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Frontispiece: Three freshwater mussel specimens actively filtering. 
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Summary 

1. Biomass, filtration rate and rhythmic activity data for Hyridella menziesi in Lake 

Tuakitoto were combined to calculate the filtration capability of this population. It was 

calculated that this population filters a volume of water equal to that of the lake every 32 

hours at 19-21 o C. These results strongly suggest that phytoplankton in Lake Tuakitoto 

will be suppressed by mussel grazing. 

2. Experimental manipulations of mussels in situ using artificial enclosures showed that 

mussel filter feeding controls phytoplankton to below potential concentrations. 

3. It was found in the enclosure experiments that mussels cause a shift in algal 

composition from phytoplankton to periphyton on the walls of the enclosures. 

4. Phytoplankton growth was not generally limited by a lack of available nitrogen or 

phosphorus. This result lends further support to the hypothesis that mussels control 

phytoplankton biomass. Intermittent high chlorophyll ~ concentrations in this lake may be 

due to sediment resuspension by wind. 

5. The mean mussel density in Lake Tuakitoto was 5.5 m-2 which corresponded to a 

mean biomass of 12.3 g m-2. The population had a mean age of 15 years. 

6. The mean filtration rate of 32 mussels was 1.9 L hr 1 g-1 tested in the laboratory at 

19-21 o C. Nine mussels filtered Gymnodinium sp. cells in water from a bloom at 

Tomahawk Lagoon, at a rate of 0.66 L hr 1 g-1. 

7. Eighteen mussels tested in the laboratory showed no obvious pattern of activity over a 

24 hour period. Ninety-three percent of the 610 observations made in 2 experiments were 

of mussels undergoing filtration. 

8. These results suggest that Hyridella menziesi may be of considerable value as a 

biomanipulation tool. 
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General Introduction ........................................................................ (2) 

Human activities, which result in the introduction of excess nutrients into 

aquatic ecosystems, cause significant changes in these environments. The 

changes which occur are part of the process known as eutrophication 

(National Academy of Science, 1969). Eutrophication has received 

widespread attention from aquatic biologists. The initial effect of nutrient 

enrichment is to induce excessive growth of algae. This can result in the 

deterioration of water quality, making it unsuitable for recreational uses 

such as swimming and domestic needs such as drinking water supply (Vant, 

1987). It may also have widespread biological consequences. The shading 

effect of algae can cause a loss of macrophytes which are essential for a 

diversity of fauna (De Nie, 1987). Algal decomposition may cause a 

reduction of oxygen which is vital for fish and other animal life (De Nie, 

1987). The negative aspects of eutrophication have been widely 

established, and so the need for methods to reduce these negative aspects, or 

prevent their occurrence, has become apparent. 

The problem is not confined to overseas lakes. In a survey on the state of 

eutrophication of New Zealand lakes, Mitchell (1988) documented a need 

for eutrophication control for between 15 and 40 lakes. Most of these are 

shallow, having a mean depth of less than 4 m. The most commonly used 

method of eutrophication control has been to reduce external nutrient 

loads. This approach is based on a two-stage modelling process; nutrient 

concentrations are predicted from measurements of external loads entering 

the lake. This is followed by the prediction of phytoplankton biomass 

(chlorophyll _g.) from nutrient concentrations (OECD, 1982). Thus effects 

of a given reduction in nutrient load can be predicted. Nutrient load 

reduction is often expensive (it may involve major engineering work) and 

ineffective, as prediction of phytoplankton biomass is difficult in highly 

eutrophic lakes that are very shallow (Mitchell et al., 1988). 
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An alternative method is to directly manipulate biotic communities in such 

a way that the system itself becomes involved in controlling the algal 

problem (Hosper, 1989). This method is known as biomanipulation. 

Biomanipulations are of value because they offer a solution which involves 

the natural ecosystem, are relatively cost effective and can potentially give 

long term success (Gophen, 1990). 

Filter feeding organisms are of vital importance in biomanipulation 

experiments because they potentially have the ability to reduce 

phytoplankton concentrations (Leah et al., 1980; Thompson et al., 1982; 

Timms & Moss 1984). An example of a biomanipulation scenario 

(Carpenter et al., 1985) with the aim of reducing algal biomass could 

proceed as follows: the number of piscivorous fish is increased. As a result 

of predation, the number of zooplanktivorous fish will decrease. This will 

in tum cause an increase in zooplankton which, by filter feeding , will 

reduce phytoplankton biomass. And so the desired end-point is reached by 

simply increasing the number of piscivores in the system. 

Studies by Leah et al. (1980) and Thompson et al. (1982) illustrate how fish 

manipulations can indirectly reduce algal abundance, at least in the short

term. Such methods are, however, largely inapplicable to New Zealand 

freshwaters due to an absence of strictly piscivorous fish species 

(McDowall, 1987) and strictly planktivorous fish species (Chapman et 

a/.,1915; Chapman & Green, 1987). Many lakes lack large daphnid 

zooplankton species (Chapman & Green, 1987) which have the greatest 

filter-feeding capabilities (Dawidowicz, 1990). In order to solve this 

problem, an alternative method of biomanipulation is needed. 
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Freshwater mussels are filter-feeders and so have potential as a 

biomanipulation tool for controlling phytoplankton biomass. They are 

longer lived than zooplankton and do not show wide fluctuations in 

population density. There has been considerable research on freshwater 

bivalve filter-feeding in the Northern Hemisphere. Alpine & Cloem 

(1992) showed that the clam Potamocorbula amurensis can regulate 

phytoplankton biomass and primary production in San Francisco Bay. The 

zebra mussel (Dreissena polymorpha) has been successfully transferred 

between lakes (Wisniewski, 1990) and its grazing pressure has been shown 

to contribute to lake restoration processes by reducing phytoplankton 

biomass (Reeders & Bij de Vaate, 1990; Macisaac et al., 1992). 

The mussel Hyridella menziesi is found throughout New Zealand 

(Winterboum, 1983). Although some studies have been made on the 

filtration capacity of this species, (Nobes, 1980; James, 1987) there has not 

been any published research with Lhe specific aim of evaluating Hyridella 

menziesi as a water quality management tool. 

If mussels are to be used as a biomanipulation tool it is essential that they 

should be able to control natural phytoplankton populations. The principal 

aims of work presented in this thesis were to ascertain if natural densities 

of Hyridella menziesi can control phytoplankton biomass in a shallow New 

Zealand lake, and whether the degree of control can be increased by 

artificially manipulating the mussel population. 

Officer et al. (1982) gave a list of characteristics which could be used to 

identify waters which are likely to be controlled by benthic filter-feeding. 

These were as follows: 1) Shallow water depths, 2) a large and widespread 

filter-feeding population, 3) a relatively poor hydrodynamic exchange with 



General Introduction ........................................................................ (5) 

adjacent water bodies, 4) adequate nutrient supply for the benthic 

population and 5) relatively constant and low phytoplankton levels year 

around or modest bloom periods. 

A New Zealand lake which shows all of these characteristics is Lake 

Tuakitoto, South Otago. It is shallow, with a mean summer depth of 

approximately 70 em, there is a resident population of freshwater mussels, 

and the outlet stream is small so that hydrodynamic residence times are 

likely to be fairly long. The catchment area is agricultural and plant 

nutrient concentrations are high. Mean total phosphorus and total nitrogen 

values for 1987-88 were 138 Jlg L-1 and 1210 Jlg L-1 respectively 

(Hamilton, 1990). 

The hypothesis that phytoplankton biomass in Lake Tuakitoto is limited by 

mussel filtration arose from the observation that phytoplankton 

concentrations (as chlorophyll a) are much lower than would be predicted 

from observed nutrient concentrations (Fig 1.1). The mean chlorophyll a 

concentration was more than an order of magnitude lower than expected. 

This result suggests that phytoplankton are not phosphorus limited. 

Inorganic nitrogen concentration was also consistently high with a range of 

500-4000 J..tg L-1 (D.P. Hamilton & S.F. Mitchell, unpublished data). 



General Introduction ........................................................................ ( 6) 

FIGURE 1.1: Relationship between mean annual chlorophylll! (Chi a) and 

mean annual total phosphorus (TP) for 27 New Zealand lakes (White, 

1983) with corresponding data for Lake Tuakitoto (Hamilton, 1990). 
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One alternative hypothesis for low phytoplankton concentrations in Lake 

Tuakitoto was considered. This is that much of the nutrients are not 

available for phytoplankton utilisation. Hamilton (1990) showed that light 

penetration is low and that humic material was responsible for 71% of the 

absorption of photosynthetically active radiation in Lake Tuakitoto, a 

figure much higher than for any of the other lakes he considered. It has 

been postulated that humic material may depress phytoplankton 

productivity by reducing light penetration, decreasing water acidity and 

making nutrients unavailable by binding to them (Jackson & Hecky, 1980; 

Guilford et al., 1987). 

In order to satisfy the principal aims and to test these hypotheses my first 

objectives were designed to assess the filtration capacity of a natural 

Hyridella menziesi population by: 
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1) Measuring the population density and biomass of Hyridella 

menziesi in Lake Tuakitoto. 

2) Determining the filtration rate capabilities of representatives of 

this population in the laboratory. 

3) Determining whether animals from this population filter 

continuously, and if not, what proportion of time is spent filtering. 

Further objectives were: 

4) To determine if this natural Hyridella menziesi population can 

control phytoplankton biomass. 

5) To ascertain if this control can be enhanced by increasing mussel 

densities. 

6) To find out if phytoplankton would respond to experimental 

additions of inorganic nitrogen and phosphorus, in spi~e of the apparently 

high natural concentrations. 

7) To determine the ability of mussels to control phytoplankton after 

artificial nutrient enrichment. 

8) To determine if Hyridella menziesi will filter an algal species from 

a bloom in Tomahawk Lagoon, a hyper-eutrophic lake lacking a resident 

mussel population. 
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2.1 Introduction 

A major aim of this project was to ascertain what influence mussels have on ~ . · .. '/ 

the water quality of Lake Tuakitoto. It was therefore vital that the density 

of mussels in the lake should be known. The aim of the work presented in 

this chapter was to determine the biomass of the Lake Tuakitoto mussel 

population. An additional aim was to determine the age structure of this 

population. If Hyridella is ever to be used in biomanipulation, large stocks 

of adults will be needed. 

There have been few published studies specifically on the density, biomass 

or age of Hyridella menziesi populations. James (1987) found that mussels 

were confined to the littoral zone of Lake Rotokawau, a small North Island 

lake. Observations on densities are available from a number of sites 

(Forsyth, 1978; Nobes, 1980; James, 1985). Grimmond (1968) focused on 

the age structure of mussels in Lake W aipori, a shallow South Island lake. 

She concluded that this population was "geriatric" with a mean age of 22.5 

years. 

Other New Zealand studies on freshwater mussel distributions have 

commonly been a part of larger studies on benthic invertebrate 

communities. The sampling methods of these studies are often inadequate 

for making accurate determinations of mussel distributions. The most 

common sampling methods utilise an Eckman-grab type device which will 

not give an accurate indication of the distribution of larger, typically 

patchy, benthic animals such as freshwater mussels. Timms (1983) actually 

omitted Hyridella menziesi from his study of seven Canterbury lakes 

because the inclusion made valid biomass comparisons between sampling 
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stations difficult. Hyridella menziesi was omitted from another study of 20 

South Island lakes (Timms 1982) for the same reason. 

2.1.1 Study site 

Lake Tuakitoto is located approximately 70 km south of Dunedin, Otago, 

New Zealand (Fig 2.1). It is 2 km long and 600 m wide with an area of 

about 118 ha (MCKinnon, 1989). The mean summer depth is 0.7 m 

(MCKinnon, 1989). An annual depth variation of 1.2 m was observed 

during the present study. It does not stratify thermally. A temperature 

range of 4 octo 23 oc was recorded in 1989 (D. P. Hamilton, pers. 

comm.). 

2.2 Methods 

2.2.1 Survey 

The mussel density and biomass in Lake Tuakitoto were surveyed from 24-

26 September, 1991. A recent aerial photograph (Otago Regional Council 

A.P.1226/3, March 1990) was used as a map of the lake. Twenty-five 

sampling stations were positioned randomly with respect to the shore and 

evenly with respect to each other (Fig 2.4 ). Eight conspicuous landmarks 

(willow trees and duck-shooters' hides) were used as compass reference 

points to locate the stations. At each sampling station 3 quadrats of 1 m2 

were laid on the substratum. Mussels were taken from each quadrat by 

finger-sifting the substratum to a depth of approximately 10 em. 

Preliminary studies did not reveal any mussels below this depth. The 

mussels in each quadrat were counted and the anterior-posterior (A-P) 
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FIGURE ·2.1: Locality map of Lake Tuakitoto. 
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length of each was measured. One hundred mussels were kept to determine 

the relationship between length and biomass. All other mussels were 

returned to the lake. Water depth was measured at each station. 

