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Frontispiece. Multiyear fouling on a pearl net at Thimble Bay Farm, Charles Arm,
Notre Dame Bay, Newfoundland,



ABSTRACT

This study ined the devel of bi ing on pearl nets used for culture

of the llop (Pl llanicus) in Charles Arm, Notre Dame Bay,
Newfoundland over a two year period, May 1998 until July 2000. The site showed
salinities of approximately 30 ISU and surface seasonal temperature fluctuation between
—1.5C and 20C. The greatest part of the fouling biomass consisted of macroalgae :

Chlorophyta (10 species), Phaeophyta (24 species), Rhodophyta (19 species), together

with Cyanobacteria (33 species) and two species of tube dwelling diatoms. All the
species recorded were common members of the local benthic flora. Fouling biomass was
measured on nets placed at two, and four metre depths. Rapid colonization occurred with
growth initially faster at the shallow depth, but after the first year biomass stabilized at
approximately 1 kg per net wet weight, with no significant differences between depths.
The fouling community was analyzed using two multivariate techniques, Detrended
Correspondence Analysis (DECORANA) and Two-Way Indicator Species Analysis
(TWINSPAN). The first year’s growth showed considerable floristic changes as the algal
fouling developed, with samples from the latter part of'the year showing considerable
differences from the late spring and early summer. After one years growth few floristic
changes were noted. There was no obvious difference in the algal communities between
the two depths.

Two algal grazers, the periwinkle, Littorina littorea and the green sea urchin

0 s T

trongy, iensis were i i d as potential bi ing control

organisms. Two experiments were conducted, one in the summer months and one over

winter. The pearl nets with the urchin treatment showed no significant decrease in

iii



fouling, while the periwinkle treatments significantly reduced fouling in the summer.
DECORANA and TWINSPAN analysis showed no differences in algal community
structure between the experiments and controls, showing that grazing was not species
preferential.

During the course of this study there was a large, and as yet still unexplained, die-
off of the cultured scallops at the site, which confounded attempts to determine if the
inclusion of algal grazers in the nets affected growth and survival of the scallops. These
preliminary studies, however, showed no differences in the growth rate of the scallops
with depth, or treatment with snails or urchins. Survival of the scallops was, however,

ly d by the snail in both experiments including enhanced

survival in the summer experiment, when scallop loss was greatest.
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INTRODUCTION

The number of marine plants and animals that have been recorded as fouling
organisms ranges from 2000 to 4000 and occurs as a result of the settlement and growth
of sedentary and semi-sedentary organisms on artificial structures placed in water (Crisp
1974). Marine fouling communities include a variety of microorganisms such as bacterial

slimes, mi gae, gae and i tebrates. The larger species, particularly

those with calcareous bodies as well as the seaweeds provide habitats and food for other
associated organisms (Osman & Whitlatch 1995). The serious economic consequences of

algae in marine biofouling, and the constant search to prevent it or minimize its effects,

have chall d anti-fouling ists for as long as the oceans have been in use to
mankind (Benson et al. 1973).

Fouling is thus a major problem for marine submerged surfaces, and aquaculture
equipment is no exception, with floating cage culture, using nets and suspended nets in
the water column, being particularly vulnerable (Porter 1981, Dubost ef al. 1996, Hall
1996). Multi-filament netting material favored by the industry is an ideal substrate for

bollfich & 1

fouling. It is non-toxic, ially as used in

P has a high surface to
volume ratio, and rough surfaces that may entrap propagules and protect developing
organisms. In addition, the fouling of aquaculture enclosures by algae will be enhanced
by the nutrients from excretion and production of fecal material. Finfish farms are also
nutrient enriched from feed wastage (Hodson et al. 1997).

One problem iated with biofc on Iture nets is physical loading,

which is especially important when materials are removed from the water for

examination and harvest. The algal fouling of aquaculture nets contributes to the fatigue



and failure of immersed topside equipment that may lead to the escape/loss of shellfish.
However, the most important aspect is the restriction of the flow of water through netting,
and consequently, the reduction in the supply of dissolved oxygen, plankton as food for
shellfish, and the potential build up of waste products. Hence fouling is an important
growth limiting factor in suspension culture of many bivalves (Lee et al. 1983, Mallet &
Carver 1991, Coté et al. 1993, 1994, Claereboudt ef al. 1994, Hodson & Burke 1994,
Hodson et al. 1997, Devaraj & Parsons 1997, Grecian et al. 2000). Filter feeding fouling
species may compete for food with the scallops (Mook 1981, Lesser et al. 1992, Coté et
al. 1993), while some algae have the potential for producing toxins, which may affect
scallops (Shumway & Cembella 1993).

This study was undertaken at Thimble Bay Farms, Charles Arm, Notre Dame

Bay, N d; this is an established blue mussel farm (Mytillus edulis L.), owned
and operated by Terry Mills, which was in the process of moving into sea scallop

(Pl llanicus Gmelin) I At the time of this study Thimble Bay

e

Farms was one of two ial farms in N d undertaking the aquaculture
of sea scallops, the other was Shell Fresh Farms Ltd., located at Pool’s Cove (47° 42' N,
55°25' W) at the head of Fortune Bay, on the south coast of Newfoundland. A study by

Grecian e al. (2000) at Shell Fresh Farms included of fouling bi and its

affects on scallop growth and mortality.

Placopecten magellanicus is a sub-tidal benthic suspension feeder ingesting a

supply of seston that includes small lank phytoplankton, algal p; les, spores
and detritus (Shumway et al. 1987). Growth and survival can vary from site to site, and

from year to year, and some individuals are known to live up to 20 years (MacDonald &



Th 1988). The envi | factors affecting mortality and growth rates in

scallop culture are p such as food availability, salinity

and fouling (Claereboudt ef al. 1994, MacDonald & Thompson 1985a,b, Grecian er al.
2000). In culture, however, other activities carried out by the grower may also affect
growth and survival, including size at grow out, depth of deployment, culture method,
mesh size, type of gear and time of deployment (Dadswell & Parsons 1991, 1992,
Parsons & Dadswell 1992, Couturier et al. 1995, Grecian ef al. 2000). Commercial sized
scallops (~80 mm) are normally reached between three and five years of age (Black et al.

1993). It takes four years of growth to reach commercial size in Charles Arm (Mills pers.

1 o

com.). This is ample time for the d of extensive bi ling on pearl nets.

A preliminary survey of the study site, as well as information from the owner and
workers, determined that the principal fouling organisms at the Charles Arm site were

| Over time, op have come to recognize seasonal changes in fouling,

&

which are generally categorized in three phases. An initial early spring growth often
referred to as “slub”, which consists of diatoms and small filamentous algae, together
with a catch of laravacean houses in more open waters .(Taggart & Frank 1987). The late
spring growth of “brown hair grass™ is primarily of ect(;carpalean filamentous algae,
followed by a fall growth of “red weed”, collectively, but often erroneously, identified as
“Polysiphonia”. In New Brunswick, farmers have also indicated similar patterns of
fouling have occurred usually at the same time each year (Hall 1996). These
observations by farm operators are a source of operationally relevant fouling data i.e.
traditional ecological knowledge, which is a valuable starting point for studies such as

this one.



While copper based antifoulants are still available to finfish farmers, shellfish
growers have always had to rely on physical methods to manage fouling. This is due to
the sensitivity of bivalves to heavy metals as well as the potential for their accumulation
in such filter feeders (Enright er al. 1983, 1993). Furthermore, antifouling treatments that
use metal-based toxins are ineffective against masses of drifting algae that become
entangled in netting (Finlay & Callow 1996). Even when their use is appropriate,

antifoulants have a limited life span, and treated are y ized by a

variety of micro- and macro-organisms (Hodson & Burke 1994, Hodson et al. 1997).

Depending on the type of facility, immersed nets are changed at regular intervals,
monthly in salmon farms (Hall 1996) and, ideally, yearly at Thimble Bay Farms,
although cost and other operational concerns frequently lead to longer immersion times
(Mills pers. com.). Net changing incurs a major cost to the industry, necessitating the
purchase of a large number of nets and the need for skilled net-changing/cleaning
personnel. The handling and cleaning procedures are labour and capital-intensive and
may cause damage to the type of net in use as well as to the farmed organisms (Dadswell
& Parsons 1991, Parsons & Dadswell 1992).

The cost of control of biofouling is thus substa;nia], and in the USA in 1980 it
was estimated that the total cost of all biofouling ranged from US$1.8 - 2.9 billion
(Knox-Holmes 1993). In New Brunswick, Canada, in 1988, the costs of mechanical
cleaning of net fouling on a 20-cage salmon farm were CAN$38,000 (Hall 1996). While
at the Thimble Bay Farm, the operator, Terry Mills reported in 1996-1997 that the cost to
change and clean pearl nets in one year was estimated at CANS$ 20,000. Therefore, the

fouling related costs over a four year time period to bring approximately one million



scallops to a marketable size at Thimble Bay Farms would be CAN$80,000. The data
obtained in this study suggest this would involve the removal of more than 100,000 kg
wet weight of biofouling.

In the Atlantic Provinces of Canada, a small number of macroalgae have been

1 H

d as fouling i They are of the epilithic and epiphytic
communities occurring in the vicinity of the sampling sites (Whittick er al. 1982, Hall
1996). This is not surprising given the numbers of macroalgae in the flora of the area
that are reported as growing epiphytically and which should be equally adapted to grow
on artificial substrates (South & Hooper 1980, Sears 1998).

The process of algal biofouling has been extensively studied on a number of
substrates and initially depends on the formation of bacterial biofilms, followed by

development of diatoms and other microalgae (Kawamura ef al. 1988, Hodson & Burke

1994, Scott et al. 1996). One of the features of microalgal ity devel

particularly by diatoms, is the production of polymeric sut (EPS) in
the form of stalks, tubes, and adhering films (Callow 1993). Macroalgal fouling may
follow and it is this component that is the focus of this study. Initial development

(
involves the settlement of propagules, such as spores, gametes and other vegetative

structures, which may be ent d by the initial p of mi Igal EPS. Settling

dial 1
gal prop

also produce T EPS, which p dhesion until the
growth of attachment organs such as basal rhizoids or other holdfast organs (Fletcher &
Callow 1992, Callow 1993). While spores and gametes will contribute to fouling

deve vegetative p ion by fr of fil algae is also

undoubtedly important. Nets may also catch vegetative algal fragments found in the



water column, but development of such entrapped fouling requires the production of
attachment organs, these may be heterotrichous bases, rhizoids, or specialized horizontal
stolons (Fletcher & Callow 1992). Coastal waters, with their rich seaweed flora, are a

major source of algal fi with the p ial of forming 1 structures after

recruitment on the net surfaces (Santelices 1990). Several species of algae in

Newfoundland waters are known to propagate by vegetative fr: ion e.g.

Callithamnion corymbosum (Whittick 1978). Other fouling species e.g. Enteromorpha

q

spp. and Ectocarpus spp. are rep: to propagate by fi: ion due to

activities on ships hulls Fletcher & Callow (1992) and on aquaculture nets (Hodson er al.

1997). High-p water cleaning of equi used at Thimble Bay Farms may

di 1

therefore contribute in p ing vegetative Nets may also become self-

infecting as hydrodynamic loading will lead to break away of algal filaments capable of
recruitment on other nets (Denny 1988).

However, while such vegetative propagation with, or without human aid, is
undoubtedly present, fouling is also likely to be derived from spores and gametes
released in to the water from the normal flora of Charles Arm and surrounding waters.

d show iderabl | of growth and

Benthic algae in N

p ion, thus providing spores for | settl (South & Hooper 1980,
Hooper et al. 1980 and Whittick et al. 1989). The fouling development would therefore
be controlled by the availability of propagules and its growth to be similar to that shown
in the epiphytic and epibenthic population.

While the propagules for colonization of the nets will come from the local algae it

would seem unlikely that similar algal communities to those found on the local benthos



would develop. The nets are not a solid substrate as is the benthos, they are relatively
small and flexible, above all they are isolated from the benthos, and any organisms that
cannot attach firmly, will be unlikely to successfully maintain themselves on the nets.
Suspension within the water column should, however, enhance the growth of fouling
algae in reducing predation by benthic invertebrate grazers. Two such predators known to
control the development of algal communities in the northwestern Atlantic are intertidal
littorinids such as Littorina littorea (Lubchenco 1978, McQuaid 1996) and the subtidal
green sea urchin Strongylocentrotus droebachiensis (Himmelman and Steele 1971, Breen
& Mann 1976).

Littorina littorea is an omnivorous grazer with a radula that enables foraging in a
range of habitats and feeding on a wide variety food resources, including both
microscopic and macroscopic algae; it is thus a versatile opportunistic herbivore (Norton
et al. 1990, McQuaid 1996). Littorinids may be selective feeders, preferring certain
species of algae to others (Norton et al. 1990, McQuaid 1996). L. littorea consumes
ephemeral green algae such as Ulva lactuca and Enteromorpha intestinalis in preference
to more robust species, such as coralline algae and larger brown seaweeds (McQuaid
1996). However, there is evidence that sporelings and j‘uveniles (<3cm) of larger
seaweeds, such as fucoids, are more susceptible to grazing by L. littorea than the adult
plants due to the lower levels of phenolics and other herbivore deterrent compounds
(Norton et al. 1990, McQuaid 1996). Littorina littorea would thus seem to be an ideal
agent to control algal fouling on pearl nets.

Another well studied algal predator, which greatly influences the structure of

shallow water marine communities in the North Atlantic, is the green sea urchin



Strongylocentrotus droebachiensis (Himmelman & Steele, 1971, Breen & Mann 1976,
Himmelman 1984, Himmelman & Nédélec 1990). Studies by Breen and Mann (1976) in
Nova Scotia and by Himmelman (1984), and by Keats ef al. (1990) in Newfoundland
have shown that when urchins are removed from the inshore benthos, algae rapidly come
to dominate the community. Both species are locally abundant at the Charles Arm site

and thus their use would not create p ial inati bl which might be

associated with their importation from other sites.

