussel farms. It is notable that the spike occurred during a time of new tidal water in

flow, consistent with reported chlorophyll a patchiness associated with tidal fronts 

(Gibbs, 1993). 

This study found significant differences between phytoplankton biomass inside and 

outside mussel farms in Beatrix Bay. Hence, it is consistent with the finding of Grange 

and Cole (1997) that mussel farms can significantly reduce phytoplankton 

concentrations, but not consistent with Murdoch and Oliver (1995) who found no 

differences in phytoplankton concentrations inside compared to outside farms. This 

inconsistency could be a result of the distance from mussels that the water was sampled. 

My samples were taken only a few metres from the mussel dropper ropes, whereas 

Murdoch and Oliver (1995) took samples from at least 5 m away from the ropes. The 

phytoplankton reduction may therefore be localised, and this is further supported by the 

significant differences in concentration between the inside and outside farm 

measurements. 
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In five of the seven months when farms were surveyed there were higher chlorophyll 

concentrations in deeper waters (> 15 m). This pattern of relatively low chlorophyll a in 

the surface waters and increasing with depth is probably not caused by mussel grazing 

in the surface waters because it is a general feature of the water column structure of 

Pelorus Sound (Gibbs et aI., 1991). I found this pattern both inside and outside mussel 

farms, and it has also been observed at sites in Pelorus sound that are remote from 

mussel farming activities (A.H. Ross, unpublished data). The higher concentrations at 

depth are likely to be associated with reduced vertical mixing at the pycnocline, as 

observed by Gibbs and Vant (1997) and Ross et al. (1998). During periods when there 

was a strong pycnocline there were also generally higher overall chlorophyll 

concentrations, as seen in May 1997 (Fig. 2.5). It is likely that when the water column 

becomes stratified, and there is only a minimal amount of vertical mixing, primary 

productivity increases as phytoplankton become more concentrated in the top layer of 

the water wherc more light is available. Conversely, in times of weak stratification, 

such as May 1998, the overall chlorophyll concentrations are low because the 

phytoplankton are being mixed into the deeper light-limited waters, causing a reduction 

in total phytoplankton production (Ross et al., 1998). 

The higher phytoplankton concentration found at depth is consistent with the assertion 

of Gibbs et al. (1991) that more phytoplankton could be made available to mussels if 

farm structures were positioned deeper in the water column. This assertion will be 

tested in Chapter 5. Using the west side of Beatrix Bay as an example, there are thitteen 

mussel farms positioned along this coastline. If every third farm was lowered to 

between 7-17 m water depth, then these farms could take advantage of the chlorophyll 

maxima at depth. Benefits might also be gained at the other farms because of reduced 

mussel impacts on the surface waters. However, the relative nutritional value of 

phytoplankton at different depths is unknown at present. 

Seasonal variability was also observed in the difference between phytoplankton 

concentration inside and outside farms. Previous studies have demonstrated that 

phytoplankton growth in Beatrix Bay is often limited by nitrogen availability, 

particularly during the summer months (Gibbs and Vant, 1997, Gibbs, et al., 1992). My 

study found similar results with high concentrations of nitrate during winter, before 

declining to low levels from September to December. However, ambient chlorophyll a 
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concentration showed a pattern of being low during May when nitrate was readily 

avaHable, increasing by July, then steadily decreasing through to January. This could 

be explained by phytoplankton productivity being limited by nitrogen during summer 

and light during winter, as has been previously described for Beatrix Bay (Gibbs and 

Vant, 1997). 

The data from May to August 1997 and from February to May 1998 show that the 

mussel farms in this study can have a significant reducing impact on phytoplankton. 

This was most pronounced in May and August when large differences between 

chlorophyll concentrations inside and outside farms were observed. This is likely to be 

a result of phytoplankton regeneration being unable to match mussel grazing during the 

winter months when productivity is light-limited. In contrast, in November there was 

significantly more chlorophyll inside farms compared to outside all farms. It appears 

that during this time the mussels promoted phytoplankton productivity. The recycling 

of inorganic nutrients by bivalves can stimulate primary production (Rosenberg and 

Loo, 1983; Bertness, 1984; Prins and Smaal, 1990; Prins et ai., 1995). For example, 

Asmus and Asmus (1991) showed that phytoplankton production, whIch resulted from 

nutrient release by a mussel bed, was potentially greater than the loss of production to 

the mussel bed. Such a mechanism is based on the hypothesis that mussels recycle 

inorganic nitrogen from suspended particulate organic material. In addition, mussels 

could produce dissolved inorganic nitrogen during certain physiological activities, such 

as spawning. The lowest nitrate and ammonium concentrations were recorded during 

November, and nitrogen limitation has been observed in summer in this system in 

previous years (Gibbs and Vant, 1997). It is therefore likely that during November 

nitrogen compounds produced by the mussels were used by phytoplankton inside farms, 

allowing greater growth relative to phytoplankton in the nitrogen-depleted water 

outside. To my knowledge this is a novel observation for mussels in a pelagic situation. 

The degree of phytoplankton depletion that occurs at any pmticular farm site is likely to 

be dependent on the ambient water currents at that site. Sites with higher current speeds 

could be expected to have a greater replenishment of un impacted water from outside the 

farm. This is the focus of the next chapter. 
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CHAPTER 3 

Water currents and phytoplankton depletion 

3.1 INTRODUCTION 

The importance of fluid dynamics in the flow of energy from the water column to the 

seabed is well recognised in marine ecology (e.g. Denny, 1988; Mann and Lazier, 1996; 

Ackerman, 1999). Water flow will therefore have a significant influence on the 

coupling of pelagic and benthic communities (Newell, 1990; Koseff et aZ., 1993; 

Grizzle et aZ., 1994; Raillard and Menesguen, 1994; O'Riordan et aZ., 1995, Dame, 

1996; Wildish and Kristmanson, 1997) and has been shown to influence growth rates in 

a range of benthic organisms including corals (Sebens, 1984), anemones (Lesser et aZ., 

1994), bryozoans (Hughes, 1989), ophiuroids (Loo et aZ., 1996) and gastropods (Brown 

and Quinn, 1988). 

While suspension-feeding organisms such as bivalves are able to actively remove food 

particles from the water column, the flux of food as a function of water flow rate can be 

more important for growth and reproduction (Belanger et aZ., 1990; Wilson et aZ., 

1992). Water flow rate can also influence the structure of suspension-feeding 

communities. Leonard et aZ. (1998) recorded dense populations of barnacles and 

mussels in high-flow sites while low-flow sites had considerable bare space. Similarly, 

Peterson :;tnd Black (1987) reported dense populations of suspension feeders at lower 

elevations on tidal flats, where there are longer periods of water flow. 

Water flow influences the delivery of food, nutrients, and larval resources (Leonard et 

aZ., 1998; Rajagopal et aZ., 1998). At low flows a boundary layer of lower food 

concentration can develop in the immediate vicinity of suspension feeders (Butman, 

1994). At higher flows increasing turbulence in the region of mussel beds can directly 

increase the amount of food available (Frechette et aZ., 1989). However, at high current 

flows the biomass of suspension-feeding populations can be limited by direct physical 

removal of individuals that are poorly attached (Dolmer and Svane, 1994), or by the 

inhibition of feeding (Wildish and Kristmanson, 1979; Wildish et aZ., 1987). 
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Optimal growth of suspension feeders may be more likely at moderate flow rates. This 

led to the development of the inhalent pumping speed hypothesis, where maximum 

growth is expected to occur at water speed equivalent to the inhalent pumping speed of 

the suspension feeder (Grizzle et ai., 1994). The hypothesis has, however, had little 

empirical support. A probable reason for this is that water current influences on net 

growth rate are often masked by changes in ambient food concentration (Judge et ai., 

1992; Langan and Howell, 1994). 

When suspension feeders are moved away from the benthic environment into the water 

column, as with cultivation of mussels on rafts and longlines, the cultivation structures 

can influence water currents. Rafts are usually anchored from one point and therefore 

align to the water flow, resulting in a slower flow at the centre of the raft than the front 

(Blanco et ai., 1996). Mussels at the front of rafts can show higher scope for growth 

than those at the rear (Rosenberg and Loo, 1983; Navarro et ai., 1991; Perez Camacho 

et ai., 1991). Longline cultivation involves a much lower density of mussels than raft 

cultivation, but there have been reports of lower food concentrations at the down

current end of longlines (Waite, 1984, Grange and Cole, 1997). 

Beatrix Bay is roughly circular in shape, with a diameter of about 4 km (Figure 1.3). 

The water currents in Beatrix Bay have been described both from empirical data, and 

with numerical models (Proctor and Hadfield, 1998). The general trend in Beatrix Bay 

is that water moves in a clockwise direction, higher velocities occur at the mouth, and 

lower velocities at the head of the bay, in the north. For the purposes of the present 

study, I focussed on two farm sites, one at a predicted high-velocity site, in the south

west of the bay, and the other at a predicted lower-velocity site, in the north. The aims 

of the work presented in this chapter were 1) to determine the range of ambient water 

currents at both sites, 2) to determine if water currents at each site differ inside 

compared to outside farm, 3) to undertake chamber experiments within a range of 

mussel densities and water speeds observed at the farm sites, and 4) to monitor 

chlorophyll a inside and outside each farm over 10 months to determine phytoplankton 

depletion at both sites. 
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3.2 METHODS 

3.2.1 Water current measurements 

Two sites were chosen in Beatrix Bay. One site, Farm A, is on the northern perimeter 

of the bay, and the other site, Farm C, on the south-western perimeter (Figure 1.3). 

Farm A is in the head of Beatrix Bay, and is likely to experience lower water current 

speeds than Farm C, which is in the path of tidal water flow into Beatrix Bay. Both 

sites were approximately 35 m deep, and 50 m offshore. 

Water current speed measurements were made with an Acoustic Doppler Profiler (ADP) 

(SonTek, 6837 Nancy Ridge Drive, San Diego, CA, USA) that was placed on the 

seabed. The instrument was programmed to record the mean water speed in I-m depth 

bins over the entire water column (except for the surface 2 m; this is a limitation of the 

instrument caused by acoustic reflection at the water/air interface), for 1 out of every 10 

minutes. In order to measure water speeds outside the farms at the two sites, the ADP 

was moored immediately outside Farm A for 2 months, and then outside Farm C for 4 

days. Water pressure measurements made by the instrument were used to record the 

times of the tidal cycles during each deployment. After the data were retrieved, the 

water pressure readings were used to match the Farm C water speed data with the 

appropriate place on the spring/neap tidal cycle of the data from Farm A, resulting in 

four days of data from the same time on the tidal cycle for both farm sites. One-Way 

ANOV A was used to compare the mean speeds at the farm sites (Sokal and Rohlf, 

1981). 

3.2.2 Farm effects on water currents 

The next part of the study was aimed at investigating the influence that mussel farm 

structures have on water currents by determining inside to outside farm water speed 

differences. Three station positions were randomly selected on longlines within each 

farm by using random numbers to choose a longline and a float. Each station was 

paired with a station outside the farm (along the coast) of an equal distance from the 

coastline (Figure 3.1). At each station the ADP was placed on the seabed and set to 

record mean water speed in I-m depth divisions, over the water column, each minute for 

at least 10 minutes. The ADP was then immediately moved to the next station in the 
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inside/outside farm pair, until all the stations were measured. Each survey commenced 

at approximately 2 hours after low tide. Two-way ANOV A was used to compare mean 

water speeds inside and outside the farm (Underwood, 1981), with independent 

variables being position (fixed factor, n=2, inside versus outside farm), and depth (fixed 

factor, 10 m depth versus 11-18 m inclusive). 

3 

2 4 

Om 

..- Mussel farm with 
8 longlines 

Three sites in randomly-chosen 
positions inside the farm 

6 ..-- Outside farm sites 

50 100 

Figure 3.1: Sampling design for ADP measurement of farm effects 011 water 

currents. Each ralldomly-positioned site illside the farm was paired with a site 

outside the farm. Site Ilumbers 0-6) indicate order of deployment. 

In addition to the measurements made using the ADP, an attempt was made to use the 

dissolution of plaster of Paris blocks to measure water currents in close proximity to 

mussel dropper ropes. As it was difficult to get conclusive field results using this 

method, its development and the results obtained are presented in Appendix 2. 

23 



Water currents 

3.2.3 Chamber £>v'n.o1 ... 

The influences of mussel density and water flow rate on chlorophyll a concentration 

were investigated using flow-through chambers that were deployed on a jetty at site E 

(Figure 1.3). The experimental apparatus consisted of an impeller pump, a header tank, 

and chambers for mussels (Figure 3.1). Unfiltered seawater was pumped from the sea 

to the header tank. The water moved by gravity from the header tank through a hose 

pipe and then vertically through the mussel chambers. A range of experimental flow 

rates were produced using adjustable valves at the header-tank end of the hosing. The 

actual flow rate in each chamber was calculated from measurements of the time taken to 

collect a known volume of water from each chamber outlet. Four chambers were 

operated simultaneously, allowing different mussel densities. The chambers were 

50 mm in diameter, and 770 mm in height (1.5 litres) allowing a range of flow speeds 

from 0.5 to 40 cm S-l, which is representative of the speeds measured inside mussel 

farms (Figure 3.3). 

Pump 

Header tank 
(900 litre) 

Mussel chambers, 4x 
to allow multiple densities 

Adjustable flow 
valves 

Spouts for 
sampling and 

calculati ng flow 

Sea 

Figure 3.2: Side view diagram offlow-through chamber apparatus. 

For the chamber experiments I wanted to cover a range of mussel densities observed on 

dropper ropes in mussel farms. This was problematic because while it is simple to 

measure the number of mussels on a given length of dropper rope, the information that 

is needed to enable comparisons with the chamber densities is the number of mussels 
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per unit volume of water. My approach to this problem was to use a filtration height, 

which is the distance away from a mussel that the mussel can actively remove particles. 

A filtration height above mussels of 1.67 x mussel shell length was assumed (calculated 

from Frechette et ai., 1989). The filtration volume for mussels on a dropper rope will 

conceptually be cylindrical in shape, as the mussels attach around the central rope 

structure. A standard mussel size of 60 ± 5 rnrn shell1ength was used, chosen as a 

representative mean size for mussels on the study farms. For mussels of 60 mm shell 

length, the ingestion volume around 1 metre of rope will be 50.3 litres. Typical mussel 

farms have been reported as having 300-350 mussels per metre of dropper rope 

(Hickman, 1989), but more recently it appears that a typical density of 175 mussels per 

metre has been adopted by the mussel industry (S.P. Fox, pers. comm.). With a 

minimum of 0 and a maximum of 350, and a filtration volume of 50.31, this gives a 

density range of 0 to 7 mussels per litre. The number of mussels chosen was therefore 

0,3, 10 and 25 per chamber, resulting in densities of 0, 2, 6.7 and 16.67 mussels per 

litre, covering the calculated density range expected on the mussel farms. 

For each chamber experiment the mussels were collected, placed into plastic mesh bags 

(2-cm mesh size), and left overnight at I-m depth to recover from being removed from 

the farm dropper ropes. At the beginning of each experiment the appropriate number of 

mussels was placed into each chamber. The mussels were placed ventral and umbo up

current, which is the way they have been previously shown to align themselves (Dolmer 

and Svane, 1994). The flow rate was set at a low level (about 0.2 cm S-I), and the 

mussels left for a minimum of 2 hours to allow them to start filtering. The flow rate in 

each chamber was then measured, and triplicate I-litre water samples were taken and 

analysed for chlorophyll a concentration using a Perkin-Elmer fluorometer, after 

grinding and extraction into 10 ml of 90% acetone (Strickland and Parsons, 1968). This 

was repeated for flow rates within a range of 0 to 40 cm S-I. 

Monitoring phytoplankton depletion at the 

Phytoplankton concentration was surveyed at Farms A and C in each of the months of 

August, September, and November 1997, and February, April and May 1998 (this was 

also part of Chapter 2). The same sampling design was used as described above, with 

inside/outside farm station pairs. At each station a fluorometer (Chelsea Instruments 

Ltd, 2/3 Central Ave., East Molesey, Surrey, UK) profile of in situ chlorophyll a 
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fluorescence was recorded over the entire water column. Water samples were also 

taken, and analysed for chlorophyll a concentration using the method described above. 

The results of this sampling were used to convert the fluorometer values to ~g 

chlorophyll a rl. 

3.3 RESULTS 

3.3.1 Water currents at the two sites 

The current speeds at Farm A were lower than those at Farm C, with mean values of 8.3 

and 9.1 cm S·l respectively. The difference in means for the two farms, where n = 2448 

in each case, is statistically significant (F1,4894 = 29.3, P<O.OOl). Farm C had a greater 

range of water speeds, more periods of higher speeds and a maximum measured speed 

of 37.9 em s·t, compared to 30.7 at Farm A (Figure 3.3). This difference is reflected in 

the frequency distribution curves, with farm site A having a higher frequency of speeds 

in the 0 to 10 cm S-l range, and lower frequencies in the higher speed ranges. 
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Figure 3.3: Frequency distributions of water speeds at bothfarm sites, with fitted 

normal distribution curves. Open bars and broken line are Farm A, solid bars and 

solid line are Farm C. Arrows indicate mean speeds. 
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18 m. Sample size Fann A == 1200, Farm C = 1872. Error bars are fl SE. 

Farm A FarmC 

Source df MS F p df MS F P 

Position 1 102.03 4.47 0.03* 1 0.008547 0.0003 0.99 

Depth 1 48.52 2.13 0.14 1 187.85 7.37 0.007* 

PxD 1 522.85 22.93 <0.001** 1 1417.89 55.66 <0.001** 

Residual 1196 1868 

Table 3.1: Summary of2-way ANOVAfor testing the influence offarm structure on 

water current speed at Farms A and C. Position is inside versus outside farm and 

depth is 3-10 m depth versus 11w18 m inclusive. PxD is the interaction term between 

position and depth. Asterisks: * P sO.05, ** P sO.OO1. 

At both farm sites the lowest mean speeds were inside farms in the surface waters. 

Outside the farms, the uppermost water had a velocity of approximately 2 em S-1 greater 

than inside the farms (Figure 3.4). The deeper water inside farms had a greater speed 

than the surface water and the speed was also greater than the bottom waters outside the 

farms. This occurred at both farm sites and is perhaps an indication that the water mass 

accelerates around farm structures. Analysis of Variance of these data sets (Table 3.1) 
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showed that at Farm A position (inside/outside) had a significant influence on current 

speed (P=O.03). At Farm C depth had a significant influence on current speed 

(P=O.007). At both farm sites there was a significant interaction between position and 

depth (P<O.OOl), adding further support to the possibility of water mass accelerating 

around the farm stlUctures. 