2.2.2 Mussel Biomass 

Mussel ash-free dry weights (AFDW) were determined using the method of 

Wetzel & Likens (1991). The flesh of each mussel was removed and dried 

at 70°C for 72 hours to determine dry weight (DW). The dried flesh was 

then incinerated in a muffle furnace at 550°C for 1 hour and the ash weight 

was determined. AFDW was calculated as dry weight less ash weight. 

2.2.3 Mussel Age 

Grimmond (1968) determined the ages of 50 Hyridella menziesi specimens 

from ·Lake Waipori, Otago, by counting calcite growth rings in shell 

sections. For the present study the age and A-P length data from these 50 

mussels were used to construct a polynomial regression describing the 

relationship between these two variables (Fig 2.2). 

The relationship was: 

Y = -7.7839 + 0.8812 x- o.0178 x2 + o.ooo14 x3 

Where Y is mussel age in years and X is A-P length (mm). The r2 value 

for this regression was 0.987. The age of each mussel in the survey was 

determined from A-P length using this relationship. 
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FIGURE 2.2: Age versus Shell A-P Length for 50 mussels with line of best 

fit for a 3rd order polynomial. Data taken from Grimmond (1968). A 

regression equation for these data is given in the text. 
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2.3.1 Relationship of A-P length to Biomass 

100 120 

Within the ranges of sizes collected, the relationship between shell A-P 

length and AFDW appeared to be linear (Fig 2.3). 

The linear regression equation was 

Y = .061X -2.36 

where Y is AFDW (g) and X is A-P length (mm). The r2 value for this 

relationship was 0.723 (n=100). 
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FIGURE 2.3: Relationship between flesh biomass (AFDW) and A-P length 

for 100 mussels. 
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2.3.2 Mussel Density and Biomass 

The density and biomass of Hyridella menziesi at the 25 sampling stations 

are given in figure 2.4. The mean mussel density was 5.5 m-2 which 

corresponds to a biomass of 12.3 g nl-2 AFDW. The mean mussel weight 

was 1.7 g AFDW. The maximum density at any station was 26 m-2 at 

station 10, near the centre of the basin No mussels were found at stations 2, 

5, 12 and 21. The minimum mussel AFDW for an individual mussel was 

0.3 g, the maximum was 3.9 g. 

2.3.3 Mussel Age 

The mean mussel age derived from the data of Fig 2.5 was 14.95 years. 

The age distribution was centred around a median of 16.0 years (Fig 2.6). 

The minimum age was 7 years, the maximum 45 years. 
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FIGURE 2.4: Density (No m-2, dark bars) and biomass (g m-2 AFDW, 

open bars) of mussels at the 25 sampling stations in Lake Tuakitoto. Error 

bars represent 1 standard error for stations with more than 1 mussel. 

Sampling station locations are shown in the bottom half of the figure. 
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FIGURE 2.5: Mean mussel age (years) at each sampling station. Error 

bars represent 1 standard error for stations with more than 1 mussel. 
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FIGURE 2.6: Age-frequency distribution for Lake Tuakitoto mussel 

population. 
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2.4 Discussion 

There was a scatter of AFDW values for each corresponding mussel length. 

This can be explained by the differing morphologies of the Lake Tuakitoto 

population. A range of mussel shapes was seen from long and flat to short 

and more rounded. A similar spread of morphologies was observed by 

James (1987) for the Lake Rotokawau population. This was illustrated by 

his r2 of 0.4 for the length versus DW relationship of 105 mussels. There 

was a stronger relationship in the present study (r2=0.72) which allowed the 

length/weight regression to be used. 

The average mussel weight in Lake Tuakitoto was about 3 times greater 

than those in Lake Taupo and Lake Rotokawau (Table 2.1 ). The density in 

the present study is very similar to those in Lake Taupo, Lake Ngapouri and 

Waikato River. The mean biomass was, however, much larger than in Lake 

Taupo, because of the small mussel size in that lake. The densities in Lake 

Rotokawau and Lake Rotokakahi were much higher than in Lake Tuakitoto 

(it is interesting to note that the translation of "Rotokakahi" is "freshwater 

mussel lake". Perhaps it is therefore not surprising that Lake Rotokakahi 

has high mussel densities although this name might better suit Lake 

Rotokawau!). 

The mean age of the Taupo population was about half of that in Lake 

Tuakitoto (Table 2.1 ). Grimmond (1968) described the Lake Waipori 

population (mean age 22.5 years) as geriatric. With a mean age of 15 

years, the Tuakitoto population could be described as middle aged. Only 

one mussel was found which was less than 10 years in age. The absence of 

young mussels is unlikely to have been caused by the sampling methods used 

in the survey, as care was taken to check the substratum. An absence of 
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small individuals is a common characteristic of freshwater mussel 

populations. A population of Anodonta grandis lacking individuals less 

TABLE 2.1: Biomass, density and age data for Hyridella. menziesi at 7 

different waters. Authors (code in brackets) (1) James 1985, (2) James 

1987, (3) Grimmond 1968, (4) Forsyth 1978, (5) Nobes 1980, (6) present 

study. 

Site I Mean mussel Mean Density Mean Biomass Mean Age 

AFDW(~) (No m-2) (~m-2AFDW) (i:ears) 

Lake Taupo ( 1) 0.41* 5.6 2.4 7 

Lake Rotokawau (2) 0.59 * 194 115 

Lake Waipori (3) - - - 22.5 

Lake Rotokakahi ( 4) - 13 

Lake N gapouri ( 4) - 5 

Waikato River (5) - 4.5 

Lake Tuakitoto (6) I 1.7 5.5 12.3 15 

* I have calculated AFDW from James' DW data using the factor of 0.85, the mean value 

for Lake Tuakitoto. 

- Data not available. 

than about 5 years was described by Green (1980). Roper & Hickey (in 

press) noted a lack of small H. menziesi individuals at seven widely spaced 

sites in the Waikato River system. James ( 1985) speculated that H. menziesi 

might have a periodicity in age structure as a result of breeding 

characteristics or climatic conditions. The observed lack of juvenile 

mussels in the Lake Tuakitoto population offers support to this hypothesis. 

Grimmond (1968) found juvenile H. menziesi specimens at the mouths of 

inflowing streams. These areas were thought to be ideal for larval 
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settlement as they were low in silt. No such areas were seen in Lake 

Tuakitoto during the present study. It appears that very little recruitment is 

occurring in the population. The recruitment of Hyridella menziesi is an 

area of study which would benefit from future work. 

The highest biomass values were recorded at stations in the central part of 

the lake. Stations which had no mussels were all situated in shallower, 

peripheral regions of the lake, which are likely to be exposed during low 

summer water levels. 
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3.1 Introduction 

The next thing which had to be known was how much water the freshwater 

mussels in Lake Tuakitoto are capable of filtering in a given period of time. 

The aim of work presented in this chapter was to quantify the filtration rate 

capabilities of H. menziesi from Lake Tuakitoto. 

Filtration rates can be calculated directly or indirectly. Direct methods 

typically involve the separation and measurement of inhalent and exhalent 

siphon flow. Indirect methods involve measuring the removal of suspended 

particles from a known volume of water per unit time. Indirect methods 

have become more commonly used in the past decade, mainly because direct 

methods involve restraining the study animal, which is thought to have a 

considerable influence on filtration activity (Kryger & Riisgard, 1988). 

Various indicator substances have been used for the indirect methods 

including neutral red dye (e.g. Ward & Aiello, 1973), graphite particles 

(e.g. Morton, 1971) and polystyrene microspheres (Macissac et al., 1992). 

Natural food materials are also used, with algae being the most common 

(e.g. Jorgensen & Goldberg, 1953; Kuenzler, 1961; Walne, 1972; Bayne et 

al., 1976; Kryger & Riisgard, 1988). I chose an indirect method (using 

algae in suspension) to minimise experimental influence on filtration rate. 

There have been only 2 documented studies on the filtration rate of 

Hyridella menziesi. Nobes (1980) produced work on the filtration rate of 

animals from the Waikato River, and James (1987) looked at mussels from 

Lake Rotokawau. Both of these study populations consisted of animals 

much smaller than those used in the present study. It is therefore difficult 

to apply information gained from these studies to the mussels of Lake 
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Tuakitoto. There was a need to determine the filtration capacities of this 

particular population. 

If Hyridella menziesi is to be used as a tool to reduce chlorophyll .a 

concentrations in other lakes that are more eutrophic than Lake Tuakitoto 

then it has to have the ability to filter algal species which are typically 

present in these lakes. Tomahawk lagoon is one such lake. It is a small, 

highly eutrophic lake situated on the outskirts of Dunedin, New Zealand. It 

does not have a resident H. menziesi population. Dense algal blooms 

frequently occur in the lake (Mitchell, 1971; Mitchell, 1975; Mitchell et al. 

1988). A bloom consisting mainly of a red dinoflagellate (Gymnodinium 

sp.) occurred in February 1993. An additional aim was to ascertain if H. 

menziesi would filter this water. 

3.2 Methods 

3 .2.1 Mussel collection and maintenance 

Mussels used in laboratory experiments were taken by hand from Lake 

Tuakitoto and kept in 3 aquaria (120 em x 44 em x 44 em) filled with lake 

water over gravel, and equipped with a continuous air supply. Mussels 

were used within 10 days of collection. As far as could be seen, mussel 

behaviour after nearly 3 months was identical with that of freshly collected 

mussels. 
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3 .2.2 Quantification of filtration rate capacities 

The filtration rates of 32 mussels were calculated, indirectly, by placing 

each mussel in a suspension of algae of known concentration and measuring 

the concentration at various time intervals after the mussel began filtration. 

Filtration rate was then calculated from the observed decrease in algal 

concentration. The method involves 4 assumptions: 

1) The mussel removes all algal cells from the water it 

filters (ie. it has a 100% filtration efficiency) 

2) All observed changes in algal concentration are caused 

by mussel filtration 

3) The test suspension is at all times homogenous. 

4) The mussel has a constant filtration rate throughout the 

experiment 

Choricystis coccoides was used as the indicator alga. Cells of this species 

are 4-6 Jlm in diameter. Particles above ca. 4 Jlm are 100% efficiently 

retained by the gills of Dreissena polymorpha and other Unionid bivalves 

(Jorgensen et al., 1984). A magnetic stirrer was employed to keep particles 

in homogeneous suspension, and control measures were taken to monitor 

changes in the absence of a mussel. 

3 .2.2.1 Algal cultures 

A monoculture of the green alga Choricystis coccoides was used. Stock was 

cultured in sterile W.C. media (Guillard & Lorenzen, 1972, see Appendix 

1) in 2litre glass flasks. Flasks were incubated in a Contherm Scientific 
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M190F culture chamber at 15° C. Cultures were used after 9 to 11 days of 

incubation, when in log phase of the growth cycle. 

3 .2.2.2 Experimental unit 

The experimental unit used is shown in figure 3 .1. Each mussel was 

positioned centrally in a 2litre plastic beaker, supported by a metal wire 

loop. The beaker was placed on a magnetic stirrer (operating at the 

minimum speed necessary to keep cells in suspension), and bubbled with air. 

Oxygen was measured immediately before and after each experiment using 

the Winkler method, and temperature was monitored throughout each 

experiment. The experiments were done in a basement room with very 

little daily variation in temperature. All experiments were undertaken 

between 0900 h and 1200 h. 

Initial chlorophyll fl. concentration was constant at 30±5 Jlg L -1, which is 

within the range recorded in Lake Tuakitoto. Each mussel was placed in an 

experimental container and a stop-watch was activated when filtration 

began, which was usually after about 10 minutes of acclimation. Each 

experiment lasted for 2 hours and a 100 ml sample was taken from the 

beaker after 0, 30, 60, and 120 minutes of filtration. Mussels were 

observed throughout each experiment. If filtration was discontinuous then 

the experiment was abandoned. Pseudofaeces and faeces were carefully 

removed during each experiment using a pasteur pipette. 

Five replicate units were used for each experiment, 4 with mussels and a 

fifth without a mussel, which was the control. Chlorophyll fl. concentration 

in control containers was used as a measure of changes caused by factors 

other than mussel filtration. 
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FIGURE 3.1: Apparatus used for filtration rate experiments. 
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3 .2.2.3 Determination of chlorophyll a concentration 

Chlorophyll .a. concentrations were determined fluorometrically. The high 

sensitivity of this method allowed the initial chlorophyll .a. concentrations in 

experimental containers to be within the range seen in Lake Tuakitoto. The 

use of a less sensitive method (e.g. spectrophotometry) would have 

necessitated high initial food concentrations which have been shown to 

reduce filtration rates (e.g. Winter, 1978; Sprung & Rose, 1988; Kryger & 

Riisgard, 1988). 

The method used was a modification of that used by Cowan & Peckarsky 

(1990). A 100 ml sample was immediately filtered onto a Whatman GF/C 

glass micro fibre filter, wrapped in aluminium foil and frozen for 24-48 

hours in order to lyse the algal cells. Filters were then homogenised using a 

pestle and mortar and the product was extracted in 90% ethanol for 24 

hours. The extract was again filtered through a Whatman GF/C glass 

microfibre filter. Three sub-samples of 5 ml were taken from the filtrate 

and the fluorescence of each measured using a Turner 112 fluorometer 

equipped with a high sensitivity door , Coming CS 2-64 emission filter and 

Coming CS 5-60 excitation filter. Each sub-sample was then acidified with 

2N HCl (0.04-0.06 ml per 5 ml extract), agitated with a vortex mixer and 

left to stand for at least 3 minutes (Yunev & Berseneva, 1986). 