Biological control is the utilization of other species to control the abundance of
undesirable organisms and several experiments relating to aquaculture problems have
been undertaken (Enright et al. 1983, Hidu et al. 1981, Newkirk et al. 1995). Enright e
al. (1983) showed Littorina littorea to be an effective biological control agent for
reducing algal fouling on juvenile European oysters (Ostrea edulis L.). A density of 200
Littorina /m® of 1 mm. mesh screens. Periodical visual inspections showed that the
Littorina kept the mesh cleaner than those obtained with a weekly manual scrubbing of
the screen (Enright ef al. 1983). Enright er al. (1993) added hermit crabs as well as
Littorina to control invertebrate and algal fouling on lar:lem net culture of Ostrea edulis.
The major algal fouling organisms were Ectocarpus (90%), Enteromorpha (3%), Ulva
(1%). The crabs were small enough to feed on the settling invertebrates, but too small to
feed on the oysters. With the addition of the Littorina to the oyster trays, the oysters
showed a 30% increase in growth rate when compared to a control. The growth of the
oysters reared in the lantern nets with hermit crabs for twelve months was 10-60% greater

than oysters reared in a control with out the hermit crabs.



In the present study fouling development has been followed on pearl nets over a
two year period, both quantitatively to determine biomass development, and qualitatively
to determine which species contributed to the fouling biomass, and whether these
changed seasonally. In addition to providing baseline information on the nature and

seasonality of the fouling development it was hoped that this study would provide

information which might be incorporated into fc net changing and/or

strategies.

In addition to the fouling development studies, experiments were undertaken to
determine the efficacy of the use of snails (L. littorea) and urchins (S. droebachiensis) to
reduce fouling, and to determine if these treatments had any affect on scallop growth and
mortality. However, a confounding problem that occurred during this study was the still
unexplained mass die off of scallops in Charles Arm, in 1998. This also occurred at the
Shell Fresh Farm site in 1999(Mills pers. com.). The loss of over two million scallops
caused the operator of Thimble Bay Farms to abandon scallop aquaculture and to expand

the core mussel farming operation.



MATERIALS AND METHODS

Study site

This study was conducted between June 1998 and July 2000. The experimental
site was a commercial shellfish farm (Thimble Bay Farms, owned and operated by Terry
Mills). Thus the sampling protocols and experiments were designed and implemented
around its day-to-day operations, which were primarily to produce blue mussels
(Mytillus edulis), together with a diversification into the production of scallops
(Placopecten magellanicus).

The farm is located in Charles Arm (49" 21.7' N 55'17.2' W), which is a semi-
enclosed, inlet of Notre Dame Bay, on the northeastern coast of Newfoundland, Canada,
(Figure 1). It is a small (69 hectares) shallow, calm, and partially muddy inlet 3.1 km in
length; it averages approximately 100m in width and is 50m wide at its narrowest. The
maximum depth is 14 m and the water volume at low tide is 3.7 x 10° m’® (Mills
pers.com.). Mudflats border the east side of the inner arm and the basin’s bottom is
covered with fine silt. Freshwater input is from several streams and there are also
submarine springs in the experimental area (Mills pers. com.). Previous dye testing
showed a counter clockwise movement of surface water in the arm. The site begins to
freeze over in late December producing a maximum ice depth of approximately 1m, the

ice usually melts by the end of April and the site is usually free from arctic and pack ice.

Environmental data
Temperature and salinity were recorded using a Seabird SBE 25-03 Sea logger
CTD at approximately monthly intervals, but with more limited measurements when the

site was ice covered; the sampling dates are shown in Figures 5 and 6. Continuous

1 were also ded using a VEMCO 8-bit Minilog-TR
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Figure 1. Sample site in Charles Arm, Notre Dame Bay, Newfoundland
(49°21.7'N 55° 17.2'W).



thermograph set at 2m for the years 1998-2000.

The study substrate — pearl nets

The study substrates were side loading pyramidal pearl nets (Figures 2a and 2b),
i.e. with four triangular sides and 33cm on the base side, with a height of 33cm giving a
total surface area of ca 0.325 m’; the mesh size was 6mm. It proved impossible to
remove all the fouling, with any degree of consistency from these nets, therefore, fouling
biomass was estimated from wet weights of fouled nets minus the wet weight of an
unfouled net.

Pearl nets were weighed with an Acculab V-1200g top pan balance to a precision
of 0.1g. The average wet weight of clean nets was calculated by soaking the nets in
seawater, shaking off the excess water and then allowed to drain for one minute prior to
weighing. No facilities were available at the Charles Arm site to obtain dry weight
measurements of fouling biomass. However, some fouled pearl nets were air dried in
order to provide data for comparison with other studies, where dry weight measurements
of fouling organisms are given. Thirty-six fouled pearl nets were air dried to constant
weight under sunny, windy and low humidity conditions at 25C.

Drops

At Thimble Bay Farms, the nets were attached together in a line of eight and
suspended in a drop so that the upper net was at a depth of 2m and the lower at
approximately 4m. For this study the two sample depths chosen were top and bottom nets
i.e. shallow as at 2m and deep at 4m (Figures 2b and 3). The normal protocol for Thimble
Bay Farms was to place 25 scallops (Year class of two, ~50-60 mm in length, Figure 4)

in each pearl net and this procedure was followed for all nets examined in this study.



(A) ®)

Figure 2. (a) A pearl net. (b) A single drop of eight pearl nets in a vertical row.



Each drop was suspended from a horizontal long line. In total there were 60
drops making a total of 120 sampled nets, 60 shallow and 60 deep. Thirty-six drops, with
72 sampled nets, 36 at 2m and 36 at 4m depths, were used to study seasonal growth of
fouling biomass and also served as controls for the grazing experiments. Twelve of these
36 drops (August 1998) and (May 1999) were also used as controls for the grazing
experiments. Twelve drops (24 nets in total, 12 at 2m and 12 at 4m) were used to
examine the effects of grazing of Littorina littorea (snails) and 12 drops to examine the
effects of grazing of Strongylocentrotus droebachiensis (urchins). The sequence of the

arrangement of these experimental and control drops is shown in Figure 3.

Sampling dates
The experiment was conducted from April 1998 to July 2000. The fouling
experiment was divided into six single study periods throughout the two-year period.

1. April 20™ 1998. One hundred and twenty clean nets placed in water.

2. June 30™ 1998. Twelve nets removed for fouling measurement and analysis. First
grazing experiment of twelve snail and twelve urchin treatments begun by adding
snails and urchins to fouled nets, which were in-the water since April 20",

3. August 26" 1998. Thirty-six nets removed. Including twelve for fouling
measurement and analysis, which were also used as controls for the first grazing
experiment. The first grazing experiment was terminated with the removal of the
twelve urchins and twelve snail treatments.

4. November 4" 1998. Twelve nets removed for fouling measurement and analysis.
Second grazing experiment begun with twelve snail and urchin treatments. Snails
and urchins for experiment 2 were added to bags, which had been in the water

since April 20" and were already fouled.
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Each drop is a treatment, U = urchin (Strongyl i ), C =no
grazers, and S = snail (Littorina littorea).




5. May 20™ 1999. Second grazing experiment terminated. Sampling identical to
August 26" 1998.

6. July 19" 1999. Twelve nets d for fouling and analysis.

7. July 27" 2000. Twelve nets d for fouling and analysis.

Sampling for fouling biomass

On removal from the water the nets were opened and the scallops, and grazers where
appropriate, were removed and weighed as described above. The weight of the fouling
was calculated by subtracting the mean wet weight of a fouled pearl net from that of a

wet clean pearl net. Each net was photographed to provide a permanent record.

p for fouling
Forceps were used to remove the fouling from three areas of each of the triangular
sides of the pearl net. The bottom was usually free of fouling and was not sampled. The
fouling samples were placed in vials, labeled with date, depth, and grazing treatment
where applicable, and preserved in 4% formalin in seawater buffered with TRIS (Sigma-
Aldrich, St Louis, Mo). Eosin was added as a marker to show that formalin had been
added and the samples were stored at 5C until analysis. For laboratory examination, the

contents of the vial were placed in Petri dishes and examined and sorted using a Olympus

SZA40 stereomicroscope. Further detailed examinations of specimens were made using an

Olympus BH-2 d mi Preliminary ination confirmed that the

fouling organisms were principally algae and C b ia. With the ption of

occasional hydroids, bryozoans, sponges, tubeworms and mussel spat there were few
invertebrates.

Algal specimens belonging to the divisions Chlorophyta, Phaeophyta and

Rhodophyta were identified using available keys and Floras, Taylor (1957), South &



Hooper (1980), Bird & McLachlan (1992) and Sears (1998). Nomenclature and
authorities follow Sears (1998). There are no reliable keys for the Cyanobacteria of the
region and these were identified to morphological form using the keys and illustrations of
Humm and Wicks (1980). It is realized that such names may not identify valid biological
species. The colonial diatoms of the region were identified using the keys of Lobban
(1984).

In order to obtain a quantitative weighting for the fouling rather than just presence
and absence data, estimates were made of the abundance of each species in each sample
vial. Based on abundance each species was placed in one of five categories.

(1) Present <1%,

(2) 1-10%,

(3) 10-30%,

(4) 30-60%.

(5) >60%.

For the TWINSPAN (Two-way Indicator Species Analysis) and DECORANA

(D ded Cor d Analysis) proced species weighting was achieved by
multiplying the percentage obtained from each sample by the total weight of the fouling

on the sampled net. These were then scaled to percentage by taking the heaviest net and

pressing all values as a p ge of this, thus ensuring that the maximum value could
be 100%. After identification all samples were returned to their vials and deposited as
voucher specimens in the Memorial University of Newfoundland algal herbarium

(MUN).



Data analysis

Univariate analysis was undertaken using the Minitab Version 12 using various
ANOVA models (see results) to test the effects of time, depth and grazers on fouling
biomass. These data as means and 95% confidence error bars are also presented
graphically. The effects of the treatments on scallop mortality are treated in a similar
manner. Two multivariate techniques were used to visualize the fouling community:
DECORANA and TWINSPAN (Gauch 1982, Kershaw & Looney 1985). The program
used in this study was written by Hill (1994) for use on DOS based IBM PC’s. Both
DECORANA and TWINSPAN have found wide use in descriptive plant ecology, and are
particularly useful when the data is in the form of large sparse matrices. A simple

description of the use and inter ion of these techni can be found in Kershaw and

Looney (1985).

DECORANA is an eigenvector method similar to Principle Component Analysis.

The output is similar to PCA with p that are d orth | to each
other, and with first axes ing for the largest p of the variance. Unlike
PCA, which only ines linear relationships bet species DECORANA can
account for higher order relationships. This supposedly removes the probl iated

with so called “horseshoe” effects, which arise when non-linear data are plotted against
each other on a linear scale; this makes the inlerprelati();l of the data easier (Gauch 1982).
TWINSPAN is a form of cluster analysis, which unlike the usual cluster analyses
based on hierarchical clustering of appropriate distance or similarity measures, is a
polythetic divisive method. The original data set is divided into smaller units based on a
group of attributes rather than a single attribute, in this instance a group of species or
samples. Both species and samples are clustered in this technique, and the data are
presented as a matrix with species clusters on one axis and sample clusters on the other.
TWINSPAN is dependent on the creation of “pseudospecies” for analysis, based on the

abundance of a species. This requires that the investigator provide “cut levels” prior to
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the analysis, this is an arbitrary decision based on the structure of the data and the ease of
interpretation of the subsequent output. In this instance the input data, based on the
species abundance within the samples, had been scaled to a percentage as described
above. Four cut levels were chosen at 0-1%, 1-10%, 10-50%, and 50-100%, for the
analysis of the changes in algal community over the two-year period, and four cut levels
at 0-1%, 1-20%, 20-50%, and 50-100% for the changes in algal community for the
grazing experiments (Gauch 1982, Kershaw & Looney 1985, Hill 1994).

Grazing experiments

Two sets of experiments were undertaken to determine the effectiveness of two
algal grazers, urchins (Strongylocentrotus droebachiensis) and periwinkles (Littorina
littorea) in preventing fouling buildup on the pearl nets. These were conducted from June
1998 until August 1998 and from November of 1998 until May 1999 respectively. In the
case of the snail treatment 75 individuals were added to each net along with the 25
scallops. This number was chosen based on the recommendation of 200 individuals per
square meter and was based on a pearl net surface are of approximately 0.325m> (Enright
et al. (1983). A single urchin was placed together with the 25 scallops in the
experimental pearl nets. It had initially been expected that the first experiment would run
until November 1998, but it was terminated due to a malssive die off of scallops in August
1998. At Thimble Bay Farms over one million scallops died at this time; the cause of
which is still unknown and no previous mortality of scallops on this scale had occurred in
the previous 12 years during the operation of the farm.

At the end of the experiments the nets were removed, and treated in the same
manner as those used to determine increase in fouling biomass and species composition.
The only difference being that the snail and urchins were removed along with the scallops

prior to weighing.



Scallop growth measurements

In addition to measuring the effects of snails and urchins in controlling pearl net
fouling, their effect on the growth of the scallops was also measured. All juvenile scallop
spat used for culture at Charles Arm and at the time of the study were obtained from the
Belleoram Sea Scallop Hatchery (BSSH) in Belleoram (47°32° N, 55° 25° W). Scallop
lengths were measured by using vernier calipers (Mitutoyo Digamatic) and were recorded
to 0.0lmm. The normal growth parameter measured at Thimble Bay Farms is the length
measured from the hinge or “ear” to the ventral margin of the shell (Figure 4). Nine
hundred scallops in the grazing experiments, including urchin, snails and controls, were
measured at the beginning of the experiment and again at the end. Unfortunately given
the time constraints and the operational activities of the farm it was impossible to tag
individual scallops, which would have allowed greater precision in the measurement of
growth. All scallops were alive at the beginning of the experiment and the number that

had died was noted at the end of the experiment.
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Figure 4. External view of a sea scallop Placopecten magellanicus from year class two,
indicating the shell length as measured from the ventral margin to the dorsal hinge. For
this specimen L=50 mm.
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RESULTS

Environmental data

Measurements of water temperature and salinity for Charles Arm, Notre Dame
Bay, for three years (1998-2000) spanning the six study periods, are presented in Figures
5 (thermograph) and 6 (CTD). Figure 5 shows a continuous water temperature record
from a thermograph immersed at 2m depth from January 1998-November 2000. Water
temperature varies from a maximum of 20C in July, August and September to a
minimum of minus one to minus two celsius in February, March and April. The same
trends in temperature occur each year. An unusual spike in temperature in August 2000 is
attributed to the brief removal of the thermograph from the water during farm operations.
Figure 6 shows the change in water temperature and salinity over the same period at 2m
and 4m depths, based on CTD records. The same seasonal trends can be seen in the
water temperature at 2m depths as in Figure 5, with similar trends at the 4m depths. There
is little change in salinity over the three-year period, which remained at approximately 30

ISU throughout the study.

