3 | LIBRARY
Te Tumu Herenga RESEARCHSPACE@AUC KLAND

THE UMIVERSITY OF AUCKLANMD

http:/Z/researchspace.auckland.ac.nz

ResearchSpace@Auckland

Copyright Statement

The digital copy of this thesis is protected by the Copyright Act 1994 (New
Zealand).

This thesis may be consulted by you, provided you comply with the
provisions of the Act and the following conditions of use:

e Any use you make of these documents or images must be for
research or private study purposes only, and you may not make
them available to any other person.

e Authors control the copyright of their thesis. You will recognise the
author's right to be identified as the author of this thesis, and due
acknowledgement will be made to the author where appropriate.

e You will obtain the author's permission before publishing any
material from their thesis.

To request permissions please use the Feedback form on our webpage.
http://researchspace.auckland.ac.nz/feedback

General copyright and disclaimer

In addition to the above conditions, authors give their consent for the
digital copy of their work to be used subject to the conditions specified on
the Library Thesis Consent Form.


http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback

Ecological Dynamics of the Green-lipped Mussel,
Perna canaliculus, at Ninety Mile Beach,
Northern New Zealand

Andrea Casandra Alfaro

A thesis submitted in partial fulfillment of the requirements of the Degree of
Doctor of Philosophy in Marine Sciences,
The University of Auckland,
New Zealand

September 2001




Abstract i

ABSTRACT

The New Zealand green-lipped mussel, Perna canaliculus, is farmed by an
aéuaculture industry (> NZ$ 150 million/year) that is dependent on mussel juveniles
(spat) collected from unpredictable and unreliable wild sources for more than 80 % of its
mussel seed requirements. Most wild-caught spat is collected from the surf zone at
Ninety Mile Beach, northern New Zealand, where unique environmental conditions cause
the accumulation and transport of spat attached to drift algae, which arrive to the shore in
great quantities (up to 100 tonnes at once). This study is the first to investi gate the
ecology of mussels at Ninety Mile Beach throughout their life history, including
reproductive behavior, micro-scale settlement patterns on filamentous macroalgae,
accumulation and transport of mussel spat to the shore, colonization of the rocky
intertidal, and adult population dynamics. Histologic investigation of 4 intertidal and 2
subtidal populations revealed that females and males were well-synchronized throughout
their reproductive cycles, with a prolonged spawning season from June to December,
when temperatures were lowest and rising. Comparisons of gonad indices and maximum
shell length indicated high productivity in certain populations, which likely contribute to
the high larval availability of the area.

Experiments showed that mussel spat preferentially settled on fine-branching
natural and artificial substrata, with correlation evident between mussel shell size and
degree of branching. Furthermore, greater numbers of mussels settled on node Versus
internode areas within natural and artificial substrata. Chemical cues for mussel

settlement also were studied using phytogel plates spiked with algal extracts, which were
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preferred over control plates by mussel larvae/post-larvae in the field, and by hatchery-
reared larvae in the laboratory.

Three intertidal populations were investigated at different temporal and spatial
scales. Mussel concentrations in seawater were higher after spawning for both small
mussels (< 0.25 mm) in August, and for larger mussels (> 0.5 mm) in March. Settlement
patterns within quadrats cleared of mussels in 2 habitats (adult mussel bed and adjacent
areas covered with algae) were studied from July 1999-March 2001, Primary settlement
(mussels < 0.5 mm) was found to dominate the algal habitats at the beginning of the
spawning season in August, while secondary settlement (mussels > 2.0 mm) was higher
in the adult mussel bed late in the spawning season (November-March). Monthly surveys
of undisturbed quadrats indicated that a peak in new recruitment coincided with a peak in
adult mortality in August. At Scott Point, massive mortality for 2 years in August was
followed by a dramatic re-colonization of the empty spaces by juveniles.

Settlement patterns of mussels on suspended ropes in the water column were
investigated at 3 water depths inside and outside Ahipara Bay during 2 spawning seasons
(1999-2000). Mussel settlement was hi gher for small mussels (< 0.49 mm) in shallower
water (2 m water depth) in August, and hi gher for larger mussels (> 1.0 mm) at greater
depths (18 m water depth) in September-December. Mussels found on shallow-water
ropes may have settled directly from the plankton, whereas mussels on ropes near the
bottom (18 m) may have transferred from macroal gae tumbling on the seafloor.

Environmental conditions associated with mussel spat arrival to the beach
(spatfall events) were studied by statistical analysis (1990-1998; daily, monthly, inter-

annually) of wind speed/direction, tidal range, water temperature, swell height/direction,
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and records of spatfall events/amounts. Spatfall events/amounts were more abundant
during days of strong offshore winds. Swell height in the onshore direction was
significantly correlated with spatfall events/amounts. Storm events (wind speeds > 20
m/s) were most frequent between May-August; spatfall events/amounts were more
numerous 4 months later (September-October). Years with more storm events (El
Nifio/La Nifia episodes) were associated with significantly higher spatfall

events/amounts.
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Chapter 1: General Introduction 1

CHAPTER 1

General Introduction

The ecology of mussels is highly mediated by biotic and abiotic factors that
interact in a variety of ways throughout the life history of a particular species. Numerous
studies have focused on specific processes that affect mussels at some stage of their lives
(Hunt and Scheibling, 1996; Buchanan and Babcock, 1997; Reusch and Chapman, 1997;
Caceres-Martinez and Figueras, 1998; Gardner, 2000; McQuaid et al., 2000). Some of
these factors may involve physical processes such as wave action (Witman, 1987,
McQuaid et al., 2000), temperature (Vélez and Epifanio, 1981; Hickman et al., 1991),
salinity (Hickman et al., 1991; Dame, 1996), and desiccation (Dame, 1996), and
biological factors such as reproductive maturity (Snodden and Roberts, 1997; Darrigran
et al., 1999; Myrand and Himmelman, 2000), competition (Newell, 1990; Petraitis,
1995), and predation (Robles et al., 1995; Robles, 1997). Regardless of the particular
process in question, most of these physical and biological influences act at various
magnitudes within a range of temporal and spatial scales. Consequently, it is evident that
the study of mussel ecology must, in the end, take a systems approach, where each major
contributing force is given the adequate importance according to how it affects mussels at
a given life stage. This multi-disciplinary approach to the study of a particular mussel
species not only provides a better understanding of the species throughout its life history
in the wild, but also provides important information that can be use for commercial
purposes in the harvesting of mussels in the field the successful rearing of mussels in

aquaculture farms.
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The New Zealand green-lipped mussel, Perna canaliculus, supports one of the
biggest mussel aquaculture industries in the world. The expanding New Zealand mussel
industry produces more than 70,000 tonnes of mussels/ year, which are sold in the world
markets (Jeffs et al., 2000). However, one of the weaknesses of the New Zealand mussel
industry is the fact that it relies on mussel juveniles (spat) harvested from unpredictable
and unreliable wild sources for more than 80 % of their mussel seed requirements (Jeffs
et al., 2000). Most of the wild-caught mussel spat is collected, while still attached to drift
algae from the surf zone at Ninety Mile Beach, northern New Zealand. The unique
oceanographic conditions at Ninety Mile Beach allow for the accumulation of massive
quantities of drift algae, covered with spat (up to 100 tonnes of algae with mussel spat)
(C. Hensley, personal communication), which are found nowhere else in the country in
such quantities. Unfortunately, very little is known about natural mussel populations and
the environmental and physiological processes that promote and hinder their success in
New Zealand (but see Buchanan and Babchock, 1997; Marsden and Weatherhead, 1999;
Gardner, 2000). Thus, the present thesis contribution provides the first comprehensive
study of wild mussel populations at Ninety Mile Beach, northern New Zealand.
Specifically, this research focuses on 1) the reproductive behavior of the major adult
intertidal and subtidal mussel populations, 2) the influences of morphological and
chemical cues on settlement patterns, 3) the population dynamics of mussels from larval
concentrations in the water column to primary and secondary settlement, recruitment, and
mortality rates of the major intertidal populations, 4) the settlement processes of larvae

and post-larvae on suspended subtidal ropes, and 5) the effects of wind patterns, tidal
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range, water temperature, and swell conditions on the arrival of mussel spat to the shore
at Ninety Mile Beach.

An extensive histological study of Perna canaliculus from 6 intertidal and
subtidal populations was conducted to identify patterns in reproductive behavior.
Temporal and Spatial patterns were elucidated and evaluated according to their
contribution to the massive mussel spat productivity of the area. Sex ratios throughout
different size classes, hermaphroditism, parasitism, and shell size to sexual maturity were
investigated within all populations. Spawning synchrony and seasonal spawning periods
were identified through the reproductive cycle. Furthermore, calculated gonad indices
and maximum mussel shell lengths within each mussel population were evaluated within
3 spatial scales; between exposed and sheltered populations, between intertidal and
subtidal populations, and among intertidal populations along the 90 km coastal area.

Micro-scale settlement patterns of mussel juveniles were investigated within and
among morphologically distinct natural and artificial substrata. Field experiments
involved the identification of size-frequency distribution, abundance, and site selectivity
of mussels settled on drift algae collected from the surf zone at Ninety Mile Beach. Size-
and site-specific selectivity on filamentous substrata of different branching degrees also
were investigated in the laboratory with artificial aquarium plants, which mimicked the
natural algal and hydroid substrata found in the field.

Chemically-mediated settlement patterns were investigated in the field and the
laboratory using algal extracts mixed with phytogel material to make smooth-surface
settlement plates. Field experiments tested settlement patterns of wild spat on plates with

extracts from 7 preferred algal species and control plates. These experimental gel plates
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were deployed subtidally (5 m water depth) at Ahipara Bay, Ninety Mile Beach for a
period of 2 weeks. Two laboratory experiments tested the effect of chemical cues on
settlement of mussel larvae reared at Cawthron Institute hatchery, Nelson, New Zealand,
on treatment plates containing extracts from 1-2 algal species and control gel plates at the
Leigh Marine Laboratory, The University of Auckland, New Zealand.