Fluorescence was measured again and recorded. 
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Chlorophyll _g concentration was determined from the formula: 

Chl .a= [(Kx/(Kx-1))(Fo-Fa)(m) -int]VexN sp 

where 

Kx = Maximum acidity coefficient from calibration (=Fo/Fa for pure 

Chl a) 

F0 = Fluorescence of sample before acidification 

Fa = Fluorescence of sample after acidification 

m = Slope of regression line from calibration curve 

int = Intercept of regression line 

Vex = Extract volume (ml) 

V sp = Sample volume (1) 

The formula gives chlorophyll a concentration in }.!g L -1. The maximum 

acidity coefficient (Kx) is constant for a given instrument (Yunev & 

Berseneva, 1986). In this case Kx was equal to 2.2 (n=11, SE=0.036). 

3.2.2.4 Fluorometer calibration 

A sample of Choricystis coccoides was extracted as described above. The 

chlorophy 11 a concentration of 5 replicate sub-samples was determined using 

standard spectrophotometric methods, as described in Chapter 5. Triplicate 

readings were then made on the fluorometer for each step of a serial 

dilution covering a chlorophy 11 .a concentration range of 5 to 230 }.!g L -1. 

These data were then used to construct a regression of chlorophyll _g 

concentration versus fluorometer reading for each of the 3 appropriate 

sensitivity settings on the fluorometer. A strong relationship was described 

for these regressions, with r2 values greater than 0.99. 
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3 .2.2.5 Calculation of filtration rate from chlorophyll data 

The filtration rate of each mussel was calculated using the following 

formula (from Ward & Aiello, 1973): 

m = M log ( conc0 /conc.t). 
t loge 

where 

m = Rate of filtration (1 hr-1) 

M = Total volume of water present (1) 

Conc0 = Initial chlorophyll _g concentration (J!g 1 -1) 

Conct = Chlorophyll _g concentration after time, t (J!g 1 -1) 

t = Time spent filtering (hours) 

(M was in this case a variable, due to samples being removed for 

chlorophyll _g analysis) 

Four measurements of chlorophyll _g concentration were made, providing 3 

estimates of filtration rate for each mussel. 

The ash-free dry weight of each mussel was determined as described in 

Chapter 2. 

3.2.3 Filtration in the presence of a "problem" alga 

Eighty litres of water from the Tomahawk Lagoon Gymnodinium bloom 

(chlorophyll _g concentration=160 J.tg 1 -1, cells were approximately 25 J.tm 

diameter) was placed over coarse gravel in an aquarium, with 9 

compartments to keep mussels separated. The experiment lasted for 36 

hours, with the first 12 being control, after which mussels were added. 
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During the 24 hours when mussels were present, a photograph was taken at 

random within every 40 minute interval. A detailed description of the 

equipment used for this experiment is given in section 4.2.1. Chlorophyll .a 
concentration was measured spectrophotometrically (as described in chapter 

5) and algal cell counts were made. These measurements were made 12 and 

6 hours before mussels were added and once every 3 hours thereafter. 

Three mussels were dissected immediately after the experiment, and gut 

contents noted. Photographs were developed and the activity of each mussel 

in each 40 minute interval was noted. 

3.3 Results 

3.3.1 Filtration rates 

The mean filtration rate was 1.91 L hr-1 g-1 but there were large, irregular 

variations in filtration rates among the 32 mussels (Fig 3.2). The 

correlation coefficient for the relationship between filtration rate and 

mussel size (Fig 3.3) was 0.33, which was not significant at the P=0.05 level 

but was very close (r for P=0.05, with 30 degrees of freedom =0.349). 

3.3.2 Filtration of water from Tomahawk lagoon. 

The 9 mussels actively filtered water taken from the Tomahawk lagoon 

Gymnodinium bloom throughout a 24 hour period (Table 3.1). This 

observation was reinforced by the chlorophyll .a measurements and 

Gymnodinium cell counts. Both remained stable for 12 hours before the 

mussels were added (Fig 3.4). After mussels were added chlorophyll .a 
concentration showed a steady decline over 24 hours. The number of 
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FIGURE 3.2: Mean filtration rate (L hr-1) of 32 mussels from a size range 

of 0.9 to 3 g AFDW. Error bars are one standard error. 
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TABLE 3.1: Activity of 9 mussels in a high concentration of 

Gymnodinium cells, over a 24 hour period. Mussels were observed once 

every 40 minute interval, hence 324 observations made. 

Observation Number Percent of Total 

Valves open & Filtering 294 91 

Valves open & Not Filtering 0 0 

Valves Closed 12 4 

Undeterminable 18 5 

Total 324 100 

FIGURE 3.4: Chlorophyll f! concentration and Gymnodinium cell counts in 

the absence (control) and presence (experimental) of mussels. 
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Gymnodinium cells in solution also declined over this period. Cells were 

found in the stomachs of all three mussels dissected after the experiment. 
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The mean filtration rate of the mussels in this experiment (calculated from 

the observed decrease in Chi a concentration) was 0.66 L hr-1 g-1. 

3.4 Discussion 

The most notable result was the broad range of filtration rates recorded, 

and the weakness of the relationship between filtration rate and mussel size. 

Such results seem typical of bivalves. Nobes (1980) recorded similar 

results for animals from the W aikato River, and could establish no 

significant relationship between these two factors. De Bruin & Davids 

(1970) observed considerable variation in the pumping rate of Anodonta 

individuals; a mean of 250 to 300 ml hr-1, with a minimum of 100 and a 

maximum of 1000 ml hr-1. These mussels were of comparable size to those 

of the present study. Gaits off (1964) noted that a specimen of Crassostrea 

virginica pumped from 1.1 to 24.3 L hr-1 in 2 days. 

The mean filtration rate per gram in the present study was greater than that 

of James (1987) but less than that of Nobes (1980) (Table 3.2). Nobes did 

some of his experiments at a higher temperature than the present study, 

which could account for the difference in mean filtration rate. James' 

experimental conditions included a very low initial Chi a concentration 

which would normally be associated with a high filtration rate (Winter, 

1978; Sprung & Rose, 1988). The large differences between his results and 

those of Nobes for similar sized animals is difficult to explain. 

Environmental conditions were essentially constant during the present 

experiments. Water temperature was within the range of 19-21 °C. Oxygen 

was never more than 1 mg L -1 from saturation, which is ample for normal 
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Hyridella filtration activity (Sheldon & Walker, 1989). Food concentration 

has been shown to influence bivalve filtration rate (e.g. Winter, 1978; 

Sprung & Rose, 1988; Kryger & Riisgard, 1988) but initial chlorophyll fl 

concentration was constant at 30 ± 5 Jlg L -1. Considering the constant 

nature of experimental conditions, it appears that a broad range of filtration 

rates and a weak relationship between filtration rate and mussel size are 

characteristics of the mussels in the present study and not a reflection of 

environmental conditions. 

TABLE 3.2: Comparison of experimental conditions and mean filtration 

rate (L hr-1 g-1) for Hyridella menziesi specimens from 3 sites. Authors 

(code in brackets) (1) Nobes 1980, (2) James 1987, (3) present study. 

Site Temp. oc Initial food Mean Mean SE 

concentration mussel filtration rate 

(l . .tg L -1 Chl a) AFDW(g) 

Waikato River (1) 18.5-24.6 - 0.38* 2.68* -

Lake Rotokawau (2) 18 0.15-1.89 0.59* 0.41* -

Lake Tuakitoto (3) 19-21 25-35 2.1 1.91 0.12 

* I have calculated AFDW from James' and Nobes' DW data using a factor of 0.85, the 

mean value for Lake Tuakitoto. 

- Data not available 

Nobes (1980) used electron microscopy to show that interfilament distance 

of H. menziesi increases with increasing animal size. He recorded an 

interfilament distance of about 26 Jlm for 36 mm animals, and 64 Jlm for 

70 mm long animals. Gill retention efficiency for 4-6 Jlm C horicystis cells 

would therefore decrease with larger animals. This phenomenon could at 
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least partially explain the variation of filtration rates recorded in the present 

study. 

Freshwater mussels from Lake Tuakitoto caused a reduction of 

Gymnodinium cell concentration. The filtration rate was about half of that 

when Choricystis coccoides was the food source. These results show that H. 

menziesi has the ability to filter this problem species, if not as efficiently as 

for the green Choricystis species. There is evidence here that H. menziesi 

has the ability to reduce problem algal species in hyper-eutrophic waters 

such as Tomahawk Lagoon. 
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4.1 Introduction 

Barnes (1955) showed that the Northern Hemisphere freshwater mussel 

Anodonta cygnea displays rhythmic activity, typified by alternate periods of 

activity and quiescence. He suggests that bivalves have an innate 

(endogenous) activity rhythm which is synchronised with external 

(exogenous) forces. Morton (1969) observed similar behaviour in the 

Northern Hemisphere freshwater species Dreissena polymorpha. Hiscock 

(1950) undertook work of a similar nature on the Australian species 

Hyridella australis and found it to have a diurnal rhythm of activity closely 

associated with light conditions. Feeding occurred during light hours and 

animals subjected to 24 hour light conditions fed continuously. 

It is not known if Hyridella menziesi displays a rhythmicity in its activity. 

Such information was necessary for the general aims of this thesis, to 

supplement the information on the mussel population in the lake (Chapter 2) 

and their filtration abilities over short periods of time (Chapter 3). My aim 

in this chapter was therefore to determine if Hyridella menziesi displays a 

rhythm of water filtering activity. 

4.2 Methods 

4.2.1 Experimental apparatus 

Experiments were undertaken in a room with a large North-facing window 

so that light conditions were effectively natural (see Fig 4.1). 
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Mussels were observed in an experimental tank of 80 L capacity (77 em x 

51 em x 24 em) filled with water taken fresh from Lake Tuakitoto. Coarse 

gravel was placed in the tank to a depth of 7 em. Ten em high partitions 

consisting of 0.5 mm thick polyurethane sheeting w~re placed in a grid in 

the substratum to separate it into 9 equal compartments. For each 

experiment one mussel was placed in each compartment. As mussels were 

unable to move over the partitions each mussel could be identified from its 

position. The tank water was continuously aerated with two electromagnetic 

air pumps (Metcalf Bros 230V "Hy Flo"). 

Photographs were taken using a Cannon F-1 camera with a motor-drive and 

flash unit. This was connected to a Victor VPCIIc IBM compatible 

computer through an interface port. A computer program written in Turbo 

Pascal 6.0 was used to activate the camera at random once within every 

consecutive 40 minute time period for 24 hours. Ilford Pan F black & 

white film was used for each experiment. Preliminary experiments were 

made in order to determine if the flash unit influenced mussel activity. It 

was found that mussels were sensitive to the sudden increase in light 

intensity caused by the flash, but their response was small, involving only 

slight valve movement. All mussels tested recovered to their original 

position in less than 90 seconds. For this reason it was considered 

acceptable to use a standard flash unit rather than an infra-red unit. 

Physical variables were measured every 2 to 4 hours for each 24 hour 

experiment. Illuminance was measured using aLI-COR model LI 185A 

quantum meter. Water temperatures and oxygen concentrations were 

measured with an Orbisphere Laboratories model 2603 oxygen meter, and 
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FIGURE 4.1: Apparatus used for rhythmic activity experiments. See text 

for description. 
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pH was measured with a Cole-Parmer Pocket pH tester 2. The oxygen and 

pH meters were calibrated immediately before each experiment. 

Phytoplankton availability was monitored with a Turner Model112 

fluorometer equipped to measure chlorophyll g_ in vivo within the range of 

5 to 140 }lg L-1 A continuous flow cell was used with the fluorometer, 

through which water was pumped with an Harvard Apparatus 50Hz 

peristaltic pump. Chlorophyll g_ was monitored every 2 to 4 hours and 

when needed a calculated volume of algal culture was added to keep the 

chlorophyll g_ concentration within 15 }lg L-1 of the starting concentration. 

The alga used was Choricystis coccoides, a green species which is eaten by 

the mussels (see Chapter 3). 

After each experiment the film was developed and printed and the activity 

of each mussel in each 40 minute interval was noted, as one of four 

categories: 

1) Valves open and filtering 

2) Valves open but not filtering 

3) Valves closed 

4) Undeterminable 

Filtering and non-filtering mussels with open valves could be easily 

distinguished from the photographs. Because the exhalent siphon of 

Hyridella menziesi consists of a loose membrane, if the siphon was open 

then water had to be moving through, therefore filtration was taking place. 

On occasion the activity of a mussel could not be seen because an air bubble 

on the water surface blocked the view, photograph clarity was poor or 
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equipment did not operate as planned. These cases were classified as 

"undeterminable". 