The fouling organisms {

Fouling communities were composed mainly of algae from the three divisions
Chlorophyta, Phacophyta and Rhodophyta, together with members of the Cyanobacteria
and Bacillariophyceae. Some macro-invertebrates occurred, principally composed of
small mussels (Mytilus edulis) and various colonial hydroids, but were only a minor role
component of the overall fouling community. A total of 88 algal and cyanobacterial
species were identified comprising 10 species of the Chlorophyta, 24 species of the

Phaeophyta, 19 species of the Rhodophyta, 33 species of the Cyanobacteria and two
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Figure 5. Continuous water temperature record from January 1998-November 2000,
data from a VEMCO 8-bit Minilog-TR thermograph set at 2m depth.
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species of colonial diatoms (Bacillariophyceae). A systematically arranged list of these
together with their authorities, seven-letter code for DECORANA and TWINSPAN

analyses, as well as time and depth of occurrence is given in Appendices (Tables A1-A8).

Fouling biomass

The average dry weight of the pearl nets (N=10) was 149.2 + 0.73g and the
average wet weight (N=10) was 192.8 + 2.98g. The development of fouling on the pearl
nets is illustrated in Figure 7. These fouled nets clearly show a change in abundance of
fouling organisms. Nets A, C, E, are typical of those from shallow water June, August,

and November 1998 respectively. In addition to showing increase in biomass, they also

q

show that there is a greater a of fouling organi: than the comparable deeper
water samples on nets B, D, F. Differences between nets G and H (samples for June
1999) are not as obvious as earlier samples such as A and B.

Table 1 shows a two-way analysis of variance (ANOVA) of fouling biomass with
time and depth as treatments. Examination of residual plots showed the initial data to be
normally distributed. Both depth and time are signiﬁcar}lly different, but depth and time
interaction is not significant. The means and 95% confidence intervals for each sample at
the two depths (2m and 4m) are presented in Figure 8. These graphs show fouling
biomass increases with time for the first year, to reach a maximum, at both depths, of
approximately one kilogram wet weight per pearl net, but no significant increase
occurred in the second year; this is seen at both 2m and 4m depths. During early
development June 1998-November 1998 the 2m depth nets show greater fouling biomass

than those from 4m depth. This difference is not seen after one and two years immersion.
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Figure 7a. Fouled pearl nets. (A) June 1998, at 2m depth, (B) June 1998, at 4m depth,
(C) August 1998, at 2m depth, (D) August 1998, at 4m depth »
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Figure 7b. Fouled pearl nets. (E) November 1998, at 2m depth, (F) November 1998, at
4m depth, (G) May 1999, at 2m depth, and (H) May 1999, at 4m depth.
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Figure 8. Algal biomass on pearl nets at 2m and 4m depths over the experimental
period from June 1998 - July 2000. Error bars are 95% confidence intervals. N=6.



Table 1. Analysis of variance (Balanced ANOVA, p=0.05) of algal biomass over the two-
year study period (date) April 1998- July 2000 at 2m and 4m depths (depth) and
interaction between date and depth.

Study Period Source DF SS MS F B
April 1998 Date 5 6116290 | 1223258 | 36.19 0.000
July 2000 Depth 1 624720 624720 | 18.48 0.000

Date x Depth 5 137477 27495 | 0.81 0.545
Error 60 2028150 | 33803
Total 7l 8906637

Fouling dry weight
The data from the thirty-six fouled pearl nets, which were air-dried, is presented
in Figure 9, as a plot together with the regression equation
Dry weight = 9.89+0.11wet weight
with r? = 0.88. While data in this thesis are presented and discussed as wet weights, the
equation was used to convert the wet weight measures for comparison with fouling data

published as dry weights.

Fouling community structure

The results of DECORANA analysis for the algal biofouling data is based on the
analysis of the 72 pearl nets from the two-year experimental period, using the first two
extracted axes, are given in Figure 10. The 72 samples are seen as six groups of twelve
points, which are delimited and highlighted in colour for clarity. Group one shows the
June 1998 sample, group two the August 1998 sample and group three the November

1998 sample. These groups show relatively little overlap. Groups four, five and six are
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Figure 10. DECORANA plot of algal fouling at 2m and 4m depths over the two-year
study period. The numbers delimit the sampling dates: 1=June 98, 2=Aug 98,

3=Nov 98, 4=May 99, 5=July 99, and 6=July 00.

31



samples from May 1999, July 1999 and July 2000 respectively, they show considerable
overlap, while being distinct from Groups 2 and 3, but showing some similarity with
Groupl. Each group of 12 points consists of six 2m samples (open points) and six 4m
samples (closed points); there is no indication of separation of points with depth.

Table 2 shows the TWINSPAN analysis of the same data. At the top of each table
are the sample numbers. Each sample represents the data from a single pearl net with six
sample periods, and six sample replicates at each of the two depths making a total of 72
samples in all. These data are those presented in the previous DECORANA. In addition,
the species found in the samples are presented on the vertical axis of the table. The seven
letter name codes for the species are given on the left of the table, the keys to these can be
found in the Appendix, Tables A1-A4. Number values in the TWINSPAN table refer to
abundances, and are based on the four cut levels chosen for the analysis, - indicates
absence of the species. At the bottom and to the right of each table, the hierarchical
divisions (in binary notation) are indicated. The major divisions are highlighted by
horizontal and vertical lines drawn on the table, this divides the table into blocks of
species associated with samples and allows for clearer description of the groups. Both

i
vertical lines and horizontal lines separate classes of samples and species based on the
second cluster level. Hill (1994) recommends a maximum of six levels for interpretation,
but the final decision as to when and where to halt the dichotomy is subjective, depending
on the ecological interpretation of the sub-groupings. The investigator is also free to
interpret other minor patterns in the table, which may occur at lower cluster levels
(Gauch 1982, Kershaw & Looney 1985).

For description of Table 2, the three columns are labeled A, B, C. Column D,

which is not delimited, comprises the single sample 33. In similar manner horizontal
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Table 2. TWINSPAN table of algae fouling pearl nets. Samples from two depths shallow
(2m) and deep (4m), and six dates. June 1998, August 1998, November 1998, May 1998,
July 1999 and July 2000. Numbers are cut levels corresponding to algal abund
absence, 1= <1%, 2 = 1-10%, 3 = 10-50%, 4 = >50%. Seven-letter codes on left of table
are species names (see Appendix A1-A4 for key). Numbers are at top of table are codes
for the individual pearl nets samples (see key below). Numbers to right of the table show
cluster dichotomies to six levels for the species, and numbers at the bottom of the table to
six levels for the species. For ease of interpretation lines are drawn to delimit the table
into blocks showing the first two dichotomies for both species and samples.

Legend for sample dates:

1 June 1998 2m 25 November 1998 2m 49 July 1999 2m
2 June 1998 4m 26 November 1998 4m 50 July 1999 4m
3 June 1998 2m 27 November 1998 2m 51 July 1999 2m
4 June 1998 4m 28 November 1998 4m 52 July 1999 4m
5 June 1998 2m 29 November 1998 2m 53 July 1999 2m
6 June 1998 4m 30 November 1998 4m 54 July 1999 4m
7 June 1998 2m 31 November 1998 2m 55 July 1999 2m
8 June 1998 4m 32 November 1998 4m 56 July 1999 4m
9 June 1998 2m 33 November 1998 2m 57 July 1999 2m
10 June 1998 4m 34 November 1998 4m 58 July 1999 4m
11 June 1998 2m 35 November 1998 2m 59 July 1999 2m
12 June 1998 4m 36 November 1998 4m 60 July 1999 4m
13 August 1998 2m 37 May 1999 2m 61 July 2000 2m
14 August 1998 4m 38 May 1999 4m 62 July 2000 4m
15 August 1998 2m 39 May 1999 2m 63 July 2000 2m
16 August 1998 4m 40 May 1999 4m 64 July 2000 4m
17 August 1998 2m 41 May 1999 2m 65 July 2000 2m
18 August 1998 4m 42 May 1999 4m 66 July 2000 4m
19 August 1998 2m 43 May 1999 2m 67 July 2000 2m
20 August 1998 4m 44 May 1999 4m 68 July 2000 4m
21 August 1998 2m 45 May 1999 2m 69 July 2000 2m
22 August 1998 4m 46 May 1999 4m 70 July 2000 4m
23 August 1998 2m 47 May 1999 2m 71 July 2000 2m
24 August 1998 4m 48 May 1999 4m 72 July 2000 4m
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lines producing blocks labeled I to IV divide the species. The first vertical division is
between samples 3 and 42, the second occurs between samples 60 and 21 and between 15
and 33. This divides the table into four columns A, B, C. and D. Column A comprises
the first samples obtained in June 1998, B are samples from May 1999, July 1999 and
July 2000. Column C is samples from August of 1998 and November of 1998. D is a
single sample from November 1998. As in the DECORANA analysis, the TWINSPAN
analysis shows differences between sampling times, but no obvious differences between
depths.

The species of blocks I and II are horizontally divided between Spongomorpha
aeruginosa and Calothrix spp. Blocks II and III are divided between species Ectocarpus

siliculosus and Anabaena spp.2, while blocks III and IV are divided by species

7l

Rhizoclonium riparium and Audc alariae. The species in block I show those
species primarily found in the samples from May 1998 and May 1999 through July 2000,
but which are not characteristic of the intermediate sampling times of August and
November 1998. Species of block II shows those species that are found in relative
abundance throughout the study period. An anomaly is that some species in block I,
notably Scagelia pylaisaei, and Pilayella littoralis, appear to be candidates for inclusion
in block II. Block III contains Rhizoclonium riparium, which might also be considered
for inclusion in this group. Block IV is of species found principally in August and

November 1998, but which only occur rarely in June 1998 and the later sampling periods

of May 1998 through to July 2000.

Grazing experiment — the affect on fouling biomass
Figure 11 shows the affect of snails on fouling biomass with pearl nets selected to
show the most striking differences. Figures A and B are nets from the beginning and end

of the first experiment (June —~August 1998), while C and D are from the beginning and
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Figure 11. The effect of snail grazing on pearl net fouling selected showing the most
striking changes in fouling biomass. Figures A and B are nets from the beginning and
end of the first experiment, June 1998-August 1998 respectively, while C and D are from
the beginning and end of the second experiment, November 1998-May 1999
respectively.



end of the second experiment (November 1998—June 1999). The difference between A
and B is obvious while that between C and D is less marked.

The quantitative results of the effects of the experimental grazers, urchins and
snails, on fouling biomass are presented in Table 3, which shows the results of two-way

(treatment, depth, treatment x depth) ANOVA for the two experiments, on the affects of

Table 3. Analysis of variance (Balanced ANOVA, p=0.05) of algal biomass for grﬂzmg
experiments of snails (Littorina littorea) and urchins (Strongy tus dr

and their interaction with depth. Data for the two experiments June 1998- August 1998 and
November 1998-May 1999.

Study Period Source DF SS MS B 1

June-Aug 98 Depth il 76544 76544 | 65.30 0.000
Grazer 2 216544 | 108729 | 92.76 0.000
Depth x Grazer 2 25275 12638 | 10.78 0.000
Error 30 35164 1172
Total 35 354442

Nov98-May 99 | Depth 1 262144 | 262144 | 295 0.096
Grazer 2 201297 100648 | 1.13 0.336
Depth x Grazer ot 49309 24654 | 0.28 0.760
Error 30 2669753 | 88992
Total 35 | 3182503

grazers on fouling biomass conducted between June 1998 to August 1998. The second,
over- winter experiment (Table 3) was conducted from November 1998 until May of
1999. For these analyses, the final biomass of the fouling is the measured value, the
depths are 2m and 4m and the treatments are snails, urchins and the controls. The first
experiment shows significant differences in fouling biomass with depth and with

treatments. There is also a significant interaction between depth and treatments. In the
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second over- wintering experiment, no significant differences were seen between depth,

and depth: i ion. The results of these grazing experiments are
presented graphically in Figure 12. In the controls of the first experiment (June — August
1998) there is significantly greater fouling at 2m than at the 4m depth. The snails
produced a significant reduction in fouling biomass at both 2m and 4m, when compared
to the controls. For the urchin treatments, at both 2m and 4m depths, there is no
significant difference in fouling biomass. The data for the second experiment (November
1998- May 1999) shows that the mean fouling biomass is greater under all conditions
than that of the first experiment, but as shown by the ANOVA, there are no significant

differences between treatments or depths.

Affects of grazers on algal fouling community structure

The algal species occurring on the pearl nets at the end of the two experiments
‘were examined in a similar manner to that of the fouling growth over the two-year period,
and presented as a DECORANA plot and a TWINSPAN table. Each experiment
consisted of 6 controls, 6 urchin treatments and 6 snail treatments, each at 2m and 4m
depths, making a total of 36 samples. For the two expen:‘menls there were therefore 72
samples. Both experiments were analyzed together to determine if there were species
differences between the fouling communities at the end of the two experiments as well as
if any species differences occurred due to the treatments and the depth. The DECORANA
plot using the first two extracted axes is given in Figure 13. Two distinct groups emerge,

one containing the samples for the first experiment (August 1998) the other the second.
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Figure 12. Algal biomass at 2m and 4m depths for control, urchin (Strongylocentrotus
droebachiensis) and snail (Littorina littorea) treatments. Error bars are 95% confidence
intervals. . First experiment from June 1998-August 1998, and second experiment

from November 1998-May 1999.
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sampled at the end of two experiments terminated in August 1998 and May 1999.
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experiment (May 1999). There are no indications of any differences that might be
attributed to either grazers or depth.

The TWINSPAN data are presented in Table 4 and are best interpreted using the
first divisions in both the samples and the species, giving columns A and B. The first,
column A represent all samples from the first experiment, while the second. column B
represents samples from the second experiment. The division of the species is more
difficult to interpret. There are a large number of species in the upper part of block I
which are present in the August 1998 samples but missing from the May 1999 samples.
The lower part of block I has many species that are found in both experiments. Block II is
not so clear, as many species are found more abundantly in May 1999, while others are
also found less abundantly in the August 1998 samples. As in the DECORANA analysis
there is no indication of either depth or grazers altering the species composition in the

either experiment.

Scallop growth and survival during grazing experiments

These experiments were conducted as part of the fouling control experiments. The
ANOVA (Table 5), of the changes in lengths shows no ;igniﬁcant differences in scallop
growth between depths and treatment. Figures 14 and 15 show the means and the 95%
confidence intervals for the lengths of the scallops at the beginning and end of the
experiments. In all instances, the means of the lengths had increased but no significant
increases were seen.