3.3.2 Chamber experiments 

In the chamber experiments there was less chlorophyll a in the higher mussel density 

treatments at lower speeds, and no obvious change in chlorophyll a concentration at 

higher speeds, regardless of density (Figure 3.5). The Two-Way ANOVA showed that 

both mussel density and water speed had a statistically significant influence on 

chlorophyll a concentration (Table 3.2), and there was a significant interaction between 

these two factors (P<O.05 in all cases). At high mussel density and low water speed 

chlorophyll a concentration showed the greatest decrease, whereas at low mussel 

density and high current speed chlorophyll concentration showed little change. 
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The chlorophyll a values (presented as a percentage of ambient concentration because 

of variation) within the range of densities and speeds observed at the mussel farm sites 

are presented in Figure 3.6. The control chambers with no mussels (Figure 3.6a) gave 

the ambient values for these experiments, and therefore aU chlorophyll a values are 

100%. 

Source 

Speed 

Density 

SxD 

df 

4 

3 

12 

Residual 40 

MS 

1701.91 

546.07 

280.49 

F p 

18.60 0.001** 

5.97 0.002* 

3.17 0.004* 

Table 3.2: Summary of2-way ANOVA of the chamber experiment data. Independent 

factors are water current speed and mussel densityy dependent factor is chlorophyll a 

concentration. SxD is the interaction term for speed and density. Asterisks: * P ::; 

0.05y ** ::;0.001. 

For the chamber experiments the relationship between water speed and chlorophyll a 

concentration could be described with a Michaelis-Menten model: 

Chlorophyll a concentration = Y max S / (Km + S) 

Where Ymax is the maximum chlorophyll a concentration (i.e. the concentration in the 

absence of mussels), S is water current speed, and Km is the Michaelis-Menten constant, 

which in this case is the speed at which chlorophyll a concentration is equal to half of 

the maximum chlorophyll a concentration. The most variation in chlorophyll a 

occurred in the chambers with 2 mussels per litre (Figure 3.6b) (r2=0.17). At a mussel 

density of 6.7 per litre the data showed a closer fit to the Michaelis-Menten model 

(r2=0.75). At this mussel density water speeds above 15 cm S·l resulted in mussels 

having little impact on chlorophyll a (Figure 3.6c); below a speed of 10 cm S·l the 

mussels were able to remove an average of 29% of the chlorophyll a. In the 

experiments with the highest mussel density (16.7 per litre) there was a strong 

correlation between water speed and chlorophyll a concentration (r2=0.96) (Figure 

3.6d). Below 10 cm S·l the mussels removed an average of 22% of the chlorophyll a. 
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3.3.3 Depletion of chlorophyll a within farms 

Farm A showed more variation in chlorophyll a concentration inside relative to outside, 

compared to Farm C (Figure 3.7). In August 1997 the chlorophyll a inside Farm A was 

less than 30% of ambient, whereas at the same time in Farm C it was 80%, suggesting' 

that depletion of phytoplankton is more pronounced at Farm A. Earlier in this Chapter 

it was observed that Farm A experiences lower water speeds than Farm C, and it is 

therefore possible that lower water speeds make Farm A more prone to phytoplankton 

depletion. During September and November of 1997 chlorophyll a concentrations 

inside Farm A were actually higher than outside, whereas at Farm C this only occurred 

in November (Figure 3.7). 
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Figure 3.7: Chlorophyll a concentrations inside farms as a percentage of ambient 

(outside) concentrations from August 1997 to May 1998. Broken horizontal line 

represents level of equal concentration inside versus outside farm. 

3.4 DISCUSSION 

As was expected during the planning of this chapter, the water speeds in the vicinity of 

Farm A were lower than those at Farm C. This is consistent with the report of Proctor 
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and Hadfield (1998), documenting lower currents in the head of Beatrix Bay. The 

difference in mean water speed between the two sites was 0.8 cm . This difference is 

small and might therefore intuitively seem likely to have little influence on 

phytoplankton supply and depletion. However, the difference must be considered in 

terms of mass transport of seston. It is apparent in studies of mass seston transport in 

mussel farms that there is great sensitivity to current speed (Incze et at., 1981; Perez 

Camacho et al., 1995). If the mean speed at Farm A (8.3 cm S-I) was increased by 0.8 

cm S-1 (Le. to the mean speed at Farm C) and if unidirectional velocity is assumed then 

the amount of water flowing through the farm would increase by 9.6%. This equates to 

a substantial increase in the amount of seston moving through the farm, and could be an 

important factor in the observed difference in depletion between the two farms 

(Figure 3.7). 

The inside versus outside farm surveys of water current speeds showed that there were 

lower speeds in the surface water inside the farm boundaries, indicating that the farms 

themselves may be acting as barriers to water flow. Mussel rafts have been previously 

shown to cause complex changes in water flow, resulting in lower speeds at the centre 

of rafts compared to the rear (Blanco et al., 1996). It appears in my study that longlines 

can also baffle water currents, as was also suggested by Waite (1989). The instrument 

and the sampling regime used here were suitable only for measuring mass current flow 

through the mussel farms, not in the immediate vicinity of mussels. It is likely that the 

actual currents experienced by individual mussels would be even further reduced. This 

is experimental evidence that actual water flows near mussel dropper ropes are likely to 

be further reduced than our ADP measurements of gross water currents would indicate. 

The actual flow regime experienced by individual mussels at different locations on 

dropper ropes is an area of research worthy of further examination. 

The chamber experiments showed that the largest mussel impacts occurred at speeds 

below 10 cm S-I. With the average speeds at both farm sites being < 10 cm 8-
1 and most 

values < 10 cm S-I (Figure 3.3), it would be reasonable to expect that both farms often 

experience water current conditions that allow within-farm chlorophyll a depletion to 

occur. Because many speeds were well above 10 cm S-I, the depletion is also likely to 

be irregular. Farm C experienced a higher frequency of speeds above 15 cm s-1 and 

therefore would experience shorter periods of phytoplankton depletion than Farm A. 
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The amount of chlorophyll a found in the two farms through time supports the findings 

of the chamber experiments. Both farms showed periods of phytoplankton depletion, 

and Farm A, which had the lowest ambient speeds, was much more variable in terms of 

chlorophyll a concentration. The amount of chlorophyll a inside Farm A compared to 

outside ranged from 30 to 120%, whereas the same figures for farm C were 80 to 105%. 

This variability presumably resulted in longer periods of phytoplankton depletion in 

Farm A compared to Farm C. It follows from this that mussel productivity in Farm A 

might be lower than that at Farm C. Measuring productivity of the mussels at the farm 

sites was beyond the scope of the present study, but in terms of mussel growth and 

condition, the mussel industry rates Farm Cas 7.5 out of 10, while Farm A is rated at 4 

out of 10 (D. Holyoake, pel's. comm.). 

It is of interest that there were occasions of higher chlorophyll a inside both farms 

compared to outside. In Chapter 2 it was proposed that mussels are able to convert 

particulate nitrogen into ammonium by excretion, thereby making it available for 

phytoplankton utilisation. It is expected that this effect would only be significant at 

times when phytoplankton production is limited by nitrogen. In Beatrix Bay this is 

usually during Spring and Summer (Gibbs and Vant 1997), which was when the 

mussel-mediated phytoplankton production was also observed in the present chapter. 

The water speed at a given site will affect food supply but it is only one of several 

interrelated factors that can potentially affect food depletion. Other important factors 

are phytoplankton concentration and productivity. Phytoplankton concentration, 

measured as chlorophyll a, shows a seasonal cycle in Beatrix Bay, with low 

concentrations occurring in the spring and summer, where productivity is limited by 

availability of nitrogen, then increasing to higher concentrations in the autumn and 

winter, until productivity becomes limited by light availability (Gibbs and Vant, 1997; 

Ogilvie et al., 2000). I would suspect that the extreme situations visible in Figure 3.7 

were influenced by this cycle. For example, in August 1997 the depletion at Farm A 

was highly significant, and this is a time of short daylight length and lower 

temperatures, so net phytoplankton production is likely to be low. Phytoplankton at this 

time will therefore be limited in their ability to recover from mussel grazing, and more 

substantial depletion would be expected, and was observed. Conversely, in November 

phytoplankton biomass can be limited by nitrogen availability, but net phytoplankton 

production will be higher in association with mussel farms (compared to ambient), 
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because the farms are producing ammonium which can be rapidly used by 

phytoplankton at this time of longer daylight periods and warmer temperatures. It 

would follow from this that chlorophyll concentrations inside farms at this time could 

become higher than outside, and this was observed at both the study farms. 

In terms of within-farm phytoplankton depletion, the influence that water speed has on 

the seasonal cycling of phytoplankton biomass and productivity is to weaken the 

influence of mussels, so at sites of higher water speed the seasonal pattern of 

phytoplankton biomass inside farms will be similar to outside, whereas at low-speed 

sites, influences of mussels on phytoplankton (both positive and negative) will be 

greater. In terms of farm management, this raises important issues for the selection of 

farm sites. The most obvious recommendation arising from this data set is that farms 

should be situated at sites of high ambient water currents. However, this 

recommendation has to be considered in the knowledge that high speed currents (12 to 

30 cm S-l) can directly inhibit mussel growth (Wildish and Kristmanson, 1979, 1985), 

which may be related to mussels apportioning more energy to the production of byssal 

threads (Clarke and McMahon, 1996). Sites with high water currents are also likely to 

be of limited availability, and may not be suitable for logistical reasons such as the extra 

physical stress that would be put on mussel farm structures. There will therefore be 

situations where decisions must be made about the location of farms in sub-optimal 

water current regimes. The present data set illustrates that a small difference in mean 

water speed can have a significant influence on phytoplankton depletion. A useful 

recommendation would therefore be to obtain detailed data about the water current 

regimes of any proposed site, and to choose sites with both a higher mean speed, and a 

larger range of speeds, even if the differences are small, because these small differences 

could have a large influence in reducing the occurrence of phytoplankton depletion. 
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CHAPTER 4 

The influence of mussels on cell abundance, biovolume, and 

taxonolnic richness ofphytoplankton. 

4.1 INTRODUCTION 

Measurements of abundance of phytoplankton cells can yield useful information on the 

impact of aquaculture activities. Stirling and Dey (1990) showed that salmon farming 

in a lake in Scotland mediated an increase in phytoplankton abundance resulting in the 

lake becoming eutrophic. An analysis of the major taxonomic groups of phytoplankton 

in the Eastern Mediterranean showed that season and location had a greater influence on 

primary productivity than did fish farming (Pitta et al., 1999). 

Although not specifically related to aquaculture activities, the invasion of the zebra 

mussel Dreissena polymorpha into the Great Lakes and associated waterways of North 

America has been a significant opportunity for studies on the influence of bivalves on 

phytoplankton populations. In regions where this species has become abundant it has 

caused significant changes in the composition of phytoplankton communities 

(Lavrentyev, et al. 1995) and was shown to cause a lO-fold decrease in phytoplankton 

abundance in the Hudson River (Caraco and Cole, 1995). 

Mesocosm experiments with Mytilus edulis showed phytoplankton growth rates to be 

highest in treatments with high mussel biomass, due to a shift towards faster growing 

algae (diatoms) and increased regenerated nitrogen (Prins et al., 1995). Natural beds of 

M. edulis have been shown to deplete diatom species from the bottom 3-5 cm of the 

water column (Muschenheim and Newell, 1992). 

In Pelorus Sound there have been several studies of the phytoplankton community. 

Bums (1977) showed that in August 1974 the phytoplankton population throughout the 

Sound was dominated by two species, Thalassiosira hyalina and Thalassionema 

nitzschioides. Diatoms often contribute 65% of the total phytoplankton carbon in 

Pelorus Sound (Bradford et aI., 1987). On a seasonal basis, the diatom community has 

been shown to change from small chain-forming species in spring, to small solitary 
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species in summer, to larger taxa in autumn (Mackenzie et aI., 1986). While Bradford 

et ai. (1987) and Mackenzie et al. (1986) discussed the possibility that mussel faiming 

could limit the abundance of phytoplankton cells, these studies were not directly 

intended to show the impact mussel farming might have on phytoplankton species. 

After an exhaustive search of the literature I was only able to find a single reference to 

the influence of suspended mussel culture on phytoplankton species. Selina (1993) 

showed that the greatest species diversity and density of phytoplankton in Vostok Bay 

(Sea of Japan) were in association with a Mytilus trossulus farm. This rarity of reports 

may be due to the difficulties involved with this type of study. Comparisons of 

diversity indices between data sets and between workers are difficult because such 

indices are a function of the effort put into the counting (Kalff and Knoechel, 1978). 

However, if consistent counting techniques are adopted, such indices may be used to 

measure trends within one area (Harris, 1986). The intention in this chapter was to use 

a consistent counting technique to investigate mussel effects on phytoplankton. 

The survey of mussel influence on phytoplankton presented in Chapter 2 used 

chlorophyll a as an indicator of phytoplankton biomass. The work presented in this 

chapter was designed to strengthen these chlorophyll measurements by directly 

counting phytoplankton cells inside and outside a farm. The aim of this work is to 

investigate the influence, in situ, that a mussel farm has on phytoplankton biomass 

(measured as chlorophyll a), abundance, biovolume, and taxonomic richness over an 

annual cycle. 

4.2 METHODS 

4$2.1 Sampling .. 'un ..... .,. 

This study was done at Farm C on the western side of Beatrix Bay (Figure 1.3). Water 

samples were taken once every two months from July 1998 to July 1999 inclusive. 

Each sampling commenced at approximately 2 hours after low tide. At each sampling a 

longline was randomly chosen within the farm, and a 5-litre Nisken bottle was used to 

take triplicate water samples from 5 m depth within 50 cm of a random dropper rope on 

that longline. Triplicate samples were also taken at 5 m depth outside the farm, at a 

position of equal distance from the coastline as the sampled longline. For each sample, 

two 500-m1 aliquots were each filtered onto a Whatman® GFIF filter and stored frozen 
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for analysis of chlorophyll a. A further litre was preserved with 7 ml of acidified 

Lugols iodine (APRA 1992) and stored in the dark for later analysis of phytoplankton 

speCIes. 

4.2.2 Analysis of .. ' ..... ' .. .,L'''''., 

Chlorophyll a filters were ground to homogeneity, and the chlorophyll extracted into 

1 0 ml of 90% acetone. Chlorophyll a concentrations were then determined with a 

Perkin-Elmer fluorometer (Strickland and Parsons 1968). 

For phytoplankton species analysis each I-litre sample was shaken to homogenise the 

phytoplankton cells, 250 ml was sub-sampled and allowed to settle for 24 hours. The 

sub-sample was then decanted to 25 mI, placed in an Utermohl chamber, and settled for 

a further 24 hours. Using this method all the phytoplankton cells in the 250 ml sub

sample were settled onto the slide of the Utermohl chamber. 

Samples were observed at 400x magnification under a Wild M40-82720 inverted 

microscope, as described by Utermohl (1958). In order to be sure of a consistent 

counting effort for each sample, preliminary counts of all phytoplankton cells in 10 

samples were done to determine the number of fields of view needed to observe about 

300 cells (according to rationale of Burns (1977». It was found that twenty fields of 

view gave about 320 cells per sample. Twenty fields of view were thereafter used in the 

analysis of each sample. This gave an overall mean of 340 cells per sample, and a mean 

SD of 19.9% between triplicate samples (Le. between the three samples taken at each 

inside or outside farm position). 

During the preliminary sample analysis the taxonomic groupings (taxa) that would be 

counted in each sample were chosen. These were to species, genus, or higher level, and 

are listed in Appendix 3. A total of 53 groups were chosen. Identification of each 

taxonomic group was done with the guidance of Lebour (1978), Dodge (1980), Sournia 

(1986), Ricard (1987), Chretiennot-Dinet (1990), Round etal. (1990), Larsen and 

Moestrup (1992), UNESCO (1995), and Tomas (1997). Because of the difficulty of 

identifying small flagellates using light microscopy, all flagellates less that 20 !lm were 

pooled. Unknown cells were classified as either "unknown diatom" or "unknown 

dinoflagellate", these cells made up 0.26 and 0.15 % respectively of the total number of 
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cells counted, so the known taxonomic groupings that were chosen covered more than 

99% of the cell types that were encountered. 

Cell counts were also converted to biovolumes to allow an analysis in which the 

smallest cells were not given the same weight as the largest (Kalff and Knoechel, 1978). 

Conversions were made by multiplying cell counts by the mean individual cell volume 

of each group. The mean individual cell volumes were taken either from the literature, 

from a data base made available to me by Karl Safi (National Institute of Water and 

Atmospheric Research, Hamilton), or by using geometric calculations from 

measurements made (at least 20 cells for each taxon) during the counting process. The 

mean individual cell volumes are listed in Appendix 3. 

4.2.3 Statistical analysis 

Each data set was tested for ANOV A assumptions of normality (Kolmogorov-Smirnov) 

and homogeneity of variances (Cochran C). To determine the effect of mussels and 

sampling month, Two-Factor ANOVA was used to test for significant differences 

between inside and outside farm chlorophyll a and taxonomic richness data over all 

seven sampling months (Sokal & Rohlf, 1981). Correlation Matrices were used to 

determine if any of the 30 most common taxa showed patterns of abundance or 

biovolume inside and outside the farm, over the seven sampling months. All statistical 

analysis was done using Statistica™ 5.1 (StatSoft Inc, Tulsa, USA). 

4.3 RESULTS 

4.3.1 Chlorophyll a 

The ANOVA of the chlorophyll a concentrations inside and outside the farm over the 

entire study period showed that both time and f31m had a statistically significant 

influence on chlorophyll a concentration (P<O.OOl and 0.005 respectively) and that 

there was a significant interaction between these two factors (P<O.OOl) (Table 4.1). 

Chlorophyll a concentrations were around 1 flg rl in July and September 1998 and 

January 1999 (Figure 4.1). The lowest concentration of <0.4 flg rl occurred in 

November 1998. The highest levels of 1 to >3.5 flg rl were measured in March, May, 

and July 1999. There was a large interannual difference, with concentrations in July 
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1999 being more than twice those of July 1998. The mussel farm had the greatest 

influence on chlorophyll in May and July 1999, with concentrations on both occasions 

being lower inside the farm than outside. 
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Figure 4.1: Mean chlorophyll a concentration inside and outside Farm C from July 

1998 to July 1999. Errors bars are fl SE. 

Source 

Time 

Farm 

TxF 

df 

6 

1 

6 

Residual 28 

MS 

5.65 

0.48 

0.34 

F p 

109.26 0.0001** 

9.36 0.005* 

6.65 0.0002** 

Table 4.1: Summary of 2-way ANOVA of inside and outside farm chlorophyll a data. 