4.3 Results 

4.3.1 Physical variables 

The illuminance to which experimental mussels were subjected varied 

diurnally (Fig 4.2) as would be expected in natural conditions. Light 

intensities were similar in both experiments. Temperature, Oxygen 

concentration and pH showed only small changes throughout each 

experiment (Table 4.1). 

FIGURE 4.2: Variation in illuminance during experiments, (means for 

both experiments). Zero on the x-axis represents 0000 h 
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TABLE 4.1: Temperature (°C), oxygen (mg L-1), percent oxygen 

saturation and ]2H through time for rhythmicity ex12eriments. 

Tune I Temperature Oxygen % Sat0 pH 

Experiment 1 0000 h 17.9 8.7 92.0 7.8 

0300h 17.6 8.9 93.2 7.4 

0600h 17.5 9.0 93.8 7.4 

0900h 17.6 9.1 94.7 7.7 

1200h 18.0 8.8 93.0 7.7 

1500h 18.0 8.7 92.0 7.7 

1800 h 18.2 8.6 91.3 7.4 

2100 h 18.5 8.8 94.0 7.6 

Experiment 2 0000 h 17.2 8.7 90.5 7.7 

0300h 17.0 8.6 89.1 7.7 

0600h 17.0 8.9 92.2 7.7 

0900h 17.6 8.7 91.2 7.7 

1200h 17.8 9.0 94.7 7.7 

1500h 19.0 8.8 94.9 7.6 

1800h 18.4 8.5 90.6 7.7 

2100h 17.5 8.6 90.0 7.7 

l ,, 

4.3.2 Phytoplankton availability 

The initial chlorophyll g_ concentration in experiment 1 was 25 Jlg L -1. 

That for experiment 2 was 13 Jlg L-1. Figures 4.3(a) and (b) give the 

chlorophy 11 g_ concentrations over time for experiments 1 and 2 

respectively. Chlorophyll fl concentration decreased during every time 

interval, and was maintained within 15 Jlg L -1 of the initial concentration. 
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FIGURE 4.3: Chlorophyll _a concentration versus time for experiment 1 (a) 

and experiment 2 (b). The middle horizontal line in each figure represents 

initial concentration. Cultured algae were added periodically throughout 

each experiment to maintain Chl a concentrations. No Chi a measurement 

was made after the addition at 16 hours in experiment 2. 
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4.3.3 Mussel activity 

A total of 648 observations were made of 18 specimens in 2 experiments 

each lasting 24 hours. Of these observations 5.9% fell into the 

undeterminable category. This was largely due to the fact that during 

Experiment 1 the flash unit malfunctioned for observational periods 15 to 

17 (Figure 4.4). Of the 610 determinable observations 93% were of 

FIGURE 4.4: Activity of 18 mussels during 36 observations over 24 hou~s. 

Observation period 1 began at 12am, with each period lasting 40 minutes. 

Mussels 1 to 9 are from experiment 1, 10 to 18 experiment 2. Key: • =Open and 

filtering, EIJ =Open but not filtering, 1m =Valves closed, D =Undeterminable. 
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mussels with their valves open and filtering, 4.8% were open but not 

filtering and 2.2% had their valves closed. There was no obvious pattern of 

activity with respect to time. Excepting undeterminable observations, 7 of 

the 18 mussels filtered throughout the entire 24 hour period. 

4.4 Discussion 

Hyridella menziesi showed no rhythmicity in filtering activity. These 

animals differ from the freshwater mussels Anodonta cygnea , Dreissena 

polymorpha and Hyridella australis which all show rhythmic activity to 

some extent (Hiscock, 1950; Barnes, 1955; Morton, 1969). Rhythmic 

activity is generally accepted as the rule rather than the exception for 

bivalves (Morton, 1969). There have, however, been descriptions of 

marine bivalves without rhythmic activity. Loosanoff and N omejko (1946) 

found that the oyster Crassostrea virginica kept its valves open and appeared 

to be feeding for 94% of the time when living under natural conditions. 

An important aspect of rhythmic activity studies in bivalves is that a 

distinction is made between valve movement (that is action of adductor 

muscles) and feeding activity. For example, Loosanoff and Nomejko. 

(1946) criticised Nelson (1921) for using shell movements as an index of all 

metabolic activities, without considering the fact that valve movement and 

feeding can occur independently. In the present study a distinction was 

made between valve movement and feeding activity using two different 

methods. Firstly, by taking photographs of the experimental mussels, not 

only was valve movement easily observed but filtration could also be 

determined by examination of the exhalent siphon. Using this method 

mussels which had their valves open but which were not filtering could be 

distinguished. Secondly, the filtration activity of experimental mussels was 
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monitored over time by measuring chlorophy 11 a concentration in the 

experimental tank. Concentrations decreased in the experimental tank 

during every time interval. This confirms that not only does valve 

movement lack an obvious pattern with respect to time, but more 

importantly so does filtration activity. 

Diurnal variation in light climate has been shown to have an influence on 

bivalve activity (Bennett, 1954; Hiscock, 1950). In the present study light 

intensity varied on a diurnal basis in much the same way as would be 

expected in natural conditions. Calculations based on data from Hamilton 

(1990) show typical midday illuminance at the bottom of Lake Tuakitoto of 

3 to 10 Jl E m-2 s-1. If light is a cue which facilitates the display of an 

activity rhythm in Hyridella menziesi then under the present experimental 

conditions such a rhythm should have been seen. 

Another possible factor influencing bivalve activity is oxygen availability. 

Salanki (1965) found that periods of quiescence could be induced in 

Anodonta cygnea by decreasing the dissolved 02 content to very low levels. 

Oxygen availability in the present study was, however, always high, being 

within 1 mg L -1 of saturation. 

It is widely accepted that temperature affects the filtration rate of 

lamellibranchs. Jorgensen et al. (1990) postulated that filtration rates in 

Mytilus edulis decrease with a reduction in temperature because of the 

associated increase in viscosity of the water. While temperature influences 

filtration rate, it has not been shown that it affects rhythmic activity. Rao 

(1954) showed that Mytilus edulis and Mytilus californianus show rhythmic 

activity over a wide range of temperatures (9 to 20° C). The diurnal 



Rhythmic activity ........................................................................... ( 4 7) 

variation in temperature in the experiments is likely to be similar to that in 

the lake. 

In conclusion, Hyridella menziesi did not display rhythmic activity either of 

valve movement or water filtration, but filtered for 93% of the time. 
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Section 1 Discussion 

The mean biomass of Hyridella menziesi in Lake Tuakitoto was 12.3 

g m-2. The mean filtration rate for a representative sample of this 

population was 1.91 L h-1 g-1 at 19-21 °C. At any given time it is estimated 

that 93% of this population will be undergoing filtration. It follows from 

these data that every m2 of mussels in the lake filters 21.9 litres of water 

per hour. If it is assumed that the lake has a mean depth of 70 em (which is 

a typical summer depth) then this equates to the filtration of a volume of 

water equal to that of Lake Tuakitoto every 32.0 hours. This equates to 

clearance rate of 0.29 ln units per day. Unless phytoplankton growth rates 

in nature exceed this figure then the populations will suffer continuous 

decline. Although algal growth rates in nature are extremely variable, they 

are quite frequently lower than this figure (Lehmann & Sandgren, 1985). 

At the very least, phytoplankton production will be strongly suppressed. 

Bivalves have been documented as controlling phytoplankton concentrations 

in previous studies. Cloem (1982) calculated that resident suspension 

feeding bivalves filter a volume of water equal to that of South San 

Francisco Bay at least once daily. He suggested that this grazing is the 

primary mechanism controlling phytoplankton biomass in autumn and 

summer. Peterson & Black ( 1987) showed that bivalve suspension feeders 

on a West Australian tidal flat deplete suspended foods in the course of an 

incoming tide. The findings of the present study support those of Cloem 

(1982) and Peterson & Black (1987). 

The filtration rate was estimated at 19 to 21 o C. These temperatures are 

reached in summer in Lake Tuakitoto, but winter temperatures can fall to 

4 ° C (D.P. Hamilton, pers. comm.). Bivalve filtration rate is a function of 
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temperature (Widdows, 1973; Schulte, 1975; Bayne et al., 1976; Jorgensen 

et al., 1984). Filtration rate increases with increasing temperature up to an 

optimum temperature, after which rate decreases drastically (Winter 1978). 

Nobes (1980) recorded a Q10 range of 1.1 at go C to 2.6 at 27.5° C for 

Hyridella menziesi. fu terms of the present study, the filtration rate of H. 

menziesi in Lake Tuakitoto at 4 o C would therefore be approximately 0.5 L 

hr-1 g-1 (if Q10 is assumed to be 2) and so the filtration time for a volume 

of water equal to that of Lake Tuakitoto would be approximately 120 hours. 

Phytoplankton growth rates in winter are likely to be comparatively low, so 

it is likely that mussel filtration is having a similar influence on 

phytoplankton biomass in winter as it is in summer, although this is an area 

that would benefit from future research. 

The data of section 1 strongly suggest that the mussel population of Lake 

Tuakitoto is having a substantial influence on the phytoplankton populations 

of this lake. fu an effort to confirm these findings, freshwater mussel 

populations were manipulated in situ. This will be the focus of Section 2. 
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5.1 Introduction 

It was shown in the laboratory studies of section 1 that the freshwater 

mussel population of Lake Tuakitoto is capable of filtering a volume of 

water equal to that of the lake every 32 hours at 19-21 °C. The results of 

this preliminary work strongly suggest that mussels may be having a 

substantial effect on phytoplankton populations in the lake. 

The objective of the present part of the study was to determine the influence 

of mussels on phytoplankton in situ in Lake Tuakitoto, using enclosures. 

Enclosures have been widely used since Strickland & Terhune (1961) used a 

20 foot diameter plastic bag to study marine photosynthesis. They have the 

advantages that the same water mass can be sampled over a prolonged 

period of time (Davies & Gamble, 1979), experimental treatments can be 

easily produced (e.g. Menzel & Case, 1977; Uehlinger & Bloesch, 1987; 

Chant & Cornett, 1988; Dodds & Castenholz, 1988; Daldorph & Thomas, 

1991) and treatments can easily be replicated (Takahashi et al., 1975). The 

main disadvantages are that natural water movement is diminished 

(Uehlinger et al., 1984) and "Aufwuchs" attached to the plastic walls can 

interfere with normal community dynamics (Uehlinger et al., 1984; 

Stephenson et al., 1984 ). 

Two potential enclosure designs are available for work in shallow lakes, 

open bottom and closed bottom. Open bottom are exposed to the sediments, 

closed bottom are isolated. Advantages of open bottom enclosures are that 

the sediment remains a part of the enclosed ecosystem, mussels are in their 

natural substratum and they are relatively easy to construct. Because of 
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these advantages, this type of enclosure was used in the first 2 experiments. 

Disadvantages of an open bottom system are that nutrients can be introduced 

from the sediment when setting up the experiment and there are large 

sources of chlorophyll fl and plant nutrients from wind disturbance of the 

sediments (Ogilvie, 1989; Hamilton, 1990). Because of these potential 

disadvantages, closed bottom enclosures were used in experiments 3, 4 and 

5 (see below). 

Further objectives were to determine if phytoplankton growth rates could 

be stimulated by the addition of inorganic nutrients and whether mussels 

could continue to suppress phytoplankton in the presence of added nutrients. 

5.2 Methods 

5.2.1 Enclosure design 

Experimental enclosures (Figure 5.1) consisted of a length of clear 

polyethylene tubing 150 Jlm thick and 80 em in diameter (Agpac Plastics, 

Christchurch). This was folded over a steel hoop (80 em diameter, 

constructed from an 8 em wide strip of 3 mm thick mild steel) at either end 

and attached using a stainless steel hose clip. The upper hoop was attached 

to 3 spherical polystyrene floats (25 em diameter), which kept the hoop 25 

em above the water surface. 

The lower hoop sank into the substratum. The entire enclosure was secured 

into position with 2 steel rods 3.5 m in length which were passed through 
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FIGURE 5.1: Design of experimental enclosures. Detailed description is 

given in the text. Bottom illustration is experiment 5 in situ. 
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lugs on the outside of both hoops and pushed in~o the substratum. 

Enclosures were designed by B.G. Ogilvie (1989). 

The length of plastic used varied, depending on the depth at the time of use. 

The mean lake depth during these experiments was approximately 70 em, 

which represents a volume of approximately 350 1 for each enclosure. 

Depth ranges and temperatures for each experiment are given in Table 5 .1. 

After the second experiment, the water in the enclosures was isolated from 

the substratum by attaching an extra sheet of polyethylene across the bottom 

hoop, in order to prevent chlorophyll £! and nutrients entering the water 

from the sediment. These enclosures were erected in the same way as those 

without the bottom sheet, except water was introduced through the top hoop 

by means of a plastic bucket which had been washed and rinsed in the same 

manner as were sample bottles. 
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5 .2.2 Experimental treatments 

Five enclosure experiments were undertaken. The starting date for each is 

given in table 5.1, treatments are summarised in Table 5 .2. 