Scallop mortality during the grazing experiments was also investigated. In both

series of experiments, the 25 scallops were examined to determine if they were alive at
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Table 4. TW[NSPAN table of algae fou.lmg pearl nets to analyze treatment effects of

urchins (;

controls and snails (Littorina littorea) on

fouling blOlis at 2m and 4m depths sampled at two time penods (August 1998 and
May 1999). Numbers are cut levels ing to algal at

- = absence, 1=

<1%, 2 = 1-10%, 3 = 10-50%, 4 = >50%. Seven—lctter codes on left of table are species
names (see Appendix A1-A4 for key). Numbers are at top of table are codes for the
individual pearl nets samples (see key below). Numbers to the right of the table show
cluster dichotomies to six levels for the species and numbers at the bottom of the table to
six levels for the species. For ease of interpretation lines are drawn to delimit the table
into blocks showing the first dichotomies for both species and samples.

Legend for sample dates:

August 1998 2m Urchin Net
August 1998 2m Control Net
August 1998 2m Snail Net
August 1998 4m Urchin Net
August 1998 4m Control Net
August 1998 4m Snail Net
August 1998 2m Urchin Net
August 1998 2m Control Net
August 1998 2m Snail Net
10 August 1998 4m Urchin Net
11 August 1998 4m Control Net
12 August 1998 4m Snail Net
13 August 1998 2m Urchin Net
14 August 1998 2m Control Net
15 August 1998 2m Snail Net
16 August 1998 4m Urchin Net
17 August 1998 4m Control Net
18 August 1998 4m Snail Net
19 August 1998 2m Urchin Net
20 August 1998 2m Control Net
21 August 1998 2m Snail Net
22 August 1998 4m Urchin Net
23 August 1998 4m Control Net
24 August 1998 4m Snail Net

WAL

25 August 1998 2m Urchin Net
26 August 1998 2m Control Net
27 August 1998 2m Snail Net
28 August 1998 4m Urchin Net
29 August 1998 4m Control Net
30 August 1998 4m Snail Net
31 August 1998 2m Urchin Net
32 August 1998 2m Control Net
33 August 1998 2m Snail Net
34 August 1998 4m Urchin Net
35 August 1998 4m Control Net
36 August 1998 4m Snail Net
37 May 1999 2m Urchin Net

38 May 1999 2m Control Net
39 May 1999 2m Snail Net

40 May 1999 4m Urchin Net

41 May 1999 4m Control Net
42 May 1999 4m Snail Net

43 May 1999 2m Urchin Net

44 May 1999 2m Control Net
45 May 1999 2m Snail Net

46 May 1999 4m Urchin Net

47 May 1999 4m Control Net
48 May 1999 4m Snail Net
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49 May 1999 2m Urchin Net
50 May 1999 2m Control Net
51 May 1999 2m Snail Net
52 May 1999 4m Urchin Net
53 May 1999 4m Control Net
54 May 1999 4m Snail Net
55 May 1999 2m Urchin Net
56 May 1999 2m Control Net
57 May 1999 2m Snail Net
58 May 1999 4m Urchin Net
59 May 1999 4m Control Net
60 May 1999 4m Snail Net
61 May 1999 2m Urchin Net
62 May 1999 2m Control Net
63 May 1999 2m Snail Net
64 May 1999 4m Urchin Net
65 May 1999 4m Control Net
66 May 1999 4m Snail Net
67 May 1999 2m Urchin Net
68 May 1999 2m Control Net
69 May 1999 2m Snail Net
70 May 1999 4m Urchin Net
71 May 1999 4m Control Net
72 May 1999 4m Snail Net
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Table 5. Analysis of variance (Balanced ANOVA, p=0.05) of scallop (Placopecten
magellanicus) length for gmzmg expenments of snails (Littorina littorea) and urchins
(Strongylocentrotus droeb ) and their i ion with depth. Data for the two
experiments June 1998- August 1998 and November 1998-May 1999.

Study Period Source DF SS MS F P

June-Aug 98 Depth 1 146.93 146.93 | 2.71 0.100
Grazer 2 139.13 69.56 1.28 0.278
Depth x Treat vk 23.20 11.60 | 0.21 0.807
Error 894 48442.64 | 54.19
Total 899 48751.89

Nov98-May99 | Depth 1 36.02 36.02 | 0.77 0.382
Grazer Z 26.06 13.03 | 0.28 0.758
Depth x Treat A 134.70 67,35 1.43 0.240
Error 894 | 42070.32 | 47.06
Total 899 42267.10

Table 6. Analysis of variance (Balanced ANOVA, p=0.05) of scallop (Placopecten
magellanicus) percentage mortality for grazing experiments of snails (Littorina littorea) and
urchins (Strongylocentrotus droebachiensis) and their i ion with depth. Data for the two
experiments June 1998- August 1998 and November 1998-May 1999.

Study Period Source DF SS MS F B

June-Aug 98 Depth 1 0.50463 0.50463 5.13 | 0.031
Grazer 2 1.78573 0.89287 9.08 | 0.001
Depth x Grazer 2 0.27523 0.13761 1.40 | 0.262
Error 30 2.94952 0.09832
Total 35010551512

Nov98-May99 | Depth 1 0.007511 | 0.007511 | 0.88 | 0.355
Grazer 2 0.121689 | 0.060844 | 7.15 | 0.003
Depth x Grazer 2 0.001156 | 0.000578 | 0.07 | 0.934
Error 30 | 0.255200 | 0.008507
Total 35 | 0.385556
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Figure 14. Scallop growth (Placopecten magellanicus) Measureq 1,
change in length (mm) under urchin (Strongylocentrotus droe,
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Figure 15. Scallop growth (Placopecten magellanicus) measured by
change in length (mm) under urchin (Slranm’loc'e‘rmolux droebachiensis),
control and snail (Littorina littorea) treatments gver the period of
November 1998 - May 1999 at 2m and 4m depths. Error bars are

95% confidence intervals. (N=25).
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the end of the experiments. The ANOVA table for the percentage survival data is
presented in Table 6. The percentage data was arcsine transformed as is usually
recommended for percentage data (Zar 1984), and an examination of the ANOVA
residuals showed the data to be normally distributed. The ANOVA table for the first
experiment shows that grazer treatments are significantly different from the controls, but

P

that depth and depth x (grazer) i ion showed no si differences in

mortality. The ANOVA of the second set of experiment shows the same result with the
grazers having significant effects on survival while depth and depth x treatment (grazer)
interaction had no significant effects. These survival data are also presented in Figure
16. In the first experiment scallop mortality shows no significant differences between
controls and urchins, but is reduced to half the amount in the snail treatments with no
obvious differences with depth. The second over-winter experiment shows more striking
differences, with much less mortality under all treatments at both depths than for the first
experiment. While there were no significant differences with depth or urchins, the snail

treatments, at both depths significantly reduced mortality to less than 5%.
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Figure 16. Percent mortality (%) of scallops (Placopeclen magellamcus)

at 2m and 4m depths for control, urchin (Strongy is)

and snail (Littorina littorea) treatments. Error bars are 95% conﬁdence intervals.
N=25. First experiment from June1998-August 1998, and second experiment from
November 1998-May 1999.
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DISCUSSION

Environment

The experimental site at Charles Arm shows considerable seasonal variation in

temperature, which would be expected to have a p d effect on the devel

of the benthic algal community. Temperature has been shown to be important in
controlling geographic range, growth and reproduction of benthic marine algae (Hutchins
1947, Hoek 1982, Yarish et al. 1984, 1986, Liining 1990) and is especially important in
Newfoundland inshore with its almost 20C seasonal range (Whittick ez al. 1989). The

temperatures reported in this study, based on conti ther I

dings set at

2m-depth show a similar range. The CTD data show little difference in water
temperature with depth over the 2m-4m-depth range, any differences are found in the
early to mid summer when the 2m depth could be 2-3 degrees higher than that at 4m. No
temperatures were observed which were outside the normal range that shallow benthic
organisms would normally be exposed to in the Newfoundland inshore. The water
temperatures are essentially those reported elsewhere for the island of Newfoundland
(Steele 1983) including those of previous studies of alg?l seasonality (Hooper et al. 1980,
South 1983, Whittick et al. 1989).

The salinity measurements are approximately 30 ISU for most of the period of the
study. This is typical of salinities found in the inshore of the north coast of Newfoundland
influenced by the Labrador current (Steele 1983). No major seasonal fluctuations were

seen in salinity.
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Fouling biomass

Bi is the

of net fouling in an aquaculture setting (Milne
1970, 1975a,b, Lovegrove 1979, Hall 1996, Hall e al. 1989). The industry uses wet
weight for a range of operational measures (e.g. production, feed and harvest) and any
antifouling strategies are more likely to be accepted if biomass-based rather than
floristically based. As a measure, however, biomass it is not ideal as it lumps all fouling
organisms together, and these will have different structures, and morphologies, and which
may produce different affects on the fouled substrate. For example, one or two large

organisms may have a greater mass pared to smaller fil algae covering the

net, but would not impede water movement to the same extent.

In this study most of the fouling was by fil algae and C; ia,
which would reasonably be expected to have similar affects on the hydrodynamic
environment of the pearl nets. The mesh of pearl nets made it difficult to remove the
fouling for assessment of biomass with any degree of accuracy and this together with the
number of pearl nets examined, together with the time constraints of working around the
operations of the farm, led to the choice of the samplin,g protocol used to assess biomass.
There are, however, inherent inaccuracies in the adopte;d method. These include
variation in net weight, plus the problems of dealing with wet weights of algae and the
retention of adherent water by the algae and to the nets. Wet weight has inherently more
variation than dry weight, as the differing morphologies of the algae would be expected
to retain different amounts of water. The problems of wet weight were minimized by the

standardization of treatments of the nets.
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Fouling biomass was significant on the nets, with up to one kilogram being
produced after the one years immersion. Initial colonization was rapid, with significantly
greater amounts of fouling on the shallow nets for June, August and November of 1998,
the first year of sampling. Grecian et al. (2000) studied fouling at the Shell Fresh Farm
site on the south coast of Newfoundland on pearl nets. The biomass of fouling at the end
of Grecian’s et al. (2000) study ranged from 1 — 2.5 mg dry weight cm™, while the
amount produced over the winter period October 1996-July 1997 averaged 0.8 mg dry
weight cm™. Similar data obtained in this study were converted from wet to dry weight
using the regression equation from Figure 9, and were then converted from weight per
pearl net to weight per cm’. These conversions gave weights of 2.7 mg to 10.1 mg em™
fouling at the end of the first year of the study, with an average biomass of 6.5 mg cm™?
for the period November 1998 to July 1999. These figures are higher than those obtained
by Grecian et al. (2000), but direct comparisons are difficult because of the different
protocols employed and also the differences in environment between the too study sites.
Grecian et al. (2000) dried samples to constant weight at 80C for 24hrs while dry weights
in this study were obtained by air-drying, which would tll_ave led to under- drying in
comparison, giving greater values on conversion from wet weights. In the Grecian et al.
(2000) study the nets were suspended at greater depths in the water column, which could
also have reduced the light available for photosynthesis leading to reduction in biomass.
The nets were also different in having smaller mesh sizes in the range of 1.4 to 3 mm
size, though it is difficult to explain what, if any difference, this would have made to the

fouling biomass.
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It is difficult to interpret biomass as a measure of growth, as it is a measurement
of the interaction of both growth and loss, factors that were not measured independently.
As is seen in the floristic analysis there is little difference and no systematic trends in
differences between nets from the two depths during one sampling period. It is unlikely
therefore that these differences are due to the differential growths of different species.
Likewise, the factors controlling loss of algae, due to water movement and/or grazers are
unlikely to be significantly different. A simple explanation would therefore be that the
algae initially grow more slowly on the deeper nets due to lower light availability. While
there are no light data available, the Charles Arm site has significant run off in the spring
and early summer of peaty water, as well algal blooms, as indicated by the chlorophyll-a
maxima in Nichols er al. (2002), which might reduce the light from the surface over a 4m
depth range. In addition the shading of seven other pearl nets, each with developing

fouling may have reduced the available light.

Fouling community development

Hall (1996) observed considerable differences in,,bolh floristics and biomass over
the one metre depth range he used for test nets in the Bay of Fundy. In this instance the
upper part of his test net was at the surface and become fouled with green algae such as
Entermorpha spp. and Ulva lactuca L., which are largely intertidal in Newfoundland
(South & Hooper 1980), and reported as fouling organisms in the splash zone (Fletcher
1980, Terry & Picken 1986). The dominance of these organisms was not seen in this
study with the shallow nets set at 2m (Table A1) one metre deeper than Hall’s deepest

sample. After one years growth there are no significant differences in biomass between
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the two depths and this does not change significantly over the next year, equilibrium is
achieved between the factors involved in growth and loss.

The DECORANA ordination diagram, Figure 10, also shows that there is little
difference between the two sample depths at any of the study periods. This agrees with
the biomass data that differences in depth are unimportant in the development of algal
fouling at this site. While there is much information showing that depth clearly
influences algal distribution in Newfoundland (South & Hooper 1980, Hooper et al.
1980, South 1983) this 2m range on pearl nets in the immediate subtidal of Charles Arm
is unimportant. Figure 10 shows that there is a development of the fouling over time,
with the initial settlement in June 98, showing some similarities with the May 1999, July

1999 and July 2000 algal c ity, while the ities for August 1998 and

November 1998 are clearly different. It is also apparent that the communities for August
98 and November 98 are very differently on the DECORANA plot, suggesting that a
seasonal change in flora might be superimposed on a more long-term development.
Seasonal changes in the subtidal epilithic flora of Newfoundland coastal waters are well
documented (South & Hooper 1980, Hooper et al. 198(‘), Whittick ef al. 1989). Such
changes in the algal floras have been explained principally by changes in water
temperature and day length (Yarish e al. 1984, 1986, Liining 1990).