Larval availability, primary and secondary settlement, recruitment, and mortality
rates were investigated at various spatial and temporal scales in the intertidal zone at
Ninety Mile Beach. Larval concentrations in seawater adjacent to 3 intertidal mussel
populations were evaluated during a 6-month period just after spawning. Primary and
secondary settlement patterns were investigated during short-term (daily) and long-term
(monthly) experiments involving manipulated quadrats in the intertidal zone. Short-term
experiments involved quantification of settlement rates within cleared areas of all
mussels within the adult mussel bed (bare rock) and adjacent algal-covered areas (algae
with no mussels). Long-term experiments also tested settlement of mussels within
different size classes on cleared quadrats, which contained mesh material as a settlement
substratum, in the adult mussel bed and algal band habitats. Recruitment and mortality
rates were monitored in each of the 3 intertidal mussel populations through monthly
surveys of live and dead mussels within the adult mussel beds.

Direct settlement of mussels from the plankton to suspended ropes in the water
column was investigated at Ahipara Bay, Ninety Mile Beach. Mussel spat-collecting
ropes were placed at 3 different water depths within subtidal areas (18 m water depth)
inside and outside of Ahipara Bay. Abundances of settled mussels within different size

classes were compared among depths and between the 2 study sites during 2 spawning
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seasons in 1999 and 2000. Information on settlement patterns within spat-collecting
ropes at Ahipara Bay may be useful to potential commercial harvesting ventures of
mussel spat from the wild.

Historical records of wind speed and direction, tidal range, water temperature, and
swell height and direction were examined to elucidate daily, monthly, and inter-annual
patterns of mussel spat arrival to Ninety Mile Beach between 1990-1998. A statistical
approach was use to model the effects of ocean and weather conditions on spatfall events
and amounts. Based on the identified patterns within the historical data, possible
ecological and oceanographic processes responsible for spat arrival to the shore were
proposed.

While this multi-disciplinary study provides valuable information on various
aspects of the ecology of Perna canaliculus populations at Ninety Mile Beach, it is clear
that further research is needed on this mussel species. Future work may be focused on
understanding the basic oceanographic processes involved in the transport and
accumulation of larvae and juvenile mussels within this dynamic environment. More
detailed investigation of subtidal mussel populations, which were shown to be highly
productive, may be of great importance to potential conservation needs. Research on
identifying and quantifying algal populations that provide the bulk of the drift material
may be of critical importance to further understanding of temporal and spatial variability
of spat arrives to the shore. Finally, the commercial feasibility of using spat-collecting
ropes to harvest wild mussel spat may be evaluated, and may be utilized as a
complementary source of mussel spat. Attention to these future research avenues should

be promoted and supported by the mussel industry and other funding institutions if the
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New Zealand mussel industry is to continue to be a leading revenue producer for this

country and a food staple provider to the world.
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CHAPTER 2

Reproductive Behavior of the Green-lipped Mussel, Perna canaliculus, in Northern

New Zealand.

Andrea C. Alfaro, Andrew G. Jeffs and Simon H. Hooker

In press: Bulletin of Marine Science

ABSTRACT

Wild populations of mussels, Perna canaliculus, in northern New Zealand supply
the majority of seed mussels to the >70,000 tonnes per annum green-lipped mussel
aquaculture industry. However, surprisingly little is known about the reproductive cycle
in this mussel species or in these northern populations at Ninety Mile Beach. An
extensive histological study of Perna canaliculus found that their reproductive biology
was similar to that recorded for other mussels. The mussels were dioecious with a 1:1 sex
ratio throughout all sizes; only one hermaphrodite individual was found. Mussels began
to mature from 27 mm shell length, and by 40-50 mm, most individuals were sexually
mature. Both female and male mussels appeared to have a consistent gonad cycle of
gamete development, discharge, and redevelopment. Both sexes were well-synchronized
reproductively, with a prolonged spawning season from June to December (Austral
winter-spring) when water temperatures were at their lowest and rising. However, a small

proportion of mussels was found spawning ripe gametes throughout the year, which



Chapter 2: Reproduction — Temporal Patterns 8

could account for the continuing appearance of mussel seed outside the main spawning
season. The spawning-spat catching season is more extensive at Ninety Mile Beach than
has been recorded in more southerly parts of New Zealand, and these differences may be

related to the generally warmer water conditions recorded in northern areas.

Key words: Mussels, Reproductive cycle, Perna, Bivalves, Histology, Gonad index



Chapter 2: Reproduction — Temporal Patterns 9

INTRODUCTION

Knowledge of reproductive patterns of natural mussel populations is important for
mussel aquaculture, which in New Zealand depends entirely on wild-caught seed. For
example, the frequency and duration of spawning events may be used to predict spat
settlement and spatfall events within a particular population. However, there are great
geographical and seasonal variations in reproductive cycles within mussel populations
(Newell et al., 1982; Snodden and Roberts, 1997), and reproductive patterns cannot be
generalized from one population to another. There is limited published data on the
reproductive cycle of the New Zealand green-lipped mussel, Perna canaliculus, except
for indirect observations on spat settlement (Greenway, 1975; Meredyth-Young and
Jenkins 1978; Buchanan, 1994; Buchanan and Babcock, 1997), body condition index
(Flaws, 1975; Hickmanand Illingworth, 1980; Buchanan, 1998), and initial histological
work by Flaws (1975), Tortell (1976), and Buchanan (1998). The full gametogenic cycle
of the genus Perna has been well studied in tropical regions (Virabhadra Rao et al., 1975;
Walter, 1982). Several investigations report on the reproductive cycles of various
temperate species of Perna, and most have used indirect methods such as larval
appearance in the plankton (Booth, 1977), and settlement of spat (Greenway, 1968; 1969;
1975; Zaouali, 1973; Berry, 1978; Abda-Boudjema and Mouéza, 1981). These methods
do not provide the precise assessment of mussel gonad development that can be attained
with histological sections of gonad tissues (e.g., as for Moroccan Perna species in
Shafee, 1989). In conjunction with environmental measurements such as water

temperature and nutrient availability, histological gonad sections can provide information
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about the influence of exogenous and endogenous factors affecting the initiation and
duration of various stages in the gametogenic cycle (Vélez and Epifanio, 1981; Newell et
al., 1982; Nichols, 1996). For dioecious species with external fertilization such as
mytilids, examination of histological sections may elucidate sex ratios, hermaphroditism,
and level of gamete synchrony in the population (Brousseau, 1982; Jasim and Brand,
1989; Villalba, 1995).

Ninety Mile Beach, North Island, New Zealand, is the main source of wild mussel
spat for commercial farms in Marlborough Sounds, South Island. About 100,000
tonnes/year of mussel spat, attached to seaweed, are collected from Ninety Mile Beach
and transported about 1,000 kilometers to farms in Marlborough Sounds, where they
provide about 80% of mussel farm spat requirements (Jeffs et al., 2000). However, the
detailed reproductive cycle of wild populations of mussels at N inety Mile Beach is
largely unknown. Buchanan (1998) investigated the reproductive condition in Perna
canaliculus at French Pass, Marlborough Sounds, with the aim to compare histological
and visual techniques that could be used to measure mussel condition in farms. However,
no other studies have focused on the reproductive patterns and potentials of the wild
mussel populations that provide the bulk of seed mussels to the farms. The present study
investigates the reproductive cycle of Perna canaliculus, the major commercial shellfish
product of New Zealand, through histological sections of gonad tissues, which were
prepared and analyzed from natural intertidal and subtidal green-lipped mussels from the
main spat-source region of Ninety Mile Beach, northern New Zealand. Results are

provided on the reproductive behavior of mussels from 6 sites along the 90 kilometer
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length of Ninety Mile Beach. More specific comparisons of reproductive variability

among sites are presented elsewhere (Alfaro et al., in preparation).

METHODS AND MATERIALS

Mussel specimens were gathered for histological analysis from a total of six sites
at Ninety Mile Beach, in northern New Zealand (Fig. 1). Collections from four rocky
intertidal sites at Tonatona Beach, Ungaunga Bay, The Bluff, and Scott Point represented
the sum total of all major intertidal mussel populations that occur along Ninety Mile
Beach. Two subtidal sites at Wizard Rock and Blue House were chosen for additional
sampling because these were the only subtidal populations known at the outset of the
study (Fig. 1). Temperature records were obtained from a data logger placed 0.5 m below
low water level at the south end of the study area at S 35°10.8" and 173°5.3' E.

Approximately 70 adult mussels (62-114 mm in length) were collected monthly
from each of the six sites, for a total of about 420 mussels sectioned per month. Sampling
took place from July 1998 to April 2000, with 21 months sampled. Exceptions to this
regular sampling scheme took place only when weather conditions prevented access to
the sites. In addition, 96 juvenile mussels (3-60 mm in length) were collected on 8 July
1998 and 24 April 2000 to determine the minimum size at sexual maturity. Intertidal
mussels were collected haphazardly during low tide and subtidal mussels were dredged
when weather conditions permitted. Immediately after collection, the mussels were

sectioned dorsoventrally through the mid-body and fixed in Bouin's solution. Mussel
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tissues were embedded in paraffin, sectioned with a microtome at 5-7 um, and stained
with Haematoxylin-Eosin. The histological sections were viewed under a compound
microscope to identify sex and stage of gametogenic development. Gonad developmental
stages were identified for each sex according to a modified classification scheme based
on Shafee (1989). Gonad tissues mostly were uniform in their stage of development, and
mussels were assigned a developmental stage according to the state of the majority of the
follicles in the gonad tissues. The presence of hermaphroditism and parasitism was
recorded throughout the sampling period.