TABLE 5.1: Starting date (1992), mean temperature CC) and mean depth 

(em) for each enclosure experiment. Figures in brackets are minimum and 

maximum values recorded. 

- ----- -----~------

Experiment Starting date Temperature inside Temperature outside Depth 

1 Jan 18 17.7 (15.1, 22.0) 17.7 (15.1, 22.0) 60 (56, 65) 

2 Mar 15 14.5 (10.1, 16.3) 14.6 (10.1, 16.4) 62 (54, 69) 

3 Sep 17 9.7 (6.0, 13.0) 9.8 (6.0, 13.0) 105. (85, 120) 

4 Oct14 13.2 (10.5, 16.1) 13.2 (10.5, 16.0) 88 (75, 100) 

5 Nov30 18.3 (16.0, 22.0) 18.3 (16.0, 22.0) 90 (83, 96) 

Experiments were run for up to 31 days. Phytoplankton and nutrient 

samples were taken at intervals of 1-4 days in the first half of each 

experiment, and on the final day. Periphyton samples were taken once 

every 6-8 days throughout experiments 3,4 and 5. 

Mussels were collected from near the experimental site immediately before 

each experiment. In experiments 1 and 2 all resident mussels were cleared 

from the experimental site before the enclosures were erected. The mean 

density of mussels observed in Lake Tuakitoto was 5.5 m-2 (Chapter 2). As 

each enclosure covers 0.5 m-2 of substratum, three mussels were used per 

enclosure as a natural population density. In treatments with enhanced 

mussel densities, 4-6 mussels were used per enclosure (Table 5.2). 
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TABLE 5.2: Summary of enclosure experiment treatments. 

Expt.l Number of Treatments Number of Isolated from Periphyton 

Enclosures Replicates Substratum? biomass 

measured? 

1 I 9 3 Mussels 3 No No 

4 Mussels 3 

No Mussels 3 

2 I 12 3 Mussels 4 No No 

4 Mussels 4 

No Mussels 4 

3 I 12 6 Mussels 3 Yes Yes 

6 Mussels+ Nutrients 3 

No Mussels+ Nutrients 3 

No Mussels 3 

4&51 16 6 Mussels 4 Yes Yes 

6 Mussels+ Nutrients 4 

No Mussels +Nutrients 4 

No Mussels 4 

Each enclosure was randomly assigned to a particular treatment using a 

computer program written in Microsoft Basic (see Appendix 2). 

5.2.3 Nutrient additions 

Two of the experimental treatments in experiments 3, 4 & 5 involved the 

addition of soluble nutrients in a form available for algal utilisation. 

Phosphate was added in the form of dissolved analytical grade potassium 

dihydrogen orthophosphate (KH2 P04). A volume was added which was 
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sufficient to raise P04-P concentration by 20 }.lg L-1. Nitrate was added in 

the form of dissolved analytical grade sodium nitrate (NaN03). Sufficient 

solution was added to raise N03-N concentration by 200 }.lg L-1. 

Nutrients were added on day 2 of experiment 3 and day 0 of experiments 4 

and 5. A 50 em length of garden hose was stoppered at one end and filled 

with nutrient solution at a concentration sufficient to give the desired 

increase. The hose was then lowered into the water column and given a 

sharp jerk to dislodge the stopper. By slowly raising the hose from the 

water, its contents were distributed uniformly through the water column 

(Goldman, 1962). 

As the volume contained in each enclosure could only be approximated, 

nutrient concentrations after additions were also approximations. Exact 

concentrations were, however, obtained from chemical analysis of samples 

taken about an hour after nutrient additions. 

5.2.4 Sampling 

Sampling containers (250 ml and 1 litre screw-top polyethylene bottles) 

were rinsed in distilled \Vater, machine washed for 1 minute in 5% acetic 

acid, machine washed for 15 minutes in pyrogenically negative cleaner 

(Labco International) and rinsed for a further 4 minutes in distilled water. 

All containers and sampling equipment were rinsed with lake water 3 times 

immediately before sampling. 

Depth-integrated water samples were taken by lowering a length of 25 mm 

diameter plastic pipe into the water and inserting a cork into the top end. 

The pipe was then lifted quickly out of the water and the cork was removed. 
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Water from the pipe was directed into the sampling container with a plastic 

funnel. 

Two 250 m1 samples were taken for chemical analysis together with a 1 L 

sample for chlorophyll a analysis. One of the 250 ml samples was filtered 

immediately through a Whatman GF/C glass microfibre filter. The filtrate 

was used for later analysis of ammonia-nitrogen (NH4-N), nitrate-nitrogen 

(N03-N), nitrite-nitrogen (N02-N) and dissolved reactive phosphorus 

(DRP). All samples were transported to the laboratory on ice in an 

insulated container. The 250 m1 samples were frozen, and analysed (see 

section 5.2.5.1) within 4 weeks. The 1litre chlorophyll a samples were 

filtered onto Whatman GF/C glass microfibre filters. The filters were 

wrapped in aluminium foil and frozen for at least 24 hours to lyse algal 

cells and were analysed for chlorophyll g_ within 14 days (see section 

5.2.5.2). 

Periphyton biomass was measured on strips of polyethylene ribbon. The 

strips were taped to the top ring of each enclosure at the beginning of the 

experiment and suspended in the enclosure. They were 3 em wide and 

about 50 em in length and were weighted at the bottom end with a pebble. 

On each periphyton sampling day one strip from each enclosure was cut at 

water level, placed in a small sealable plastic bag, wrapped in foil and 

placed on ice in an insulated container. On return to the laboratory they 

were frozen for 1 to 14 days, and chlorophyll g_ analyses were made (see 

section 5.2.5.2). 

Water temperature was measured within one enclosure and within the lake 

every sampling day using a "Zeal" N2 filled immersion thermometer. 

Water depth was also measured. 
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5.2.5 Chemical analyses 

5.2.5.1 Nitrogen and Phosphorus 

Samples were left to thaw overnight before analysis. N03-N, N02-N, 

NH4-N and DRP concentrations were determined using a ChemLab System 

4 AutoAnalyser (ChemLab Instruments, Essex, England). All reagents and 

stock standards were prepared in the manner described by the 

manufacturer. Working standards were prepared by diluting stock 

standards to appropriate concentrations for the samples being analysed. 

These concentrations were determined from previous experience with 

samples from the study site. 

Total nitrogen (TN) and total phosphorus (TP) were analysed in 

experiments 3, 4 and 5 in the same manner as N03-N and DRP 

respectively, after the samples had been oxidised using the method of 

Valderrama (1981). This involved placing 10 ml of sample and 5 ml of a 

potassium persulphate based oxidising solution (see Appendix 3) into a 25 

ml autoclave tube and sealing it with a polytetrafluoroethylene (PTFE) lined 

cap. Tubes were then autoclaved at 103 kPa for 40 minutes. These samples 

could be stored for up to 1 month before being analysed (Ebina et al., 

1983). 

5.2.5.2 Chlorophyll a 

Chlorophyll fl (Chl a) concentration was determined using a Shimadzu 

Model UV-120-01 spectrophotometer. Filters were allowed to thaw and 

were then homogenised with 30 ml of 90% ethanol using a pestle and 
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mortar. The resultant product was placed in a sealed container and left in a 

dark refrigerator ( 4 OC) for 24 hours to extract Chl a into solution. It was 

then filtered through a Whatman GF/C glass microfibre filter. Three sub

samples of 10 ml were take from the filtrate, each was placed in a 4 em 

light path cuvette, and its absorption was measured at 665 and 7 50 nm. 

Each sub-sample was then acidified with 20 Jll of 2.1 M HCl, agitated with a 

vortex mixer and left to stand for at least 3 minutes. Absorption was again 

measured at 665 and 7 50 nm. 

Chlorophyll .a concentration was determined using the following formula 

(Nusch 1980): 

Chl a= 7.4 [(665b-750b)- (665a-750a)] Vex I Vsp 

where 

Chl a =Chlorophyll .a concentration (Jlg L-1) 

665b = Absorption at 665 nm before acidification 

750b =Absorption at 750 nm before acidification 

665a = Absorption at 665 nm after acidification 

750a =Absorption at 750 nm after acidification 

Vex = Extract volume (ml) 

Vsp =Water sample volume (L) 

Each periphyton strip was allowed to thaw and was then immersed in 30 ml 

of 90% ethanol in a sealed container. After 24 hours in a dark ( 4 ° C) 

refrigerator, the strip was wiped into the solution, which was then filtered 

through a Whatman GF/C glass microfibre filter. Chl a concentration of 

the filtrate was measured spectrophotometrically as described above. The 



Enclosure experiments ...................................................................... (62) 

length of each plastic strip was measured, and Chl a values were calculated 

as J..Lg m-2 of plastic. 

5.2.6 Statistical analysis 

The results from each sampling day were analysed separately, using analysis 

of variance (ANOV A). For experiments 1 and 2, one-way ANOV A was 

used, followed by a Tukey's pairwise comparison. For experiments 3, 4 

and 5 two-way ANOV A was used. Apple® Macintosh™ "Minitab 8.2" was 

used for ANOV A calculations. 
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5.3 Results 

Each data point shown in the graphs of this chapter is a mean of at least 3 

values, as there were at least 3 enclosures for each experimental treatment. 

Mean standard errors ranged from 6 to 16.1 percent of means (Table 5.3). 

TABLE 5.3: Summary of standard error data for enclosure experiments. 

Standard errors were calculated as a percentage of their appropriate mean, 

these were similar for nutrient and chlorophyll .a analyses and so were 

pooled together for each experiment. Any mean values less than 5 J.Lg L -1 

or 5 J.lg m-2 were considered close to the limits of detection for the methods 

used and were therefore omitted from the calculations. 

Ex eriment Mean(%) Std Error(%) Count Minimum (%) Maximum (%) 

1 16.1 0.7 157 1 36.9 

2 9.2 0.6 123 0.3 34.7 

3 10.6 0.6 177 0 58 

4 6.0 0.6 79 0.6 33.8 

5 13.1 1.1 160 0 70.4 

A summary of statistical data for all significant findings is given in 

Appendix 4. The following are examples of statistical tables obtained from 

analysis: 

One-way ANOV A for Chi a (J.!g L -1 ). Sampling day 5. Experiment 1. 

SOURCE DF SS MS F 

TREATMENT 3 7593 2531 11.68 

ERROR 

TOTAL 

8 

11 

1733 

9326 

217 

p 

0.003** 
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The treatments were compared using a Tukey's two-way comparison (as 

follows). Comparison intervals which include zero show no significance 

for that pairing. 

Tukey's pairwise comparisons: 

3 Mussels 4 Mussels No Mussels 

4 Mussels -35.29 

41.69 

No Mussels -92.86 -96.06 

-15.87 -19.07 

Lake -31.39 -34.59 -22.97 

45.59 42.39 99.96 

Two-way ANOV A for Periphyton Chi a (J.tg m-2). Sampling day 8. Experiment 4 

Source DF SS MS F P 

Mussels 1 1017.61 1017.61 11.56 0.005** 

Nutrients 1 1169.64 1169.64 13.28 0.003** 

Mussels & Nutrients 1 133.40 133.40 1.51 0.242 

Error 12 1056.78 88.07 

Total 15 3377.44 

Sources of variation are given in the first column, DF is degrees of 

freedom, SS is sum of squares, MS are mean square values, F is the F-ratio 

and P is the probability of this result occurring by chance. 

Throughout this thesis significant observations in statistical analyses will be 

presented using the following notation: 

* 0.05> p >0.01 

** 0.01> p >0.001 

*** 0.001> p 
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5.3 .1 Effects of mussels on phytoplankton and periphyton 

During experiments 1 and 2, phytoplankton responded to mussel removal 

by reaching higher concentrations than in the control enclosures. In 

experiment 1 (Fig 5.2) Chl a was significantly higher on days 5* and 8** 

and was also substantially higher on day 13, though by day 27 this effect 

had disappeared. In experiment 2, Chl a concentration had become 

significantly*** higher in enclosures with no mussels on days 3 and 6 (Fig 

5.3 ). This effect was less persistent than in experiment 1, having 

disappeared by day 9. There was substantially less phytoplankton in 

enclosures with 4 mussels than in those with 3 throughout most of 

experiment 1 (Fig 5.2). 

The lower phytoplankton in enclosures with mussels was not accompanied 

by any increase in nutrients (see below). This led to the hypothesis that 

mussels, by suppressing phytoplankton, make more nutrients available to 

periphyton which therefore show increased growth on enclosure walls. 

This hypothesis was tested in experiments 3, 4 and 5. 

As with experiments 1 and 2, phytoplankton concentration was 

significantly* higher in the absence of mussels in experiment 3 on day 4. 