In order to explain these changes shown on the ordination diagram, reference is
made to the TWINSPAN classification table (Table 2). This two-way polythetic divisive
classification table shows the species on the vertical axis and the samples on the
horizontal axis, for ease in interpretation, the major four major divisions on each axis

have been drawn to divide the table into a number of columns and blocks of samples and
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species respectively. It is apparent from both this and from Tables A1-A4, that the
species found as fouling organisms are common components of the Newfoundland
inshore flora (South & Hooper 1980). The fouling algae are largely small and filamentous
is also shown in the photographs of the fouled nets (Figures 7 & 11). There are a larger
number of species than found on the shallower nets in the Bay of Fundy (Hall 1996). The
number is considerably higher than those for other studies in the region where fouling
was examined primarily for its affects on the cultured organisms, rather than from a
floristic approach (Grecian et al. 2000) or Claereboudt ef al. (1994), a study from the
Baie des Chaleur, P.Q., where only invertebrate fouling was reported.

While most algae reported in this study are small and filamentous there is a

4,

potential for large fouling ds. Laminaria lings were

d in the first year
and larger plants of Laminaria digitata, L. saccharina, Desmarestia aculeata and D.
viridis were observed in the second and third growing seasons. There is a potential of
considerable hydrodynamic loading and drag if they are allowed to grow to maturity.

Members of the Cyanobacteria were found in all sampling periods, but were
particularly abundant in the summer (August) and fall (November) of the first field

[}

season 1998. Cyanobacteria are frequently an obvious component of the inshore subtidal
flora of Newfoundland in the warmer summer months, particularly in sheltered bays and
estuaries, which warm to levels beyond those recorded for more open locations (Whittick
pers. com.). Unfortunately the only quantitative samples available were in the latter part
of 1998 and thus it is impossible to determine with certainty if their abundance was part
of the initial development of the fouling, which was subsequently succeeded by other

eukaryotic algal species over the next two years, or whether their appearance is an
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annual, seasonal, event. The latter would appear most likely, given the observations from
other, non-quantitative, samples in the summer and fall in the region, when
Cyanobacteria are an abundant part of the normal epilithic and epiphytic flora. The
appearance of Cyanobacteria as an important component of the fouling community and
proved problematic as usually these prokaryotic organisms are ignored in marine benthic
phycological studies. There are problems in their identification as their morphological
features are sufficiently plastic as to defy unambiguous identification, at best what is
recorded is a name relating to a morphological form, which may or may not coincide with
a valid species name. The name applied may not be that used by other workers, and
usually little or nothing is known about the ecology and distribution of these species.
However, given their importance in the fouling community it was decided to use the
work of Humm & Wicks (1980) to put a form name on the specimens. The limitations of
this approach are realized, but are better than ignoring these organisms themselves or
simply recording them collectively as Cyanobacteria. However, no attempt is made to
discuss their ecological significance beyond noting their occurrence and their potential, as
with other fine filamentous algae, for impeding water flow through the nets under
conditions of highest water temperature when the scalléps might be expected to be at the
most stressed (MacDonald & Thompson 1985a.b).

The four first vertical divisions, A-D, in the TWINSPAN table delimit
developmental changes in the growth of the fouling communities, with A being the initial
development in June 1998, C being the latter part of the first years fouling from August
and November 1998 while B represents the more developed fouling communities of May

and July 1999 and July 2000. The TWINSPAN table (Table 2) therefore shows the same

55



large divisions as seen in the DECORANA ordination (Figure 10). Column D is a single,
somewhat anomalous sample, from November 1998, which in addition to the fall species
shows links to the algal communities from the early part of the year. The horizontal
divisions I-IV divided the species into blocks that can be used to explain the differences

between the temporal developments shown in the vertical columns. While the block

deli

ions are useful in ining the develop of the fouling, the actual
dichotomies seem to frequently differ from those that perhaps would have been made
using a more subjective delimitation of the table. For example the last three rows of block
I seem to have more in common with block II than with the remainder of block I. As
pointed out by Gauch (1982) the interpretation of TWINSPAN tables ultimately depends
on the investigator, and in this study the procedure is useful in providing a sorted and
weighted matrix capable of interpretation.

It is not intended to discuss all the species listed in the TWINSPAN tables; some

have only one or two occurrences in the total of 120 samples. However many are more

abundant and characteristic of specific times. Rep ives of these will be
discussed in light of what is known of their ecology, specifically their distribution and
phenology in Newfoundland. '

The species found in block II are largely ubiquitous throughout the period of the
study and show little seasonal change. To this group the lower three rows of block I
might be added along with Ulothrix flacca found in block IV. Representative species in
these groups include common filamentous brown algae such as Ectocarpus siliculosus,

and Pilayella littoralis, red algae include Scagelia pylaisaei and Ceramium nodulosum.

While the C. nodulosum is not present in column A, the May 1998 samples, it is heavily
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represented in all other periods. This is not surprising as this species is a common
perennial in Newfoundland, and once established would be expected to be present year
round (South & Hooper 1980). The other species in this group are also abundant and
found throughout the year in Newfoundland as epiphytes and epiliths. They are fertile
throughout the year are also well adapted to fragmentation with the potential for
vegetative reproduction. Another red alga in this group is Bonnemaisonia hamifera,
present as the tetrasporophytic Trailliella form, this species is perhaps the most
widespread, non-calcareous, red alga in the immediate subtidal of Newfoundland (South
& Hooper 1980), where it reproduces and perennates almost exclusively by
fragmentation and as such it is well adapted to fouling. The commonest green algae in
this group is Chaetomorpha capillaris, a simple, unbranched, predominantly unattached
species, usually found in pools in the low intertidal tangled amongst other algae, most
commonly in the summer and fall (South & Hooper 1980); again it is a species well
adapted to fouling of pearl nets.

Apart from the species mentioned above, block I consists primarily of species
found in the initial sample of June 1998 and the samp]es“from the spring and early
summer of 1999 and 2000, at a time before the water temperature in Charles Arm has
reached its maximum. Column A, with the ubiquitous species removed, has a sparse
flora, the dominant species of the Phaeophyta being Ectocarpus fasciculatus and
Haplospora globosa, which are also found in the 1999 and 2000 samples, though

apparently almost absent in the August and November samples from 1998. Both species

dl

are widely distributed in Newft d. Ectocarpus icule is found year round,

principally as an epiphyte and is especially abundant in the summer (Whittick pers.
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A1

com.). Haplospora globosa is widespread in Newfc d and is also most abundant in

late spring and early summer (Kuhlenkamp 1990), which agrees with the results of this
study. Cladosiphon zosterae and a few juvenile Laminaria spp. are also found in
Column A, both would be expected to be found in the early summer in Newfoundland
and C. zosterae, as its name suggests, is usually reported as an epiphyte on eel grass
Zostera marina L. (Whittick pers. com.). Another common species in this group is the
green alga Rhizoclonium riparium, which as found in all but one sample. This species is
ubiquitous in Newfoundland and its recurved, short, rhizoidal branches make it an ideal
fouling organism to attach to pearl nets. While this species in found later in 1998
(Column C) it was only recorded on a single occasion in column B suggesting that it is
better adapted as an early colonizer. In Newfoundland it grows best in habitats that are
perhaps marginal to other species, i.e. in salt marshes, or in the high intertidal of more
exposed rocky shores, suggesting that in other habitats it may be at a competitive
disadvantage (Whittick pers. com.).

Column B, samples like those from Column A, are from the late spring and early
summer, before water temperatures have reached a maximum in Charles Arm. They
differ in that they are from years two and three of the study, and in addition to the
ubiquitous species, would be expected to have more perennial species reflecting the
further one or two years of immersion.

The most obvious difference is the presence of larger members of the
Phaeophyceae such as Laminaria longicruris and L. saccharina, together with
Desmarestia viridis and a single occurrence of D. aculeata. The presence of juvenile

Laminaria spp. in June 1998 (Column A) shows the potential for early settlement of
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these large algae. In this study plants identified as Laminaria longicruris had hollow
stipes, while those of L. saccharina had solid stipes and narrower ruffled laminae. D.
viridis in Newfoundland develops in the late winter and spring, when water temperatures
are low, and would not be expected to be abundant in the late summer and fall at a site
such as Charles Arm with its relatively high water temperatures (Hooper pers. com.)
The members of the Rhodophyta, which characterize the fouling in the second

and third years of the study (Column B), are also larger and perennial, although some

q

may show considerable changes in growth and ab with season. Pol,

ip
e R

stricta is in New dandisa epiphyte with its maximum

abundance in the spring and early summer, as recorded in this study. Callophyllis cristata

dland and is fi

is also ubiquitously distributed in Newfi quently found growing
epiphytically (Hooper & South 1974, South & Hooper 1980). Rhodomela confervoides is
also widely distributed with growth confined to the spring and early summer as also seen
in this study, with senescence occurring in warmer locations such as Charles Arm in the
late summer and fall. Ceramium spp. were abundant fouling organisms in this group, C.

RIS SO0

strictum is locally ab in d bays in Ni

ey
(e P

ially in the early
summer, but dies back in the fall. While, as previously noted, C. nodulosum is seasonally
ubiquitous. Pantoneura fabriciana is also usually found growing epiphytically,
commonly on the stipes of Laminaria longicruris. It is commonest in sheltered fjords and
usually associated with colder waters. When it occurs in shallower water it shows
maximum growth in the spring and early summer with considerable die back in the late

summer and early fall (Whittick pers. com.).
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The samples making up Column C are from August and November of 1998. They
include the summer and fall, warm water species, which in Newfoundland may persist
until water temperatures decrease at the years end. Samples were only available for 1998
and this poses the question as to whether the species are stages in a succession from year
one (Column A) to years two and three (Column B), or seasonal ephemerals. The
Cyanobacteria are especially abundant, while being almost absent from the samples from
the early part of the year. Little is known of the distribution and ecology of this important
group of prokaryotic autotrophs in Newfoundland waters. They reach their maximum

S G iy e

ly in y such as Charles

abundance in the warmer months, esp
Arm (Whittick pers. com.). Personal observations in the late summer of 2002 showed
them to be especially abundant in Charles Arm and surrounding areas.

In addition to the Cyanobacteria a number of algal species also characterize this

group. The fil ber of the Bangiophy , Erythrotrichia carnea, while also

being found in Column B, was especially abundant. This species is ubiquitous in

Newfoundland and is especially in the late summer and fall, particularly as an

epiphyte, in sheltered bays and harbours (Hooper pers. gpm.); this distribution fits the

observations of this study. Polysiphonia flexicaulis shows similar patterns and is also

1 1h L

common and widesp ghout Newf

Al

d, both as an epiphyte and an epilith. It

shows maximum growth in the early summer, but persists into the late fall, which fits the
pattern seen in this study. Two members of the Phaeophyceae, which also characterize
this group, are Chorda filum and Stictyosiphon soriferus. C. filum in Newfoundland does
not usually become prominent until July and may persist as dense beds, especially on

disturbed coarse gravels until the late fall (Whittick pers. com.). Stictyosiphon soriferus is
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also predominantly a fall species in Newfoundland, usually first appearing in July. It is
also found growing on small rocks in sheltered locations (South & Hooper 1976). It
would seem likely that both these species of the Phacophyceae would be found in Charles
Arm, and be available to colonize the pearl nets showing greatest abundance in the late
summer and fall.

It is apparent that the fouling species found on the pearl nets sampled in Charles
Arm are members of the local marine algal flora of the region and that their growth and
phenology is similar to that of non-fouling populations (Hooper et al. 1980, South 1983,
Whittick ef al. 1989). Most species are relatively small filamentous forms, many capable
of vegetative reproduction by fragmentation as well as by spores and gametes. As such
the major problem associated with the fouling would appear to be reduction of the flow

of water through the apertures of the pearl nets. This in turn could lead to a reduction in

the amount of food available to the scallops as well as reducing oxygen and perhaps also
leading to a build up of excretory products (Lee ef al. 1983, Mallet & Carver 1991, Coté
et al. 1993, 1994, Claereboudt et al. 1994, Hodson & Burke 1994, Hodson et al. 1997,
Grecian ef al. 2000). The latter two problems may howgver be reduced by the presence

of the fouling as the algae would absorb nitrogenous wastes and also carbon dioxide

during their photosynthesis and growth. During photosynthesis oxygen would be

produced and may be available to the scallops for use in iration during the day.
However, such suggestions are only speculative without detailed measurement of oxygen,
carbon species and waste nitrogenous products from within fouled, and non-fouled

control pearl nets, which is beyond the scope of this study.
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Grazing experiments — affects on fouling biomass

In an attempt to control algal fouling two known algal predators were assessed as
potential biocontrol agents, these were the gastropod Littorina littorea and the green sea
urchin, Strongylocentrotus droebachiensis, referred to respectively as snails and urchins.
Two sets of grazing experiments were conducted, one in the summer of 1998 between
June and August, the other over the winter of 1998-1999, between November and May.
The pearl nets sampled at these times for the seasonal development of fouling served as
controls for these grazing experiments.

The ANOVA (Table 3) showed that in the first experiment significant differences

in biomass occurred with depth, grazer and in the i ion between grazers

and depth. These results can be interpreted by reference to Figure 12; the error bars are

95% confidence limits allowing direct comparison between pairs of means. Lower

fouling biomass occurred at 4m than at 2m in both controls and grazing treatments, which

has been noted and discussed for the controls alone above. Examination of the error bars

on Figure 12 shows considerable overlap between the controls and the urchins treatments
p

suggesting they are not significant at either depth, the significant differences are due to

the considerable reduction in bi by the snails which reduced the fouling biomass to

less than half that of the controls at 2m, while at 4m the snails also significantly reduced
the biomass. This difference between depths accounts for the significant interaction
between treatment and depth in the ANOVA, and suggests that snail grazing is not

independent of depth. This study shows the potential of Littorina for reducing algal
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fouling and is in agreement with the fouling control experiments of Enright er al. (1983,
1993).

For the over winter experiment, Table 3 shows no significant differences with
depth, grazers or interaction between depth and grazers. The overall higher fouling
biomass at the end of the second experiment can be explained by the longer period of
immersion of the pearl nets, as those used in the second experiment were in the water for
over a year in comparison to the three months of the first experiment. This agrees with
the seasonal biomass data that showed no significant differences occurring with depth
after the initial establishment of the fouling. In all instances the grazers reduce the mean
of the fouling biomass and larger sample sizes might have shown significant differences.
Snail grazing activity is dependent on temperature and is much lower in the colder,
winter months, (Newell et al. 1971, Norton et al. 1990, Petraitis 1992, Kim & DeWreede
1996, McQuaid 1996 and Atsushiito e al. 2002). McQuaid (1996) found that L. Jittorea
grazed at only half the rate at 5C as it did at 15C, while Newell ef al. (1971), studying the
crawling rates of L. littorea concluded that they become inactive during of the winter
months when seawater temperatures were between 6C F 8C. These temperatures are
higher than those found in Charles Arm in the winter, a;nd even with possibility of the
existence of physiological races of L. littorea, more adapted to the colder water, it would
seem likely that their grazing activities would be reduced with winter water temperatures.