A 1:1 sex ratio in the mussels was tested with a Chi-square, goodness-of-fit test.
Gonad indices were calculated according to King et al. (1989) and Galinou-Mitsoudi and

Sinis (1994) with the following formula:

G.I. = (number in each stage) (rank of stage) x 100

total sample size

where the rank system was:

Resting stage 0
Early development stage 1
Late development stage 2
Ripe stage 3
Spawning stage 2

Redevelopment stage 2
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Spent stage |

Frequency distribution graphs, including all developmental stages, were constructed to

identify seasonal patterns of gametogenic and breeding activities.

RESULTS

Examination of gonad tissues of female and male mussels allowed delineation of
six distinct development stages for each sex (Figs. 2 - 5). An indeterminate stage was
recorded for mussels which showed no signs of follicle development in the tissues

sectioned.

Female Gonad

Early developing stage (Fig. 2A & B): Small groups of germinal cells are
scattered in the mantle. The follicles are irregular in size. Oogonia line the follicle wall.
Mostly small, irregular-shaped oocytes bulge from the follicle wall. A few large oocytes
are attached to the follicle wall by a cytoplasmic stalk. Oocyte nuclei are large and clear.

Late developing stage (Fig. 2C & D): The follicles are larger and more numerous
than in previous stage. Oocytes have begun to accumulate yolk and have grown
considerably. Early oocytes are still attached to the follicle wall by a slender stalk of

cytoplasm. Some mature oocytes are free in the lumen. Oocyte nuclei are enlarged.
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Ripe stage (Fig. 2E & F): The mantle is nearly filled with follicles. Most oocytes
have reached maximum size, have become free from the follicle wall, and are now
packed in the lumen. Oocytes have become compressed inside the follicle.

Spawning stage (Fig. 3A & B): A great number of ripe oocytes are still present in
the expanded follicles. However, there is a reduction in the density of gametes which
have left numerous empty spaces in the lumen. Some follicles have ruptured and a few
oocytes may be left.

Redeveloping stage (Fig. 3C & D): Follicles do not occupy all the available
mantle area. Remaining oocytes are arranged loosely in the follicle. New oocytes are
visible along the follicle wall. More connective tissue is evident in this stage than before
initial spawning.

Spent stage (Fig. 3E & F): Follicles collapse and degenerate. Amoebocytes attack
unspawned gametes, often resulting in the lumen of the follicle becoming filled with a

mass of cellular debris.

Male Gonad

Early developing stage (Fig. 4A & B): Small groups of germinal cells are
scattered in the mantle. The follicles are often small and elongate. Spermatogonia line the
follicle wall. The follicles start to fill with spermatocytes and spermatids. A few

spermatozoa can be seen in the middle of the lumen.
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Late developing stage (Fig. 4C & D): The follicles occupy a large portion of the
mantle. Wide concentric layers of spermatogonia, spermatocytes, and spermatids are
evident. Spermatozoa are apparent in the lumen, but they are not well organized.

Ripe stage (Fig. 4E &F): The mantle is nearly filled with follicles. A thin layer of
spermatogonia line the follicle wall, although in some follicles this layer is not visible.
Spermatocytes and spermatids are less apparent. Spermatozoa are clear and neatly
arranged in layers, converging at the center of the lumen.

Spawning stage (Fig. 5A &B): A dense band of ripe spermatozoa is still present.
The spermatozoa are less organized in a partially empty lumen. Very few or no
spermatocytes and spermatids remain.

Redeveloping stage (Fig. 5C & D): Densely staining bands of spermatids give rise
to new lamellae of spermatozoa, although gaps within the follicles are still present. Large
follicles do not occupy all the available mantle area. More connective tissue is evident in
this stage than before initial spawning.

Spent stage (Fig. 5E & F): Follicles collapse and degenerate. Amoebocytes attack
unspawned gametes, often resulting in the lumen of the follicle becoming filled with a

mass of cellular debris.

Reproductive Cycle

Maximum shell length measurements of adult mussels showed no differences in

mean shell lengths between female and male individuals. The range of shell length for

both female and male mussels was the same at 70-145 mm, and the mean (x SE) for each
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sex was 91£12 mm. Furthermore, similar numbers of females to males were found within
the samples of adult mussels (X2 = 0.34, p > 0.05).

Histological examination of small mussels (3-69 mm in length), from both
intertidal and subtidal populations, indicated that about 50% of mussels from about 27
mm in length contained identifiable gonad tissues (Table 1). A Chi-square test for all
female and male mussels between 3-69 mm in length indicated no statistical difference
from a 1:1 sex ratio (X2 = 2.00, p > 0.05). Both sexes were equally represented within the
mussel size range, which suggests that female and male mussels mature at about the same
size.

The gonad index analyses suggest that female and male mussel reproductive
cycles were well synchronized across all sites (Fig. 6). A two-way ANOVA comparing
gonad indices between all female and male mussels for the interval from J uly 1998 to
April 2000 (sex and month as factors) showed no statistical difference in reproductive
state between sexes (ANOVA; F(1,134)=0.003, p > 0.05) and the interaction (ANOVA;
F(19,134) = 0.007, p > 0.05), but highly significant monthly differences among sampling
periods (ANOVA; F(19,134) = 6.119, p < 0.05) (Fig 6).

The frequency distribution of all reproductive stages indicated a similar seasonal
trend for female and male mussels (Figs. 7&8). Generally, gonad development started in
December, with the early stage becoming increasingly dominant until around February.
The late stage of development predominated in March. By April, mussels in the ripe stage
became more numerous, and these were most abundant in May. The number of ripe

mussels continued to be high through August-September. Spawning appears to have
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begun in June-July, with spawning continuing through December. Redevelopment of
gonad tissue was present throughout the year, but was most significant from August to
December (Austral winter-spring). No major inter-annual variations were observed
between the 1998, 1999, and 2000 reproductive cycles. The number of mussel gonads in
the resting stage of development was similar for female and male mussels. These resting
gonads were more abundant (7+4%) from J anuary to March, which is when high numbers
of gonads were in the early stage of development. During the rest of the year, the
percentage of resting gonads fluctuated between 0 to 4%.

Only one hermaphrodite mussel was found among 6720 mussels examined. The
mean (+ SE) number of parasitized mussels per site per month was 3.6+5.3 mussels, but
with > 30% of parasitized mussels within a single monthly sample. Parasitized mussels
were most common in samples taken in October 1999, July 1998, and April 2000. Two
different parasites were found in the samples; Bucephalus sp. and Nematopsis sp., were
equally abundant in the number of mussels they infested (66 and 57 respectively, of the
6720 mussels). No differences were observed in the level of parasitism between female
and male mussels (X2=1.72, p > 0.05), although in most cases the sex was not
identifiable.

Water temperature records at Ninety Mile Beach ranged from 14 °C in winter to
22 °C in summer and had a mean (+ SE) of 172 °C throughout the sampling period (Fig.

6).
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DISCUSSION

Understanding the reproductive patterns of the wild mussel populations at Ninety
Mile Beach is particularly important because their spat production is of considerable
commercial importance to the extensive New Zealand mussel farming industry.
Reproductive cycles of local mussel populations, together with oceanographic data (i.e.
ocean currents, tidal range, and upwelling dynamics) and weather information (i.e. wind
and temperature), may allow for temporal and spatial predictions of both spatfall events
and the health of adult source populations.

The 1:1 sex ratio and synchronized reproductive development between sexes
throughout the year in intertidal and subtidal populations at Ninety Mile Beach have been
observed in other Perna canaliculus populations in New Zealand (Flaws, 1975; Tortell,
1976; Buchanan, 1998), and is found among other mussel species (Heffernan and
Walker, 1989; Villalba, 1995; Nichols, 1996; Darrigran et al., 1999). Furthermore, no
differences in maximum shell length, nor size at maturation, were found between females
and males. These results suggest that female and male Perna canaliculus respond to
similar spawning cues to ensure maximum chances of fertilization and larval production.

The shell length at onset of sexual maturity for wild mussel populations at Ninety
Mile Beach appears to be around 27 mm, which indicates early development of gonad
tissue. Hermaphroditism was rare, as in other wild mussel populations (Sunila,
1981;Villalba, 1995). By contrast, up to 5% hermaphroditism has been found in farmed

mussels in Coromandel that were sourced from the same Ninety Mile Beach spat (Alfaro
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et al., unpublished). The overall level of parasitism of the mussel gonads was 3%, but
differences were observed among the six sites (Alfaro et al., in preparation).

Gonad indices that are based on gonad developmental stages have been used
extensively as a quantitative way to identify the larval/spat production of shellfish
populations, and to compare results from different studies (Gabbott and Bayne, 1973;
Kautsky, 1982; Brown, 1988; Borcherding, 1991). Results from Ninety Mile Beach
gonad indices indicate that the potential production of larvae is low from about October
to February, and productivity is highest in April-May.

The reproductive cycle of Perna canaliculus at Ninety Mile Beach reveals a
spawning season starting in June and continuing through December. Together, the
extended spawning season, and the large percentage of ripe and redeveloping mussels
through most of the year, suggest that gonad production in mussel populations at Ninety
Mile Beach is occurring in optimal environmental conditions. Prolonged reproductive
periods have been observed in other mussel populations in tropical and subtropical waters
(Lubet, 1981; Lee, 1986), but marked differences in the timing and frequency of
spawning events have been reported in other mussel populations, even within the same
species (Flaws, 1975; King et al., 1989; Villalba, 1995; Nichols, 1996). The prolonged
spawning season of Perna canaliculus at Ninety Mile Beach greatly differs from the two
spawning periods (early summer and autumn-spring) observed six degrees latitude to the
south in Marlborough Sounds, New Zealand (Flaws, 1975; Tortell, 1976; Buchanan,
1998).