Conversely, there was significantly* less phytoplankton in these enclosures 

on days 8 and 12 (Fig 5.4). Periphyton growth rate was significantly*** 

higher in enclosures with mussels (Fig 5 .5). In terms of total biomass, 

periphyton biomass of 1000 J.lg m-2 Chl a is equivalent to a phytoplankton 

concentration of 5 J.lg L -1. It can be seen from Fig 5.5 that all Chl a was in 

phytoplankton at the beginning of the experiment, whereas by the final day 

about 33% was in periphyton, in the enclosures with mussels. 
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Experiment 4 was concluded on day 8 after subsequent heavy rainfall 

increased the lake depth by more than 80 em, flooding the enclosures. 

There were no significant differences in phytoplankton between 

experimental treatments in experiments 4 (Fig 5.6) and 5 (Fig 5.7) although 

analysis was complicated by concentrations being low. There was a 

significantly higher periphyton biomass in enclosures with mussels on the 

final sampling day of both experiment 4** (Fig 5.8) and experiment 5*** 

(Fig 5.9). Chlorophyll fl in periphyton moved from 0 to about 20% in · 

experiment 4 and from 0 to about 35% in experiment 5. 
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FIGURE 5.2: Phytoplankton chlorophyll f!. concentration during 

experiment 1 
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FIGURE 5.4: Phytoplankton chlorophyll ,a concentration during 

experiment 3. 
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FIGURE 5.6: Phytoplankton chlorophyll f! concentration during 

experiment 4 
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FIGURE 5.7: Phytoplankton chlorophyll f! concentration during 

experiment 5 
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FIGURE 5.8: Periphyton chlorophyll g_ concentration during experiment 4 
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FIGURE 5.9: Periphyton chlorophyll g_ concentration during experiment 5 
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5.3 .2 Effects of mussels on nutrients 

Although mussels suppressed phytoplankton biomass in experiments 1 and 

2, there was no consequent increase in DRP (Figs 5.10 and 5.11), N03 

(Figs 5.12 and 5.13), N02 (Figs 5.14 and 5.15) or NH4 (Figs 5.16 and 

5.17) in either of these experiments. Similarly, in experiments 3, 4 and 5 

enclosures with mussels showed no significant differences in TP (Figs 5.18, 

5.19 and 5.20), TN (Figs 5.21, 5.22 and 5.23), DRP (Figs 5.24, 5.25 and 

5.26), N03 (Figs 5.27, 5.28 and 5.29), N02 (Figs 5.30, 5.31 and 5.32) or 

NH4 (Figs 5.33, 5.34 and 5.35) concentrations compared with other 

treatments. 

5.3.3 Effects of nutrient additions 

In experiments 3, total phosphorus (Fig 5.18) and DRP (Fig 5.24) 

concentrations increased by about 20 J,lg L -1 after nutrient additions as 

expected, but, unaccountably, total nitrogen (Fig 5.21) and N03 (Fig 5.27) 

did not show the expected increase. Total phosphorus and dissolved 

reactive phosphorus concentration was approximately 20 Jlg L -1 higher in 

enclosures with added nutrients for experiment 4 (Figs 5.19 and 5 .25) and 5 

(Figs 5.20 and 5.26). Concentrations of both total nitrogen and nitrate 

increased by approximately 200 Jlg L -1 after nutrient additions in both 

experiment 4 (Figs 5.22 and 5.28) and experiment 5 (Figs 5.23 and 5.29). 

Unaccountably, nitrite concentration was higher in enclosures with added 

nutrients on the first sampling day of experiment 4 (Fig 5.31) and 5 (Fig 

5.32). 

Added nutrients had no significant effect on phytoplankton in either 

experiment 3 (Fig 5.4) or 4 (Fig 5.6) but periphyton biomass was 
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significantly higher in the presence of added nutrients on the final day of 

both experiment 3*** (Fig 5.5) and experiment 4** (Fig 5.8). 

Phytoplankton concentration was significantly higher in enclosures with 

added nutrients on days 3*** and 9** of experiment 5, and it was also 

substantially higher on day 6 (Fig 5.7). Periphyton in this experiment was 

not significantly different in enclosures with added nutrients compared to 

those without. 

5.3 .4 Effects of mussels on phytoplankton and periphyton in the presence of 

added nutrients 

There were no significant interaction effects of mussels and nutrients on 

phytoplankton in any of the experiments in which nutrients were added. 

There were, however, some interaction effects on periphyton. Enclosures 

with mussels and nutrients showed a greater periphyton biomass than those 

with neither or only one of these factors during experiment 3*** (Fig 5 .5). 

Periphyton biomass was also significantly** higher in enclosures with 

mussels and added nutrients than in those with neither or only one of these 

factors on the final day of experiment 4 (Fig 5.8). 

5.3.5 Nutrient trends in enclosures 

Total phosphorus concentration showed a decreasing trend during all three 

experiments in which it was monitored (Figs 5.18, 5.19 and 5.20). Total 

nitrogen showed an opposite trend, increasing in these experiments (Figs 

5.21, 5.22 and 5.23). In enclosures with added nutrients, nitrate and 

dissolved reactive phosphorus consistently showed large decreases in the 4 

days after they were added. 
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.. 
5.3 .6 Comparison between enclosures and the lake 

On the whole there was reasonably good agreement between nutrient 

concentrations in the lake and in enclosures. There was on occasion more 

variation in nutrient and phytoplankton chlorophy 11 ,a concentrations in the 

lake than in enclosures during these experiments (Figs 5.6, 5.20, 5.26 and 

5.34). Ammonium concentration was significantly lower in the lake than in 

enclosures on day 0*, day 1 ***, day 2 * and day 3 * ** of experiment 1, but 

was substantially lower throughout the rest of this experiment, except on 

days 13 and 27 where all treatments had very similar concentrations (Fig 

5.16). During experiment 4, DRP (Fig 5.25) and NH4 (Fig 5.34) 

concentrations showed opposite trends in the lake than in enclosures. Total 

phosphorus and DRP concentrations were substantially higher in the lake 

than in enclosures from day 6 of experiment 5. , 
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FIGURE 5.10: Dissolved reactive phosphorus concentration during 

experiment 1 
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FIGURE 5.11: Dissolved reactive phosphorus concentration during 

experiment 2 
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FIGURE 5.12: Nitrate concentration during experiment 1 
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FIGURE 5.13: Nitrate concentration during experiment 2 
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FIGURE 5.14: Nitrite concentration during experiment 1 
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FIGURE 5.15: Nitrite concentration during experiment 2 
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FIGURE 5.16: Ammonium concentration during experiment 1 
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FIGURE 5.17: Ammonium concentration during experiment 2 
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FIGURE 5.18: Total phosphorus concentration during experiment 3 
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FIGURE 5.19: Total phosphorus concentration during experiment 4 
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FIGURE 5.20: Total phosphorus concentration during experiment 5 
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FIGURE 5.21: Total nitrogen concentration during experiment 3 
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FIGURE 5.22: Total nitrogen concentration during experiment 4 
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FIGURE 5.23: Total nitrogen concentration during experiment 5 

1000 

900 

800 
.-. 
~ 700 
::i. 
'-" 

z 600 
~ 

500 

400 

300 
0 3 6 

SampiiZg day 

...- Mussels/No Nutrients 
--o-- Mussels/Nutrients 

• No Mussels/No Nutrients 
o-- No Mussels/Nutrients 
111-- Lake 

12 15 18 



Enclosure experiments ...................................................................... (81) 

FIGURE 5.24: Dissolved reactive phosphorus concentration during 

experiment 3 
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FIGURE 5.25: Dissolved reactive phosphorus concentration during 

experiment 4 
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FIGURE 5.26: Dissolved reactive phosphorus concentration during 

experiment 5 
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FIGURE 5.27: Nitrate concentration during experiment 3 
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FIGURE 5.28: Nitrate concentration during experiment 4 
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Figure 5.29: Nitrate concentration during experiment 5 
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FIGURE 5.30: Nitrite concentration during experiment 3 
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FIGURE 5.31: Nitrite concentration during experiment 4 
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FIGURE 5.32: Nitrite concentration during experiment 5 
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FIGURE 5.33: Ammonium concentration during experiment 3 

--- Mussels/No Nutrients 
--c-- Mus sels/N u trien ts 

301 • No Mussels/No Nutrients 
o-- No Mussels/Nutrients 
.-- Lake 

I 6... 
...-... 20 
~ 
::i. 
'-' 

~ 10 

o+-~--~~~--~~--~~~--~--~ 

0 4 8 s li12 da amp ng y 
16 20 24 



Enclosure experiments ...................................................................... (86) 

FIGURE 5.34: Ammonium concentration during experiment 4 
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FIGURE 5.35: Ammonium concentration during experiment 5 
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5.4 Discussion 

5.4.1 Effects of mussels on phytoplankton and periphyton 

In the two experiments with natural population densities in the natural 

substratum (experiments 1 and 2), enclosures with mussels had significantly 

lower phytoplankton concentrations than those without mussels. These 

results support the hypothesis proposed in Chapter 1, that phytoplankton 

biomass is limited by mussel filtration in Lake Tuakitoto. This effect was 

enhanced in experiment 1 and partially enhanced in experiment 2 by 

increasing the mussel density. There were high concentrations of inorganic 

nitrogen and phosphorus throughout both of these experiments. These 

results indicate that mussels, by means of filtration activity, can keep 

phytoplankton concentrations below potential levels. 

There have been few other studies demonstrating benthic filter feeding as a 

major force controlling phytoplankton in other systems. Officer et al. 

(1982) provided strong evidence that the phytoplankton of South San 

Francisco Bay are controlled by benthic filter feeders. Reeders & Bij de 

Vaate (1990) demonstrated that the mussel Dreissena polymorpha is not 

controlling phytoplankton in Lake Wolderwijd, The Netherlands, at present 

densities but suggest that it would if densities were artificially enhanced. 

Preliminary analyses by Macisaac et al. (1992) indicated that chlorophyll .a 
concentration is strongly depleted above Dreissena beds in western Lake 

Erie, but imply that the effect was very localised. 

The phytoplankton response to an absence of mussels described above was 

temporary, never lasting longer than 11 days. An hypothesis which 

explains this observation is that periphyton growing on the enclosure walls 
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dominate after this period, utilising nutrients and increasing in biomass at 

the expense of phytoplankton. There is evidence supporting this hypothesis 

in experiments 3, 4 and 5. Dissolved reactive phosphorus and nitrate both 

showed a general decline in concentration during these experiments, to very 

low concentrations on the final day. This occurred while periphyton 

chlorophyll _a moved from 0% initially to around 30% of total chlorophyll _a 

on the final days. Uehlinger et al. (1984) suggested a time limitation of 

approximately 2 weeks for enclosure experiments because after this period 

periphyton growths attached at the plastic walls will begin to interfere with 

results. The results of the present study support this suggestion, although 

experiments were continued for longer periods in order to ascertain the 

influence mussels have on periphyton growth. 

As freshwater mussels feed entirely on particles suspended in the water 

column, they are able to exert grazing pressure only on phytoplankton. 

They are unable to graze on periphyton which will therefore have a 

competitive advantage over phytoplanktonic species in systems where 

mussels are present. By reducing phytoplankton concentrations, mussels 

will make light conditions more suitable and more nutrients available for 

periphyton. This appeared to be the case in the present study. Final 

periphyton biomass was significantly higher in enclosures with mussels in 

all three experiments it1 which it was monitored. 

It remains to be answered if periphyton will have a dominance over 

phytoplankton in situ. A problem with enclosure experiments is that by 

introducing plastic walls, the substratum available for periphyton is 

dramatically increased. Because there was at least 3 times more habitat 

available for periphyton in experiments compared to the natural situation, 

the observed periphyton dominance could be an experimental artifact. 
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Inorganic nutrient concentrations in Lake Tuakitoto are constantly high 

(Hamilton 1990). If periphyton in situ are growing to potential biomasses 

then we would expect to see low concentrations of inorganic nutrients, as 

they are utilised by periphyton. The probable reason for a lack of 

periphyton dominance is low light penetration (3-10 J.!E m-2 s-1 at the 

bottom) because of high concentrations of humic matter (Hamilton, 1990). 

In a lake which has less humic matter than Lake Tuakitoto it would be 

reasonable to expect that periphyton growth would reach a greater biomass 

in the presence of mussels. 

In spite of the possibility that the observed periphyton growth could be an 

experimental artifact, it has been established that the filter feeding activity 

of mussels favours periphyton. It does not appear to have been 

demonstrated previously that mussels can mediate a shift of algal species 

composition from phytoplankton to periphyton. 

It was estimated in section 1 that the Hyridella menziesi population of Lake 

Tuakitoto is capable of filtering a volume of water equal to that of the lake 

every 32 hours. In view of this and the results of experiments 1 and 2 it is 

surprising that phytoplankton chlorophyll .a levels can ever reach 75 Jlg L-1 

in the lake, as was observed at the start of experiment 1. An hypothesis 

which could explain this is that in shallow, exposed lakes there are large 

short-term fluctuations of chlorophyll .a in response to sediment 

resuspension by wind. In Lake Waipori, a shallow South Island lake, the 

annual average total pigment (chlorophyll .a + phaeophytin) concentrations 

are 32% higher on windy days compared to calm days (Hamilton & 

Mitchell, 1988). Similar large intermittent peaks of chlorophyll .a 
concentration relating to wind have been recorded in Lake Tuakitoto (D.P. 
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Hamilton & S.F. Mitchell unpublished data). In experiments 3, 4 and 5 the 

enclosed waters were isolated from the sediment in order to remove 

changes in chlorophyll .9: and nutrient concentrations caused by sediment 

resuspension. The low chlorophyll .9: concentrations in these made it 

difficult to come to any firm conclusions about the effect of mussels on 

phytoplankton. These difficulties were compounded by the fact that mussels 

were not in their natural substratum but on polyethylene sheeting. 