1ndependent factors are time and farm, dependent factor is chlorophyll .a 

concentration. TxF is the interaction term for time and farm. Asterisks: * P ::{ O. 05, 

** P ::{0.001. 

4.3.2 Phytoplankton abundance 

The ranking of phytoplankton groups showed that small flagellates were numerically 

the most dominant of the phytoplankton identified, with a mean over the study of 174 

cells mrl (Table 4.2). Diatoms made up eight of the ten most abundant taxa, reaching 

counts of 72 cells mrl. 
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Rank By abundance Cells mrI By biovolume 
mrI 

x]OOO 
1 Small «20 !lm) 174.22 Ditylum brightwellii 440.44 
2 Chaetoceros spp. 72.14 Rhizosolenia spp. 432.92 
3 Skeletonema spp. 37.11 Chaetoceros spp. 125.19 
4 Pseudonitzschia spp. 11.26 Dactyliosolen spp. 78.09 
5 Ditylum brighp;vellii 10.61 Ciliates 67.47 
6 Rhizosolenia spp. 8.47 Navicula spp. 48.20 
7 Ciliates 8.47 Pseudonitzschia spp. 32.31 
8 Thalassiosira spp. 6.63 Thalassiosira spp. 31.93 
9 Navicula spp. 6.29 Gymnodinium spp. 23.72 
10 Eucampia zodiacus 4.15 Eucampia zodiacus 20.61 
11 Thalassiothrix spp. 3.43 Skeletonema spp. 19.43 
12 Gymnodinium spp. 3.40 Guinardia spp. 17.20 
13 Quadraflagellates 3.19 Ceratium furca 16.70 
14 Dactyliosolen spp. 2.01 Coscinodiscus spp. 16.68 
15 Nitzschia closterium 1.80 QuadrafiageIJates 15.02 
16 Melosira spp. 1.60 Peridinium spp. 13.44 
17 Gyrodinium spp. 1.60 Protoperidinium spp. 12.19 
18 Thalassionema spp. 1.08 Gyrodinium spp. 10.15 
19 unknown diatoms 0.95 Eucampia spp. 8.24 
20 Guinardia spp. 0.90 Melosira spp. 7.87 
21 Chaetoceros convolutus 0.82 Prorocentrum spp. 6.33 
22 Eucampia spp. 0.82 Ceratium tripos 6.18 

Nitzschia longissima 0.80 Small flagellates «20 !lm) 6.08 
24 Peridinium spp. 0.62 Thalassiothrix spp. 3.77 
25 Unknown dinoflagellates 0.54 Cymbella spp. 3.57 
26 Leptocylindricus danic 0.51 Biddulphia spp. 2.94 
27 Pronoctiluca spp. 0.46 Pleurosigma spp. 2.38 
28 Cymbella spp. 0.39 Lauderia annulata 1.54 
29 Protoperidinium spp. 0.36 Amphidinium spp. 1.43 
30 Amphidinium spp. 0.26 Dictyocha spp. 1.35 
31 Ceratium furca 0.23 Thalassionema spp. 1.30 

Lauderia annulata 0.23 Gonytiulax spp. 1.29 
33 Biddulphia spp. 0.21 Pronoctiluca spp. 1.29 
34 Alexandrium spp. 0.21 unknown diatoms 1.13 
35 Prorocentrum spp. 0.21 Leptocylindricus danic 1.06 
36 Ceratium tripos 0.21 Chaetoceros convolutus 0.96 
37 Licmophora spp. 0.15 Nitzschia longissima 0.79 
38 Pleurosigma spp. 0.15 Alexandrium spp. 0.59 
39 Gonyaulax spp. 0.13 Unknown dinoflagellates 0.54 

Table . Rankings (l=highest) of phytoplankton taxa by mean abundance and 

biovolume over the entire study period. The top 30 rankings are also used in Figures 

and Continued on next page. 
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41 Paralia spp. 0.10 Ceratiumfusus 0.40 
42 Dictyocha spp. 0.10 Thalassionema nitzschioides 0.19 
43 Gyrosigma spp. 0.08 Nitzschia closterium 0.16 
44 Scrippsiella trochoidea 0.08 Climacosphenia spp. 0.09 
45 Climacosphenia spp. 0.08 Heterocapsa spp. 0.09 
46 Thalassionema nitzschioides 0.08 Gyrosigma spp. 0.09 
47 Coscinodiscus spp. 0.05 Diploneis spp. 0.06 
48 Ceratium fusus 0.03 Gymnodinium spp. 0.05 
49 Gymnodinium spp. 0.03 Corethron spp. 0.05 
50 Heterocapsa spp. 0.03 Oxytoxum spp. 0.04 
51 Oxytoxum spp. 0.03 Paralia spp. 0.04 
52 Corethron spp. 0.03 Toxarium spp. 0.03 
53 Toxarium spp. 0.03 Licmophora spp. 0.01 

Table 4.2: continued. 

In six of the seven sampling months the small flagellates had the highest abundance 

(Figure 4.2). During September 1998 small flagellates made up 89% of the sample 

(Figure 4.2b). During all months except July and November 1998 there were fewer 

small flagellates inside than outside the farm. The most common identified taxon was 

Chaetoceros spp. which showed similar abundance inside and outside the farm, except 

for July 1999 (Figure 4.2g). In terms of abundance there were no obvious patterns of 

correlation between taxa inside or outside the farm; 5.3% of the taxa pairings showed a 

significant correlation, which was close to the 5% that was expected to occur by chance. 

Pooling all taxa by month shows that abundance tended to be higher outside the farm in 

September 1998, and March and July 1999 (Figure 4.3a). The lowest abundance of 

around 200 cells mr! occurred in January and May 1999. Diatoms were particularly 

low in abundance during September 1998 and January and May 1999, and were also 

more abundant outside than inside the farm during March and July 1999 (Figure 4.3b). 

Dinoflagellates tended to have few cells mr!, usually less than 20, and were particularly 

scarce in September 1998 and May and July 1999 (Figure 4.3c). Flagellates <20 11m 

were highest in abundance in September 1998 and March 1999, and lower inside the 

farm in September 1998 and March and July 1999 (Figure 4.3d). 
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Figure 4.2: The seasonal variation ofphytoplankton cell abundance inside and 

outside the farm. Numbers on xdaxis represent phytoplankton taxay ranked by 

abundance (1=highest) according to Table 4.2. Error bars are 

next page. 
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Figure 4.2: continued. 

4.3.3 Phytoplankton biovolumes 

Diatoms were the four most abundant taxa by biovolume, with Ditylum brightwellii 

being the most common (440 J.lm3 rnI-1
) and Rhizosolenia spp. a close second (432 J.lm3 

ml-1
) (Table 4.2). Small flagellates, which ranked highest in abundance, were ranked 

23rd in biovolume. Ditylum brightwellii made up 73% of the total phytoplankton 

biovolume in July 1998 (Figure 4.4a) giving this month the highest biovolume of all the 

months sampled. In September and November 1998 and May 1999 Rhizosolenia spp. 

43 



,
I 

E 
U) 

(l) 

o 

Phytoplankton cells 

800 A All phytoplankton taxa 

600 

400 

200 

o 
Jul Sep Nov Jan Mar May Jul 

Month (1998-99) 

600 B Diatoms 

400 

200 

o 
Jul Sep Nov Jan Mar May Jul 

Month (1998-99) 

20 c Dinoflagellates 

15 

10 

5 

o 
Jul Sep Nov Jan Mar May Jul 

700 D 
600 

500 

400 

300 

200 

100 

o 
Jul 

Month (1998-99) 

Flagellates <20~m 

Sep Nov Jan Mar May 

Month (1998-99) 

III Inside 

o Outside 

Jul 
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had the highest biovolume, whereas the small chain-forming diatoms Chaetoceros spp. 

were the most dominant in March and July 1999. The most common dinotlagellates 

were Gymnodinium spp. with a ranking of 9th over all the sampling months. There were 

no obvious patterns of biovolume correlation between taxa inside or outside the farm. 

Of all the taxa pairings 5.9% showed a significant correlation, close to the 5% that was 

expected to occur purely by chance. 

In November 1998 the mussel farm caused a reduction in the biovolume of Rhizosolenia 

spp. (Figure 4.4c) and in January 1999 in at least three of the other common taxa (D. 

brightwellii, Dactyliosolen spp., and ciliates) (Figure 4.4d). In July 1999 there were 

lower biovolumes inside the farm for 10 of the top 30 taxa (Figure 4.4g). When all taxa 

are pooled together there were lower biovolumes inside the farm in November 1998 and 

July 1999 (Figure 4.5a), and in both of these months there was a lower diatom 

biovolume inside the farm (Figure 4.5b). Dinoflagellates did not show clear seasonality 

in volume or trends inside/outside the farm (Figure 4.5c). Small tlagellates tended to 

have lower biovolumes inside than outside the farm in September 1998 and March 1999 

(Figure 4.5d). 

More detailed data on the intluence of the mussel farm on phytoplankton biovolumes 

are presented in Appendix 4, and summarised here. In September 1998 five of the large 

diatom taxa (D. brightwellii, Pseudonitzschia spp., Thalassiothrix spp., Eucampia 

zodiacus, and Rhizosolenia spp.) showed an increase inside the farm of between 40 and 

260%, and the dinotlagellate Protoperidinium spp. increased by 200%. In November 

1998 the diatoms Dactyliosolen spp., Eucampia zodiacus, and Cymbella spp. were 

removed completely, while Navicula spp. increased by 150%, D. brightwellii by 30%, 

and Ceratium tripos, C. furca, and Gyrodinium spp. (all dinoflagellates) increased by 33 

to 150%. In January 1999 Dactyliosolen spp. were again reduced, with a 75% decrease 

inside the farm, Navicula spp. were reduced by 50%, D. brightwellii by 43%, and 

Pseudonitzschia spp. by 21 %. Gyrodinium spp. had a 44% reduction, whereas 

Gymnodinium spp. showed a 17% increase. In March 1999 D. brightwellii, Eucampia 

zodiacus, Ceratium tripos, C. furca, and Protoperidinium spp. were the most strongly 

intluenced taxa, being completely absent inside the farm. Navicula spp., ciliates, 

Coscinodiscus spp. (large diatoms) and Cymbella spp. were reduced by 100% while 

Gyrodinium spp. doubled in biovolume. In July 1999 Protoperidinium spp. and 
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Prorocentrum spp. were completely removed, and Peridinium spp. doubled in 

biovolume. 

4.3.4 Taxonomic richness 

Altogether there were about 15 identifiable taxa present throughout the year (Figure 

4.6a). From July 1998 to January 1999 there were equal numbers of taxa inside and 

outside the farm. However, from March to July 1999 the mean number of taxa was 

slightly higher outside than inside the farm. Diatom taxa were equal in number inside 

and outside the farm from July 1998 to January 1999, and in May 1999 (Figure 4.6b). 

There appeared to be fewer diatom taxa inside the farm in March and July 1999. There 

were usually fewer than 5 dinoflagellate taxa present at any given time (Figure 4.6c), 

and number of taxa were equal inside and outside the farm from July 1998 to January 

1999. From March to July 1999 there were fewer dinoflagellate taxa inside than outside 

the farm. The ANOV A showed that for all phytoplankton taxa pooled together, neither 

time nor farm had a significant influence on taxonomic richness, or on the richness of 

diatom taxa (Table 4.3). Time did influence the taxonomic richness of dinoflagellates 

(p<0.001), and there was a significant interaction between time and farm (P=0.03). 

All Taxa Diatoms Dinoflagellates 

Source df MS F p MS F p MS F P 

Time 6 12.06 2.04 0.09 9.15 2.36 0.06 8.87 7.17 <0.001** 

Farm 1 21.43 3.63 0.07 7.71 1.99 0.17 3.43 2.77 0.1 

TxF 6 9.04 1.54 0.2 2.1 0.54 0.77 3.54 2.86 0.03* 

Residual 28 

Table 4.3: Summary of 2-way ANOVA of taxonomic richness data. Asterisks: * P .s 

0.05, ** P :{0.001. 
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The statistical analysis showed that time of year had a significant influence on 

chlorophyll a, with the lowest concentration in November 1998 and the highest in July 

1999. It would be reasonable to say that highest chlorophyll occurred in cooler months 

each year (July 1998 and May and July 1999), as was seen in Chapter 2. Between July 

and November 1998 the chlorophyll followed a similar pattern as seen in 1997 

(Chapter 2), with concentrations decreasing over that time. This pattern could be 

explained by phytoplankton becoming limited by nitrogen as temperatures increase at 

the end of winter and into spring (Gibbs and Vant, 1997). But this explanation fails in 

January 1999 where the chlorophyll has increased when nitrogen levels should still be 

limiting. Chlorophyll is high again in the following winter, with the highest 

measurements in July 1999. The large difference in chlorophyll concentration in July 

1998 and July 1999 demonstrates that while relative patterns are apparent over a year, 

actual magnitudes will be difficult to predict. 

The Analysis of Variance showed that mussel farms had a significant influence on 

chlorophyll a concentration. There were two occasions when there was less chlorophyll 

inside than outside the farm, both in winter 1999. These observations offer SUppOlt to 

earlier reports that mussel farms can significantly reduce phytoplankton concentrations 

(Grange and Cole,1997; Chapter 2). This reduction of chlorophyll could have occurred 

in winter because chlorophyll concentrations outside the farms were high but net 

production is likely to be low because of short daylight periods, making the 

phytoplankton less able to recover from mussel grazing. This idea is also supported by 

the significant interaction term between time and farm, when chlorophyll a was high 

(usually in cooler months) there was a greater likelihood of mussels reducing 

chlorophyll concentrations. 

The numerical dominance of small flagellate species observed in the present study is 

consistent with the finding of Mackenzie et al. (1986) that microflagellates are often 

numerous within Pelorus Sound. These authors also state that microtlagellates and 

ultraplanktonic forms are important photosynthetic producers within the system, and 

other work has shown that small flagellates can influence primary productivity out of 

proportion to their numbers (Furnas, 1983). 
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Diatoms were numerically abundant, which appears to be an aspect of the Pelorus 

Sound phytoplankton community (Bradford et al., 1987). The chain-fOlIDing 

Chaetoceros spp. were the most common diatoms, which was also found by Mackenzie 

et al. (1986). This contrasts with Bums (1977) who found that two other diatom 

species, Thalassiosira hyalina and Thalassionema nitzschioides, alternated as the 

dominant populations. These genera were never dominant in my study but 

Thalassiosira spp. were common, being ranked 8th in terms of both abundance and 

biovolume. 

As with the chlorophyll a data, there was evidence of mussels reducing the abundance 

of small flagellates. This was particularly apparent in September 1998 where there 

appears to have been a bloom of small flagellates (they made up 89% of the total count), 

and there is about a third fewer cells inside the farm. A similar situation occurred in 

March 1999. There were, however, cases where the mussels had little impact on 

phytoplankton cell numbers. In July and November 1998 there is no evidence of mussel 

influence on any taxa. It is difficult to explain these differences, and they do not appear 

to be caused by seasonal differences in net phytoplankton production because 

reductions that were observed in July 1999 did not occur in July 1998. It is apparent 

that when taxa reached unusually high abundance outside the farm, for example more 

than 200 cells mrl, there was always a reduction inside the farm. This occurred with 

small flagellates in September 1998 and March 1999, and for Chaetoceros spp. in July 

1999. The lack of obvious patterns of abundance and biovolume in the correlation 

matrices indicates that there were no particular taxa that were selected by the mussels. 

So where mussel-mediated changes in phytoplankton were observed, it seems that they 

occurred across the spectrum of phytoplankton taxa. 

It has been reported that the mussel Mytilus edulis has difficulty handling aggregation

forming species, which can result in decreased clearance rates due to clogged gills 

(Smaal and Twisk, 1997). It would appear that P. canaliculus is more capable of 

clearing aggregation-forming phytoplankton from the water column, as the July 1999 

data showed fewer Chaetoceros cells inside the farm. 

Ditylum brightwellii was the most common taxon by biovolume. According to Bums 

(1977) this species is more likely to be found in higher salinity waters, which would 

explain why it was dominant in my study but was not observed by Mackenzie et a1. 
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(1986) in Kenepum Sound, which has lower salinities than Beatrix Bay (Bradford et al. 

1986). However, there is evidence in my study that D. brightwellii is capable of 

reaching high abundance in low-salinity water. This species was present in very high 

biovolumes in July 1998, when salinity was low following a severe flood. At this time 

the mussel farm had very little impact on this population. There was little mussel 

influence on phytoplankton at all, which provides an exception to the idea that mussels 

will have a more noticeable reducing impact when taxa are in high concentrations. It is 

difficult to explain why mussels had a negligible influence in July 1998, especially 

given that in July 1999 they reduced 10 of the top 30 taxa. The flood may have been 

involved. Profiles near the farm on the day of sampling show a strong salinity gradient 

at about 7 m depth (Alex Ross pers. comm.) with the low-salinity water forming a 

surface layer. Perna canaliculus has been shown to reduce filtration rate in low salinity 

water (Waite, 1989). The mussels may have reduced their filtration rate and therefore 

had a negligible influence on phytoplankton biomass inside the farm. 

From March to July 1999 taxonomic richness was slightly lower inside than outside the 

farm, however the ANOV A showed that the mussel farm did not have a significant 

influence on taxonomic richness. This was tme when all taxa were pooled together, 

when diatoms were analysed separately, and when dinoflagellates were analysed 

separately too. It is therefore apparent that while mussels were shown to be capable of 

reducing phytoplankton abundance and biomass, the reduction occurred across the 

spectmm of phytoplankton taxa that were measured, and it does not appear that the 

mussels selected for some phytoplankton taxa in preference to others. 

In summary, the aim of determining if mussels can have a significant impact on 

phytoplankton abundance and biovolume was addressed by comparing two situations: 

mussels present and mussels absent. In some sampling months there were lower 

phytoplankton abundances and biomasses inside the farm, so while it wasn't always 

apparent, mussels can reduce phytoplankton abundance and biovolume. And while 

there was some evidence of mussels being able to select certain phytoplankton species, 

the overall analysis showed that mussels did not have a significant influence on 

taxonomic richness of phytoplankton, and so removed cells in an un selective manner. 
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CHAPTERS 

Growth of mussels within a layer of maximum chlorophyll 

S.l INTRODUCTION 

One possible way of reducing the consequences of phytoplankton depletion is to use 

layers of the water column where the biomass of phytoplankton tends to be greatest. 

Subsurface layers of maximum chlorophyll concentration occur in oceanic systems 

(Venrick et al., 1973; Pingree et al., 1976; Cullen and Eppley, 1981). Many parts of 

Pelorus Sound is two-layered, with a surface layer of low density water overlying a 

deep layer of higher density water, mediated by differences in temperature andlor 

salinity. Sometimes there is a higher concentration of phytoplankton associated with 

the transition zone between the two density layers, (Gibbs et al., 1991; Gibbs et al., 

1992; Sutton and Hadfield, 1996; Ross et al., In Press). This was observed in Pelorus 

Sound in the present study, described in Chapter 2. One possible reason for this higher 

phytoplankton biomass is that the transition zone (i.e. the pycnocline) offers a physical 

structure where phytoplankton cells can become trapped. For example, diatoms that are 

normally found associated with the sediment can be stirred into the water column 

(Kiorboe et al., 1981) and become trapped at the pycnocline (Hearn et al., 1994). 

Nitrogen can be in high concentrations below the pycnocline during summer, when 

surface waters are nitrogen-limited (Gibbs et al.,1992; Gibbs and Vant, 1997), which 

can result in dinoflagellate and flagellate species migrating vertically between deep 

water with high nitrogen concentrations, and the pycnocline where light is sufficient for 

net growth (Broekhuizen, 1999). Most phytoplankton species are also unable to move 

through the pycnocline, and become trapped there (Figueroa, 1998). 