Water temperature has been suggested to be one of the most important factors

responsible for spawning in marine bivalves (Kautsky, 1982; Newell et al., 1982; Brown,
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1988; Dame, 1996). Rapid temperature changes (up or down) have been observed to
trigger spawning events in many bivalves, including mussels (Newell et al., 1982;
Hawkins et al., 1985; Grant, 1994; Hooker and Creese, 1995; Nichols, 1996).
Furthermore, marked differences in spawning behavior have been attributed to regional
climatic differences from one population to another (Shafee, 1989). In general, warm
water mussels spawn throughout the year according to sudden climatic fluctuations such
as favorable temperature changes (opportunistic behavior), whereas in temperate regions,
gonad development and spawning are continuous through a season or conservative in
behavior (Shafee, 1989). In the present study, spawning activity started in June-July,
which corresponds to water temperatures of about 15 °C, a value close to the lowest
temperatures of the year (Figs. 6-8). Spawning continued through the warmer months in
spring, until December, when water temperatures reached their highest values of 18-20
°C. A factor that contributes to the extended spawning season of Perna canaliculus at
Ninety Mile Beach is that water temperature rarely drops below 14 °C, which is well
above the temperature range (10-12 °C) at which larval production ceases for other
mussel species (Fraleigh et al., 1993; Nichols, 1996). Mean water temperatures in
Marlborough Sounds of 10-11 °C in winter and 20-21 °C in summer (Tortell, 1976;
Jenkins, 1985) may account for the observed differences in spawning patterns of mussels
between these warmer northern and cooler southern regions of New Zealand. Thus, the
shorter spawning intervals of Marlborough Sounds populations appear to be constrained
by the relatively cooler climatic conditions they experience. Conversely, the less marked
seasonality in reproductive cycle of the northern populations may be a result of the

warmer subtropical climate of the area. Results from this study confirm that reproductive
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variability is great from one region to another in New Zealand, and that generalizations
about the seasonal reproductive behavior may not be appropriate for this mussel species.
The presence of a clear redeveloping stage in Ninety Mile Beach mussels suggests
that multiple spawning events take place throughout the year, and implies high
reproductive output in these mussel populations. This potential high productivity,
together with the prolonged spawning season from winter to spring, is consistent with the
observation that Ninety Mile Beach has the hi ghest wild spat abundances in the country
(Jeffs et al., 2000). Finally, the extended spawning period of Perna canaliculus at Ninety
Mile Beach has significant ecological implications for the maintenance of mussel
populations in northern New Zealand. A better understanding of the factors that control
spawning allows elucidation of geographic differences among regions, and may help
overcome current difficulties in conditioning and spawning mussels in commercial

hatcheries.
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Figurel. Map of the study area at Ninety Mile Beach, northern New Zealand. Four intertidal collection
sites are Tonatona Beach, Ungaunga Beach, The Bluff, and Scott Point. Two collection sites are Blue

House and Wizard Rock.
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Figure 2. Histological sections showing 3 gonad developmental stages for female
mussels. A) Early stage showing irregular follicles (if) with small oocytes; 4x, and B)
oocytes attached to follicle wall (oa); 16x. C) Late stage of development showing
larger follicles; 4x. D) stalk of cytoplasm (sc) between oocyte and follicle wall, and
enlarged nuclei (en); 16x. E) Ripe stage with oocytes covering mantle area; 4x, and F)
compressed free oocytes (co) inside follicles (fo); 16x.
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Figure 3. Histological sections showing 3 gonad developmental stages for female
mussels. A) Spawning stage showing empty spaces (es) inside follicles left by
spawned oocytes; 4x. B) Spawning stage with empty spaces (es) inside follicles; 16x.
C) Redeveloping stage with new oocytes (no) present in large follicles; 4x. D) new
oocytes (no) inside follicles; 16x. E) Spent stage of development showing empty and
degenerate follicles (ef); 4x, and F) remaining cellular debris (cd); 16x.
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Figure 4. Histological sections showing 3 gonad developmental stages for male
mussels. A) Early stage of development with small follicles (sf); 4x, and B)
spermatogonia inside follicles (sp); 16x. C) Late stage showing larger follicles (If);
4x, and D) concentric layer (cl) of spermatogonia; 16x. E) Ripe stage showing mantle
filled with follicles; 4x, and F) spermatozoa converging at the center of the lumen;
16x.



Figure 5. Histological sections showing 3 gonad developmental stages for male
mussels. A) Spawning stage of development showing empty spaces (es) inside
follicles after ejection of spermatocytes; 4x, and B) some ripe spermatozoa (rs) are
still present; 16x. C) Redevelopment stage showing empty spaces (es) inside follicles;
4x, and D) new spermatids (ns) forming. E) Spent stage with empty follicles (ef); 4x,
and F) cellular debris (cd) left inside follicles after spawning; 16x.
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Table 1. Numbers and percentages of mussels

(3-69 mm in length) within 7 size classes.

Size Range  Total Number with % of
(mm) Gonads (%) Total
Number
3-9 11 0 0
10-19 16 0 0
20-29 16 5 (31) 10
30-39 17 12 (71) 24
40-49 15 14 (93) 28
50-59 12 11(92) 22
60-69 9 8 (89) 16
Total 96 50 (52) 100
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CHAPTER 3

Spatial Variability in Reproductive Behavior of Green-lipped Mussel Populations of

Northern New Zealand

Andrea C. Alfaro, Andrew G. Jeffs, and Simon H. Hooker

In review: Marine Biology

ABSTRACT

The reproductive behavior of 4 intertidal and 2 subtidal mussel populations were
investigated within 3 spatial scales at Ninety Mile Beach, northern New Zealand, where
large quantities of seed mussels are collected for aquaculture. Reproductive efforts were
compared between exposed and sheltered populations, between intertidal and subtidal
populations, and among intertidal populations along a 90 km coastal area. Histological
sections of mussel gonads were used to identify the reproductive state of individual
mussels collected monthly between July 1998 and April 2000. Gonad indices were
calculated for entire population each month at each site. Frequency distributions of
different gametogenic stages were plotted and differences in reproductive cycle among
populations were identified. Mussel shell sizes were directly related to gonad indices and
to percent ripe and spawning mussels within each population. While all intertidal and
subtidal populations had extremely similar temporal variations in reproductive behavior,
spatial patterns among various sites revealed clear differences in reproductive effort
among populations. In particular, mussel shell size, gonad indices, and reproductive
efforts were higher at exposed versus sheltered intertidal sites, and were higher for

subtidal sites compared to their intertidal counterparts. Among intertidal mussel
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populations, the northernmost population had the highest maximum shell length, gonad
indices, and percent ripe and spawning individuals, followed by 2 populations at the
southern end of Ninety Mile Beach. A small mid-beach mussel population had the
smallest mussels with lowest gonad indices and few spawning mussels during the
reproductive season. A prolonged spawning period was observed within the most
productive populations (2 subtidal populations at the south end, and one intertidal
population at the north end of the beach) between June-December. However, the
reproductive cycle of 2 intertidal populations at the south end of the beach indicated 2-3
spawning events during the same period. Differences in mussel shell size and
reproductive effort among sites are likely to be related to variations in environmental

conditions throughout Ninety Mile Beach.
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INTRODUCTION

The biology of the commercially important green-lipped mussel, Perna
canaliculus, has received considerable interest in recent years, in part because the New
Zealand aquaculture industry cannot produce sufficient hatchery spat to stock the mussel
farms. Thus, the industry has continued to depend on the >140,000 tons/year of wild
mussel spat (attached to macroalgae) collected from Ninety Mile Beach, in northern New
Zealand (Jeffs et al., 2000). However, understanding the basic biology of natural mussel
populations is critical if mussel spat are to be utilized reliably in terms of their
availability and arrival to coastal areas along Ninety Mile Beach. The reproductive

behavior of Perna canaliculus has been investigated for mussel farm populations in

Marlborough Sounds (Flaws, 1975; Tortell, 1976; Hickman et al., 1991; Buchanan, 1998)
and wild populations at Ninety Mile Beach (Alfaro et al., in press). However, differences
in environmental conditions, such as water temperature, salinity, and food availability,
make generalizations from one population to another difficult (Newell et al., 1982;
Hickman et al., 1991; Snodden, 1997). The temporal variability in reproduction of
mussels at Ninety Mile Beach, where the majority of the country's mussel spat is
collected, has been investigated previously (Alfaro et al., in press). However, spatial
variability in reproduction of mussel populations along the 90-kilometer coastal stretch,
as described herein, provides important additional information as to the future
sustainability of wild spat production from Ninety Mile Beach.

An in-depth study of the reproductive behavior of various mussel populations
within a given geographical area can provide valuable information on variability of
reproductive efforts at different spatial scales. This information then can be used to

predict patterns of spatfall supplies to coastal areas, which can be utilized for commercial
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purposes. One way to quantify the reproductive efforts of a population is by using a
gonad index as a standardized measure of the energy allocated to reproduction (Kautsky,
1982; Brown, 1988; King et al., 1989; Borcherding, 1991; Galinou-Mitsoudi and Sinis,
1994). Seasonal variations in reproductive cycle can be obtained and compared among
populations, by quantifying the frequency of mussels within various reproductive stages
in the populations at a given time (Kautsky, 1982; Shafee, 1898; Villalba, 1995; Nichols,
1996).