5 .4.2 Effects of mussels on nutrients 

After mussels had caused a decrease in phytoplankton concentration in 

experiments 1 and 2, nutrient concentrations did not increase. This was 

probably because of periphyton utilising the nutrients, as was described 

above. There were no substantial differences in nutrient concentrations 

between treatments with mussels and treatments without. 

5 .4.3 Effects of nutrient additions 

An alternative hypothesis which was introduced in Chapter 1 was that much 

of the nutrients in Lake Tuakitoto are not available for algal utilisation 

because of humic material decreasing water acidity and making nutrients 

unavailable by binding to them. Phytoplankton did not respond to nutrient 

additions during experiments 3 and 4. Initial nutrient ·concentrations were 

high which tends to confirm that they were not limiting to phytoplankton, 

although it is possible that other trace elements necessary for phytoplankton 

growth were unavailable, or that added nutrients were bound by humic 

matter. In all 3 experiments with added nutrients periphyton biomass 

generally showed a positive response. This indicates that added nutrients 

were available for algal utilisation. This evidence and the periphyton 
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response to mussels strongly suggests that the inorganic nutrients are 

generally available for phytoplankton. It appears that phytoplankton 

growth is limited by mussel filtration and periphyton growth by light. It is 

unlikely that phytoplankton are limited by light as average illuminance in 

the water column is higher than for example, in Lake Ellesmere which has 

an annual mean chlorophyll g_ of 80 J..Lg L -1 (MCKinnon & Mitchell, in 

press). 

5.4.4 Nutrients in the enclosures and the lake 

Ammonium concentration in experiment 1 was initially higher in all 

enclosures than in the lake, but values converged during the course of the 

experiment (Fig 5.16). This illustrates one of the disadvantages of 

enclosures with an open bottom. It appears that in the process of installing 

the enclosures sediment was inadvertently mixed into the water column. 

Artificial disturbance of the sediment of Lake Tuakitoto can increase 

ammonium concentration by similar amounts (Ogilvie, 1989). 

In Lake Tuakitoto there are two main sources of nutrients. Inputs can 

originate from the catchment area or, as Hamilton (1990) and Ogilvie 

(1989) have illustrated, be resuspended from the sediment by wind. In 

enclosures which are isolated from the sediment, these effects are removed. 

All nutrients would be expected to have originated from the water column 

at the time the enclosures were erected (except for added nutrients). The 

progressive increases of total nitrogen in experiments 3 and 5 cannot easily 

be accounted for. In the present experiments there was usually less 

variation in nutrient concentration in the enclosures which were isolated 

from the sediment than in the lake and in the open-bottomed enclosures. 
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6.1 Potential of Hyridella menziesi for biomanipulation 

This study has shown that Hyridella menziesi in Lake Tuakitoto filters a 

volume of water equal to that of this lake once every 32 hours at 19-21 °C. 

Field experiments showed that these mussels can control phytoplankton 

concentration, and that this control can be enhanced by increasing mussel 

densities. This information suggests that this species has great potential as a 

biomanipulation tool. 

The approach for future research should involve biological and practical 

considerations with the aim of developing a model to predict the lakes for 

which biomanipulation of mussels will give the desired results. 

Biological considerations will include the examination of filtration rates as a 

function of mussel size, food concentration and temperature. The ability of 

mussels to remove filamentous blue-green algal species and mussel tolerance 

to salinity should also be investigated. 

Practical considerations include the substratum requirements of mussels. 

James (1985) recorded low densities in flocculent mud, while Grirnmond 

(1968) suggested that young Hyridella specimens are unable to establish in 

silty conditions. A survey of resident populations at sites throughout New 

Zealand would give information about the types of substratum in which 

Hyridella can become established. Such a survey could also be used to gain 

information on the availability of mussel populations, their age structure 

and their recruitment frequencies. 

A possible limitation of freshwater mussels as a biomanipulation tool is that 

in deeper lakes the clearance rates of these animals will be substantially 
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decreased. But, conversely, in shallow lakes mussels will have greater 

potential as a biomanipulation tool. This is an aspect is of particular value, 

as the majority of New Zealand lakes which show signs of eutrophication 

are less than 4 m deep (Mitchell, 1988). 

This study has bought to light the enormous potential of Hyridella menziesi 

as a biomanipulation tool. With the additional knowledge gained from the 

future work suggested above, there will be a good chance of this species 

being successfully applied as a means of reducing eutrophication in New 

Zealand. 
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Appendix 1 

Recipe for W. C. Medium (modified from Guillard & Lorenzen 1972). 

Salts Cone. (g ml:.l) mls per L of medium 

CaC12·2H20 0.0367 1 

MgS04·7H20 0.0369 1 

NaHC03 0.0126 1 

K2HP04 0.0087 1 

NaNo3 0.085 1 

Na2Si03·9H20 0.0212 1 

C6H307·H20 0.0335 0.1 

FeC6H503·5H20 0.0335 0.1 

Trace Metals 
Na2EDTA 0.0436 0.1 

CuS04·5H20 0.0001 0.1 

ZnS04·7H20 0.00022 0.1 

CoCl2·H20 0.0001 0.1 

MnC12·4H20 0.0018 0.1 

Na2Mo04·2H20 0.00006 0.1 

H3B03 0.01 0.1 

Vitamins 

Thiomine Hydrochloride 0.04 0.25 

Biotin 0.0002 0.25 

B12 0.0002 0.25 

Medium prepared in proportions as above, autoclaved at 103 kPa for 1 hour. Then left 

to stand for 3 days before use, with occasional mixing to dissolve precipitates. 
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Appendix 2 

Microsoft Basic program used in Chapter 5 for randomisation of enclosures used for 

experimentrutreatmen~. 

5 REM Shaun's program for randomising enclosure experimental treatments. 

10CLS 

12 INPUT"How many enclosures do you have?";n 

13 INPUT"How many treatments do you have?";t 

14 IF n/t< 3 THEN 580 

15 PRINT "Treatment","Enclosure" 

20CLEAR 

30 DIM SLOT(n,n) 

40 a=1:b=1 

50 v=INT(RND(1)*17) 

60GOSUB 500 

70 SLOT(a,b)=v 

75 PRINT a, SLOT(a,b) 

80 a=a+1 

90 IF a=n+ 1 THEN 120 

100GOT050 

120 a=1:b=b+1 

130 IF b=n+1 THEN END 

140GOT050 

500 REM Checking Subroutine 

510 c=1: d=1 

515 IF a=c AND b=d THEN 530 

520 IF SLOT( c,d)=v THEN 50 

530 c=c+1 

535 IF c= 5 THEN 550 

545GOT0520 

550 c=1: d=d+1 

560 IF d= 5 THEN RETURN 

570GOT0515 

5 80 PRINT "You have less than 3 replicates of at least 1 treatment, redesign 

experiment'':END 
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Appendix 3 

Recipe for oxidising solution used in total nitrogen and total phosphorus analyses. 

Modified from Valderrama (1981). 

50 g Potassium Peroxidisulphate 

30 g Boric Acid 

350 ml 1M Sodium Hydroxide 

Dissolve potassium peroxidisulphate and boric acid in sodium hydroxide and bring up 

to llitre with MilliQ water. Store in a brown bottle at room temperature and protect 

from direct light Under these conditions the solution will be stable for up to six 

months. 
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Appendix 4 

Summary of statistical analyses of enclosure experiments. 

Codes for Tukey's comparisons are as follows: 1=3 Mussel enclosures, 2 =4 Mussels, 

3=No Mussels, 4=samples from the lake itself. Comparison intervals which include 

zero show no significance for that pairing. Figures are rounded to 3 decimal places. 

Experiment 1 analysis of variance (ANOV A) statistics. 

One-way ANOV A for DRP (Jlg L -1 ). Day 0. 

SOURCE DF SS MS 

TREATMENT 3 291.4 97.1 

ERROR 

TOTAL 

8 

11 

173.1 

464.5 

Tukey's pairwise comparisons: 

1 2 

2 -9.199 

15.132 

3 -5.066 -8.032 

19.266 16.299 

4 0.968 -1.999 

25.299 22.332 

21.6 

3 

-6.132 

18.199 

F 

4.49 

p 

0.040* 
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One-way ANOV A for DRP (~g L -1 ). Day 4. 

SOURCE DF SS MS 

Treatment 3 163.9 54.6 

ERROR 8 83.0 10.4 

IDTAL 11 246.9 

Tukey's pairwise comparisons: 

1 2 3 

2 -11.025 

5.825 

3 -4.559 -1.959 

12.292 14.892 

4 -1.325 1.275 -5.192 

15.525 18.125 11.659 

One-way AN OVA for N03 (~g L-1 ). Day 8. 

SOURCE DF SS MS 

TREATMENT 3 106.29 35.43 

ERROR 8 49.19 6.15 

IDTAL 11 155.48 

Tukey's pairwise comparisons: 

1 2 3 

2 -10.219 

2.752 

3 -8.819 -5.086 

4.152 7.886 

4 -14.652 -10.919 -12.319 

-1.681 2.052 0.652 

F 

5.26 

F 

5.76 

p 

0.027* 

p 

0.021 * 
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One-way ANOV A for NH4 (J.Lg L -1 ). Day 0. 

SOURCE DF SS MS 

TREATMENT 3 3081 1027 

ERROR 8 1278 160 

1DTAL 11 4359 

Tukey's pairwise comparisons: 

1 2 3 

2 -28.46 

37.66 

3 -31.76 -36.36 

34.36 29.76 

4 5.71 1.11 4.41 

71.83 67.23 70.53 

One-way ANOV A for NH4 (J.Lg L -1 ). Day 1. 

SOURCE DF S S MS 

TREATMENT 3 3893.1 1297.7 

ERROR 

1DTAL 

8 

11 

169.4 

4062.5 

Tukey's pairwise comparisons: 

1 2 

2 -7.97 

16.10 

3 13.03 8.96 

37.10 33.04 

4 33.00 28.93 

57.07 53.00 

21.2 

3 

7.93 

32.00 

F 

6.43 

F 

61.27 

p 

0.016* 

p 

0.000*** 
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One-way ANOV A for NH4 (J1g L -1 ). Day 2. 

SOURCE DF SS MS 

TREATMENT 3 1387.4 462.5 

ERROR 8 530.0 66.3 

1DTAL 11 1917.4 

Tukey's pairwise comparisons: 

1 

2 -19.09 

23.49 

3 -16.42 

26.15 

4 5.58 

48.15 

2 

-18.62 

23.95 

3 

3.38 0.71 

45.95 43.29 

One-way ANOV A for NH4 (J.!g L-1 ). Day 3. 

SOURCE DF SS MS 

TREATMENT 3 1261.6 420.5 

ERROR 

TOTAL 
8 

11 

157.3 

1418.9 

Tukey's pairwise comparisons: 

2 

3 

4 

1 

-6.265 

16.932 

-10.599 

12.599 

13.735 

36.932 

2 

-15.932 

7.265 

8.401 

31.599 

3 

12.735 

35.932 

19.7 

F 

6.98 

F 

21.38 

p 

0.013* 

p 

0.000*** 
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One-way ANOVA for NH4 (J..tg L-1 ). Day 7. 

SOURCE DF SS MS 

TREATMENT 3 766.0 255.3 

ERROR 

TOTAL 

8 

11 

418.1 

1184.1 

Tukey's pairwise comparisons: 

1 2 

2 -17.91 

19.91 

3 -9.91 -10.91 

27.91 26.91 

4 1.03 0.03 

38.84 37.84 

52.3 

3 

-7.97 

29.84 

One-way ANOV A for Chl a (~g L -1 ). Day 5. 

SOURCE DF SS MS 

TREATMENT 3 7593 2531 

ERROR 8 1733 217 

1DTAL 11 9326 

Tukey's pairwise comparisons: 

1 2 3 

2 -35.29 

41.69 

3 -92.86 -96.06 

-15.87 -19.07 

4 -31.39 -34.59 22.97 

45.59 42.39 99.96 

F 

4.89 

F 

11.68 

p 

0.032* 

p 

0.003** 
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One-way ANOV A for Chi a (J.lg L -1 ). Day 8. 

SOURCE DF S S MS 

TREATMENT 3 4753 1584 

ERROR 8 1722 215 

TOTAL 11 6475 

Tukey's pairwise comparisons: 

1 2 3 

2 -29.64 

47.10 

3 -80.10 -88.84 

-3.36 -12.10 

4 -36.24 -44.97 5.50 

40.50 31.77 82.24 

One-way ANOVA for Chi a (J.lg L-1 ). Day 13. 