Most mussel farms in New Zealand have dropper ropes down to about 10 m depth, 

which means they are situated above the pycnocline. Gibbs et al. (1992) and Ogilvie et 

al. (2000) hypothesised that a change in farm design, to take advantage of the deeper 

phytoplankton supply, could increase mussel yield and condition. This hypothesis has 

also been presented by researchers in Newfoundland. After 7 years of monitoring 

Clemens et al. (1999) recommended that mussel producers should experiment with 
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lowering mussels deeper into the water column to allow the mussels access to elevated 

food levels. 

The work presented in this chapter was aimed at testing this hypothesis, by testing 

whether mussel growth could be enhanced by situating lines within the relatively high 

phytoplankton biomass associated with the pycnocline. The aims were, firstly, to 

determine the depth of highest chlorophyll a concentration at an experimental site, and 

secondly, to compare the growth of Perna canaliculus at this depth with that at 5 m, 

which is generally representative of the water column where mussels are presently 

found. The final aim was to monitor conditions at both depths, over the growth 

comparison period, by collecting temperature, salinity, chlorophyll a and phytoplankton 

cell density data. 

l\1ETHODS 

Pre-study monitoring 

Before the mussel growth trial could be done, it was important to have a site that 

showed a pattern of high chlorophyll a concentration at the pycnocline. The site chosen 

was within Pelorus Sound, at Farm F in Hallam Cove (Figure 1.3), which is known to 

have a deep water chlorophyll maximum (A. Ross, pel's. comm.). Fortnightly water 

samples were taken at 1, 5, 10, 17, and 20 m depths, and analysed for chlorophyll a 

concentration, salinity, and temperature. The site was monitored for 12 months before 

and during, and 5 months after the mussel growth experiment. 

Mussel growth 

Cultivation ropes with mussels of about 70 mm length were collected from a nearby 

farm, and special care was taken to ensure a constant density of mussels on all ropes at 

the start of the experiment. The attachment of cultivation ropes to the surface longline 

was modified to allow the ropes to hang down to 17 m depth. Batches of sixty mussels 

were permanently tagged with a plastic label that was cemented to one valve (Figure 

5.1), and deployed at depths of 5 m and 17 m. The lengths of the mussels were 

recorded at time zero, and once every month until the conclusion of the experiment. 
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Approximately every 20 days, twenty mussels were taken from each depth, the length of 

each mussel was recorded, and condition index (CI) measured. The index used was a 

modified version of that recommended by Hickman and Illingworth (1980). Fresh 

mussels were steamed for exactly 5 minutes in a covered cooking vessel containing a 5-

mm layer of boiling water. They were then immersed in cold water to halt cooking. 

Each whole mussel was weighed, and then the meat was removed from the shell and 

weighed separately. The condition index was calculated as: 

CI = 100 x Cooked Meat Weight / Cooked Whole Weight. 

About every 14 days water samples (500 ml duplicates) were taken at 1,5, 10, 17, and 

20 metres depth, and analysed for chlorophyll a (method described below), salinity and 

temperature (measured immediately using a YSI conductivity and temperature meter). 

An additional 2 litres of water was taken from 5 and 17 m depths, and preserved with 

Lugols iodine (7 ml r l ) for later cell counts of phytoplankton taxa. 

Figure 5.1: Tagged mussels used in the depth-growth experiment. Mean mussel 

length approximately 70 mm. 
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a analysis 

Each water sample was filtered through a Whatman GFIF filter, which was then stored 

frozen at -20° C. Filters were homogenised and the chlorophyll extracted into 10 ml of 

90% acetone. Chlorophyll a concentrations were determined with a Perkin-Elmer 

fluorometer, following the method of Strickland and Parsons (1968). 

Cell counts of phytoplankton taxa 

For phytoplankton cell counts, 250 ml of preserved sample was settled for 24 hours, 

decanted to 25 ml, placed in an Utermohl chamber, and a1lowed to settle for a fmther 24 

hours. Samples were observed under a Wild M40-82720 inverted microscope, as 

described by Utermohl (1958). Phytoplankton were identified and enumerated using 

the method described in section 4.2.2., using Lebour (1978), Dodge (1980), Soumia 

(1986), Ricard (1987), Chretiennot-Dinet (1990), Round et al. (1990), Larsen and 

Moestrup (1992), UNESCO (1995), and Tomas (1997). 

Statistical analyses 

Data sets were tested for satisfaction of the ANOV A assumptions of homogeneity of 

variances (Cochran C test) and normality (Kolmogorov-Smimov test). Two-Way 

ANOV A was used to test for significant differences between the lengths of mussels 

grown at 5 and 17 m depth over time (independent variables = Time and Depth, 

dependent variable = mussel length). Statistical analyses were done using Statistica™ 

5.1 (StatSoft Inc, Tulsa, USA). 

5.3 

monitoring 

The study site was characterised by differences among depths in salinity, temperature, 

and chlorophyll a (Figure 5.2). Salinity varied within the range of 23 to 35%0 (Figure 

5.2a), with lowest salinities occurring in winter months, most likely associated with 

periods of higher rainfall. The observed water temperatures were within the range of 10 

to 19°C, with highest temperatures in the surface waters during February (Figure 5.2b). 
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Figure 5.2: Salinity, temperature and chlorophyll a at the study site from October 

1998 to September 1999. Solid lines with markers are 5 and 17 m depths, where 

mussels were grown. 
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During summer (December through March) the water temperature was above 15°C, and 

was consistently warmer in the surface water compared to deeper water. During this 

time of temperature stratification large differences were seen between the surface and 

deep water chlorophyll a concentrations. In December chlorophyll a reached greater 

than 2 Ilg rl at 20 m depth, compared to less than 1 Ilg rl in the surface waters at the 

same time (Figure S.2c). Following from this data, it was decided to undertake the 

mussel growth experiment at this farm site, commencing in December. The chlorophyll 

a data for the experiment period is given in Figure 5.3. 
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Figure 5.3: Chlorophyll a concentration (pg [1) in the mussel growth experiment. 

Darker shades represent higher chlorophyll concentrations. Horizontal white bars 

cover the time that mussel growth was measured. 
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5.3.2 Phytoplankton cell counts 

Consistent with the chlorophyll a analyses, there were genera1ly higher phytoplankton 

cell counts at 17 m depth (Figure 5.4a). At all sampling times except one, there was a 

higher number of diatom cells in deeper water (Figure 5.4b). At day 0 diatoms were 

much more abundant at 5 m depth, and the population was dominated by 

Pseudonitzschia spp. and Skeletonema spp. Dinoflagellate species showed generally 

higher cell numbers in the deeper water (Figure 5.4c), as did small flagellates (Figure 

5.4d). 

5.3.3 Mussel growth 

Mussel growth data conformed to ANOV A assumptions and therefore untransformed 

data were ana1ysed. The ANOVA showed no significant difference (P=0.09, Table 5.1) 

in growth between the 2 depth treatments, and a highly significant (P<O.OOI) time 

effect, confirming that all treatments grew over the experimenta1 period. 

The individually-tagged mussels showed no significant difference in growth between 

the depth treatments (P=0.13, Table 5.1), with mean growth rates between 0.1 and 0.15 

mm day"l (Figure 5.6). 

Sampled mussels Tagged mussels 

Source df MS F p df MS F P 

Time 5 746.57 26.52 0.0001** 4 1265.54 53.46 0.0001 ** 

Depth 1 79.35 2.82 0.09 1 54.25 2.29 0.13 

TxD 5 9.37 0.33 0.89 4 0.11 0.01 0.99 

Residual 228 190 

Table 5.1: Summary of 2-way ANOVA of mussel growth at depth. aSampled 

mussels" are those removed for length and condition index measurement, "tagged 

mussels" remained situ and were re-measured each sampling time. Independent 

factors are time and depth, dependent factor is mussel shell length. Asterisks: ** P 

0.001. 
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Figure 5.5: Mean shell length (mm) of mussels at 5 and 17 m water depths over 96 

days. N=20 at each depth on each sampling date. En'or bars are :t 1 SE. 
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Figure 5.6: Mean growth rate (mill day-i) ofindividuallymtagged mussels (n=20) at 5 

and 17 III water depths. Error bars are :t 1 SE. 
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The depth treatment had no significant effect (P=0.15) on mussel condition indices 

(Figure 5.7, Table 5.2). Over 96 days there was a highly significant decrease in 

condition indices with both treatments (P<O.OO1 ). 
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Figure 5.7: Condition indices for mussels grown at 5 and 17 m water depths over 96 

days. Each column is the mean of 20 mussels, error bars are :t 1 SE. 

Source df MS F P 

Time 5 334.75 15.65 0.0001 ** 
Depth 1 44.42 2.08 0.15 

TxD 5 19.2 0.90 0.48 

Residual 228 

Table 5.2: Summary of 2~way ANOVA of condition index data. Independent factors 

are time and depth, dependentfactor is condition index. Asterisks: ** ::{O.OO1. 

63 



Growth in deep water 

5.4 DISCUSSION 

The water column at the study site was density stratified, with higher temperatures in 

the surface waters, during the period of the growth study. As indicated by 

measurements of both chlorophyll a concentration and phytoplankton cell counts this 

stratification resulted in a higher biomass of primary producers in deep water. The 

system was in a situation of thermal stratification as has been previously reported 

(Gibbs et al., 1991; Ogilvie et al., 1999; Ross et al., in press). Conditions were 

therefore suitable for testing the hypothesis that mussel productivity could be enhanced 

by exposing them to the extra phytoplankton in deeper waters. It would be reasonable 

to expect that mussels would grow faster where phytoplankton are more abundant. 

However, this proved not to be the case. 

Despite the large literature on bivalve biology, examples of a positive relationship 

between phytoplankton supply and bivalve production are not common (Grant, 1996). 

Maximum growth rates of Perna viridis have been recorded as coinciding with 

maximum concentration of phytoplankton (Chatterji et al., 1984). Differences in the 

amount of phytoplankton available to mussels at the front compared to the rear of a 

mussel raft can affect mussel growth rates (Navarro et al., 1991; Perez Camacho et al., 

1995). The relationship between phytoplankton concentration and bivalve production is 

complex. In my study, it appears that there were factors other than food concentration 

that influenced mussel growth rates. The potential factors can be divided into the broad 

categories of those that influence food supply and those that influence the conversion of 

phytoplankton to mussel biomass . 

. While the instantaneous measures of chlorophyll a and phytoplankton cell numbers 

showed higher concentrations in deeper water, primary productivity is a dynamic 

process. It is possible, for example, that phytoplankton populations in the shallow water 

had higher turnover rates because they are more likely to have been SUbjected to better 

light conditions. The supply of phytoplankton could also have been affected by water 

currents. Higher current speeds at 5 m could make more phytoplankton available to 

mussels at this depth. This is supported by my work using acoustic Doppler current 

profiling in Pelorus Sound that shows a trend of lower water speeds with increasing 
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depth (see Figure 3.4). It is also possible that the duration of the experiment was 

insufficient to show a difference in growth between the mussel populations at the two 

treatment depths. The experiment was, however, undertaken over most of the period 

that higher phytoplankton concentrations were available at depth, and I would have 

expected to see a difference. Also, if the experiment was continued for longer, the pre

study monitoring data indicated that after April the chlorophyll stratification can reverse 

(Figure 5.2), resulting in lower phytoplankton concentrations at depth compared to the 

surface. Higher chlorophyll a concentrations in deep water were seen only about 30% 

of the time, indicating that even if mussels were able to respond to the higher 

chlorophyll, it would be available for only part of the year. 

Of the factors that can influence the conversion of phytoplankton to mussel biomass, 

temporal changes in energy allocation to particular tissue types could be important. At 

certain times of the year P. canaliculus is more likely to allocate energy to reproductive 

tissue, as opposed to shell growth. Hickman and Illingworth (1980) reported an annual 

reproductive cycle where peak condition occurred in October-December, and minimum 

condition in June-August. This indicates that allocation of energy to reproductive tissue 

occurs during spring and summer, and that spawning events are likely before the time of 

minimum condition in June. In the present study there was a significant decrease in 

condition at between 75 and 96 days. It is therefore possible that the mussels spawned 

in April before the final sampling day. 

It should also be considered that mussel condition showed a general decrease over the 

study period and so the mussels may not have been fully able to utilise the 

phytoplankton that was available at depth. While shell growth occur throughout the 

study it would be useful to determine if significant differences in shell growth would 

have been observed between the depth treatments if mussels were in peak condition. 

Phytoplankton cells may have had different nutritional value at the two treatment 

depths. The better light environment of phytoplankton in the shallow water could 

directly affect nutrition value. Changes in light conditions on the sort of time scale 

represented by water column stratification have been shown in other studies to influence 

phytoplankton physiology, such as changes in cell volume, chemical composition, and 

levels of enzyme activity (Falkowski, 1980; Falkowski, 1984). Such physiological 

changes could influence the nutritional value of phytoplankton cells to mussels. 
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Mussel behaviour can influence the conversion of phytoplankton to mussel biomass. 

For example, mussels can alter feeding processes in response to differing quantity and 

quality of phytoplankton. In seston with a low organic content, Mytilus eduIis can 

increase its filtration rate and pseudofaeces production, resulting in an increase in the 

amount of organic material ingested (Bayne et aI., 1993). It is possible that the mussels 

at 5 m depth in my study were able to increase ingestion of organic material, resulting in 

similar growth rates to the mussels at 17 m. 

In summary, there was a higher concentration of phytoplankton in deeper waters during 

the time of the growth experiment. Conditions were therefore suitable to test the 

hypothesis that greater mussel production will occur in the deeper water. The mussel 

growth and condition index data, however, showed no significant difference between 

deep and shallow water treatments. While there are a number of possible (interrelated) 

explanations for this, the data of this study nevertheless indicate that there are unlikely 

to be substantial mussel productivity benefits from lowering mussel farms to the deep 

water chlorophyll maximum layer. 
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CHAPTER 6 

Enclosure experiments on the influence of mussels on 

phytoplankton at times of high and low ambient nitrogen 

6.1 INTRODUCTION 

A major difficulty in phytoplankton research is the inherent change of the water column 

by horizontal currents and vertical movement (Banse, 1982). Attempts to overcome this 

difficulty began in the 1930s with the development of experiments using land-based 

tanks to control the abiotic environment while manipulating plankton populations 

(Pettersson, 1939). The technique of separating portions of aquatic systems was refined 

with the development of in situ enclosures, which have been widely used since 

Strickland and Terhune (1961) used a 20-foot-diameter plastic bag to study marine 

photosynthesis. 

The principal disadvantages of the enclosure technique are that natural water movement 

is diminished (Uehlinger et ai.,1984) and small-scale enclosures can have only limited 

relevance to ecological systems that operate on larger spatial scales (Carpenter, 1996). 

Enclosures can be used, however, to generate information on ecosystem processes, 

because the same water mass can be sampled over a prolonged period of time (Davies 

and Gamble, 1979), experimental treatments can be easily produced (e.g. Menzel and 

Case, 1977; Uehlinger and Bloesch, 1987; Chant and Cornett, 1988; Dodds and 

Castenholz, 1988; Daldorph and Thomas, 1991; Schluter, 1998), and treatments can be 

easily replicated (Takahashi et ai., 1975; Sommaruga, 1999). 

Benthic filter-feeding animals can have a significant impact on phytoplankton biomass 

(Officer et ai., 1982; Frechette et ai., 1989; Reeders and Bij de Vaate, 1990; Alpine and 

Cloern, 1992; MacIsaac et ai., 1992). Longline cultivation moves mussels from the 

benthic to the pelagic environment, therefore creating a new circumstance for questions 

about the relationship between mussels and phytoplankton. Pelagic systems have key 

differences to benthic mussel beds in that mussels are in a 3-dimensional structure, 

giving less tendency for boundary-layer depletion (Grant, 1996). There is potentially 

more scope for nutrient limitation because the mussels are not in close proximity to the 
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benthic environment, and there is more potential for removal of particles by settling into 

deeper waters. 

In Chapter 2 it was found that nitrate concentrations in Pelorus Sound display a seasonal 

cycle, with high levels occurring in winter months, decreasing through late winter and 

spring to lowest levels in summer. Net primary production in this system therefore 

becomes limited by nitrogen in summer (Gibbs and Vant, 1997). Through autumn and 

winter the lower light levels result in reduced net production, and so a reduction in 

nitrogen uptake which mediates the return of nitrogen concentrations to high levels in 

winter (Gibbs and Vant, 1997). The Pelorus system is therefore a valuable situation to 

explore the relationship between nutrients, phytoplankton, and suspended mussel 

cultures, and in situ enclosures offer a useful experimental technique to explore these 

relationships. 

The aims of the research presented in this chapter were to use in situ experimental 

enclosures to examine the relationships between Perna canaliculus grazing and 

phytoplankton biomass, to examine how this relationship is influenced by differing 

ambient nutrient concentrations, and to examine the influence that nitrogen recycling by 

P. canaliculus can have on phytoplankton production. 

6.2 METHODS 

6.2.1 Enclosure design 

Manipulations were undertaken using enclosures consisting of a length of clear 

polyethylene (200-~m thickness) tubing of 60-cm diameter. This was folded over a 

galvanised steel hoop (60-cm diameter) and attached using a stainless steel hose clip. 

The hoop was kept about 25 em above the surface of the water with a polystyrene float 

(Figure 6.1). The lower end of the polyethylene tubing was sealed at a length of 3 m, 

allowing the enclosure to extend 3 m down into the water column, thus enclosing 

approximately 850 litres of water. Each enclosure was deployed in situ between the 

headlines of a mussellongline (see Frontispiece, for a description of mussellongline 

structure see Figure 1.2). The enclosures were filled using a petrol-powered impeller 

pump, at a rate of 200 litres per minute. When the enclosures were full, hydrostatic 

pressure caused them to orientate vertically in the water column (Figure 6.2). 
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Four experiments were undertaken, two at times of low ambient nitrogen concentration 

(December 1998 and January 1999), and two at times of high ambient nitrogen (May 

and July 1999). Twelve enclosures were deployed in each experiment, allowing three 

replicates of each of four treatments. The four treatments were added mussels (seven 

harvestable-sized mussels per enclosure), added nitrogen (sufficient nitrate and 

ammonium to increase the concentration of each by around 50 /lg rl), added nitrogen 

and mussels, and the control treatment of seawater with no additions. For the mussel 

treatments, seven mussels were chosen as an approximation of the number of mussels 

that would be in 850 litres of water on a longline. The mussels were placed in a plastic 

mesh bag (2-cm mesh size) that was tied off at 1.5 m depth inside the enclosures. The 

amount of nitrogen added was sufficient to raise the concentration to that observed in 

winter months (Gibbs & Vant 1997). The nitrogen was added as a solution during the 

filling of the enclosures, to allow complete mixing. 

Rope for attaching 
to mussellong1ine 

~ 

Polystyrene 
float 

Polyethylene bag 
(200 /lm thickness) 

Sealed at bottom 

: ... 0.6 m diameter 

Metal hoop for 
attaching bag 

Figure 6.1: Enclosure design used in the present experiments. Not drawn to scale. 
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6.2.2 Stirring and sampling 

A preliminary enclosure experiment (with no stirring) was undertaken in October 1998. 