The aim of this study is to investigate differences in reproductive efforts of
mussel populations within 3 spatial scales along Ninety Mile Beach. Reproductive
patterns of 4 intertidal and 2 subtidal adult mussel populations are examined and
evaluated as to their contribution to the massive spat production at Ninety Mile Beach,

northern New Zealand.

MATERIALS AND METHODS

Six geographically distinct mussel populations likely to be affected by different
environmental conditions were identified at Ninety Mile Beach, northern New Zealand.
Four rocky intertidal mussel populations were located at Tonatona Beach, Ungaunga
Bay, The Bluff, and Scott Point. Two subtidal populations were found at Wizard Rock
and Blue House (Fig. 1). The Tonatona Beach population is exposed to strong swells
from the northbound Westland current, while the mussel population at Ungaunga Bay is
slightly more sheltered from strong wave action by its position inside Ahipara Bay (Fig.
1). These 2 southern intertidal populations also experience periodic sediment load
disturbances from redistributed nearby sands. A mussel population at The Bluff also is

exposed to high wave action and sand load disturbances. The northernmost population at
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Scott Point experiences strong hydrodynamic regimes, but because of the extensive rock
cover, the sediment load appears to be low in comparison with the other intertidal
populations. The subtidal populations investigated in this study, Wizard Rock and Blue
House, are located about 8 km apart near Ahipara Bay, and are in 13 and 15 m water
depth, respectively (Fig. 1).

Histological analyses were made of mussel specimens from the 6 sites at Ninety
Mile Beach. Approximately 70 adult mussels (50 to 145 mm in greatest length) were
collected monthly from each of the 6 sites. Mussel collections were not possible during
certain months due to poor weather conditions, or during months when collections were
prohibited by cultural traditions of native Maori land owners. Sampling took place from
July 1998 to April 2000, with 21 months sampled in at least one site per month.
Intertidal mussels were collected haphazardly during low tide, whereas subtidal mussels
were dredged when weather conditions permitted. Immediately after collection, the
mussels were measured across their greatest shell length, sectioned dorsoventrally
through the mid-body, and the tissues fixed in Bouin's solution. Mussel tissues were
histologically processed and the resulting slides were analyzed under a microscope
according to techniques developed for this species (Alfaro et al., in press). Gonad indices
for each population were calculated following King et al. (1989), and Galinou-Mitsoudi

and Sinis (1994), using the following formula:

G.I. = (number in each stage) (rank of stage) x 100

total sample size

where the scoring system was:
Resting stage 0
Early development stage |
Late development stage 2
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Ripe stage
Spawning stage
Redevelopment stage

NN W

Spent stage

Frequency distribution graphs, including all developmental stages, were

constructed to identify differences in gametogenic activity among the 6 sites investigated.

RESULTS

Mussel Shell Length

Maximum shell length measurements of adult mussels from intertidal and subtidal
sites at Ninety Mile Beach indicatedin marked differences in mean maximum shell length
among mussels from the 6 different sites. Generally, subtidal mussels were larger than
intertidal mussels, mussels from Scott Point were consistently larger than mussels from
all other intertidal sites, and The Bluff had the smallest mussels of any site at Ninety Mile
Beach throughout the study period (Fig. 2). Mean (+SE) maximum shell lengths for
Tonatona Beach, Ungaunga Bay, The Bluff, Scott Point, Wizard Rock, and Blue House
were 86+0.3, 82+0.2, 68+0.2, 93+0.3, 101+0.4, and 99+0.4 mm in shell length,
respectively; and ranges were 60-116, 59-111, 50-88, 64-125, 71-145, and 70-142 mm in
shell length, respectively. Mussel shell length data were tested for statistical
requirements and no transformations were necessary. Two-way ANOVA tests (site and
date as fixed factors) were conducted to identify differences in mean maximum shell
length between exposed (Tonatona Beach) and sheltered (Ungaunga Bay) sites, between
the 2 subtidal sites (Wizard Rock and Blue House), among intertidal (combined Tonatona

Beach and Ungaunga Bay) and subtidal (combined Wizard Rock and Blue House) sites,
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and among all intertidal sites (Tonatona Beach, Ungaunga Bay, The Bluff, and Scott
Point). Equal sample sizes between and among sites were used within each of the 4
statistical tests. Thus, only sampling events that were shared by all sites in a given

statistical test were used. All ANOVA tests resulted in statistical significance for all

factors and interactions (Table 1).
Gonad Index and Reproductive Cycle

No major differences were observed in gonad indices and reproductive cycles
between female and male mussels in any of the 6 sites studied, nor in months sampled
between July 1998 and April 2000. This Hi gh level of reproductive synchrony allowed
for female and male gonad indices to be pooled for further comparisons among sites and
dates. All gonad index data satisfied statistical requirements. Temporal variability in
reproductive behavior was remarkably similar among all sites. Generally, populations
showed high reproductive maturity and spawning between March-December and very
little spawning outside this reproductive season. Conversely, spatial variability in

reproductive behavior among sites within 3 spatial scales was high.

Exposed versus Sheltered Intertidal Populations

Comparisons of reproductive behavior between mussels from Tonatona Beach
(exposed site) and Ungaunga Bay (sheltered site) suggest that mussels exposed to the -
open ocean tended to have higher reproductive efforts than mussels from sheltered areas
inside Ahipara Bay. The monthly mussel gonad indices of Tonatona Beach were
consistently higher than those of mussels from Ungaunga Bay for the time period
between July 1998 and April 2000 (Fig. 3). The mean (+SE) gonad index and range from

Tonatona Beach mussels were 189+8 and 144-259, while Ungaunga Bay mussels had a
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gonad index mean (+SE) and range of 173+6 and 136-247. The frequency distribution of
all reproductive stages for mussels within Tonatona Beach and Ungaunga Bay indicated
similar reproductive cycles, although Ungaunga Bay mussels exhibited a greater number
of mussels in the spent stage throughout the post-spawning periods (Fig. 4). Mussels
from both sites showed 2 to 3 likely spawning events between June-November that were
concurrent at both sites, followed by rapid redevelopment until the end of the spawning
season in December (Figs. 3-4). A two-way ANOVA test without replication (mixed
model; site as fixed factor and date as random factor), comparing mean gonad indices
between Tonatona Beach and Ungaunga Bay between October 1999 and April 2000,
resulted in statistical significance between sites (ANOVA; F(y 33y = 11.99, p = 0.001), and
among dates (ANOVA; F633) = 7.55, p = 0.001).

Intertidal versus Subtidal Populations

The reproductive behavior of two intertidal mussel populations (Tonatona Beach
and Ungaunga Bay) was compared to the reproductive behavior of two subtidal
populations (Wizard Rock and Blue House) at the southern end of Ninety Mile Beach.
Intertidal mussels had lower gonad indices than subtidal mussels (Fig. 3). No major
differences were observed between the 2 subtidal populations. Compared to the intertidal
populations of Tonatona Beach and Ungaunga Bay (see previous section), the subtidal
populations had gonad index means (+SE) and ranges of 220+10 and 158-268 for Wizard
Rock, and 215+8 and 161-277 for Blue House, respectively. Furthermore, intertidal
mussel populations had greater numbers of mussels in the spent stage of development
than subtidal populations before the end of the spawning season in November/December

(Figs. 4-5). Conversely, the percent of ripe and spawning mussels was higher for subtidal
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mussel populations than intertidal populations throughout the reproductive season (March
to December) (Figs. 4-5).

Statistical comparisons of mean gonad indices between Wizard Rock and Blue
House were conducted with a two-way ANOVA without replication (mixed model; site
as fixed factor and date as random factor). No differences between the 2 subtidal sites
were observed (ANOVA; F; 29, = 3.46, p = 0.08), but statistical significance was found
among 15 dates between November 1998 and April 2000 (ANOVA; F(1429) = 82.53,p =
0.001). A two-way ANOVA with replication (mixed model; site as fixed factor and date
as random factor) was performed to test differences in gonad indices between intertidal
(combined Tonatona Beach and Ungaunga Bay) and subtidal (combined Wizard Rock
and Blue House) sites among 15 months between November 1998 and April 2000.
Statistical significance was found between the intertidal and subtidal sites (ANOVA;
Fu.30) = 35.03, p=0.001), and among dates (ANOVA; F(14,30) = 16.01, p = 0.001), but
non-significant differences were found in the interaction (ANOVA; Faa30)=1.93,p=

0.06)

Southern versus Northern Populations

Larger-scale comparisons in reproductive behavior were conducted among
southern (Tonatona Beach and Ungaunga Bay) and northern (The Bluff and Scott Point)
intertidal mussel populations. Comparisons of gonad indices among the four intertidal
populations indicated that The Bluff had the lowest gonad indices (mean (+SE) of 146+4
and range of 136-177) during the sampled period, followed by the southern populations
of Ungaunga Bay and Tonatona Beach (see previous section) (Fig. 6). Scott Point had
the highest gonad indices of all intertidal populations with a mean (+SE) of 21749 and a

range of 180-262 (Fig. 6). Frequency distribution data suggest that the mussel population
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at Scott Point had the highest percentage of spawning mussels during the reproductive
season (March to December) as compared to southern intertidal populations, with The
Bluff population showing the lowest percent of spawning mussels (Fig. 7). Also, mussels
in the spent developmental stage were more numerous in The Bluff population than the
southern populations, while Scott Point had the lowest number of spent mussels during
the reproductive season (Fig. 7). A two-way ANOVA without replication (mixed model;
site as fixed factor and date as random factor) comparing gonad indices among the 4
intertidal sites (Scott Point, The Bluff, Tonatona Beach, and Ungaunga Bay) for 9 months
between July 1999 and April 2000 resulted in statistical significance among sites
(ANOVA; F324y = 24.14, p = 0.001) and among dates (ANOVA; Fg24)=4.27,p =
0.001).