A reduction of fouling was seen when urchins were found grazing on the outside
of pearl nets (Mills pers. com.), however, no significant reduction occurred when they
were placed inside the nets. The feeding activities of S. droebachiensis are correlated

with its reproductive cycle, which is linked to food availability for the adult, as well as
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plankton availability triggering gamete release (Starr ef al. 1993). Chlorophyll-a studies
in Charles Arm show that peak plankton blooms occur immediately after the melting of
surface ice in the spring (Nichols er al. 2002), a seasonal change characteristic of Eastern
Newfoundland and Atlantic coastal areas (Parrish et al. 1995). However, a simpler
explanation would be that urchins inside pearl nets are less competent grazers than the
snails. This could be due to the snail’s radula (Newell 1979, Norton et al. 1990) being
better adapted to grazing on the net substrate than the Aristotle’s lantern apparatus of
urchins (De Ridder & Lawrence 1982). The urchin spines might also inhibit movement

within the nets in contrast to the smaller smoother littorinids.

Affects of grazers on algal community structure

The algal species composition on the grazer treated pearl nets was also examined
using both DECORANA and TWINSPAN. The intention of this analysis was to
determine if the urchins and snails affected the species composition of the fouling
community irrespective of whether biomass was reduced. Studies have shown that
grazers show preferences for, or are adapted to grazing on, particular species of algae
(Steneck & Watling 1982, Watson & Norton 1985). For example, S. droebachiensis will
only eat the kelp Agarum clathratum Dumort if other algae are unavailable, and will not
eat Ptilota serrata Kiitz at all (Himmelman & Steele 1971, Keats et al. 1982.). Littorina
littorea shows a clear preference for the smaller filamentous and more delicate thalloid
species of algae (Lubchenco 1978, Watson & Norton 1985, Norton ef al. 1990, Kim &

DeWreede 1996), while apparently eschewing the tougher fucoids, which may also have
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higher levels of phenolic compounds to deter these herbivores (Norton e al. 1990,
McQuaid 1996).

Figure 13 shows the results of the DECORANA analysis applied to the algal
samples on the pearl nets at the termination of both fouling control experiments. These
include those of snail and urchin treatments as well as the controls. The two experiments
were analyzed together to determine if the seasonal difference effects of grazing, seen in
the biomass studies, would also be seen in the specific composition of the grazed fouling.
The analysis shows two distinct groups: those from the first experiment and those from
the second. These seasonal differences have already been noted (Figure 10) and
discussed. In both of these groups there is no sign of separation of samples by either
depth, or by treatment. The DECORANA results show there is no preferential grazing of
one species over another, at least at this stage of fouling development. The TWINSPAN
table (Table 4) also shows the first major vertical divisions into Columns A and B occurs

between the first and second experiments. No further division in the table can be seen that

could be interpreted either by depth of by grazing As with the
development data seen in (Table 2) the same distribution of species is seen with those at
the end of the first experiment terminated in August sho;ving a greater development of
Cyanobacteria that those from the second over winter experiment. Once again some
species appear at relatively high abundance in both experiments these include Ectocarpus

¢ 7 7

siliculosus, Pilayella littoralis, ia pylaisaei as well of Polysiphonia spp. and

Ceramium spp. There are no species that obviously distinguish between grazing and
controls in either experiment, or at either depths. Most of the fouling seen on the pearl

nets is small and filamentous, with the larger species such as Laminaria spp. and
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Desmarestia spp. being represented by juvenile stages, and it is likely that at these stages
the grazers are less likely to discriminate between species (Lubchenco 1983, Norton ef al.
1990). There are no species recorded as foulers that are likely to present a problem in
grazing to either snails or urchins. One species, Desmarestia viridis, has vesicles that
produce sulphuric acid, and this has been cited as a potential herbivore deterrent
(Himmelman & Nédélec 1990). D. viridis was, however, abundant on the nets from the
over winter experiments with no apparent differences between the grazed and control nets
and in the summer in Newfoundland, is grazed by both gastropods and urchins (Hooper

pers. com.).

Scallop growth and survival during grazing experiments

In addition to effects of grazers on the fouling of the pearl nets, the scallops they
contained were also examined for survival and growth. The survival data are difficult to
interpret due to the widespread death of scallops during the period of the first experiment.
The growth data is not as robust as it might have been had individual scallops been
tagged and measured at the beginning and end of the experiments, and growth data
presented here is for the mean of the scallops at the beginning and end of the
experiments. In both series of experiments an increase in the mean of the scallop length
occurred under all conditions of depth, and treatment (Figures 14 & 15), but the ANOVA
(Table 5) shows no significant differences in growth with any treatment of depth.

In previous studies of Placopecten magellanicus growth was shown to decrease
with increasing depth, which might be attributed to lower food availability (Coté et al.

1993, MacDonald & Thompson, 1985a,b, Claereboudt er al. 1994, Parrish et al. 1995 and
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Grecian ef el. 2000). Dadswell & Parsons (1991) found a decrease in growth with a Sm
increase in depth. However, this is unlikely to be important over the two-metre depth
range of this study.

Biofouling has been reported as an important growth-limiting factor in the culture
of bivalves (Mallet & Carver 1991, Coté et al. 1993, Claereboudt er al. 1994 and Grecian
et al. 2000). However, in neither of the two experiments of this study was any significant
difference seen in the effects of the grazers on scallop growth. Algal fouling reduces
water flow and, as already discussed in relation to the grazer activities, may cause a
decrease in oxygen as well as a decrease in the flushing of metabolic wastes from within
the pearl nets. Scallops are filter feeders and a restriction of water flow might be expected
to decrease the amount of available food, while fouling filter feeders might compete for
the same food resource (C6té er al. 1993, MacDonald & Thompson, 1985a,b,
Claereboudt ef al. 1994, Parrish et al. 1995 and Grecian et al. 2000). While fouling
biomass was lower at 4m than 2m during the time of the first experiment (Figure 12) no
differences in growth of the scallops were observed. The snail treatments also
significantly reduced the algal fouling biomass in the first experiment, but again no

.
effects on scallop growth were seen. It is also possible that under culture conditions in
which fouling does not significantly affect water flow that the various reproductive

q

propagules (spores, g vegetative fi ), p d by the sessile algae, would

act as a food source and contribute to the food availability to the filter feeding scallops.
Comparisons with the second experiment are difficult because of the different
lengths of immersion, together with the greater mortality of the scallops during the first

grazing experiments. The amount of fouling in August 1998 was significantly less than
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in May 1999 (Figure 12). The scallops were significantly bigger at the start of the second
experiment in November 1998 than in the first in April 1998 (Figures 14 & 15). They
also increased in size over winter with the mean increase being perhaps slightly greater
than that shown in the first experiment (Figures 14 & 15). This may be due to the larger
initial size or to the longer period of immersion. Mills (pers. com.) also reports that
significant growth of scallops occurred during the winter months. MacDonald &
Thompson (1985a,b) concluded that food availability, rather than temperature, is the
main factor responsible for scallop growth. Parrish ef al. (1995) also found that
substantial growth in mean shell height occurred over the winter months from December
1991 to April 1992 and somatic tissue weight increased 20% over the same period. This
study also shows that growth occurs during this period and is unaffected by either depth
or fouling.

While the scallops used in both experiments belonged to the two-year class, the
first experiment ended in August 1998 and the second began in November 1998 and the
slightly larger scallops of this second experiment may reflect their further three months of
growth. This small size difference appears unlikely to be important in any mortality
studies. Dadswell and Parsons (1991, 1992) suggest handling is the principle cause of
scallop mortality at initial deployment, with losses ranging from 7-9%. Acclimation and
predation under normal culture conditions may account for a further 5-10% mortality
during the duration growth over the four-year grow-out period (Couturier ef al. 1995, and
Mills pers. com.).

However, these factors would not account for the high mortality of scallops

recorded in the first experiment, but may explain the lower percentage of mortality of
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scallops seen in the second experiment (Table 6 & Figure 16). During the course of the
first experiment a massive and a yet still unexplained death of scallops occurred at the
Charles Arm site. This is reflected in the mortalities shown in the first experiment in
which in the controls and urchin treatments at both depths mortality was in the order of
80%. Mortality in the snail treatments was, however, significantly lower which accounts
for the significant grazing effects shown in the ANOVA (Table 6) The p value of 0.031
for the depth treatment shows that the effect of depth is also significant in scallop
mortality if the p=0.05 confidence level is used, however, little differences are seen in
Figure 16. The first experiments were concluded in August 1998, when water
temperature was approaching its maximum in Charles Arm (Figures 5 & 6). If
temperatures are above the optimum for P. magellancius, these, especially when coupled
with a reduced food or oxygen supply, may lead to stress reduced growth and even death
(MacDonald & Thompson 1985a,b, Couturier ez al. 1995, Mills pers. com.). Given the
confounding effects of the massive scallop die off, it is difficult to discuss these
experiments in a meaningful manner. The results from the over winter experiment show a
much reduced mortality under all conditions, when compared to the first experiment, with
the overall losses less than 20% and are within the nonnz;l mortality range for the Charles
Arm site (Mills pers. com.). In this instance the effect of depth is not significant at the
p=0.05 confidence level but the there is a significant effect of grazing (Table 6). Figure
16 shows that while urchins had no effect on scallop mortality, a considerable decrease
occurred at both depths with snail treatments. It is interesting that while snails
significantly reduced algal fouling biomass in the first experiment, together with a

decrease in scallop mortality, no significant reduction in fouling biomass was seen in the
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second experiment and yet a relatively much greater reduction in scallop mortality
occurred. This suggests that the effect of snails on scallop mortality may due to some
scallop — snail interaction other than simply being due to fouling reduction. Further

experiments are clearly needed to clarify these observations.

Conclusions

The massive die off of cultivated scallops in Newfoundland in 1998-1999 led to a
re-assement of their potential for farming and, in the case of Thimble Bay Farms, a
decision to abandon their cultivation and concentrate on farming of the blue mussel
(Mytilus edulis). This study has, however, shown a number of points of potential interest
should scallop farming be re-introduced.

Algal biofouling will always be a problem on any structure placed in the photic
zone of sites such as Charles Arm. The degree to which it is tolerated is best left to the
judgment of the operator who must balance the costs of losses and reduced growth
potentially caused by the fouling, against the costs of, and losses due to cleaning of nets
and/or transfer of scallops to clean nets during the grow-out period.

It is apparent, at the Charles Arm site, that the fouling is due mainly to sessile
algae (seaweeds) and Cyanobacteria, and that sessile invertebrates are an insignificant
part of the fouling community. It is also clear that, contrary to traditional ecological
wisdom, and to the reports of previous surveys, that a large number of algal and
cyanobacterial species are involved, which cannot be collectively dismissed as
“Polysiphonia”. In this regard, this study confirms that of Hall (1996), and shows that

even more species occur as fouling organisms. The floristic studies, as shown by the data,
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in the appendix and in the TWINSPAN tables, show that the fouling species are not
unique, but are common components of the benthic algal community in the region, and
that their phenology is also similar to that occurring in these natural communities. Little
differences are seen between the depths and this is not surprising given that only two

metres separated the shallowest from the deepest samples. This could be an important

1ated 1

P

and

consideration if cultivation over a greater depth range is
from the data presented here, to greater depth should not be done without further
experiments. While a substantial amount of fouling was seen on the nets, it appears that a
maximum is reached after one year in the water, suggesting that, if scallop growth is
adequate up to this point, it is unlikely to deteriorate due to increased fouling in future
years. However, if fouling can be reduced in a simple and economic manner it is clearly
to the advantage of the operator to do so, as the nets are easier to handle, and there are
literature citations suggesting that growth is enhanced in the absence of fouling.

This study examined the possibility of reducing fouling in an environmentally
friendly, and potentially cost effective manner, using locally occurring algal grazers. The
use of urchins (Strongylocentrotus droebachiensis) within the pearl nets did not appear to
be effective, however, this may be due to the confining nature of the nets on these
relatively large algal predators. The observation that they are effective at removing
fouling, when on the outside of the nets suggests their potential use if scallop culture
resumes using cages or other non-net enclosures. The snails (Littorina littorea) proved
much more effective in reducing fouling, but while decreasing fouling biomass, did not
significantly alter the structure of the fouling community. Littorina has been previously

used to control fouling in this manner, most prominently by Enright e al., (1983, 1993)
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and the results of this study confirm her observations as to their efficacy. Whether it is
economically feasible to use Littorina on a large scale in a scallop farm is debatable.
With 75 snails per pearl net, the time and cost of collecting L. /ittorea for use in many
thousands of nets would be daunting and perhaps not economically viable unless a
substantial market could be found for the snail as well. Perhaps adequate algal fouling
control could be achieved with fewer snails per pearl net and further experiments are
clearly needed to determine the optimum density of snails in such biocontrols. In
addition, while snails reduced fouling in the first study, most significantly at 2m, they
were not as effective at 4m. The observations of the effects of grazers on growth and
survival of scallops conducted in this study are preliminary. They should be repeated over
different time periods using the more sensitive approach of individually marked and
measured scallops. However, this study has shown some very interesting trends,
especially in the relationship of snails to scallop survival, which clearly worthy of further

study.
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Table A1. Occurrence of the Chlorophyta on pearl nets at each sampling period (Present =+, Absence = -, 1&2 = 2m & 4m depths
and 123 = Three treatments, urchin, control and snail respectively).