Sinking rates in this experiment were calculated from the proportion of chlorophyll Q 

lost per unit time. The mean sinking rate was 1.3 m day-I (S.E.=0.27, n=9 enclosures). 

This is within the range of phytoplankton sinking rates believed to be representative of 

temperate coastal population (Bienfang 1982). Because the enclosures are only 3 

metres deep, it was decided to mix each enclosure once every 24 hours. An electri 

impeller pump (Rule industries, 500 GPH) was used to bring the bottom water 

(including settled material) to the surface (Figure 6.3). Each enclosure was pumped for 

exactly 2 minutes. Two-litre water samples were taken immediately after mixing. Two 

500 mI aIiquots were each filtered onto a Whatman® GF/F filter and stored frozen for 

analysis of chlorophyll Q. A 250-mL sub-sample of filtrate was stored frozen for 

analysis of nitrate and ammonium concentration. A further 500 ml was filtered onto a 

pre-combusted filter and stored frozen for analysis of particulate carbon and particulate 

nitrogen. In the January and May experiments the remaining water was preserved with 

acidified Lugols iodine (APHA 1992) and stored in the dark for later counts of 

phytoplankton taxa. The enclosures were sampled once every day, and a sample was 

also taken from outside the enclosures. 

Figure 6.2: An enclosure in situ 
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Figure 6.3: Stirring the contents of an enclosure (see section 6.2.2 for description). 

6.2.3 Chemical analyses and phytoplankton species cell counts 

Chlorophyll a concentrations were determined with a Perkin-Elmer fluorometer, 

following extraction into 10 ml of 90% acetone (Strickland and Parsons 1968). Nitrate 

nitrogen and ammoniacal nitrogen were analysed using an Alpkem auto-analyser. 

Nitrate was estimated as the sum of nitrate and nitrite by the cadmium reduction method 

(Grasshof 1970) and ammonium by the phenol-hypochlorite method (Ivancic and 

Degobbis 1984). Particulate nitrogen (PN) and particulate carbon (PC) were measured 

with a Perkin-Elmer CHN elemental analyser using methods described by Hedges and 

Stem (1984). 
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For phytoplankton cell counts 250 ml of preserved sample was settled for 24 hours, 

decanted to 25 ml, placed in an Utermohl chamber, and allowed to settle for a further 24 

hours, Samples were observed under a Wild M40-82720 inverted microscope. 

Phytoplankton taxonomic groups were identified and enumerated as described in 

Chapter 4, Identification of phytoplankton was undertaken according to Lebour (1978), 

Dodge (1980), Sournia (1986), Ricard (1987), Chretiennot-Dinet (1990), Round et at. 

(1990), Larsen and Moestrup (1992), UNESCO (1995), Tomas (1997). 

6.2.4 Statistical analysis 

Three-way ANOVA was used (Underwood, 1981) with independent variables being 

ambient nitrogen concentration (n=2: high vs, low), months (random factor, n=2, 2 

months nested within each ambient nitrogen level), and experimental treatment (n=4: 

controls, mussels, mussels and nitrogen, nitrogen; 3 replicates of each). The dependent 

variables were chlorophyll a, ammonium, and nitrate. For this ANOVA only initial and 

final concentrations were used, and the conditions of each experiment were standardised 

by converting final concentration values into a proportion of initial concentration. The 

proportion values were log transformed, and the datasets tested for satisfaction of the 

ANOV A assumptions of normality (Kolmogorov-Smirnov) and homogeneity of 

variances (Cochran C), In order to further analyse the effect of experimental treatments, 

repeated measures ANOVA was used to test for significant differences between 

enclosure treatment means over all five sampling days. Where significance was found, 

additional 2-way ANOV A and Tukey's post hoc comparisons were used to compare 

treatment means within each sampling time (Sokal & Rohlf, 1981). All statistical 

analyses used Statistica™ 5.1 (StatSoft Inc, Tulsa, USA). 

6.3 

6.3.1 Ambient tr..-.a.o,n concentrations 

Ambient nitrate concentrations in the summer months were around 3 ~g rl, increasing 

during winter to around ~g rl in May, and 60 ~g r[ in July (Table 6.1). Ammonium 

was not as variable, staying within the range of 5 to 8 ~g rl over the entire study period 

(Table 6.1). In the enclosures with added nitrogen the nitrate concentrations were 

increased from ambient by between 44 and 85 ~g rl, while ammonium was increased 
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by between 54 and 58 Ilg rl. In July, however, nitrate and ammonium were only 

increased by 8 and 12 Ilg rl respectively, because ambient nitrogen levels were already 

high. 

Experiment Nitrate Ammonium 

Ambient Raised Ambient Raised 

December 98 3.1 (0.6) 47.3 (3.3) 5.1 (1.3) 59.6 (2.4) 

January 99 2.8 (0.2) 62.3 (4.3) 6.5 (1.4) 63.9 (5.1) 

May 99 (1.0) 111.0 (l.6) 7.0 (1.3) 61.6 (1.3) 

July 99 59.8 (1.8) 67.7 (0.5) 7.7 (0.7) 19.2 (0.9) 

Table 6.1: Mean initial nitrate and ammonium concentrations (pg (1) for each 

enclosure experiment. Standard errors are in parentheses. Ambient values are 

means of five samples taken outside the enclosures during each experiment. Raised 

values are means of six enclosures with added nitrate and ammonium, at time O. 

6.3.2 Chlorophyll a 

Ambient nitrogen concentration was a significant factor in the variance of chlorophyll a 

concentration (P=0.043) (Table 6.2). Month was also a significant factor (P=O.006), 

and there was a highly significant interaction between ambient nitrogen concentration 

and the experimental treatments (P<O.OOl). During December and January, when 
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ambient nitrogen was low, chlorophyll a concentrations in enclosures with added 

nitrogen showed a highly significant (P<O.OOl) increase compared to the controls 

(Figures 6.4a and 6.4b). This response indicates that phytoplankton productivity at this 

time of year was limited by nitrogen. In the enclosures with mussels and nitrogen 

added, chlorophyll a levels also showed an increase, but only to about half of the 

concentrations reached in the absence of mussels (Figures 6.4a and 6.4b). Also during 

the months with low ambient nitrogen, on the final sampling day in enclosures with 

added mussels, there was significantly greater chlorophyll a compared to controls 

(P<O.05 in both cases) (Figures 6.4a and 6.4b). 

In May and July (times of high ambient nitrogen) there was no significant difference in 

chlorophyll a in the enclosures with added nitrogen compared to controls (Figures 6.4c 

and 6.4d). This lack of a response to added nutrients, and the higher ambient 

concentrations of nitrate are evidence that phytoplankton are not nitrogen limited during 

these winter months. There was, however, a significant decrease in chlorophyll a 

concentration in enclosures with mussels. On the second day of the May experiment 

there was less chlorophyll in the mussel treatments compared to controls (P<O.005 in all 

cases). On the final day there was significantly less chlorophyll a in the treatments with 

only mussels added (P=O.04). While the mean values for this May data show lower 

chlorophyll in the mussel treatments, the fact that statistical significance was only seen 

on days 2 and 4 is explained by the large degree of variation between replicate 

enclosures, illustrated by the large standard error bars of Figure 6.4c. There was also a 

large range of ambient values measured in this month. 

In July the pattern of lower chlorophyll a in mussel treatments was again observed, and 

this was more clear-cut with all chlorophyll a concentrations after day 0 being 

significantly lower in the presence of mussels (P<O.05 in all cases) irrespective of added 

nitrogen (Figure 6.4d). The repeated measures ANOV A showed a significant increase 

in chlorophyll a in all treatments over the duration of the experiment (P<O.OOl). This 

trend is clearly visible in Figure 6.4d. 
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Figure 6.4: Mean chlorophyll a concentrations for each of the four experiments. 

Four treatments are presented, each over four days. Ambient values are a single 

sample taken outside the enclosures each sampling time, the ambient lines have been 

smoothed. Error bars are fl SE. 
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6.3.3 Ammonium 

The factors causing significant variability in ammonium concentrations were treatments 

(P=O.033) and an interaction between month and treatment (P=O.Oll) (Table 6.2). As 

expected, in all four experiments the initial concentration of ammonium was higher in 

the treatments with added nitrogen (Figure 6.5). In December and January (times of 

low ambient nitrogen) there were no significant differences in ammonium 

concentrations in enclosures with mussels, compared to controls, on any of the sampling 

days. In both of these months the ammonium that was added to enclosures decreased 

rapidly, becoming similar to ambient concentrations after a maximum of 3 days 

(Figures 6.5a and 6.5b). In enclosures with nitrogen and mussels added, the ammonium 

concentrations were significantly higher than all other treatments on the final sampling 

day in both months (P<O.OOI in both cases). 

In May and July, when ambient nitrogen levels were high, all enclosures with mussels 

showed an increase in ammonium to become significantly higher than the controls on 

day 1 and 2 (P<O.05 in all cases). Only in July did this significance persist through to 

the end of the experiment (Figures 6.5c and 6.5d). 

6.3.4 Nitrate 

The significant sources of variability in nitrate concentrations were month (P=O.044) 

and an interaction between month and treatment (P<O.OOl) (Table 6.2). As with 

ammonium, there were the expected higher initial concentrations of nitrate in those 

enclosures where nitrogen was added (Figure 6.6). ill December (time of low ambient 

nitrogen) on the final sampling day there was significantly less nitrate in the treatments 

with added nitrogen, compared to those with both nitrogen and mussels (P=O.04) 

(Figure 6.6a). The same occurred in January, but it happened a day earlier (P<O.05) 

(Figure 6.6b). By the end of the January experiment, there was no significant difference 

in nitrate concentration in the enclosures with added nitrate, compared to the controls 

(Figure 6.6b). 

By the third day of the May experiment there were no significant differences in nitrate 

concentration between any of the treatments (Figure 6.6c), indicating that the added 
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nitrate was removed from the water column. A similar pattern was seen in July, with a 

lack of significant differences between treatments by the third day, except that nitrate 

remained higher in the treatment with both nitrogen and mussels (Figure 6.6d). 

and PC 

During the January experiment (low ambient nitrogen) PN showed a significant increase 

in the presence of mussels (P=O.026), with added nitrogen (P=O.005) and with both 

mussels and nitrogen (P=O.OOl) (Figures 6.7a and 6.7b). PC showed a significant 

increase in concentration in enclosures with added nitrogen (P=O.006) and in the 

enclosures with both mussels and nitrogen (P=O.OOl). 

In May (high ambient nitrogen) PN showed a significant decrease in the presence of 

mussels (P=O.01). In enclosures with both mussels and nitrogen there was also a 

decrease in PN but it was not statistically significant in comparison to the controls 

(Figure 6.7c). PC in the May experiment showed a significant decrease with mussels 

(P=O.03), and with both mussels and nitrogen added (P=O.04) (Figure 6.7d). 

The most substantial changes in the ratio of chlorophyll a to PN in January occurred in 

the enclosures with mussels, where the amount of PN per unit chlorophyll a showed a 

decrease (Table 6.3). Mussels had a similar influence on the ratio of chlorophyll a to 

PC. In the May experiment mussels mediated a decrease in the PN:PC ratio, and a 

decrease in the amount of PN and PC per unit chlorophyll a (Table 6.3). 
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Chla:PN Chla:PC 

January Initial Final Initial Final Initial Final 

Control 1:6 1:9 1:158 1:63 1:962 1:544 

Mussels 1:7 1:7 1: 188 1:71 1:1314 1:488 

Nitrogen 1:6 1 :7 1:77 1:31 1:473 1:223 

Both 1:6 1:7 1:194 1:57 1: 1236 1:399 

May 

Control 1:8 1 :7 1:84 1:62 1:678 1:416 

Mussels 1:9 1:6 1:311 1 :138 1 :2723 1:821 

Nitrogen 1:7 1 :6 1:63 1:65 1:448 1:365 

Both 1:8 1:5 1:274 1:102 1:2144 1:549 

Table 6.3: Particulate nitrogen, particulate carbon and chlorophyll a (Chi a) ratios 

on the initial and final sampling days of the January and May experiments. 

6.3.6 Phytoplankton biovolumes 

In January there was a substantial increase in phytoplankton biovolume when nitrogen 

was added (Figure 6.8a). All the main phytoplankton groups showed an increase 

(Figures 6.8b to 6.8d). The diatom species that showed increases over the experiment, 

in order of highest increase first, were Skeletonema spp., Chaetoceros convolutus, 

Eucampia zodiacus, Nitzschia closterfum, and Thalassothrix spp. The main 

dinoflagellates that showed an increase with added nitrogen were Gymnodinium spp. 

The smaH flagellates were the most numerically important of the phytoplankton groups, 

making up over 95% of the cells counted in the January samples. In enclosures with 

mussels there appeared to be a decrease in biovolume of all phytoplankton groups 

(Figure 6.8). 

In May there were less overall phytoplankton cells, with numbers in control enclosures 

being around 250 cells mrl, compared to around 600 cells mrl in January. Small 

flagellate cells were again numerically dominant, making up 65% of the cells counted. 
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The most prominent trend in the May data was lower biovolumes in the presence of 

mussels (Figure 6.9). The mussels appeared to have less impact on the dinoflagellate 

species (Figure 6.9c). The diatoms that decreased most in the presence of mussels were 

Chaetoceros and Skeletonema spp. 

6.4 DISCUSSION 

The ambient nitrogen concentrations in the present study showed a similar pattern to 

that reported previously by Gibbs and Vant (1997), Ogilvie et al. (2000), and in Chapter 

2, with highest concentrations occurring in the winter months, and decreasing to low 

levels in spring and summer. As with ,earlier studies, the variation of nitrogen 

concentration was largely mediated by variation of nitrate (Table 6.1). It is of interest 

that low levels of ammonium were always present. However, the strong summer 

phytoplankton growth response to added ammonium, and the subsequent reduction of 

this ammonium to pre-addition levels, suggests that the ammonium measured was not 

readily available for phytoplankton consumption. The material recorded as ammonium 

may have resulted from the breakdown of small cells during the filtering and freezing of 

samples (Gibbs and Vant 1997). 

The highly significant increase of chlorophyll a in enclosures with added nitrogen 

shows that phytoplankton productivity at this time of year was limited by nitrogen. 

When both nitrogen and mussels were added to an enclosure, there was an increase in 

chlorophyll a but to only about half of that measured in the absence of mussels. The 

inference from this is that the mussels consumed about half of the new phytoplankton 

biomass produced in response to the added nitrogen. In months with low ambient 

nitrogen there was an observed increase in chlorophyll a in enclosures with mussels and 

no added nitrogen. Previous studies have shown that the production of regenerated 

inorganic nutrients by bivalves can stimulate primary production (Bertness, 1984; Prins 

and Smaal, 1990; Prins et al., 1995; Asmus and Asmus, 1991). Ogilvie et ai. (2000) 

measured higher phytoplankton concentrations inside mussel farms in a summer survey, 

and hypothesised that this increase was mediated by mussel production of inorganic 

nitrogen. The present study offers valuable new data for understanding this process. In 

January there was a substantial increase in the ratio of chlorophyll a to PN (Table 6.3), 
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and at the same time a slight increase in ammonium, indicating that the mussels convert 

particulate matter into ammonium, which is then available for phytoplankton 

production. The fact that the ammonium increase was not statistically significant would 

seem to work against this hypothesis, but the weight of evidence is that the mussels are 

producing significant amounts of ammonium, and this is most obvious in the winter 

months. The most likely reason for not seeing a significant increase of ammonium in 

January is that at this time of severe nitrogen limitation the phytoplankton are taking up 

the ammonium as soon as it is produced. This also explains why ammonium production 

by mussels was much more measurable in the winter, when ammonium reached highest 

concentrations in the presence of mussels, as at this time phytoplankton were not 

nutrient limited and so did not rapidly take up the regenerated nitrogen. 

In May, the higher ambient nitrogen concentrations and the lack of a phytoplankton 

response to added nutrients is further evidence that phytoplankton were not nitrogen 

limited at this time. This raises the question of why the ambient winter phytoplankton 

concentrations are not higher, as there is plenty of nitrogen to be utilised. An answer 

lies in the hypothesis raised by Gibbs and Vant (1997) that in winter, phytoplankton 

productivity is limited by light levels. So light and nitrogen are the two overlying 

factors influencing ambient seasonal phytoplankton concentration cycles. During short 

winter days phytoplankton cannot utilise all available nitrogen, so it becomes high in 

concentration. Then when light levels increase, phytoplankton begin to use more 

nitrogen, until a point in spring when nitrogen gets low enough to become a limiting 

factor for phytoplankton growth. Any studies on the influence of mussels on this 

system need to consider these overlying seasonal1ight and nitrogen cycles. 

In July there was an increase in phytoplankton in all experimental treatments. A factor 

for consideration with the present experimental system is that the enclosures were at the 

surface of the water, enclosing the top three metres of the water column. This would 

increase the incidence of photosynthetically active radiation relative to ambient, 

therefore potentially improving the light climate for phytoplankton in the enclosures. 

This can be seen in Figure 6.4d, where there were greater chlorophyll increases in 

enclosures than in the ambient water. This light effect will be most pronounced in 

winter because, as discussed above, this is the time of year that phytoplankton 

production is more likely to be limited by light. The most significant changes in 

phytoplankton concentrations in the winter experiments were observed in the enclosures 
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with mussels. During both winter experiments, and in all six mussel enclosures of each 

experiment, the mussels caused a decrease of phytoplankton, compared to the 

enclosures without mussels. The actual decreasing effect that mussels have on 

phytoplankton over the entire depth of a mussel farm is therefore likely to be even 

greater than that observed in the enclosures because in deeper waters the phytoplankton 

will have lower light levels and presumably longer turnover times. 

An unexpected result occurred in May, when added nitrate and ammonium both 

decreased by a substantial amount over the duration of the experiment. This decrease 

was not coupled with an increase in chlorophyll a concentration, so the added nitrogen 

was probably not assimilated into phytoplankton biomass via photosynthesis. It appears 

that phytoplankton did not sequester the nitrogen either, as there was not a decrease in 

the chlorophyll a to PN ratio. The fate of this added nitrogen is therefore a point worthy 

of discussion. The first possibility is that the nitrogen physically leaked out of the 

system. While the enclosures were carefully constructed and checked before 

deployment, there is a small chance that they could have been inadvertently punctured. 

The decrease in nitrate and ammonium was, however, observed in all six replicates, and 

the possibility of all six enclosures being damaged is highly unlikely, and certainly 

would have been noticed. It therefore appears that the nitrogen loss was real. Nitrate 

and ammonium can be lost by biological processes other than photosynthesis. 