SOURCE DF S S MS 

TREATMENT 3 3988 1329 

ERROR 8 1143 143 

TOTAL 11 5131 

Tukey's pairwise comparisons: 

1 

2 -16.26 

46.26 

3 -39.26 

23.26 

4 8.61 

71.13 

2 

-54.26 

8.26 

3 

-6.39 16.61 

56.13 79.13 

F 

7.36 

F 

9.30 

p 

0.011 * 

p 

0.005** 
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Experiment 2 analysis of variance CANOY A) statistics. 

One-way ANOVA for N03 (J.lg L-1). Day 6. 

SOURCE DF SS MS 

TREATMENT 3 142.28 47.43 

ERROR 12 74.96 6.25 

TOTAL 15 217.24 

Tukey's pairwise comparisons: 

2 

3 

4 

1 

-5.023 

5.473 

-4.248 

6.248 

-11.673 

-1.177 

2 

-4.473 

6.023 

-11.898 

-1.402 

3 

-12.673 

-2.177 

One-way ANOVA for N03 (J..Lg L-1 ). Day 31. 

SOURCE DF S S MS 

TREATMENT 3 797.6 265.9 

ERROR 

TOTAL 

12 

15 

590.5 

1388.1 

Tukey's pairwise comparisons: 

2 

3 

4 

1 

-29.46 

0.01 

-32.11 

-2.64 

-31.11 

-1.64 

2 

-17.38 

12.08 

-16.38 

13.08 

3 

-13.73 

15.73 

49.2 

F 

7.59 

F 

5.40 

p 

0.004** 

p 

0.014* 
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One-way ANOV A for NH4 (~g L -1 ). Day 31. 

SOURCE DF S S MS 

TREATMENT 3 733.6 244.5 

ERROR 12 521.5 43.5 

TOTAL 15 1255.0 

Tukey's pairwise comparisons: 

1 2 3 

2 11.82 

15.87 

3 -27.09 -29.12 

0.59 -1.43 

4 -25.39 -27.42 -12.14 

2.29 0.27 15.54 

One-way ANOVA for Chi a (~g L-1). Day 3. 

SOURCE DF S S MS 

TREATMENT 3 615.00 205.00 

ERROR 12 33.22 2.77 

TOTAL 15 648.23 

Tukey's pairwise comparisons: 

1 2 3 

2 -3.294 

3.694 

3 -18.319 -18.519 

-11.331 -11.531 

4 -5.729 -5.929 9.096 

1.259 1.059 16.084 

F 

5.63 

F 

74.05 

p 

0.012* 

p 

0.000*** 
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One-way ANOVA for Chl a (Jlg L-1). Day 6. 

SOURCE DF SS MS 

TREATMENT 3 678.8 226.3 

ERROR 12 180.1 15.0 

TOTAL 15 858.9 

14.0 21.0 28.0 35.0 

Tukey's pairwise comparisons: 

1 2 3 

2 -5.761 

10.511 

3 -21.686 -24.061 

-5.414 -7.789 

4 -6.436 -8.811 7.114 

9.836 7.461 23.386 

F 

15.07 

p 

0.000*** 
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Experiment 3 analysis of variance CANOY A) statistics. 

Two-way ANOVA for DRP (Jlg L-1 ). Day 4. 

Source DF ss MS F p 

Mussels 1 20.541 20.541 9.49 0.015 

Nutrients 1 157.688 157.688 72.86 0.000*** 

Mussels & Nutrients 1 5.468 5.468 2.53 0.151 

Error 8 17.313 2.164 

Total 11 201.009 

Two-way ANOV A for N03 (Jlg L -1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 1610.1 1610.1 5.56 0.046** 

Nutrients 1 44.9 44.9 0.15 0.704 

Mussels & Nutrients 1 3.0 3.0 0.01 0.921 

Error 8 2317.1 289.6 

Total 11 3975.1 

Two-way ANOV A for Phytoplankton Chi a (Jlg L -1 ). Day 4. 

Source DF ss MS F p 

Mussels 1 50.430 50.430 5.77 0.043** 

Nutrients 1 1.203 1.203 0.14 0.720 

Mussels & Nutrients 1 0.013 0.013 0.00 0.970 

Error 8 69.940 8.742 

Total 11 121.587 

Two-way ANOV A for Phytoplankton Chi a (Jlg L-1 ). Day 8. 

Source DF ss MS F p 

1' Mussels 1 104.43 104.43 8.66 0.019** 

Nutrients 1 4.56 4.56 0.38 0.556 

Mussels & Nutrients 1 0.48 0.48 0.04 0.847 

Error 8 96.53 12.07 

Total 11 206.00 
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Two-way ANOV A for Phytoplankton Chi a (Jlg L -1 ). Day 12. 

Source DF ss MS F p 

Mussels 1 217.60 217.60 7.68 0.024* 

Nutrients 1 14.30 14.30 0.50 0.498 

Mussels & Nutrients 1 0.07 0.07 0.00 0.962 

Error 8 226.60 28.32 

Total 11 458.57 

Two-way ANOVA for Periphyton Chi a (Jlg m-2). 

Source DF ss MS F p 

Mussels 1 132910 132910 929.60 0.000*** 

Nutrients 1 3043 3043 21.29 0.000*** 

Mussels & Nutrients 1 11838 11838 82.80 0.000*** 

Error 8 1144 143 

Total 11 148935 
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Experiment 4 analysis of variance CANOY A) statistics. 

Two-way ANOVA for TP (J.lg L-1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 215.4 215.4 7.26 0.020* 

Nutrients 1 2811.7 2811.7 94.79 0.000*** 

Mussels & Nutrients 1 98.5 98.5 3.32 0.093 

Error 12 356.0 29.7 

Total 15 3481.5 

Two-way ANOV A for TP (J.lg L -1 ). Day 4. 

Source DF ss MS F p 

Mussels 1 202.35 202.35 8.04 0.015* 

Nutrients 1 1161.11 1161.11 46.13 0.000*** 

Mussels & Nutrients 1 498.41 498.41 19.80 0.001 

Error 12 302.05 25.17 

Total 15 2163.91 

Two-way ANOV A for TP (J.lg L-1 ). Day 8. 

Source DF ss MS F p 

Mussels 1 15.80 15.80 0.35 0.566 

Nutrients 1 1117.23 1117.23 24.58 0.000*** 

Mussels & Nutrients 1 1.05 1.05 0.02 0.882 

Error 12 545.54 45.46 

Total 15 1679.62 

Two-way ANOV A for TN (J.lg L-1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 4939 4939 53.49 0.000*** 

Nutrients 1 268402 268402 26.83 0.000*** 

Mussels & Nutrients 1 246 246 2.66 0.129 

Error 12 1108 92 

Total 15 274694 
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Two-way ANOV A for TN (~g L-1 ). Day 4. 

Source DF ss MS F p 

Mussels 1 3472 3472 34.23 0.000*** 

Nutrients 1 229034 229034 58.08 0.000*** 

Mussels & Nutrients 1 3891 3891 38.36 0.000*** 

Error 12 1217 101 

Total 15 237614 

Two-way ANOV A for TP (~g L -1 ). Day 8. 

Source DF ss MS F p 

Mussels 1 483 483 0.13 0.726 

Nutrients 1 97828 97828 26.12 0.000*** 

Mussels & Nutrients 1 1161 1161 0.31 0.588 

Error 12 44942 3745 

Total 15 144414 

Two-way ANOV A for DRP (~g L"' 1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 204.49 204.49 22.15 0.000*** 

Nutrients 1 1132.32 132.32 122.65 0.000*** 

Mussels & Nutrients 1 148.84 148.84 16.12 0.002** 

Error 12 110.78 9.23 

Total 15 1596.44 

Two-way ANOV A for N03 (~g L -1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 39 39 0.37 0.556 

Nutrients 1 97453 97453 921.94 0.000*** 

Mussels & Nutrients 1 1111 1111 10.51 0.007** 

Error 12 1268 106 

Total 15 99871 

Two-way ANOV A for N03 (~g L -1 ). Day 4. 

Source DF ss MS F p 

Mussels 1 0.0 0.0 0.00 0.983 

Nutrients 1 6480.2 6480.2 80.54 0.000*** 

Mussels & Nutrients 1 590.5 590.5 7.34 0.019* 

Error 12 965.6 80.5 

Total 15 8036.4 
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Two-way ANOV A for N02 (!-lg L -1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 135.7 135.7 15.63 0.002** 

Nutrients 1 4583.3 4583.3 527.85 0.000*** 

Mussels & Nutrients 1 135.7 135.7 15.63 0.002** 

Error 12 104.2 8.7 

Total 15 4958.9 

Two-way ANOV A for Periphyton Chl a (!-lg m-2). Day 8. 

Source DF ss MS F p 

Mussels 1 1017.61 1017.61 11.56 0.005** 

Nutrients 1 1169.64 1169.64 13.28 0.003** 

Mussels & Nutrients 1 133.40 133.40 1.51 0.242 

Error 12 1056.78 88.07 

Total 15 3377.44 
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Experiment 5 analysis of variance CANOY A) statistics. 

Two-way ANOV A for TP (J.lg L -1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 60.8 60.8 0.51 0.488 

Nutrients 1 829.4 829.4 6.98 0.021 * 

Mussels & Nutrients 1 244.9 244.9 2.06 0.177 

Error 12 1425.3 118.8 

Total 15 2560.5 

Two-way ANOVA for TN (J.lgL-1). Day 0. 

Source DF ss MS F p 

Mussels 1 372.5 372.5 0.47 0.508 

Nutrients 1 12927.7 12927.7 16.18 0.002** 

Mussels & Nutrients 1 655.4 655.4 0.82 0.383 

Error 12 9585.0 798.8 

Total 15 23540.6 

Two-way ANOV A for DRP (J.lg L -1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 0.53 0.53 0.06 0.816 

Nutrients 1 312.41 312.41 33.69 0.000*** 

Mussels & Nutrients 1 8.27 8.27 0.89 0.364 

Error 12 111.28 9.27 

Total 15 432.47 

Two-way ANOVA forDRP (J.lg L-1). Day 6. 

Source DF ss MS F p 

Mussels 1 132.83 132.83 11.48 0.005** 

Nutrients 1 21.39 21.39 1.85 0.199 

Mussels & Nutrients 1 34.52 34.52 2.98 0.110 

Error 12 138.85 11.57 

Total 15 327.58 
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Two-way ANOVA for DRP (Jlg L-1 ). Day 9. 

Source DF ss MS F p 

Mussels 1 96.040 96.040 15.42 0.002** 

Nutrients 1 37.822 37.822 6.07 0.030 

Mussels & Nutrients 1 0.422 0.422 0.07 0.799 

Error 12 74.755 6.230 

Total 15 209.040 

Two-way ANOVA for N03 (Jlg L-1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 587 587 0.30 0.596 

Nutrients 1 14502 14502 7.34 0.019* 

Mussels & Nutrients 1 16288 16288 8.24 0.014 

Error 12 23720 1977 

Total 15 55097 

Two-way ANOV A for N02 (Jlg L -1 ). Day 0. 

Source DF ss MS F p 

Mussels 1 12 12 0.02 0.882 

Nutrients 1 31528 31528 60.83 0.000*** 

Mussels & Nutrients 1 12 12 0.02 0.883 

Error 12 6220 518 

Total 15 37772 

Two-way ANOVA for N02 (Jlg L-1 ). Day 3. 

Source DF ss MS F p 

Mussels 1 153.8 153.8 0.97 0.344 

Nutrients 1 1053.0 1053.0 6.66 0.024** 

Mussels & Nutrients 1 174.2 174.2 1.10 0.315 

Error 12 1898.2 158.2 

Total 15 3279.2 
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Two-way ANOV A for Phytoplankton Chi a (J.Lg L-1 ). Day 3. 

Source DF SS MS F 

Mussels 1 0.1406 0.1406 0.38 

Nutrients 1 22.8006 22.8006 62.36 

Mussels & Nutrients 1 0.0506 0.0506 0.14 

Error 

Total 

12 

15 

4.3875 

27.3794 

0.3656 

Two-way ANOVA for Phytoplankton Chi a (J.Lg L-1 ). Day 9. 

Source DF SS MS F 

Mussels 1 0.0756 0.0756 0.12 

Nutrients 1 7.4256 7.4256 12.07 

Mussels & Nutrients 1 0.5256 0.5256 0.85 

Error 12 7.3825 0.6152 

Total 15 15.4094 

Two-way ANOV A for Periphyton Chi a (J.Lg m-2). Day 18. 

Source DF S S MS F 

Mussels 1 1407960 1407960 25.39 

Nutrients 1 37685 37685 0.68 

Mussels & Nutrients 1 113014 113014 2.04 

Error 12 665343 55445 

Total 15 2224002 

p 

0.547 

0.000*** 

0.716 

p 

0.732 

0.005** 

0.374 

p 

0.000*** 

0.426 

0.179 
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