DIVISION 1 2 3 4 3 6
CLASS June August November May July July
ORDER STUDY PERIOD | 6/30/98 8/26/98 11/4/98 5/20/99 7/19/99 | 7/27/00
Family DEPTH | 1 2 il 2 1 2 1 2 1 2 2
Genus species TREATMENTE SN o N12s i n123 5| Soa SN |NIPsN (23 [T a0 (50D
Species names & authorities Name
code
CHLOROPHYTA
CHLOROPHYCEAE
Acrosiphonales
Acrosiphonacea
Chlorochytrium inclusum Kjellman CHLOINC +
Spongomorpha aeruginosa (L.) Hoek SPON AEU + R o e pi >
Cladophorales
Cladophoraceae
Cladophora albida (Nees) Kiitz. CLAD ALB + e e T
Cladophora sericea (Hudsun) Kiitz. CLAD SER T o o5 o
Chaetomorpha linium (O.F. Muell) Kiitz. | CHAELIN | 4 T + . 3 ol
Chaetomorpha capillaris (Kiitz.) CHAE CAP + PN o S -+ - 1
Rhizoclonium riparium (Roth) Kiitz. ex RHIZ RIP + el S | SO T -5 e
Harvey
Ulotrichales
Ulotrichaceae
Ulothrix flacca (Dillwyn) Thuret in LeJolis ULOT FLA + + |+ e o 44 ek A=k
Uvales
Percursariaceae
Percursaria percursa (C.Agardh) Rosenv. PERC PER + i, +
Enteromorpha spp. Link in Nees, 1828 ENTE SPP + =
TOTAL | 6 3 14:5.316621 5 4 _1i5,5:2.E12.3505.3 3 4 i3
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Table A2. Occurrence of the Phacophyta on pearl nets at each sampling period (Present = +, Absence = -, 1&2
=2m & 4m depths and 123 = Three treatments, urchin, control and snail respectively).

DIVISION 1 2 3 4 5 6
CLASS June August | November May July July
ORDER STUDYPERIOD | 6/30/98 8/26/98 11/4/98 5/20/99 7/19/99 | 7/27/00
Family DEPTH | 1 2 I 2 i 2 1 2 1 o I )
Genus species TREATMENT | 2 2231123 2 2 1938092372 2 22
Species names & authorities Name
code
PHAEOPHYTA
PHAEOPHYCEAE

Chordariales
Chordariaceae
Cladosiphon zosterae (J.Agardh) Kylin | CLADZOS | 4 +

Tilopteridales
Tilopteridaceae
Haplospora globosa Kjellm. HAPL GLO e + i RIS e + i+
Tilopteris mertensii (Turner in Sm.) TILO MER i st

Kiitz.

Sphacelariales A
Cladostephaceae

Dictyosiphonales
Dictyosiphonaceae
Dictyosiphon foeniculaceus (Hudson) | DICT FOE + 5% ot £

Grev.
Myriotrichiaceae
Punctariaceae
Punctaria tenuissima (C.Agardh) Grey. | PUNC TEN I
Striariaceae
Isthmoplea sphaerophora (Carmich.ex | ISTHSPH 48 5 +

Harv. in Hook.) Kjellm.




+8

Stictyosiphon soriferus (Reinke)
Rosenv.

Stictyosiphon tortilis (Rupr.) Reinke
Scytosiphonales

Scytosiphonaceae

Petalonia zosterifoila (O.F. Miill.) O.
Kuntze

Scytosiphon lomentaria (Lyngbye)
Link
Ectocarpales

Ectocarpaceae

Ectocarpus fasciulatus Harv.

Ectocarpus siliculosus (Dillwyn)
Lyngbye

Hincksia granulosa (J.E.Smith.) P.C.
Silva

Giffordia ovata (Kjellm.) P.C. Silva

Kuckuckia spinosa (Kiitz.) Kuck.

Laminariocolax tomentosoides (Farl.)

Kylin
Pilayella littoralis (L.) Kjellman

Spongonema tomentosum (Huds.) Kiitz.

Desmarestiales
Desmarestiaceae

Desmarestia aculeate (L.) J.V. Lamour.

Desmarestia viridis (O.F. Mill.) J.V.
Lamour.
Laminariales
Chordaceae
Chorda filum (L.) Stackh.
Laminariaceae
Laminaria longicuris Bach.Pyl.

STIC SOR

STIC TOR

PETAZOS

SCYT LOM

ECTOFAS
ECTOSIL

HINC GRA

GIFF OVA
KUCK SPI
LAMI TOM

PILALIT
SPON TOM

DESM ACU
DESM VIR

‘CHOR FIL

LAMILON

+ +

+ 4+

+ +
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Table A3. Occurrence of the Rhodophyta on pearl nets at each sampling period (Present = +, Absence = -, 1&2 =2m & 4m
depths and 123 = Three treatments, urchin, control and snail respectively).

DIVISION
CLASS
ORDER
Family
Genus species

STUDY PERIOD

DEPTH
TREATMENT

1

June
6/30/98

o)
August
8/26/98

3

November

11/4/98

4
May
5/20/99

7/19/99

5
July

6
July
7/27/00

1

2

1 2

1

2

1 2

1

2

1oy 2

2

2

123 } 123

2

2

123 123

2

2

2eihed

Species names & authorities

Name
code

RHODOPHYTA

RHODOPHYCEAE

Erythropeltidales
Erythrotrichiaceae
Erythrotrichia carnea (Dillwyn)

J.Agardh

Acrochaetiales
Acrochaetiaceae
Audouinella alariae (H. Jénss.)

Woelk.

Bonnemaisoniales
Bonnemaisoniaceae
Bonnemaisonia hamifera Har.

Gigartinales
Kallymeniaceae
Callophyliis cristata (C.Agardh)

Kiitz.

Ceramiales
Ceramiaceae
Callithamnion corymbosum (Sm.)

Lyngb.

ERYT CAR

AUDO ALA

BONN HAM

CALL CRI

CALL COR

HH




L8

Ceramium nodulosum (Lightfoot) CERANOD |+ TR B = 5 i 5
Ducluzea
Ceramium cimbricum H.E. Peterson | CERACIM TaL] et HER
in Rosenv.
Ceramium elegans (Roth) Ducluzea | CERAELE S ST R, R
Ceramium strictum Harv. CERASTR < T el i
Scagelia pylaisei (Mont.) M.J. SCAG PYL g B SRR App by a2 + + +
Wynne
Scagelia pulmosa SCAG PUL i ¥ e
Delesseriaceae
Membranoptera alata (Huds.) MEMB ALA +
Stackh.
Pantoneura fabriciana (Lyngb.) M.J. | PANT FAB 5 4
Wynne
Phycodrys rubens Batters PHYC RUB I 25
Rhodomelaceae
Polysiphonia flexicaulis (Harv.) POLY FLE |+ e Eodu
F.Collins
Polysiphonia artica J.Agardh POLY ARC 4
Polysiphonia stricta (Dillwyn) Grev. | POLY STR 2 o5 df e 5 4 & T
Polysiphonia fucoides (L.)Tandy POLY FUC SRR e ey iy & 75
Rhodomela confervoides (Huds.) RHOD CON dispy Sk e
P.C. Silva -
TOTAL 8,56:787| 10 12,1210 1 898 14:12]9 : 9




Table A4. Occurrence of the Cyanobacteria and colonial diatoms on pearl nets at each sampling period (Present = +, Absence = -,
1&2 = 2m & 4m depths and 123 = Three treatments, urchin, control and snail respectively).

88

DIVISION 1 2 3 4 o 6
CLASS June August November May July July
ORDER STUDY PERIOD | 6/30/98 8/26/98 11/4/98 5/20/99 7/19/99 | 7/27/00
Family DEPTH| | | 2 1 7] 8 DL T o e e [ [ )
Genus species TREATMENT 52 [ 123 | 123 | 2 & 2 [123:123[ 2 : 2 [2 |2
Species names & authorities Name
code
CYANOPHYTA
CYANOPHYCEAE
Nostocales (Oscillatoriales)
Spirulina major Kiitzing SPIR MAJ s 5 i
Spirulina subsalsa Oersted. SPIR SUB qEpe. e e i 3
Spirulina vesi-color Cohn. SPIR VES oy T+ o
Spirulina nordstedtii Gomont. SPIRNOR 5
Spirulina spp. SPIR SPP + 3 o 5o i
Oscillatoria margoritifera Kiitzing OSCIMAR e b e zx &
Oscillatoria corallinae Gomont. 0sCICar or + ' E
Oscillatoria nigro-viridis Thwaites OSCINIG R T = ot
Oscillatoria spp. (1) OSCI SP1 5, R iy LY +
Oscillatoria spp. (2) 0SCI SP2 + + 3 -
Lyngbya conferviodes C. Agardh LYNG CON S e %
Lyngbya semiplena (C. Agardh) J. Agardh | LYNG SEM oo e = ] %
Lyngbya aestuarii Gomont. LYNG AES SRR + +
Lyngbya majuscula Gomont. LYNG MAJ N I S o
Lyngbya sordida (Zanardini) Gomont. LYNG SOR i +
Lyngbya meneghiniana (Kiitzing) LYNG MEN + <0
Falkenburg




68

Lyngbya gracilis (Meneghini) Rabenhorst | LYNG GRA x
Lyngbya spp. LYNG SPP 4 &
Anabaena inaequalis (Kiitzing) Trevisan ANAB INA ++
Anabaena tortulosa (Carmichael) ANAB TOR =+
Lagerheim
Anabaena variabilis Kiitzing. ANAB VAR L
Anabaena spp.1 ANAB SP1 Irs ++
Anabaena spp.2 ANAB SP2 o + 7
Calothrix pilosa Harvey. CALOPIL D 5
Calothrix fasciculate C.Agardh CALOFAS +H+ L +
Calothrix contarenii (Zanardini) Bornet CALO CON Bl S =
Calothrix consociata (Kiitzing) Bornet CALO COS e e 15 5
Calothrix scopulorum (Weber and Mohr) C. | CALOSCO -7 5
Agardh
Calothrix confervicola (Roth) C. Agardh CALO CON + e o el g i & +
Calothrix fusco-violacea Crouan. CALOFUS R 34 &
Calothrix spp. CALO SPP + + ++ +| + +
Schizothrix spp. SCHI SPP +
Unknown spp.1 UNKN SPP ¥ ¥a
CHRYSOPHYTA
BACILLARIOPHYCEAE -
Naviculaceae
Berkeleya rutilans (Trentepohl) Grunow BERK RUT o B TR
Navicula spp. NAVISPP + | + L+ | i+ + i+
TOTAL 10 [ 182016 § 21,2220 | 16 13 [232:363| 6 3 5




Legend for tables A5-A10.

Algal Amount (% Cover) Code number Assigned.

Absent

0-1 (%)
1-10 (%)
10-30 (%)
30-60 (%)
60-100 (%)

Treatment #1
Treatment #2
Treatment #3

Depth #1
Depth #2

Dates #1-4

Dates # 5
Dates # 6

Replication
Biomass (g)

Scallop lengths (mm)

[T S )

Nets treated with Urchins.
Untreated nets (control).
Nets treated with Snails.

Shallow depth (2m).
Deep depth (4m).

Four sample dates within the first year of net fouling (1998-
1999).

Fouled nets in the second year (1999).

Fouled nets in the third year (2000).

Replicates 1 through 6.

Wet weight of fouled net, minus wet weight of unfouled net.

Scallop lengths (N=25) in each pearl net. Measurements in
bold face are scallops that died during the experiments
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Table AS. Fouling biomass (g) on pearl nets from April 1998-July 2000 (1&2=2m & 4m depths).
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Table A6. Fouling biomass (g) on pearl nets. Grazing experiments (urchins, control and snails respectively) at four sampling

periods. (1&2:

2m & 4m depths).
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from April 1998-July 2000 (Depth 1=2m, depth 2=4m).
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Table A7. Species abundance values for input info DECORANA and TWINSPAN

Genus species
‘Species names & authorties

Ho

Calothi scopulorum (Weber and Moh) C. Agardh
Calothrix spp.

Desmarestia viridis (OF. M0lL) 1.V. Lamour.
Dictyosiphon foeniculaceus (Hudson) Grey.

Eetocarpus spp.
Laminariocolax tomentosoides (Farl) Kykn

Lyngbya aestuarit Gomant
Lyngbya gracilis (Meneshini) Rsbenhorst

Laminaria longicuris Bach.PyL
Laminaria saccharina (L.) V. Lamour.

Hincksia granulosa (1 E Smith) P.C. Silva

Calothrix confervicola (Roth) C. Agardh
Cladosiphon sosterae (1 Agardh) Kylin

Anabaena inaequalis (Ktzing) Trevisan
Kuckuckia spinosa (Kotz) Kuck.
Lyngbva conferviodes C. Agardh

Anabaena sp. 1
EBetocarpus fasciulatus Harv.
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Lyngbya meneghiniana (Kotzing) Falkenburz

Pantoneura fabriciana (Lyngh) M. Wymne
Percursaria percursa (C.Agardh) Rosenv.
Petalonta zostertfola (OF. Muell) O. Kuntze
Phycodrys rubens Batters

Sevtosiphon lomentaria (Lyngbye) Link
Spirulina major Kitzing

‘Spongomorpha aeruginasa (L) Hoek
‘Spongonema tomentosum (Huds) Kitz.

‘Scagelia plaisel (Mont) M.J. Wymne

Lyngbya mapuscula Gomont
Pilayella lttoralss (L) Kiellman
Schizothrix sop.

Spirulina nordstedsis Gomant.
Spirulina subsalsa Ocrsted.

Spirulina vest-color Cohn.

LUnkown spp. 1

o
G
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Treatment [1 231231

Date
Replicate.
Depth

abundance values for input into DECORANA and TWINSPAN

Table A8
s
[Species names & authorities

Genuis.

Ho

i

Ce
Kuckuckia spinosa (Kitz) Kuck.

Laminaria spp.

Calothrix scopulorum (Weber and Moh) C. Agardh
Calothrix sop.

Desmarestia viridis (OF. Mall) 1.V. Lamour,

Dictyosiphon foeniculaceus (Hudson) Gre.

Betocarpus spp.
Erythrotrichia carnea (Dillwyn) ) Agardh

Giffordia ovata (Kiellm) P.C. Sitva
Haplospora globosa Kielm.
Laminariocolax tomentosoides (Fuul) Kylin
Lyngbva gracils (Meneshini) Rabenhorst

Laminaria saccharina (L) 1.V. Lamour.
Lyngbva aestuart Gomont.

Calothrix confervicola (Roth) C. Agardh
Cladosiphon zosterae (1. Agardh) Kylin
Desmarestia aculeate () 1V, Lamous.
Eetocarpus fasciulatus Harv.
Enteromorpha spp. Link in Nees, 1828
Hincsta gramulosa (1 E Smith) P.C. Silva
Laminaria longicuris Bach.Pyl.