Nitrification and denitrification are the two steps of microbial nitrogen removal 

(Patureau et aI., 1994). Nitrification is the oxidation of ammonium to nitrate, and can 

be mediated by autotrophic, aerobic microorganisms. Denitrification is the process 

where nitrate is transformed into nitrogen gas. The majority of reports on the process of 

denitrification are of the view that it can only occur under completely anaerobic 

conditions, usually in sediments (e.g. Painter, 1986). It would therefore seem unlikely 

that the nitrogen was lost by denitrification, because the enclosures were not anaerobic, 

and there was no sediment. There have, however, been reports on bacteria that are able 

to denitrify in aerobic conditions (Krul, 1976; Lloyd etal., 1987, Robertson et ai., 1988; 

Carter et ai., 1995). It is possible that denitrification occurred under aerobic conditions 

in this experiment, and so some of the added nitrogen may have been converted to 

nitrogen gas by bacterial activity. While this offers a possible explanation for the loss 

of nitrate and ammonium in the enclosures, it is difficult to make a firm conclusion 

about the nitrogen budget without Dissolved Organic Nitrogen and Total Nitrogen data. 
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In the presence of mussels, phytoplankton species biovolumes did not appear to follow 

the chlorophyll a measurements in January. This experiment was unusual compared to 

the other three in that there was a decrease in chlorophyll a concentration in all 

treatments between the first and second sampling (see Figure 6.4b). It is possible that 

this was a result of an incomplete mixing of the enclosures, so a proportion of the 

original phytoplankton was lost during the first day of the experiment. The observed 

changes in phytoplankton biomass in each treatment therefore occurred after the second 

sampling. Unfortunately, the strategy of water sampling for the phytoplankton species 

analysis, where samples were taken on Day 0 and Day 4, is likely to have resulted in the 

observed cell counts showing decreases in all but the nitrogen-only treatment 

(Figure 6.8), despite the likelihood that increases occurred in the other treatments after 

the second sampling. The sampling strategy did, however, show that the addition of 

nitrogen had the largest impact on phytoplankton species composition in this 

experiment. The phytoplankton species that showed the highest increases were those 

that are able to grow quickly in response to new nitrogen. These were small flagellates, 

and the diatoms, Skeletonema spp. and Chaetoceros spp. In this situation, these 

phytoplankton are likely to have a competitive advantage over other slower-growing 

species (Carlsson and Graneli, 1999). 

The increased phytoplankton mediated by mussels in low nitrogen conditions suggests 

that there might be a critical phytoplankton concentration (for any given density of 

mussels) below which the grazing impact of mussels is counteracted by phytoplankton 

growth. So when phytoplankton get down to this level, the increased nutrients in the 

farm allow the phytoplankton to increase biomass compared to outside the farm. A 

useful future exercise would be to construct models that will allow the prediction of 

these critical concentrations. These models would be useful for determining when 

phytoplankton productivity is most likely to be limited by nitrogen. 

In summary, the ANOV A showed that the overlying factor influencing phytoplankton 

biomass in this system was the seasonal cycling of nitrogen (mostly nitrate) in the water 

column. The effect of mussels is nested within this seasonal cycle. In the winter, when 

nitrogen was plentiful, the mussels had the greatest observable grazing impact on 

phytoplankton, and this would therefore be the time that within-farm phytoplankton 

depletion is most likely to occur. Conversely, in summer when nitrogen concentrations 

are low, the effect of mussel grazing was over-compensated by their production of 
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ammonium, resulting in a net increase in phytoplankton biomass. On an annual time 

scale, the mussels therefore have a stabilising influence on this system. There are 

currently plans to introduce many more mussel farms to Pelorus Sound. The results of 

the present study would indicate that this could cause increased phytoplankton depletion 

within farms in the winter. It could also potentially increase the stability of the system, 

giving it resistance, for example, to phytoplankton blooms. Careful consideration will 

however need to be made in terms of nitrogen, because it is apparent that phytoplankton 

are currently limited by nitrogen during late spring and summer, but increasing the 

mussel production would also increase the amount of nitrogen that leaves the system in 

mussel biomass when mussels are harvested. This in principle could cause an extension 

in the length of the nitrogen-limited phase of annual phytoplankton biomass cycles. 

However there are a large number of other factors, most importantly the oceanic 

nitrogen supply, which will determine the relative seasonal balance of nitrogen and light 

limitation. 
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CHAPTER 7 

Conclusions 

7.1 NULL llJLIL.:I'JJL:JU RAISED IN CHAPTER 1 

Monitoring inside a mussel farm in Chapter 2 showed that time on the tidal cycle did 

not influence chlorophyll a concentration, so the null hypothesis: 

Ho: That the state of the tide will not influence chlorophyll a concentration inside 

Farm A 

is accepted. This is in contrast to Bums (1977) who suggested that in Pelorus Sound 

large changes in phytoplankton biomass can be seen in association with tidal currents. 

This study suggests that Bum's conclusions may not always be applicable, and certainly 

not in the farm that was monitored in the present study. Despite the lack of any obvious 

patterns of chlorophyll associated with the tidal cycle, a patch of high chlorophyll was 

observed in association with an in-coming tide, as described by Gibbs (1993). The 

second hypothesis addressed in Chapter 2: 

Ho: That chlorophyll a concentration outside farms will not be influenced by time over 

an annual cycle 

was rejected. Chlorophyll a concentrations outside the farms (i.e. ambient 

concentrations) showed a seasonal pattern, with low levels in the warmer months, 

associated with low nitrate eoncentrations, and higher levels in the winter, when nitrate 

became available. However, in winter it appeared that net phytoplankton production 

was limited by light because nitrate concentrations were high. The next hypothesis 

addressed in Chapter 2, 

Ho: That chlorophyll a concentration will be the same inside as outside farms during 

seven sampling months in a year 
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was also rejected. There were significant differences between inside and outside mussel 

fmms, as was also found by Cole and Grange (1997). From May to August 1997 and 

February to May 1998 mussels caused a reduction of phytoplankton biomass inside the 

farms. In contrast, in November 1997 there was significantly more chlorophyll a inside 

all four farms that were surveyed. This could be a result of mussels producing 

ammonium that is then utilised by the nitrogen-starved phytoplankton, as has been 

described previously in mussel beds (Rosenberg and Loo, 1983; Bertness, 1984; Asmus 

and Asmus, 1991; Prins et ai., 1995). To my knowledge this is the first time that this 

has been reported for mussels in a pelagic situation. The final hypothesis tested in 

Chapter 2, 

Ho: That nitrate and ammonium concentrations outside Farms C and D will not be 

influenced by time over an annual cycle 

was rejected. While ammonium was reasonably constant over a year, nitrate showed a 

pattern of high concentration during May, June and July, and then decreasing to low 

levels by November. The conclusions of Chapter 2 were: 1) that chlorophyll a 

concentration at a site in Beatrix Bay is not influenced by the tidal cycle; 2) that 

chlorophyll a concentration is likely to be influenced by time on a seasonal scale, with 

low levels in summer, and higher levels in winter; 3) that mussel farms can influence 

chlorophyll a, both by reducing and increasing concentrations; and 4) ambient nitrate 

concentration in Beatrix Bay is high in winter and low in summer. 

In Chapter 3 an investigation was made of the influence of water currents on mussel

phytoplankton dynamics. This was done by making a comparison of Farms A and C 

which were expected to have different water current regimes. The first hypothesis, 

Ho: That ambient water current speeds at Farm A are the same as those at Farm C 

was rejected. Farm A in the head of Beatrix Bay had a mean water speed of 0.8 cm S-l 

lower than Farm C. It was calculated that this mean difference results in 9.6% more 

water moving through Farm C than Farm A. In the second part of Chapter 3 the 

following hypothesis, 
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Ho: That water current speeds outside and under Farms A and C are the same as current 

speeds inside the farms 

was rejected because it was found that there were lower speeds in the surface waters 

inside the farm boundaries, showing that mussellongline structures can baffle water 

current flow, as has been previously described in mussel rafts (Blanco et al., 1996). The 

third hypothesis, 

Ho: That water current speeds in the range measured at Farms A and C have no 

influence on the effect of mussel filtration on phytoplankton concentration 

was rejected as a result of flow-through chamber experiments that showed mussels to 

have little influence on chlorophyll a when current speeds were above 15 cm S-l. This 

led to the final hypothesis of this chapter, 

Ho: That chlorophyll a concentration will be the same inside and outside Farms A and C 

over 10 months. 

This hypothesis was rejected as it was found that Farm A, which had a lower water 

speed regime, had chlorophyll a concentrations inside the farm ranging from 30 to 

120% of outside, whereas at Farm C this range was 80 to 105%. It was therefore 

apparent that sites with higher water flow will have less tendency for mussels to reduce 

phytoplankton concentrations. This situation was hypothesised by Grant (1996) where 

he used modelling to illustrate that a 10% renewal of water from oblique current flows 

will almost completely alleviate seston depletion effects on mussel growth. The 

conclusions made from Chapter 3 were: 1) that Farm A had a mean current speed of 0.8 

cm S-l lower than Farm C; 2) that longline structures can baffle water current flows; 3) 

that above speeds of 15 cm s-l mussel filtration has minimal impact on chlorophyll a 

concentration; and 4) that the incidence of phytoplankton depletion inside mussel farms 

will be reduced at sites with higher water current speeds. 

In Chapter 4 earlier measurements of phytoplankton biomass were supplemented with 

measurements of phytoplankton cell abundance, biovolume, and taxonomic richness. 

The first hypothesis tested, 
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Ho: That the abundance and biovolume of phytopJ ankton taxa inside a mussel farm are 

the same as outside, over an annual cycle 

was rejected, as it was found that mussels were able to cause a reduction of 

phytoplankton abundance and biovolume. The second hypothesis, 

Ho: That phytoplankton taxonomic richness is the same inside and outside a mussel 

farm over an annual cycle 

was accepted. While mussels were able to reduce phytoplankton abundance and 

biovolumes, analysis of variance and correlation matrix analysis showed that there was 

no change in phytoplankton taxonomic richness, indicating that mussels did not select 

any phytoplankton taxa over others. The conclusions of this chapter were: 1) that 

mussels were able to reduce phytoplankton cell abundance and population biovolumes; 

and 2) that mussels reduce phytoplankton across the spectrum of taxa, and therefore do 

not mediate a change in taxonomic richness on the mussel-farm scale. 

In Chapter 5 mussel growth was investigated at a layer of high chlorophyll a 

concentration. The first hypothesis 

Ho: That phytoplankton concentration will be the same at all water depths 

was rejected. The farm site had higher chlorophyll a concentrations in deeper waters 

during times when the water column was thermally stratified. The second hypothesis, 

Ho: That mussel growth will be the same at 5 m and 17 m depth 

was accepted. While there was more chlorophyll at 17 m during a large period of the 

growth experiment, it did not cause a difference in the growth of the mussels at the two 

depths. The conclusion of this chapter was that growing mussels at a deep-water layer 

of maximum chlorophyll will not necessarily result in an increase in mussel production. 

In the final part of the study (Chapter 6) enclosures were used to investigate the 

relationship between mussels, phytoplankton, nitrogen, and season. The first hypothesi s 

was 
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Ho: That phytoplankton growth will not be limited by ambient nitrogen concentration 

was rejected. In experiments in December and January the net phytoplankton 

production was enhanced in enclosures with added nitrogen (ammonium and nitrate). 

The second hypothesis, 

Ho: That mussel filtration will not influence phytoplankton biomass 

was also rejected. About half of the new phytoplankton biomass that was produced in 

response to added nitrogen was removed by the mussels. And the final hypothesis 

Ho: That ammonium that is regenerated by mussels will not cause changes in 

phytoplankton biomass 

was also rejected. In summer experiments there were increases in phytoplankton 

biomass in enclosures with mussels as compared to controls. The conclusions of this 

chapter were: 1) that nitrogen can limit phytoplankton production in summer; 2) that 

mussels will reduce summer phytoplankton production that is caused by additions of 

nitrogen; and 3) that mussels can cause an increase in phytoplankton biomass by 

converting particulate nitrogen to dissolved inorganic nitrogen (as Nfu-N) and therefore 

making it available for assimilation by phytoplankton. 

The principal finding of this study was that depletion of phytoplankton does occur 

inside mussel farms in the Marlborough Sounds. This was measured in terms of 

decreases of chlorophyll a (Chapter 2), and in phytoplankton cell counts and 

measurements of phytoplankton biovolume (Chapter 4). The measurements of 

phytoplankton biomass (both chlorophyll a and cell counts) were made immediately 

next to mussel dropper ropes inside the farms, and values were less than outside the 

farm. These differences indicate that, at the present farming density, depletion is a 

localised phenomenon, within the mussel farms. 
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I~'ACTORS INFLUENCING PHYTOPLANKTON DEPLETION 

The degree of phytoplankton depletion appears to depend on a number of interrelated 

factors. One factor is ambient nitrogen concentration. The main source of nitrogen to 

Pelorus Sound is likely to be Cook Strait. Nitrogen is transported with tidal currents in 

the deep waters at the mouth of Pelorus Sound (Dupra, 2000). The amount of nitrogen 

in the euphotic zone changes with varying seasonal conditions, and this change is 

largely mediated by phytoplankton. In spring and summer, day lengths and 

temperatures are greater, and so phytoplankton are able to utilise more nitrogen. 

Nitrogen concentrations are reduced by phytoplankton in spring and summer, to levels 

which are limiting to phytoplankton production. In winter, however, phytoplankton 

production decreases because of short day lengths, and nitrogen levels increase. While 

phytoplankton productivity is lowest in the winter, phytoplankton biomass reaches the 

highest levels at this time (Chapters 2 and 4). It appears that the limited amount of light 

available in winter is sufficient to allow phytoplankton to attain greater biomass than in 

the severely nitrogen-limited conditions of summer. So phytoplankton biomass shows a 

cycle of being high in winter, and low in summer. 

During the winter when ambient phytoplankton concentrations are high, mussels cause 

a large reduction in phytoplankton biomass. Conversely, in summer, phytoplankton 

biomass is lower, so mussel grazing impacts are less pronounced, and because 

phytoplankton are starved of nitrogen at this time, an interesting phenomenon occurs: 

ammonium that is produced by the mussels (probably converted from particulate 

nitrogen) is utilised by the phytoplankton, allowing them to attain a biomass within the 

farms that is greater than ambient (Chapters 2 and 6). 

There will be several interrelated factors affecting chlorophyll as it moves through a 

mussel farm (Figure 7.1). The flow rate through the farm will be important, as this will 

alter the available time for other factors to act, and it will determine the mass transport 

of chlorophyll through the farm. Factors that can cause a decrease in chlorophyll 

include the filtration activity of mussels and of other grazers such as zooplankton. 

Mussel filtration is a function of temperature and food quality (Walne, 1972; Widdows, 

1978; Jorgensen, 1990; Hatton, 1999). The primary factor causing an increase in 
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chlorophyll inside a farm is phytoplankton growth. This in tum will be influenced by 

the availability of dissolved inorganic nitrogen and seasonal influences of light and 

temperature. 

Chlorophyll flow through farm 

Figure 7.1: Diagrammatic representation of the factors influencing chlorophyll as it 

moves through a musselfann. 
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Extending the general model of Figure 7.1, the core findings of this thesis indicate that 

the key factors involved in phytoplankton depletion are ambient DIN (itself a function 

of season) and water current speed. Observed variations of these factors results in 

different phytoplankton depletion scenarios described in Table 7.1 below. 

Winter 

Ambient DIN (!lg rl) »3 

Day length (hours) a 9-11 

Temperature (OC) tJ 9-12 

Current speed (cm S-l) <15 c >15 

Mussels (- = absent, 
- + - + 

+ = present) 

NH4-N (!lg rl) >3 t d >3 t 
ChI a (!lg rl) 1.5 e 0.5 1.5 1.5 

Depletion Scenario With low current Higher water 

speed the currents can 

mussels are able nullify the 

to substantially mussel influence 

reduce chI a so by bringing new 

depletion is most water through 

likely under the farm, 

these conditions resulting in 

minimal 

depletion 

a From LINZ (1999) 
b Measured during farm surveys of May, August and November 1997 
c Threshold speed taken from experiments of Chapter 3 

Summer 

<3 

13-15 

13-18 

<15 >15 

- + - + 

<3 t <3 t 
0.51 0.6 0.5 0.5 

With low Any changes in 

current speed chI a caused by 

NH4-Nfrom NH4-N or 

mussels is more mussels is 

likely to stay stabilised as 

inside farm, high water 

causing a small currents move 

increase in chI a new water 

through the farm 

d Arrows indicate increasing concentration. This increase is theoretical and is difficult to measure in summer because 
phytoplankton remove NH4-N immediately after it is produced by mussels 

e 90% of observations were in range of 1.1 to 2 f!g rl 
190% of observations were in range of 0.2 to 0.6 f!g rl 

Table 7.1: Key factors influencing phytoplankton depletion in mussel farms in the 

Marlborough Sounds. 
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7.3 APPROACHES TO REDUCING THE OCCURRENCE OF 

PHYTOPLANKTON DEPLETION 

An hypothesis proposed in Chapter 2 was that the deployment of mussel dropper ropes 

deep in the water column would take advantage of higher chlorophyll concentrations. 

This was tested in Chapter 5, but there was no significant difference in mussel growth at 

the two depths tested. As discussed in Chapter 5 there are a number of possible 

(interrelated) explanations including lower water current speeds at depth, temporal 

changes in energy allocation by the mussels, and differing nutritional quality of 

phytoplankton between the two depths. The lack of a difference in growth rates 

nevertheless indicates that this approach may not result in substantial benefits to the 

mussel industry. 

The mussel-mediatt:{d increase in phytoplankton biomass measured inside farm 

boundaries (Chapter 2) indicates that a phytoplankton response to renewed nitrogen can 

occur in less than the residence time of water in farms. If phytoplankton production in 

summer is being suppressed by nitrogen availability, then benefits could be gained by 

artificial addition of nitrogen. If this nitrogen was converted to phytoplankton biomass 

available to mussels, it could potentially increase mussel production. The concept of 

adding nitrogen to marine farms might seem environmentally unsound, but a large 

amount of nitrogen is removed from the system in harvested mussel tissue. If this 

amount of nitrogen was returned to the system, it would leave the system less altered 

than if no nitrogen was added. It would be useful to do nitrogen addition experiments to 

see if this amount of nitrogen would make a difference to mussel productivity. 

Another factor influencing phytoplankton depletion is water current speed. Higher 

currents depress mussel impacts (Chapter 3), demonstrated by depletion being less 

pronounced at the experimental site with higher water speed. Mussel farm structures 

were also shown to baffle water currents, which is likely to further exacerbate the 

phytoplankton depletion problem. It would appear from chamber experiments that farm 

sites with mean ambient speed of 15 cm S-l or greater will have minimal chance of 

phytoplankton depletion occurring. Table 7.1 shows that below a threshold of 15 cm s-J 

small differences in water speed can have a large impact on mass seston flux. Detailed 

surveys of water current characteristics at proposed mussel farm sites will allow 
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decisions to be made about the exact siting of the fanns, ensuring that mussel lines 

receive an optimal water cunent regime for each site. 

A combination of approaches is also possible. The addition of nitrogen would, for 

example, be of most benefit at sites with low ambient water currents, where new 

phytoplankton biomass is more likely to remain in the vicinity of the mussel farm. 