DISCUSSION

The timing and location of mussel spat arrival at Ninety Mile Beach have been
previously unpredictable. The complexity of interacting physical and biological
parameters that affect the green-lipped mussel life cycle have made the study of the
ecology of this mussel challenging in the past. Research on the importance of various
ecological processes of mussel populations at Ninety Mile Beach is underway and will
provide clues to the factors responsible for the high spatial and temporal variability of
mussel spat production in the area (Alfaro, unpublished data). The study of spatial
variability in reproductive behavior among various intertidal and subtidal mussel
populations provides evidence on the timing and magnitude of larval production at

various locations along Ninety Mile Beach.
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Marked differences in maximum shell length among all intertidal and subtidal
populations are likely due to variations in environmental conditions that regulate feeding
rates, such as food supplies, emersion time, hydrodynamic regime, sediment load, and
temperature (Suchanek, 1985; Frechette and Grant, 1991; Alvarado and Castilla, 1996;
Dahlhoff and Menge, 1996; McQuaid and Lindsay, 2000). Different environmental
conditions also may result in different spawning times and duration, as well as more
subtle variations in gametogenic cycles (Bayne et al., 1983; Nichols, 1996; Myrand et al.,
2000). Experiments conducted by Myrand et al. (2000) in the Gulf of St. Lawrence
revealed distinctive differences in timing and duration of spawning events, and in
mortality between two populations of blue mussels, Mpytilus edulis. The two mussel
populations originated from the same initial stock but were subjected to different
environmental conditions of temperature and water depth within the Magdalen Islands.

The high level of reproductive synchrony observed between female and male

mussels in this study have been reported in other Perna canaliculus populations (Flaws,
1975; Tortell, 1976; Buchanan, 1998), and in other mussel species (Heffernan and
Walker, 1989; Villalba, 1995; Nichols, 1996; Darrigran et al., 1999). Despite the
significant differences in maximum shell length, varying environmental conditions, and
large physical distances among populations (8-90 km) at Ninety Mile Beach, a
remarkable temporal synchrony was observed in reproductive behaviors among
populations (Fig. 3-7). These unique temporal patterns in mussel reproduction at Ninety
Mile Beach indicate a prolonged spawning season between June-December, which differs
from the 2 spawning periods reported for mussel populations in the South Island, New
Zealand (Flaw, 1975; Buchanan, 1998; Alfaro et al., in press). Conversely, the present
study shows clear differences in gonad indices and reproductive cycles among mussel

populations within 3 spatial scales at Ninety Mile Beach.
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Exposed versus Protected Intertidal Populations

The reproduction of mussels inhabiting sheltered intertidal areas inside Ahipara
Bay (Ungaunga Bay population) exhibited overall lower gonad indices throughout the
sampling period, compared to a similar population in an exposed intertidal area just
outside Ahipara Bay (Tonatona Bay population). Differences in reproductive efforts
among mussel populations mostly have been attributed to variations in temperature and
food supplies (Vélez, 1981; Bayne et al., 1983; Thompson, 1984). While temperatures
are likely to be the same for the 2 adjacent sites, food supplies inside Ahipara Bay are
greater (Alfaro, unpublished data). Sheltered inner bay sites, such as Ungaunga Bay,
tend to concentrate large quantities of food particles, but the lower hydrodynamic regime
inside Ahipara Bay may reduce the rate at which food particles reach, and are ingested
by, mussels in this bed. Low growth rates and metabolic rates of mussels elsewhere have
been attributed to decreased particulate organic material in suspension, and low rates of
food delivery to the mussel gills, due to low water flow conditions (Griffiths, 1981; van
Erkom Schurink and Griffiths, 1993; McQuaid and Lindsay, 2000; McQuaid et al.,
2000). These low feeding rates also have been attributed to reduced reproductive efforts
in the mussel Mytilus edulis at various sites on the English and Welsh coasts (Bayne et
al., 1983). Thus, mussels at Ungaunga Bay may have lower feeding rates that account for
the lower gonad indices. The similar spawning behaviors of both intertidal populations
may be related to similar water temperatures at the 2 sites. Rapid temperature changes in
this area at the southern end of Ninety Mile Beach may be responsible for the
distinctively rapid redeveloping and subsequent spawning periods through the season

(March - December) for both populations (Alfaro et al., in press).
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Intertidal versus Subtidal Populations

Comparisons of reproductive patterns among intertidal and subtidal mussel
populations at Ninety Mile Beach indicate that subtidal populations have consistently
higher gonad indices and a higher percent of ripe and spawning mussels compared to
intertidal populations. Subtidal populations often have been associated with higher
productivity than intertidal populations (Suchanek, 1978; Thompson, 1979; Griffiths,‘
1981; Reusch and Chapman, 1997). Furthermore, subtidal mussels tend to have higher
growth rates and reproductive efforts due to the generally lower stresses from
desiccation, temperature fluctuations, and predation (Suchanek, 1978; Griffiths, 1981,
Bayne et al., 1983; Reusch and Chapman, 1997). Thus, mussel populations at subtidal
Wizard Rock and Blue House may increase their reproductive efforts by re-allocating
energy from maintenance to reproduction. Another indication of higher reproductive
efforts is an increase in age and size, often associated with habitats that exhibit more
constant environmental conditions (Griffiths, 1981; Bayne et al., 1983; Petraitis, 1995).
Mussels from subtidal sites not only had the highest gonad indices but also maintained
more ripe and spawning mussels through the season. Consistency of parameters in
subtidal sites, such as temperature, compared to intertidal sites, also may account for the
single but extended subtidal spawning period, with very few spent mussels in the
populations until the end of the season. This reproductive pattern emphasizes the
importance of subtidal populations as major contributors to the spat production at Ninety

Mile Beach.

Southern versus Northern Populations

Spatial patterns of reproductive behavior at Ninety Mile Beach suggest great

variability in overall gonad indices among northern and southern populations. The
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mussel population at The Bluff had the lowest gonad indices. Although data for this site
are not available from July 1999 to April 2000, there is an indication that this population
also had the shortest spawning period among all studied populations. Evidence of low
reproductive effort at The Bluff is consistent with this population also exhibiting the
lowest maximum shell length of any population at Ninety Mile Beach. It is difficult to
explain why the population at the Bluff had such a low productivity when the nearest
population (15 km to the north) at Scott Point had the hi ghest reproductive effort at
Ninety Mile Beach. Indeed, Scott Point had a consistently high and long spawning
period with low numbers of spent mussels until November. It is possible that less
favorable local conditions at The Bluff may contribute to the low productivity of this
population. The Bluff is an isolated patch of rocks in the middle of a long stretch of
sandy beach. Thus, the sediment load is high and may be a constant source of stress for
mussels surviving on the rocks. Due to the generally straight coastal morphology of this
area, food supplies tend to be irregular and dependent on the northbound nearshore
current, with little residence time at The Bluff (Alfaro, unpublished data). Conversely,
Scott Point is located at the northernmost end of the beach, where the mixing of the West
Auckland and Westland currents, and the more complex coastal morphology of bays and
shallow banks create a highly turbulent environment (Stanton, 1973). Thus, the dynamic
ocean circulation and high delivery and residence time of food particles make the Scott
Point area highly productive (Alfaro, unpublished data). Differences between the 2
northern mussel populations and the 2 southern populations at Ahipara suggest that the
southern intertidal populations have intermediate reproductive behaviors. These large-
scale spatial differences in reproductive behavior may be related to the 1-2 °C

temperature difference between northern and southern areas (Alfaro, unpublished data).
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Regional variations in reproductive behavior have been observed in many mussel
populations throughout the world (Bayne et al., 1983; Thompson, 1984; Jasim and Brand,
1989; Nichols, 1996). This reproductive variability is believed to be a result of mussel
adaptation to local conditions (Bayne et al., 1983; Nichols, 1996). Thus, variations in
environmental conditions such as water temperature and food availability may be
sufficient enough to cause dramatic differences in reproductive behavior among mussel
populations (Hickman and Illingworth, 1980; Smit et al., 1992; Dorgelo and Kraak, 1993;

Ram and Nichols, 1993; Nichols, 1996). For the green-lipped mussel, Perna canaliculus,

in New Zealand, great variations in condition index, an indirect measure of reproductive
effort, were found among populations throughout the country, including populations
about 36 km apart between Ahipara Bay and Whangaroa Harbour (Hickman and
Nllingworth, 1980). Thus, the variations in reproductive effort among all intertidal and
subtidal populations at Ninety Mile Beach may contribute, in various degrees, to the
highly productive and sometimes spatially and temporally variable spatfall conditions
observed in this unique coastal area of New Zealand.

In summary, spatial variability in reproductive behavior of mussel populations at
Ninety Mile Beach can be observed at 3 spatial scales (between exposed and sheltered,
between intertidal and subtidal, and among northern and southern populations) possibly
related to varying environmental conditions, such as temperature and food supply.
Exposed and sheltered intertidal habitats at Ahipara Bay may have significantly different
mussel feeding rates, owing to their different water flow regimes, which may affect
general reproductive behaviors. Differences in reproductive behavior between intertidal
and subtidal populations may be due to the more constant environmental conditions of
subtidal populations. As a consequence, subtidal mussels tend to be larger (high growth

rates) and have one prolonged spawning period. This spawning behavior contrasts with
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the 2-3 spawning periods observed in the 2 intertidal populations and in Ahipara Bay.
Regional differences in Ninety Mile Beach populations are exemplified by the disparate
reproductive patterns among northern and southern mussel populations. Low
reproductive efforts of mussels at The Bluff may be related to the high stress of sediment
loads and irregular food supplies. Conversely, mussels at Scott Point benefit from higher
water temperatures and high energy ocean conditions that ensure high and constant food
supplies to these mussel beds. These favorable mussel habitats may result in the high
reproductive effort of mussels at Scott Point, and may promote a prolonged spawning
season. Mussel populations at Ahipara have intermediate reproductive behaviors
compared to those at The Bluff and Scott Point.