Lyngbya conforviodes C. Agardh
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Lyngbya meneghiniana (Kotzing) Falkenbusz

Lyngbya semiplena (C. Asardh) J. Asardh
Petalonia zostertfola (OF. Muel) O, Kuntze

Lymgbva mapuscula Gomont
Lymgbya sordida (Zanaxini) Gomont.
Membranoptera alata (Huds) Stackh.
Oseilstorta corallinae Gomont.
Oscilatorta margoritfera Kevzing
Osciltoria nigro-virds Thwites
Percursaria pereursa (C Asazdi) Rosen.
Phycodsys rubens Baters
Pilayllalntoralis (L) Kicliman

Scasela puimosa

‘Scageliapaisel (Mont) M.J. Wyrme
Spirulna vet-color Cobn.
Spongomoroha aeruginosa (L) Hoek
Spongonema tomentosm (Huds) Kotz.
Stityosiphon sorferus (Reinke) Rosenv.
Stityastphon tortls (Rupe) Reinke.
Tilopters mertensi (Tumes in Sm) Kotz
Ulothrésflacea (Dilwyn) Thuret i Leiols
Unbnoon o,



oo TNGIN 61OVl LLOVI STSSEl SLB6LI SG6TIT SOOI PR eCel ToTLEr SN TIVL BVISL OGPl BECSl  CLTeMl L0C 9 1SCT
w19 W Ths W oTLs  IES 6l O 9Lse s vis sTss Ty vesy  I® 9% S» s9lr
wis ¥ pISS ¥eS YIS SeS w06y 169 5695 €08 WIS VI 0SS €9 6009 LIS 19ls
sos5 W95 TS LS T WIS sor  sowy 9955 T09 WIS 9% 6% 66 ssSs gW IS
09 WSS 9T09  TCIS WS GELY 865 LSS I8 85 S019 TS 96 ¥SS 80%S
T YT BUSS 1Y LTIS  6EES LB ey s T 6 60 665 P 86 B STYS
wer W sSYS 66T9 RIS ever e 8By e

1519 S5 1995 W 996r  86TS i 9

is1s w9595 WS Lesy g 800y oLy

v TS s WIS Wk oIS sere LY

[ TIS 1055 ML s ses  SiE VoS

wo WS 0% 69 6985 K WIE s

Less 1009 9TI9  £5ES B9 WO9 6835 LS

1605 §SP LSS D019 OU6r  SEe WLy 9669

069 WSS9 1T over 0% LTr 4919

1955 WY sss WS GNES YTy LS 0SS

wes SU% 95T EUS  SLS WS L9 €9

wes 965 9509 1965 Ler  LOIS  KT9E  oKER

1095 Vs 6685 VIS STer  SWIS oSy 1809

w99 WS T L09 W5 TS KIS E56s

w19 SYes ST 8T6s OLSS e Tess  IN6S

s $65 1865 wos  sUes  sver 1895 9949

wss LS 86%S  STES 8909 SEE  OTWS  SKO9

o915 W9 ecsy  SEKS  INLS €T 60SS  6N6s

w09 959 T58s  95Us  BIOS Sy 6Ly 8659

6609 SY  eUEs e €69 9T 995 9619

[} S O O T L

15 T T T T T

z T T T T T

T T T i {4 3

3 ¥ E 3 T T

98



£) Fi T 2 T 2 2 T ) 2 T
3 I ) I3 e} 3 ] ) ) ) 3
) 1 1 I ) 1 2 2 2 2 i
3 T 2 7 3 3 1 2 3 1

Fial _ntal  Final _inial _Fioal Total Fioal Final _Tnital _Fioal (ol Fioal _Tnial

S 8% e 02 s S 3535 G 5768 14 3636

956 325 6076 683 4313 6108 sl 552 s B3 S8 sl
5999 5962 4951 4982 491 A1sE 07 235 674 6Ll 48 S 362
o061 502 o4 §703  s0ss 287 Sad6 SIS M3 3Bl 8483 4954

s e S831 SLs S 3678 ay 23 e ssn 27 5526
s394 5874 497 S107 4631 314 5107 @69 %605 5703 8% 5193
5261 5152 ST 4971 4448 4506 8oL 6L04 434 SI N MT 56
02 514 554 8296 4165 @28 S4% 4899 819 4823 8856 5967
$74 se6s €17 4408 a9 5406 5945 6528 4984 8639 585K
S046  S622 S84 024 83 43 4193 S5 952 4956 82
71 82 Sa3 B4 S1S 242 843 5698 536 %26 2%

5527 s 7 95 49
136379 141073 143632 130626 135349 123736

21 s 520 50. 602 89 6024 495 197 508 NS w55 ;A
132445 137528 137751143665 133074 9 14373 139221143568 126321 132684 118567 124545




001

Z 7 T 7 T 7 3 T 2 T ) T ) T F)
] 3 I 53 s 5 3 3 3 s G s s % 5
T I 1 ) z 2 F 2 2 I I 2 2 2 2
1 2 B 3 1 ] 2 3 3 ] 3 2 3 3 3
Fioal Tnial _Fioal Tnial  Final intal Pl Tnital Fioal Dol Fioal _inital Tnial __Final Tnil__Fioal _inital __Final
®05 617 6235 %09 6255 5007 8345 5357 449 %007 81 623 N2 65 22 6585 5198 5991
4805 €67 53 507 S4I6  MS 4981 S981 S04 445 5285 5405 3626 5738 992 6L S8 €13
$827 SBT3 Sh6s  $334 6071 5624 SIS  S467 S5 s624  So01 S4Bl 28 Qe 5220 8873 S8l €008
637 6334 6061 6234 4618 S8 S442 ST 4618 607 434 s s8 S12 86 s S04
5675 5085 €71 5557 SLIL Se64  S91  sS7T2 SS91  saed 5095 854 657 @ 191 %668 @14 509
4565 82 $157 SIS SL4l 5004 77 sen SS9 004 S 86 50 88 S04 s sr0s LI
S403 5799 6l44  Se4 55552 S S8 ST08 S8 S407 546 s6l Sids a7 S48 s 77
Sl SI68  ST68 5752 4879 5368 SLSY  S631  Sd6 368 S5 64 s 83 44 818 S8 4
SL3 6338 B2 5697 S47S 5126 471 SI2 SIAS S336 s 5642 s sas 6069 §197  sass 5196
s825 5766 S819 6145 5536 4676 s 889 676 wR 227 275 5947 4599 8636 605 6052
4915 538 8899 515 €02 SI98 4593 STE  §69  SL98  $3S3 5496 515 5588 B2 M4m0 6006
4899 855 6031 346 €02 5229 48T 5526 S8 0229 SuS%  496 8 an Sl6 s SR @M
B49 43 23 e 651 512 4131 66 4 S92 28 6S sl 687 29 02 60 WM
4609 6419 689 565 SS04 4901 5134 S809 6048 4911 8003 5285 661 6369 d019 4898 5037 sm
S48 915 SSM 62 545 5595 4106 979 S0 5595 4 5903 5559 56 S sl 8196
336 M9 629 56 5629 569 S5 S6 S  S69 448 64 e 06 4809 8649 SLI7  sss1
SB35 S0 62 507 805 5419 SS12 5S4 836 419 S8 6LI6 93 88 061 Sem 29 66
S61 45 S 6124 6261 4956 843 5653 €043 4956 4838 5599 s094 8729 89 476 4151 SM
5008 5601 SSM S8E2 4973 SIS S 5683 ST 5018 Ses2 893 sl 8833 5349 ses1 418 2
S N0 BT 940 s SI9 ST I8 M7 SOl 8609 875 5652 8386 w7 ;o s sl
464 5953 6L S4s4 862 467 M4 Sedl  $890 467 W4 @ 515 a2 4062 819 569 S019
S5 5795 6325 5491 S I8 565 S6M S N7 S48 5209 5465 5079 838 573 878
. SL6  S403 4697 8678 5445 S428  SEOS 83T  S445 Sy  $.77  SL82  S91  SIS 5309 888 289 M4 5516 s
;6L £ @M 8T ST 462 4106 B8 S8 416 8276 606 6019 3676 4129 533 884 5295 508 5169 6143
S76  SS14 S8 4915 S SIS0l 232 $26 S8l WS S92 4934 €07 5425 8186 87 s662 S8 5003 %69
128432 143846 148345 13843 102512 126583 130417 140281 141383 129553 132106 L4091 145827 139761 137537 137637 14S2U_137005 147221 127733 139833 13131 143503




SETST VTl WGeI GIELT WRNIST SOL1 FWTII CNIO TYIOT RGN STTIOT GVSILI I9GeS SOOLLI PESIL GOCLN ILLGT WO ST TTewr weent]

59 ww 9569
f4 » @
. 59 19
1669 wis e
%0 B s
wn si5 59
o %19 909
Wi 19 oves
[ ey o
6659, 6ELS ww
1wy w9 53
w9 2 w3
ot w9 %
w s 19
500 st 919
%% v5'65 wss
169 w 6529
e Bl s
s won £
9519 wu ww
Y w659 w9
u wu s
u su un
s w5 915

e o c99 | (o) opus dogess

[ g [y oy

5 T e

T T wisq

T T anondey

v 3 ang

10} BIEP [EAAINS PUE (W) L1BUG] OIEOS OFY OIGeL.

101



TN 9eesT VLSO LS STOOLI LRI EReOl I vl TREOLT 6EORST OOI91 CTORT 95 LesT SCLILL LLEIO VIFEOT
609 €09 6Vl L9 ey oL gosL s Loy 5o
@ 1w v 9 9 w9 v w860 569
659 5059 W re ww 6w v 5L i1
WL VI 809 T woL 6969 as w7 wis

5009 8 L6H9 w1199 LI
@io ere  wis e €1v s e
S0 K99 5w " e wss oLy
wis L9 ees W sl o 9e
619 1609 25¥9 6695 SL19 89 w0w
€9 L8 60% W sers e w09
WL 1919 109 ) €09 5129
w1619 s %69 1599 U 1699
805 sE19 SEIL w61 7899 e 199
919 8wl s su Iso 66 6oLy
619 1S1L 6809 @ voy @e  are
Wi e sseL oL syas 99 L00
W9 gL 869 659 oros wor  srwy
wis oo 1oL we o T wis  wi
w19 pEIL 609 WL ssss oTes  sses
I ) 065 6919 s souy
1805 099 Lzey 68 sTE w1 6w
SUB s oREs 6 T8 [
S% s oves s 1 oY €919
sEv  cros 1519 w9 865 1809
oL e 2w vEs)  siss YLOL__ %698
T v LR T

T T ¥ i 3 T

T z i T ¥ T

v v € L ;

02 £ v i i3

102



VESIOT IWVesT LILO1 TS LSOl CCSLST Cevisl TUOGH FOOLSI VCCHSI GOCGIl FPLGOI CPEILI SHSIO1 6TOLOI 3 1rsl WEIST CIVIol §00%1 TETToT eoLest 99 et
9T ww e BV WIS 5999 9T 5099 I¥9  EHE9  6vL9 Ll wou €19 wr @
& s 0w 6669 51 o5 W s 800
%9 e Wi 5679 W wos s eres
e s 96125 519 o sy sze
e 999 st s ses9 w1 s
"o wo 0w svu €09 Wi 96
919 e @y e s 55 619
we 9665 959 999 59 99 w5
uw "es wes wes 5495 w6t
g v 85 wr 609 vis 1609
aTiL 8555 1299 69 L9 w6
69 wn 5 oS 9 w159
oIy sou €19 09 €y 5579 suos
woL oL i 1619 019 (7l
wes o e e wo wes 999
wy [ 5969 we wis 659 aTEs
%5t 9019 5839 o WL 56 519
oo i 5829 stz we 59 vses
w35 g wsy 995 ssoL o1 1zoy
wse sror o Wi 179 09 197
oL w9 1669 5L wu sTEs 919
wey w19 0z e 9659 w9 Tes
voL [ 56 s 1579 669 s
v69 9659 s189 5o s [
(i1 659 5859 V689 SN L6cs @e 18
[ T [ [ I N g
X i1 (3 T T 3 T T
T z 3 3 3 T T T
0 v v 3 I 5
v v T v 3 v

103












	0001_Cover
	0002_Inside Cover
	0003_Title Page
	0004_Frontispiece
	0005_Abstract
	0006_Abstract iv
	0007_Acknowledgements
	0008_Acknowledgements vi
	0009_Table of Contents
	0010_Table of Contents viii
	0011_List of Tables
	0012_List of Figures
	0013_Introduction
	0014_Page 2
	0015_Page 3
	0016_Page 4
	0017_Page 5
	0018_Page 6
	0019_Page 7
	0020_Page 8
	0021_Page 9
	0022_Materials and Methods
	0023_Page 11
	0024_Page 12
	0025_Page 13
	0026_Page 14
	0027_Page 15
	0028_Page 16
	0029_Page 17
	0030_Page 18
	0031_Page 19
	0032_Page 20
	0033_Page 21
	0034_Results
	0035_Page 23
	0036_Page 24
	0037_Page 25
	0038_Page 26
	0039_Page 27
	0040_Page 28
	0041_Page 29
	0042_Page 30
	0043_Page 31
	0044_Page 32
	0045_Page 33
	0046_Page 34
	0047_Page 35
	0048_Page 36
	0049_Page 37
	0050_Page 38
	0051_Page 39
	0052_Page 40
	0053_Page 41
	0054_Page 42
	0055_Page 43
	0056_Page 44
	0057_Page 45
	0058_Page 46
	0059_Page 47
	0060_Page 48
	0061_Discussion
	0062_Page 50
	0063_Page 51
	0064_Page 52
	0065_Page 53
	0066_Page 54
	0067_Page 55
	0068_Page 56
	0069_Page 57
	0070_Page 58
	0071_Page 59
	0072_Page 60
	0073_Page 61
	0074_Page 62
	0075_Page 63
	0076_Page 64
	0077_Page 65
	0078_Page 66
	0079_Page 67
	0080_Page 68
	0081_Page 69
	0082_Page 70
	0083_Page 71
	0084_Page 72
	0085_References
	0086_Referencesb
	0087_Page 75
	0088_Page 76
	0089_Page 77
	0090_Page 78
	0091_Page 79
	0092_Page 80
	0093_Appendix Tables
	0094_Table A1
	0095_Table A2
	0096_Page 84
	0097_Page 85
	0098_Table A3
	0099_Page 87
	0100_Table A4
	0101_Page 89
	0102_Page 90
	0103_Table A5
	0104_Table A6
	0105_Page 93
	0106_Table A7
	0107_Page 95
	0108_Table A8
	0109_Page 97
	0110_Table A8
	0111_Page 99
	0112_Page 100
	0113_Table A9
	0114_Page 102
	0115_Page 103
	0116_Blank Page
	0117_Inside Back Cover
	0118_Back Cover