During the time of completing this thesis there have been a large number of applications 

for new farm sites in the Marlborough Sounds. These have included farms up to 

1600 ha in size, far greater than any existing farms (2-3 ha). These larger farms are 

likely to have significant problems with phytoplankton depletion because mussels in the 

middle of the farm wil1 be long distances away from water that has not been filtered by 

mussels. The information arising from this thesis, particularly the importance of water 

currents and nitrogen availability, will be vital for the successful management of 

phytoplankton depletion and therefore mussel productivity in these new farms. 
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Appendix 1 

The paper attached on the following page, which is Chapter 2 of this thesis, was 

published in Aquaculture. 

Ogilvie, S.C., Ross, A.H., Schiel, n.R., 2000. Phytoplankton biomass associated with 

mussel farms in Beatrix Bay, New Zealand. Aquaculture 181, 71-80. 
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Abstract 

The spatial and temporal variability in phytoplankton abundance is a major factor detennining 
the productivity of mussel (Perna canaliculus) farms. During periods of low phytoplankton 
abundance, food depletion may be a significant factor in the productivity of mussel farms. 
Measurements of phytoplankton abundance (as chlorophyll a) were made over the entire depth of 
the water colunm both inside and outside four mussel farm sites in Beatrix Bay, over a 13-month 
period. Ambient (outside) concentrations of dissolved inorganic nitrogen (N03-N and NHcN) 
and dissolved reactive phosphorus (DRP) were also measured. The highest ambient chlorophyll a 
concentrations in the surface waters occurred during autumn-winter, with peak levels of around 5 
IJ,g 1-1. At this time, all farms had a significant reducing impact on phytoplankton biomass 
(p < 0.05 in all cases). The lowest ambient chlorophyll a concentrations of < 0.5 IJ,g I-I were 
recorded in the summer, coinciding with low nitrogen concentrations. In November, there was 
significantly more phytoplankton inside all the farms (p < 0.05 in all cases). It was hypothesised 
that this increase occurred because mussels are net producers of dissolved inorganic nitrogen. In 
five out of the 7 months when farms were surveyed, the highest chlorophyll concentrations were 
in the deeper water, associated with a pycnocline. Two management options to increase mussel 
productivity are presented: (J) Deployment of mussel dropper ropes to deeper waters to take 
advantage of chlorophyll maxima in summer; (2) Artificially increasing nitrogen inside farms 
during spring and summer to increase phytoplankton supply. © 2000 Elsevier Science B.V. All 
rights reserved. 
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1. Introduction 

The cultivation of mussels is increasing in international economic importance. To 
meet the growing demand for cultivated mussels, it is inevitable that this activity will 
intensify in existing farm areas and extend to new areas. The sustainability of this 
industry will therefore depend on knowledge of the impacts of mussel popUlations on 
the ecosystem (Smaal, 1991). 

Mussel farming is dependent on the supply of natural phytoplankton from the 
environment. Among the factors that potentially impact on mussel growth, food supply 
is one of the most important since the depletion of seston may seriously limit bivalve 
ingestion (e.g., Grant, 1996). This has been demonstrated on mussel rafts in Spain, with 
mussels that receive a higher proportion of unimpacted water showing greater scope for 
growth (Navarro et aI., 1991). 

Cultivation of the Greenshell T" mussel, Perna canaliculus, using the longline method 
has been practiced in New Zealand for over three decades, a description of which is 
given by Hickman (]989). It has been suggested that decreases in mussel condition in 
New Zealand are caused by periodic depletion of mussel food (Meredith-Young, 1983; 
Waite, 1989). Attempts to measure mussel food availability have, however, yielded 
varying results. Murdoch and Oliver (1995) could show no evidence of reduced 
chlorophyll a concentrations within farm boundaries, whereas Grange and Cole (1997) 
showed that chlorophyll a concentrations were lower inside mussel farms compared to 
outside. Waite (1984) showed concentrations were progressively depleted through a 
mussel farm, and the depletion zone extended some distance downstream before 
recovery. 

The aim of this study was to assess the in situ grazing impact of mussel farms on 
ambient phytoplankton biomass over an annual cycle. 

2. Materials and methods 

2.1. Site location 

The mussel farms of this study were situated around the coastline of Beatrix Bay 
(41°I'S, 174°01'E), which is a major embayment of Pelorus Sound, at the northern end 
of the South Island of New Zealand. Four farm sites were included in the study, two on 
the northern perimeter of the bay (sites A and B), one on the west (site C), and one on 
the east (site D) (Fig. 1). 

2.2. Monitoring tidal time-scale chlorophyll a variation 

It is possible that chlorophyll a concentrations inside mussel farms vary on a tidal 
basis, as new water moves into the area with the incoming tide. In order to investigate 
this, a CTD (Ocean Sensors, 9883 Pacific Heights Blvd., Suite E, San Diego, CA, USA) 
fitted with a WETStar miniature fluorometer (WET Labs, P.O. Box 518, Philomath, OR, 
USA) was moored at 5 m depth on a long line inside Farm A in April 1998. The 
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instrument was set to measure chlorophyll a fluorescence 99 times, every 10 min, and 
was moored for four tidal cycles. The fluorometer was calibrated in the laboratory 
within 2 weeks of field use. Water samples were taken at the field site to allow 
verification of this calibration. The tidal cycle was measured simultaneously with the 
water pressure sensor of an acoustic Doppler current prof Her (SonTek, 6837 Nancy 
Ridge Drive, San Diego, CA, USA), which was placed on the seabed below the CTD. 

2.3. Sampling and laboratory analysis 

Farm sites were surveyed in each of the months of May, August, September, and 
November 1997, and February, April, and May 1998. Each survey consisted of 
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Fig. 2. Chlorophyll a concentration (bold line) over approximately four tidal cycles inside farm A. Beatrix 
Bay. 

randomly selecting three stations on longlines within each farm, and paring each of these 
stations with a station outside the farm of an equal distance from the coastline. A 
fluorometer (Chelsea Instruments, 2/3 Central Ave., East Molesey, Surrey, UK) was 
used to profile in situ chlorophyll a fluorescence over the depth of the water column. 
Additional water samples were analysed for chlorophyll a in the laboratory using a 
Perkin-Elmer fluorometer, after grinding and extraction in 90% acetone (Strickland and 
Parsons, 1968). A regression equation was constructed for each month, allowing the 
conversion of in situ fluorescence data to chlorophyll a concentration. 

Ambient chlorophyll a and nutrient concentrations were monitored from May 1997 to 
May 1998 outside farms at sites C and D using a 0-15 m integrated tube sampler. 
Dissolved nutrients were analysed using an Alpkem auto-analyser. Nitrate nitrogen 
(NOJ-N) was estimated as the sum of nitrate + nitrite by the cadmium reduction 
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Fig. 3. Chlorophyll a concentration outside farms C and D, Beatrix Bay. from May 1997 (0 May 1998. 
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method (Grasshof, 1970), dissolved reactive phosphorus (DRP) by the molybdenum blue 
method (Downes, 1978), and ammoniacal nitrogen (NHcN) by the phenol-hypochlorite 
method (Ivancic and Degobbis, 1984). 

All statistical analyses used Statistica® (StatSoft, Tulsa, USA). 

3. Results 

3.1. Tidal scale chlorophyll a variation 

The changes in chlorophyll a concentration on a longline at fann site A over four 
tidal cycles are presented in Fig. 2. The initial concentration was about 2 ~g 1-1, and 
this tended to show an increase over the monitoring period. There was no apparent 
relationship between chlorophyll a abundance and the tidal cycle. There was one major 
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Fig. 4. Chlorophyll a concentration inside and outside fann A. Beatrix Bay, at all depths from May 1997 to 
May 1998. Each line is the mean of three fluorescence profiles. Horizontal dashed line represents the bottom 
of the mussel fann at 10 m depth. 
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spike, where chlorophyll levels rapidly increased from around 3 j.Lg I-I to just under 5 
j.Lg I-I. 

3.2. Chlorophyll (] sun'eys 

Amhient chlorophyll a concentrations measured at farms C and D were highly 
vari:lhle (Fig. 3). Highest concentrations occurred during the autumn and winter months, 
wITh peak levels of 5 JJ..g 1- I recorded at farm D in the autumn of 1998. The lowest 
ambient levels of less than 0.5 JJ..g I I were recorded in January 1998. 

Chlorophyll a concentrations at all water depths, inside and outside the farm at site 
A, over the 13-month study period, are presented in Fig. 4. Each line in this figure is a 
mean of three CTD /fluorometer casts. There was a tendency for chlorophyll a 

concentrations to lllcrease with depth, with highest levels occurring at about 20 m, both 
below the farm imu outside the farm boundary. Consistent with the measurements made 
at farms C and 1) (Fig. 3), low ambient chlorophyll a concentrations were recorded in 

'" 2: 
'" >. 
.<: 
c. 
o 
5 
.<: o 

1.4 

0.6 

May ·1997 

DOuls,de 
.ll1s:de 

ND 
C 2 +-'---+l-4--"'4.J....11Ll 

A 8 

November 1997 
22 

1.B 

06 

c D 

DOutsids 

.Inslde 

0.2 +.J.--4-~IL+.L....IILlf-l-"'" 
A 13 

May 1998 

2.2 

1.8 

14 

A 

c 

c 

D 

DOutslde 

.Inside 

D 

2.2 

1 B 

A 

2.2 

1.0 

1 4 

August 19!;a7 

OOulside 

• Inside 

B c 

~ebruary 199B 

D 

DOutside 

• Inside 

0.2 +-'-__ +l_4-....... IL+_N;.;;D~ 
A B c D 

Farm site 

2.2 

10 

14 

0.6 

september 1997 

DOul.slde 

• Inside 

D.2 +-'-__ +l_4-....... IL+....:..::ND~ 
A 

2.2 

1.8 

1.4 

0.6 

o 

April 1998 

* 

c D 

DOulside 

• InsIde 

0.2 +-'-..... +1-4-....... 11..+-=--. 
A B c D 

Fi!!. 5. Mean chlorophyll a concentration for 1-8 m water depth inside and outside farms A to D, Beatrix Bay, 
from May 1997 (0 May 1998. Symbols: * = significantly less chlorophyll a inside farm (p < 0.05), 
+ = significantly more chlorophyll a inside farm (P < 0.05). ND = no data available. 



s. C. OgIlvie et al. / Aquaculture 181 (2000) 71-80 77 

Table I 
Means and standard deviations for nitrate (N03 -N). ammonia (NH 4 -N), and DRP concentrations (lLg 1- i ) 

from May to December 1997 

Mean 
SD 

18.8 
23.0 

10.8 
4.9 

DRP 

12.4 
4.1 

November 1997. In this month, and May 1998, a depth increase in chlorophyll was 
barely apparent. 

In May and August 1997 there was significantly less chlorophyll a inside the farms 
(p < 0.05 in all cases) (Fig. 5). In September, farm A showed significantly greater 
chlorophyll inside (p < 0.05), there was no significant difference in farm B, and there 
was a significantly smaller amount inside farm C (p < 0.05). In November, all four 
farms had more chlorophyll inside compared to outside (p < 0.05 in all cases). From 
February to May 1998, the chlorophyll was once again significantly lower inside 
(p < 0.05 in all cases), except for farm D in April where there was no significant 
difference; and farm B in May where there was significantly more chlorophyll inside 
(p < 0.05). 

3.3. Nutrients 

DRP concentrations were high outside farms C and D throughout the study. Ammo
nium nitrogen was generally lower and less variable than nitrate, which showed marked 
variability (Table O. Nitrate abundance was highest during winter months (Fig. 6), 
which corresponds with the recorded times of highest ambient chlorophyll a concentra
tion. By August, the nitrate concentrations were at low levels, being typically less than 3 
fLg 1- I. This low level persisted through to the completion of nutrient monitoring in 
December. 
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Fig. 6. Nitrate and anunonia abundance, means for outside farms C and D, Bealrix Bay, from May to 
December 1997. 
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4. Discussion 

The large spike in chlorophyll concentration measured at farm site A is an indication 
that occasional patches of water of high chlorophyll concentration may move through 
mussel farms. It is notable that the spike occurred during a time of new tidal water 
inflow, consistent with reported chlorophyll a patchiness associated with tidal fronts 
(Gibbs, 1993). 

This study found significant differences between phytoplankton abundance inside and 
outside mussel farms in Beatrix Bay. Hence, it is consistent with the finding of Grange 
and Cole (I997) that mussel farms can significantly reduce phytoplankton concentra
tions. The results of the present study are not consistent with those of Murdoch and 
Oliver (I995), who could find no differences. This inconsistency could be a result of the 
distance from mussels that the water was sampled. In the present study, samples were 
taken in closer proximity to the mussel dropper ropes compared to Murdoch and Oliver 
(I995). The phytoplankton reduction may therefore be localised. 

There were higher chlorophyll concentrations in deeper waters in five out of the 7 
months when farms were surveyed. This pattern of relatively low chlorophyll in the 
surface waters. increasing to a maximum at depth is unlikely to be caused by mussel 
grazing in the swface waters. The pattern is a general feature of the water column 
structure of Pelorus Sound (Gibbs et aI., 1991). It was observed both inside and outside 
mussel farms, and it has been observed at sites in Pelorus sound that are remote from 
mussel farming activities (Ross, unpubl. data). The higher concentrations at depth are 
likely to be associated with weak vertical mixing at the pycnocline, as observed by 
Gibbs and Vant (1997) and Ross et al. On press). During periods when there was a 
strong pycnocline there were also generally higher overall chlorophyll concentrations, as 
seen in May 1997 (Fig. 4). It is likely that when the water column becomes stratified, 
i.e., when there is only a minimal amount of vertical mixing. primary productivity 
increases as phytoplankton become more concentrated in the top layer of the water, 
where there is more light available. Conversely, in times of weak stratification, such as 
May 1998, the overall chlorophyll concentrations are low, because the phytoplankton are 
being mixed into the deeper, light-limited waters. causing a reduction in total phyto
plankton production (Ross et aI.. in press). 

The higher phytoplankton concentration found at depth is consistent with the 
assertion of Gibbs et al. (l991) that more phytoplankton could be made available to 
mussels if farm structures were positioned deeper in the water column. Using the west 
side of Beatrix Bay as an example. there are 13 mussel farms positioned along this 
coastline. If every third farm was lowered to, say, 7-17 m water depth, then these farms 
could take advantage of the chlorophyll maxima at depth. Benefits might also be gained 
at the other farms because of reduced mussel impacts on the surface waters. However, 
the relative nutritional value of phytoplankton at different depths is unknown at present. 

Seasonal variability was also observed in the difference between phytoplankton 
abundance inside vs. outside farms. Previous studies have demonstrated that phytoplank
ton growth in Beatrix Bay is often limited by nitrogen availability, particularly during 
the summer months (Gibbs and Vant, 1997; Gibbs et aI., 1992). These findings are 
consistent with the present study in which high concentrations of nitrate were found 
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during the winter months, before declining to low levels from September to December. 
However, ambient chlorophyll a concentrations showed a pattern of being low during 
the winter months when nitrogen was readily available. increasing during August, then 
steadily decreasing through to January. This could be explained by phytoplankton 
productivity being limited by nitrogen during summer and by light during winter, as has 
been previously described for Beatrix Bay (Gibbs and Vant, 1997). 

The data from May to August 1997 and from February to May 1998 show that the 
mussel farms in this study can have a significant reducing impact on phytoplankton. 
This was most pronounced in May and August when large differences between 
chlorophyll concentrations inside and outside farms were observed. This is likely to be a 
result of phytoplankton being unable to sustain mussel grazing during the winter months 
when productivity is also light-limited. 

In contrast, in November there was significantly more chlorophyll inside farms 
compared to outside at all farm sites. It appears that during this time the mussels 
promoted phytoplankton productivity. The recycling of inorganic nutrients by bivalves 
can stimulate primary production (Rosenberg and Loo, 1983; Bertness, 1984; Prins and 
Smaal, 1990; Prins et aI., 1995). Asmus and Asmus (1991) showed that phytoplankton 
production, which resulted from nutrient release by a mussel bed was potentially greater 
than the loss of production to the mussel bed. Such a mechanism is based on the 
hypothesis that mussels recycle inorganic nitrogen from suspended particulate organic 
materiaL In addition, mussels could produce dissolved inorganic nitrogen during certain 
physiological activities, such as tissue loss. The lowest nitrate and ammonia concentra
tions were recorded during November, and nitrogen limitation has been observed in 
summer in this system in previous years (Gibbs and Vant, 1997). It is, therefore, likely 
that during November, nitrogen compounds produced by the mussels were utilised by 
phytoplankton inside farms, allowing greater growth relative to phytoplankton in the 
nitrogen-depleted water outside. To our knowledge, this is a novel observation for 
mussels in a pelagic situation. 

The measured phytoplankton enhancement within mussel farms, hypothetically medi
ated by increased nutrients, indicates that there is a volume of water resident in the 
vicinity of the farms long enough for phytoplankton to show a growth response. If this is 
the case, then during times of low nitrogen (spring/summer), there might be potential 
for further increasing mussel food by artificially increasing nitrogen concentrations. If 
the resulting new phytoplankton biomass stays within the vicinity of the farm, as the 
data of the present study indicates, then an increase in food available to mussels, and 
subsequently greater mussel production, would be expected. 
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Appendix 2 

Development of clod cards to measure water currents in close 

proximity to mussel dropper ropes. 

1. Introduction 

Appendices 

The influence of mussel dropper ropes on water current speed was a key objective of 

Chapter 3. An Acoustic Doppler Current Profiler (ADP) was used to make gross-scale 

measurements of water motion through mussel farms. Because of difficulties placing 

this instrument close to mussel farm lines, an alternative method was needed which 

could be used to measure water motion on a smaller scale. 

Doty (1971) proposed using rates of dissolution of calcium sulphate (plaster of Paris) 

blocks to estimate water motion. IT blocks are placed in moving water for a known 

length of time, the change in weight can be used as a measure of mean water velocity 

over that time. Such blocks, now called clod cards (or plaster clods), are relatively 

simple to use, and are suited to marine studies because they can be left out through an 

entire tidal cycle (Thompson & Glenn, 1994). Clod cards are useful for measuring 

relative rates of water motion, but there is a need for equations relating card dissolution 

rates to fluid velocity, in order to give measurements of absolute water velocity. 

The aim of the work presented in this appendix was to develop a clod card design, test it 

in the laboratory as a means to measure water velocity, and then deploy cards in the 

field as a means to measure water currents in close proximity to mussel dropper ropes. 
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2. Methods 

2.1. Production of clod cards 

Builder's grade plaster of Paris was obtained from Mainland Paint and Printing Ink, 351 

Selwyn St, Christchurch. Five hundred grams of plaster of Paris powder was mixed 

with 335 ml of water, stirred well, then poured into flexible plastic ice-block moulds 

and allowed to harden for about 30 minutes. The moulds were vigorously tapped 

several times while the mixture was hardening, to dislodge air bubbles. The moulds 

were truncated-cone shaped with a small diameter of 23 mm and a large diameter of 30 

mm, and produced a clod card weighing about 65 g. After removal from the moulds the 

clod cards were dried for at least 7 days which was sufficient time for weight 

stabilisation. Each clod card was attached with silicon cement to a piece of rigid PVC

plastic sheet (65 X 32 mm, 2 mm thick). The plastic sheet was used for labelling and for 

allowing attachment of the clod cards in situ. 