Finally, the observed reproductive differences among mussel populations at
Ninety Mile Beach suggest that the 2 subtidal populations at Wizard Rock and Blue
House, and the northernmost intertidal population at Scott Point have the reproductive
potential to make significant contributions to the spat production of the area. Careful
monitoring and protection of these adult populations may ensure a more reliable and

predictable commercial harvest of green-lipped mussel spat in New Zealand.
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Figure 1. Map of the study site at Ninety Mile Beach, northern New Zealand. Four intertidal (Tonatona

Beach, Ungaunga Beach, The Bluff, and Scott Point) and 2 subtidal (Blue House and Wizard Rock)
mussel populations are shown.



‘suone[ndod [essnw [epuqns ¢

2)NIISUOD ISNOH N[ PUB Y00y pIezip pue ‘suonendod [epniajur 4 juasaidar jurod 13098 pue ‘Jynig Y[, ‘Aeq e3unedup) ‘yoeag
BUOJRUO, *9)IS OBa UM pajdures 9)ep yoea uo S[assnu J[npe )/, Wolj PAJB[NI[Ed 2Iom SUBIA 0007 [Hdy pue 8661 AInf
uoamiaq Ayiuow noqe pajdures suonendod [assnur JNpe 9 UIYIM S[essIW Jo YIFUS] [[AYs WNWIXeW (FSF) UBSJ 7 3an3iq

0S

09

0L

08

o
(0]

001

o
==
=

o
N
(ww) ybua |19YS wnwixey uespy

o
(sp]
=

— 100G —y¢— Ynjg —4— onjg —e— piezip\—e— ebunebun —e— euojeuo| —g—




*9]IS PUB 31EP USAIS B J& Xopul peuos e 9Je[nofed 0} 9IS Yoed ulyiim
pue 91ep yoeos uo pojduies arom s[assnui (/ Jo [e10) y "yoeaq I[N A1dulN 1e suone[ndod [essnur (ISNOH anjg
pue Y00y PIBZIA) [epuqns g pue (Aeg eSuneSup) ‘yoeag eUOJRUO]) [BPIIAIUI 7 J0J SIOIPUI PRUOD *€ dANSLY

aleq
666 | 866 |

PANOSYIrrAavVAdPraNosyvyr>rrnw

1 ) ! 1 | | L L 1 L | ! il ! ! ! L

A
¥

N

8SN0OKH anjg —O— Y00H plezipy —e— Aeg ebunebun —e— yoeag BuOeuo | —§—

00t
0ct
ovl
091
08}
00¢
0ce
0] 74
09¢
08¢
00€

X9puj| peuoxn




Tonatona Beach

Male

Female

i e S e

LIS SRR |

FTFFFFZTEFES *Fd NNRAINNRAINNNN |

JASONDJFMAMJJASONDUJFMA

JASONDJFMAMJJASONDJEMA

| s
FIFD VS (AL
T AT TETITS D
[ =
7. VFEF S ORI
|
WA |
e e e s
[ S
e ]
| T 5
FTEFE, CFL LTI EET DRRCOENNNN |
PR LT T PLTIETT S VELTL T LT LS O
| 3
FIFIIIFFIIFI L D 3 |
'
2 2 32 2 2 N
o Q Q =] o =}
=] @© @ < q
s
SRR |
' L
FEFLEE DRRBIDCCEY |
| s
FHTTTTETL TR LLTLL, N RO |
IIFFFFFEFTIITL VFLTLLLLE D SRR
ETSITTE LTI EELT,
| ! | | -
FFIFY RN |
PTTETIEE. VS LAS s e e
FITEFIIIIS P ELTLLLELETS
FETFEFE, FLLLET IO i
2R R R R e
(= (=} (=] (=} o (=}
o [54] © < N
=t

2000

1999

1998

2000

1999

1998

Ungaunga Bay

Male

Female

RO RO |

RN |

FFFTIL SV ETF TS

]
ARRRRARRARNRNN, |

FIFT TP T TS VL LT E S O

AR

i,

EFTTZFFFIIES VTP Fi D

TR RARRRRRRORRRNNN

RO |

e A

R

Frr FITL T TITIFETS S

FTTSTEN VFTTTIESS O RN |

FITTIFEETEFEE X TETTE ST Ol

FETETL I ITTIFTI OL
|

ik :
sancosmn
2082 ® R R R
o (=] (=] (=} o o
o @ © < N
S
i e
AR |

Z AR

W |

FETFIL, PSS LL S LS

RO |

PP EELTEEF I FLLE L ORI

e e

FFTTE, O ELTET L

AR

FIFFFFLILS T EEFETELE RODNNN |

FETITTID "F T LIT IS T LS T3 OO |

FEFTIE, F L R NN |

FEFELFEIFTI S HE S OD

TS B

100%
80% -
60%
40% A

Aouanbauy ¢

JASONDJFMAMJJASONDUJFMA

JASONDJFMAMJJASONDJIFMA

1999 2000

1998

1999 2000

1998
[EI Early EBlLate MRipe ESpawning B Redeveloping B Spem

Date

ripe, spawning, redeveloping, and spent) of

y development, late development,

Figure 4. Frequency distribution of 6 developmental stages (earl

a Bay).

dal sites (Tonatona Beach and Ungaung,

gonad reproductive state for female and male mussels at 2 interti



"(9snoy on[g pue Y00y pIezipy) sols [epnqns 7 e S[eSSNUWI Jew pue S[eWaJ 10§ 23eIs dAnonpoidar peuod jo
(uads pue ‘Fuidojeaapas ‘Jurumeds ‘adu quawdojorap are] uowdo[oAap Ajrea) saders [eyuswdo[aAap 9 Jo uonnqinsip Aduanbalg g aanSiy

0.._.&0 Tcmawﬂ buidojerspey g Buiumeds g adiHm 11| >tmm_DJ
0002 6661 8661 0002 6661 8661
<s_n_ﬂn_20w<w—.s_<s_n_wn_20w<ﬁ <S_u__;n_20w<q._,s_<s_n__..n_zow<_.
— I 4 i’ ' d ] s - 4 d it e e ke b O\oo = & 4 & A & & -. - ) ] i 4 ' e ] 4 & O\OO
- H i - H g %02 2 — - - %02
/. 3 ! .”
b
/ ; 3 ‘ N
ulw’ T - H R %0¥ % R H ’ %0¥
A N [ F R A 1 E 1H R
“ ” . “ ” “ 5 F N 5 “ ”
7 3 AH R 14 N R 18 R
AR Bims %09 i H : Bm %09
A HHHN 1H R 4 K N R 1 R
AN HNHANR B A R N N 4 H R
AN HHRHEHHATL 10l R 4 R N N N ‘I
4 N 8 N K [ 1 ) o 8 N N B K R 5
m 8 3 wlu : 3 R %08 N H N HH H R X 708
3 3 YR R N ) ] N H R b R 3
Q N N N 5 » b ) SESHES 5 A
N N ) 'y N R ] N
X N m R X ]
%001 i %001
/e g/ewe
9sSnoH an|g
000¢ 6661 8661 0002 6661 8661
<s_u__,020w<_._..s_<s_mq.020w<ﬂ <s_mﬂonw<—.ﬂs_<s_mwozow<ﬂ
% 5
] %02 l“ ] 4 %02
M / ;
. N 4 ] N
—— R %0¥ 1 4 D %0%
% 4 N ] 7 2
g H N 7N 1 N
“ “ k) 1 7 ”
’ ; 4 g 1 H
g 1 N %09 H B+ %09
N N N N N1
N H S 3 N N
N %08 . N—Hh %08
N Q ) N
A R g : R
: R 10 §
%001} %001
/BN seweo

¥o0Y paezim

Aauanbaig o



"9IS pue djep uAI3 ©
18 X3pul PeUOS € 9J8[No[ed 0] YIS YIrS UIY)IM PUE d)ep Yoe3 uo pajdures a1om S[aSSNW ()/, JO [BJ0} Y ‘yoeag I AyouIp] 18
uiod noog pue ‘ynig Y], ‘Aeq edunelun ‘yoeog euojeuo]) uonerndod [9SSNW [ePILISIUL {7 10J SAOIPUL PRUOL) *Q dINS1y]

ajeq
0002 6661 8661

PPANYANAFTANOSY P ITWYWAPANOSY PN
o
0zl

- e ovl
Va\ 0oL @
X \.
N f S et

[ 4

X AR ozz 3
VI ; = 2
/x\xk 092
08z
008

Tc._om H00S —¢— Yjnig oy | —— Aeg ebunebun —e— Uoeeg euciEUO hlﬂ




"(Ju10d 100§ puE ‘JIn|g AY]) SIS [EPHIAUI 7 T8 S[ossnu S[ew pue S[ewa) Joj Ae)s aanonpoidar peuos jo (Juads
pue ‘3urdojoaspar ‘Jurumeds ‘odur “quawdo[aAap are| ‘yuauido[aaap Aea) sogers [esuawdojaAap 9 Jo uonnqLISIp Aousnba1y +z aandig

an @ buidojerspey | Bulumeds ] odiym e1e @ Aues _n:

ajeq
0002 6661 8661 0002 666 8661
VANdIraNOSY IrrANYWdPraNosyvr VAdIraNOSY PP IrWYW4PraNOSY P
BRI R TR R — S NI IR IR R IR R R —— Sy
| P
u“m‘. 7 m
Rmimy %02 %02
1 HH NV 7 /
vy :
5 . %0 8 %0
1 NHE )
5 ””.. N
1 NHE 3 :
NN %09 3 \ %09
NN N 1 F 4
LR § ;
NN NN N g
NN AR HH %08 A %08
NN HRARAR N
N D N NN N N
3 NN H A 3 o8
%001 %00L ©
ey glewsa -
unig ayy o
0
000¢ 6661 866} 0002 6661 8661 c
VAIIraNOSYIrIrAYVAWAAraNOSYTF VANIFrONOSYIrrAYWNS raANOSY P %
"I rrey———————— L 99 —— e 90 0
<
“ 2
“ %02 “ %02
1 /
g %0¥ g  %0v
‘R B 2 :
4 A , B H
N : %09 } H %09
W . K M Jq F i
3 3 q | i
'm : . %08 3 X < %08
N 2 ? N N :
N X ? X
3 A
%001 Lt %001
I ajewe