2.2. Testing of clod cards in the laboratory 

Water motion experiments were carried out at the Edward Percival Marine Laboratory 

in Kaikoura, using a plastic tank of approximately 900 I volume (Figure 1). The tank 

was filled with unfiltered seawater to a depth of 0.7 m. Clod cards were attached at 

various positions along a 0.75-m stainless steel arm (0.5 cm thick) that was rotated at 

13.6 rpm by an electric motor secured over the centre of the tank. The clod cards were 

mounted on the arm with adhesive tape. Four cards were mounted along each of the 

two radii at distances from the centre of 9, 18,27, and 36 cm. Each distance was 

therefore represented by duplicate cards moving through the water at nominal velocities 

of 12.9, 25.7, 38.6, and 51.4 cm S-l. A fifth card was mounted directly under the centre 

of the rotating arm, giving a nominal velocity of 3.6 cm S-l. This range of water 

velocities covered those measured at farm sites in Beatrix Bay (Chapter 3). Each clod 

card was weighed to within 0.1 g before it was placed on the rotating arm. Cards were 

left in position on the arm for 24 hours, after which time they were removed, allowed to 

dry to stable weight (7 days was used, but cards normally dried in around 48 hours) and 

reweighed. 
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rotating arm (13.6 rpm) 

~ Waterlevel 

Figure 1: Apparatus used for testing the clod cards (not drawn to scale). 

The change in weight over 24 hours was used to create a regression of clod card weight 

loss versus velocity. It was intended that the regression could be used to calculate mean 

water velocity over 24 hours at field sites. 

2.3. Field experiments 

Field experiments were undertaken with the aim of determining if mean water velocity 

is lower close to mussel dropper ropes. A metal frame was designed to allow the 

placement of clod cards at increasing distances away from a mussel dropper rope 

(Figure 2). The design in Figure 2 was the final design used for experiments, an 

original frame design had only a single attachment to the longline, and a float at the 

distal end of the frame. One field experiment was undertaken with this initial frame 

design, after which it was realised that the frame moved independently of the longline, 
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so a modified design was implemented, with double attachment to the 10ngline and no 

floats, al) in Figure 2. 
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",,'" .... ", 
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.... -~~-~----------~~-~~~ / Metal frame 
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\/ 
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dropper ropes 
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Frame lashed to both longline 
ropes to ensure solid attachment 

t 
s 

00 

Figure 2: Side view of apparatus used for field deployment of clod cards. Not drawn to 

scale. 

Three frames of the modified design were made for the field experiments, so that 

simultaneous triplicate experiments could be undertaken on a longline. Field 

experiments were undertaken at Farm Site C and at a farm near site E (Chapter 1, Figure 

1.3), in December 1998 and January 1999. Each clod card was weighed before each 

experiment, and the frame with cards attached was deployed for 24 hours. After this 

time each card was allowed to dry for 7 days, and then reweighed. The regression 

equation developed in the laboratory was used to estimate the mean velocity at each 

card site, and it was intended that the relative differences between cards could be used 

to determine if water velocity depended on distance away from the mussel dropper 

ropes. 
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3. Results Discussion 

3.1. Testing of clod cards in the laboratory 

The laboratory experiments showed a strong relationship between clod card weight loss 

and water velocity (Figure 3) with r2 = 0.99. This result showed that the clod cards as 

developed would be a useful means to measure water velocity in the field, both as a 

means to measure relative velocities between sites, and also as a means to get an 

indication of absolute mean velocity at a site over a 24-hour period. 
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Figure 3: Regression of water velocity versus clod card weight loss in the laboratory 

experiments. Total n=18 (n=2 for lowest velocity, 

velocities ). 

3 Field experiments 

3.2.1 Experiment with the original frame design 

for each of the other 

The field experiment with the original frame design showed that water velocity 

increased with increasing distance from the dropper rope (Figure 4). This relationship 

was highly significant (r2 = 0.96) but the magnitude of the velocities were about 5 times 

higher than mean values measured with the ADP (Chapter 3, Figure 3.3). It became 

apparent that the distal end of the frame (i.e. the end away from the longline, with a 

float attached) was able to move up and down with wave action, because it was pivoting 

around the single point of attachment at the longline. This movement would result in 
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the clod cards moving through the water far more than the mussels would be, and the 

clod cards at the distal end of the frame moving more than the closer clod cards. The 

result presented in Figure 4 is therefore likely to be an artefact of the frame design. For 

real measurements to be made the clod cards needed to be attached to a stable frame. In 

an attempt to stabilise the frame, a modified frame design was implemented, with two 

attachments to the longline and no float, which minimised the frame moving 

independently of the mussellongline. 
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Figure 4: Result from the field experiment with the original frame design. Mean 

velocity over 24 hours versus distance from dropper rope. Negative distance 

values are clod cards that were within the longline double spine (see Figure 2). 

3.2.1. Experiments with the modified frame design 

Six field experiments were undertaken with the modified frame design, three on each of 

two different 24 hour periods (Figure 5). The first three experiments showed water 

velocities within a range of 11 to 17 cm S-l. There was a general trend for higher 

velocities at increasing distances away from the mussel rope, indicating that the mussels 

experience even lower water speeds than the already baffled speeds measured in 

Chapter 3. In Experiments 1 and 2 there was a marked site of relatively low water 

velocity at 120 cm away from the dropper rope. This may have been caused by the 

vertical strut of the frame (Figure 2) baffling the current to the clod card in that position, 

but it is difficult to explain why this did not happen in any of the other experiments. 
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Results from the field experiments with the modified frame design. Mean 

velocity over 24 hours versus distance from mussel rope. Experiments 1-3 were 

deployed on 13 January 1999, experiments 4-6 on 16 January. Experiment 4 

was lost due to the frame being hit by a boat. 

In Experiments 5 and 6, which were in the same positions as Experiments 1 and 2, but 3 

days later, there was a much higher mean velocity, with measurements within the range 

of cm s-l. This was an unexpected result, because these experiments were only 3 

days later, and were started at about the same time each day, the velocity difference 

could not be explained by changes in tidal cycles. There was, however, a substantial 

difference in weather conditions between the 2 experiment days. Throughout the first 

day the weather was settled, but on the second day there were long periods of higher 

winds, and therefore much more wave action impacting on the experiments. This could 

explain the higher velocities measured during the second set of experiments. When 

there is a lot of wave action around a longline the mussel floats move, and so more 

water is likely to have moved past the clod cards. 

In summary, the work presented in this appendix showed that clod cards do have good 

potential for at least making relative measurements of water velocity, as illustrated in 
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the laboratory experiments. They are also therefore likely to be of use in field 

experimentation if they can be attached to a solid, immovable substrate, such as the 

seabed. It was decided that the field experiments of the present study could not be used 

to make firm conclusions about water velocity because the frame and the entire longline 

structure were moving through the water, and the frame itself could influence water 

velocity. 
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Appendix 3 

Phytoplankton taxa and mean individual cell volumes used in the phytoplankton 

analyses presented in Chapters 4, 5, and 6. 

Phytoplankton taxa 

Dinoflagellates 
Alexandrium spp. 
Amphidinium spp. 
Ceratiumfurca 
Ceratiumfusus 
Ceratium tripos 
Ceratium spp. (other) 
Gonyaulax spp. 
Gymnodinium spp. 
Gyrodinium spp. 

Diatoms 
Biddulphia spp. 
Chaetoceros convolutus 
Chaetoceros spp. (other) 
Climacosphenia spp. 
Corethron spp. 
Coscinodiscus spp. 
Cymbella spp. 
Dactylosolen spp. 
Diploneis spp. 
Ditylum bril:htwellii 
Eucampia zodiacus 
Eucampia spp. (other) 
Guinardia spp. 
Gyrosil:ma spp. 
Lauderia annulata 
Leptocylindricus danic 

Other groups 
Dictyocha spp. 
Quadraflagellates 
Small flagellates «20 Jlm) 
Ciliates 

Mean cell 
volume (J1m3

) 

3000 
5666 
72046 
15625 
30000 
20000 
10000 
7000 
6394 

15000 
1200 
1820 
1193 
2000 
336600 
10000 
41000 
600 
42000 
5200 
8000 
20000 
8000 
5000 
2050 

13000 
4736 
35 
8018 

Heterocapsa spp. 
Oxytoxum spp. 
Peridinium spp. 
Pronoctiluca spp. 
Prorocentrum spp. 
Protoperidinium spp. 
Scrippsiella trochoidea 
Unknown dinoflagellates 

3550 
1616 
21952 
2859 
31000 
34000 
5813 
1000 

Licmophora spp. (benthic) 
Melosira spp. 
Navicula spp. 
Nitzschia closterum 
Nitzschia lonl:issima 
Paralia spp. 
Pleurosil:ma spp. 
Pseudonitzschia spp. 
Rhizosolenia spp. 
Skeletonema spp. 
Thalassiosira spp. 
Thalassionema nitzschioides 
Thalassionema spp. (other) 
Thalassiothrix spp. 
Toxarium spp. 
unknown diatoms 

100 
5000 
8000 
90 
1000 
400 
15410 
3000 
48500 
525 
5000 
1500 
1200 
1200 
1300 
1000 
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Appendix 4 

Biovolumes (flm3 mrl) of top 28 taxa (by total biovolume) inside and outside the farm 

for each of the 7 sampling months in the study of Chapter 4. Taxa in each month 

ranked by percent decrease inside fann. 

July 1998 Inside Outside % decrease Total present 

~ 
0.00 10.81 100.00 10.81 
11.54 43.26 73.33 54.79 
11.54 28.84 60.00 40.37 

Eueampia zodiaeus 26.24 35.62 26.32 61.86 
Gvmnodinium SOP. 60.56 78.22 22.58 138.79 
Ciliates 141.64 156.09 9.26 297.72 
Quadraflaaellates 88.78 95.61 7.14 184.38 
Oaetvliosolen spo. 14.78 0.00 0.00 14.78 
Pseudonitzsehia SOD. 3.24 0.00 0.00 3.24 
Guinardia soo. 0.00 0.00 0.00 0.00 
Geratium turea 0.00 0.00 0.00 0.00 
Coscinodiseus soo. 0.00 0.00 0.00 0.00 
Ceratium tripos 0.00 0.00 0.00 0.00 
Biddulphia SDO. 10.81 0.00 0.00 10.81 
Pleurosiama soo. 0.00 0.00 0.00 0.00 
Lauderia annu/ata 0.00 0.00 0.00 0.00 
Peridinium soo. 31.65 31.65 0.00 63.31 
Protoperidinium SOP. 24.51 24.51 0.00 49.03 

! Gvmbefla spp. 10.81 10.81 0.00 21.63 
Thalassiosira sPP. 48.67 46.86 -3.85 95.53 
Oitv/um briahtwellii 2301.33 2210.48 -4.11 

.. Ghaetoceros SPP. 152.21 143.03 -6.42 
Small flaaellates «20 um) 3.56 3.28 -8.46 
Rhizosolenia soo. 262.25 209.80 -25.00 

~ 
29.71 -35.67 

Thalassiothrix SPP. 3.89 -66.67 
Gvrodinium SOD. 11.52 -100.00 

proroeentrum spp. 11.17 -100.00 33.52 
Totals I 3185.19 
% decrease I -3.49 

Continued on next page. 

125 



Appendices 

Januarv 1999 Inside Outside % decrease Total present 
Protoperidinium spp. 0.00 12.26 100.00 12.26 
Lauderia annulata 0.00 1.80 100.00 1.80 
Oactvliosolen SOP. 14.78 59.12 75.00 73.90 
Navicula spp. 25.95 51.91 50.00 77.86 
Ciliates 17.34 31.80 45.45 49.14 
Gvrodinium spp. 11.52 20.74 44.44 32.27 
Oitvlum briqhtwellii 60.56 105.98 42.86 166.54 
Thalassiosira spp. 7.21 10.81 33.33 18.02 
Small flaqellates «20 um) 2.54 3.60 29.47 6.13 
Pseudonitzschia spp. 29.20 36.77 20.59 65.97 
Eucampia zodiacus 3.75 0.00 0.00 3.75 
Guinardia SPP. 0.00 0.00 0.00 0.00 
Ceratium {urea 25.97 0.00 0.00 25.97 
Coscinodiscus sPP. 0.00 0.00 0.00 0.00 
Quadraflaqellates 1.71 0.00 0.00 1.71 
Eucampia SPP. 0.00 0.00 0.00 0.00 
Melosira SPP. 0.00 0.00 0.00 0.00 
Prorocentrum spp. 0.00 0.00 0.00 0.00 
Ceratium tripos 0.00 0.00 0.00 0.00 
Biddulphia SPP. 0.00 0.00 0.00 0.00 
Pleurosiqma SPP. 11.11 0.00 0.00 11.11 
Rhizosolenia SPP. 52.45 52.45 0.00 104.90 
Gvmnodinium spp. 35.33 30.28 -16.67 65.61 
Chaetoceros spo. 17.71 14.43 -22.73 32.15 
Peridinium spp. 15.83 7.91 -100.00 23.74 
Cvmbella SPP. 7.21 3.60 -100.00 10.81 
Skeletonema SPP. 9.08 4.16 -118.18 13.25 
Thalassiothrix spp. 2.16 0.87 -150.00 3.03 
Totals 351.42 448.50 
% decrease 21.65 

March 1999 Inside Outside % decrease Total present 
Oitv!um briqhtwellii 0.00 60.56 100.00 60.56 
Eucampia zodiacus 0.00 15.00 100.00 15.00 
Ceratium {urca 0.00 25.97 100.00 25.97 
Protoperidinium spp. 0.00 12.26 100.00 12.26 
Ceratium tripos 0.00 10.81 100.00 10.81 
Small flaqellates «20 urn) 4.95 11.70 57.71 16.65 
Pseudonitzschia SPP. 6.49 12.98 50.00 19.47 
Skeletonema spp. 31.23 59.05 47.12 90.27 
Gvmnodinium spp. 17.66 32.80 46.15 50.47 
Thalassiosira sPP. 5.41 9.01 40.00 14.42 
Thalassiothrix spp. 3.46 5.19 33.33 8.65 
Gvrodinium SOP. 6.91 9.22 25.00 16.13 
Chaetoceros spp. 193.54 209.29 7.52 402.83 
Rhizosolenia spp. 17.48 0.00 0.00 17.48 
Guinardia SPP. 0.00 0.00 0.00 0.00 
Coscinodiscus spp. 0.00 0.00 0.00 0.00 
Quadraflaqellates 0.00 0.00 0.00 0.00 
Eucampia spp. 0.00 0.00 0.00 0.00 
Melosira spp. 0.00 0.00 0.00 0.00 
Cvmbefla sPP. 0.00 0.00 0.00 0.00 
Biddulphia sPP. 0.00 0.00 0.00 0.00 
Pleurosiqma spp. 0.00 0.00 0.00 0.00 
Lauderia annulata 0.00 0.00 0.00 0.00 
Peridinium SPP. 23.74 23.74 0.00 47.48 
Navicula spp. 28.84 25.95 -11.11 54.79 
Ciliates 52.03 31.80 -63.64 83.83 
Oactvliosolen SPP. 73.90 44.34 -66.67 118.24 
Prorocentrum SPp. 33.52 11.17 -200.00 44.70 
Totals 499.17 610.84 
% decrease 18.28 
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Mav 1999 Inside O!Jtside % decrease T o!l:ll_pr~~_E)!1L 
Ciliates tif 14.45 100.00 14.45 

00 121.34 100.00 121.34 
Cvmbe/Ja sPP. 00 3.60 100.00 3.60 

• Gvmnodinium spP. 5.05 15.14 66.67 20.19 
[QI{vjum b;'iahtwe/lii 60.56 105.98 42.86 ~~~;~~-Rhizosolenia SPP. 891.66 1398.68 36.25 

Small flaqellates «20 urn) 1.98 2.75 27.98 4.73 
Navicula SPP. 31.72 43.26 26.67 74.98 
Lauderia annulata 5.41 7.21 25.00 12.62 
Skeletonema SPp. 2.08 2.65 

±i 
4.73 

Chaetoceros SPP. 57.08 72.17 129.25 
EucamDia SOD. 28.84 31.72 60.56 
Pseudonitzschia SPP. 44.34 47.58 91.92 
EucamDia zodiaeus 0.00 0.00 0.00 0.00 
Ceratium furea 0.00 0.00 0.00 0.00 

0.00 .0.00 0.00 0.00 
Per/dinium soo. 0.00 0.00 0.00 0.00 

~ 
0.00 0.00 0.00 10.00 
0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 

Thalasslosira SOP. 18.02 14.42 -25.00 32.44 
Oactvliosolen spp. 266.04 206.92 -28.57 472.95 
Guinardia SOP. 28.84 21.63 -33.33 50.47 
Tha/assiothrix spp. 2.16 1.30 -66.67 3.46 
Gvrodinium SPO. 4.61 2.30 • -100.00 6.91 
Totals 1448.39 2113.11 
% decrease 31.46 I 

Julv 1999 -fnside Outside % decrease Total present 
ProtoDeridinlum spp. 0.00 11.33 100.00 11.33 
Proroeentrum SDO. 0.00 10.33 100.00 10.33 
Gulnardia sop. 6.67 46.67 85.71 53.33 
Quadraflaqellates 4.74 12.63 62.50 17.37 
Navicula SPP. 109.33 280.00 60.95 389.33 
EucamDia zodiacus 46.80 116.13 59.70 162.93 
Oitvlum bri.qhtwelJii 98.00 224.00 56.25 322.00 
Rhizosolenia SPP. 161.67 339.50 52.38 501.17 
Tha/assiosira SOP. 88.33 176.67 50.00 265.00 

. 
• Small flaqellates «20 urn) 1.66 3.07 46.01 4.73 --_. 

Chaetoceros SPP. 239.03 434.37 44.97 673.40 
Oactvlioso/en soo. 136.67 232.33 41.18 369.00 
Gvmnodinium spp. 4.67 7.00 33.33 11.67 
Skeletonema soo. 2.28 2.45 7.14 4.73 
Ceratium furca 0.00 0.00 0.00 0.00 
Coscinodiscus soo. 112.20 0.00 0.00 112.20 
EucamDla soo. 0.00 0.00 0.00 0.00 
Ceratium trlDos 0.00 0.00 0.00 0.00 
CvmbeJla soo. 6.67 0.00 0.00 6.67 
PJeurosi.ama SPo. 0.00 0.00 0.00 0.00 
Lauderia annulata 0.00 0.00 0.00 0.00 
Ciliates 21.38 21.38 0.00 42.77 
Thalassiothrix spp. 5.60 4.40 -27.27 10.00 
Pseudonitzschia SOP. 102.00 80.00 • ~27.50 
Melosira soo. 11.67 18.33 I -40.00 20.00 
Gvrodinium SOP. 6.39 4.26 -50.00 10.66 
Biddulohia SPD. 

~ 
10.00 • -50.00 25.00 

Peridinium sPP. 7.32 -100.00 21.95 
Totals 2032.18 
% decrease 
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