1uI0d 1109§




Chapter 2: Reproduction — Temporal Patterns

64

Table 1: Statistical analyses of maximum mussel shell length. Two-way
ANOVA tests (Model I) are shown for each of 4 site comparisons (Site and
Date as fixed factors). Statistical comparisons were made between exposed
(Tonatona Beach) and sheltered (Ungaunga Bay) sites, between the 2
subtidal sites (Wizard Rock and Blue House), among intertidal (combined
Tonatona Beach and Ungaunga Bay) and subtidal (combined Wizard Rock
and Blue House) sites, and among all northern and southern intetidal sites
(Tonatona Beach, Ungaunga Bay, The Bluff, and Scott Point).

Exposed versus Sheltered Sites

Source df F p
Site 1 230.07 0.001
Date 16 93.96 0.001
Site x Date 16 10.14 0.001
Error 2346
Subtidal Sites (Wizard Rock and Blue House)

Source df F P
Site 1 23.14 0.001
Date 14 79.67 0.001
Site x Date 14 8.06 0.001
Error 2070

Intertidal versus Subtidal Sites

Source df F p
Site 1 3353.64 0.001
Date 14 140.12 0.001
Site x Date 14 17.94 0.001
Error 4169

Northern versus Southern Intertidal Sites

Source df ¥ p
Site 3 1289.12 0.001
Date 8 35.16 0.001
Site x Date 24 11.18 0.001

Error 2484
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CHAPTER 4

Small-scale Mussel Settlement Patterns Within Morphologically Distinct Substrates

at Ninety Mile Beach, northern New Zealand

Andrea C. Alfaro and Andrew G. Jeffs

In press: Malacologia

ABSTRACT

Micro-scale settlement patterns of mussel juveniles Perna canaliculus were

investigated within drift material at Ninety Mile Beach, northern New Zealand. Size- and
site-specific selectivity on various morphologically distinct algal and hydroid species
were identified within drift material and corroborated in laboratory experiments with
similar artificial substrates. Mussel spat densities were greater within fine-branching
natural (~ 28-57%) and artificial materials (~ 13-20%) compared to medium- and coarse-
branching natural (~ 7-8%) and artificial (~ 2-3%) materials. Size-frequency
distributions of mussel spat within natural and artificial materials suggested a relationship
of increasing mussel size with decreased branching of substrates. Field and laboratory
investigations indicated higher settlement of 1.5-2.0 mm mussel size classes in coarse-
branching substrates, while fine-branching substrates had greater settlement of mussels
within the < 0.5 mm size class. Mussel settlement comparisons within node and inter-
node areas of all substrates in the field and in the laboratory indicated a strong preference
of settlement in node areas over inter-node areas. The micro-scale settlement patterns
observed in this study are argued to be indicative of a life strategy to maximize juvenile

mussel survival within the dynamic environment of drift material in oceanic currents,
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before the potential arrival and re-settlement to rocky coastal areas. The present study is
the first to elucidate settlement patterns of Perna canaliculus on drift material that
washes up on Ninety Mile Beach, where > 70 tonnes/year of this material is collected and

supplied to the New Zealand aquaculture industry to seed mussel farms.

Key words: Mussels; Small-scale settlement patterns; Micro-habitat selection; Size-

frequency distribution; Drift algae.
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INTRODUCTION

The complexity and diversity of planktonic larval settlement patterns has received
a great deal of attention within various temporal and spatial scales (Butman & Grassle,
1992; Bourget & Harvey, 1998). Physical and biological factors have been investigated
as potential contributors to passive and active settlement outcomes (Butman, 1987;
Butman & Grassle, 1992; Grassle et al., 1992). For marine invertebrates, such as
mussels, larval settlement on filamentous substrates represents an important intermediate
step to the eventual recruitment to the adult population (Bayne, 1964; Davies, 1974;
Highsmith, 1985; King et al., 1990; Harvey et al., 1993). However, the dynamics of

these interactions are not well understood for most broadcast spawners (Dame, 1996).

Bayne (1964) first demonstrated that larvae of the mussel Mytilus edulis tended to

settle on filamentous algae (primary settlement) and later moved to established adult
mussel beds as secondary settlers (1-2 mm) through a bysso-pelagic phase. Bysso-
pelagic drifting has since been shown to be a common means of dispersal among pelagic
larvae and juveniles (Lane, 1985; Martel, 1993; Martel et al., 1994; Buchanan &
Babcock, 1997). Buchanan & Babcock (1997) also found a size-specific settlement
pattern for the New Zealand green-lipped mussel Perna canaliculus on various intertidal
algae, hydroids, and adult mussel beds at Piha Beach, North Island, New Zealand. In
their study, Buchanan & Babcock (1997) observed that mussels < 0.5 mm (primary
settlers) were more abundant in attached filamentous algae and a hydroid species, while
secondary settlers (> 0.5 mm) were numerous in coarser-branching algae and the adjacent
intertidal mussel bed. Elsewhere in northern New Zealand, at Ninety Mile Beach

(NMB), early juveniles or spat of Perna canaliculus also are found associated with

floating algae and hydroids. Large quantities (> 70 tonnes per annum) of spat, attached

to this drift material, are used to seed the extensive mussel farms in New Zealand, after
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collection from the surf zone (Jeffs et al., 2000). Nowhere else in New Zealand, but
along the 90 kilometer stretch of NMB, are such vast amounts of wild spat concentrated
in one place on detached material that can be conveniently and economically harvested to
supply the mussel industry (Jeffs et al., 2000). Distinctive patches of filamentous
substrates that arrive at the beach (wash-up events) may vary in substrate abundance and
density, and spat size-frequency distribution (Hickman, 1982). A single wash-up at
NMB may contain up to 70 tonnes of substrate and spat material (C. Hensley, personal
communication). These filamentous substrates may derive from intertidal to deep
subtidal regions in particular areas along NMB, and mussel settlement onto these
substrates may take place before or after detachment of the alga or hydroid. Regardless
of the timing of settlement, algal and hydroid materials appear to be essential to the
transport of mussel spat, as they may not only provide a means for long-distance
dispersal, but also an alternative habitat to maintain or increase physiological processes
(Highsmith, 1985; Schneider & Mann, 1991a). If a size-specific mussel settlement
pattern occurs on the filamentous substrates found within a wash-up event at NMB, it is
likely that substrate selection is the predominant force behind mussel settlement patterns,
rather than random physical encounters along this particularly high energy portion of the
New Zealand coastline. The persistence of size-specific settlement patterns of mussels
on drift material, while exposed to the energetic hydrodynamic regimes often
encountered in the ocean, suggests a complex life history strategy. The aim of the
present work is to elucidate micro-scale (cm) settlement patterns on the substrates found
in wash-up events that occur along the 90 kilometer length of NMB. Thus,
characterization of substrate types, and size- and site-specific settlement patterns upon
various drift substrates, may provide a first step to understanding spat-substrate

interactions at various spatial and temporal scales.
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METHODS AND MATERIALS

Study Site

Samples of Perna canaliculus spat and associated substrates were collected from

the surf zone at various locations along Ninety Mile Beach (NMB), Northland, New
Zealand (Fig. 1). Each sample was collected from distinct wash-up events on 17 October
1998, 22 December 1998, and 16 May 1999. Wash-up samples were collected by net
from the surf along the beach. Once collected, all samples were immediately frozen for

later laboratory analyses at the University of Auckland, Auckland, New Zealand.
Natural Substrates

As a first step to investigate small-scale settlement patterns of mussel spat on
various drifting natural substrates, two 100 g wet weight subsamples were taken from
each of 3 wash-up samples. The original wash-up samples were between 1-5 tonnes (wet
weight) of very homogeneous substrate and mussel wash-up material. All distinctive
algal and hydroid substrates within each subsample were separated and grouped into 4
morphologically distinctive categories, with algal categories based on the level or degree
of branching. The categories were: coarse-branching algae (Osmundaria colensoi,

Carpophyllum angustifolium, and Rhodymenia dichotama); medium-branching algae

(Melanthalia abscissa, Laurencia thyrsifera, Pterocladia lucida, P. capillacea, Gigartina
marginifera, G. alveata, and Pachymenia lusoria): fine-branching algae (Champia laingii,

Plocamium costatum, Haliptilon roseum, and Corallina officinalis); and hydroids

(Amphisbetia bispinosa, Dictyocladium moniliferum, Crateritheca insignis, Aglaophenia

acanthocarpa, and Lytocarpia incisa). The remaining material (shells, wood fragments,

and other debris) did not contain attached mussels and was discarded. Mussels within
each algal and hydroid substrate type were removed by vigorous agitation in water, and

the removal of remaining mussels was achieved with forceps (Buchanan & Babcock,
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1997). Mussels within 5 different size-classes (<0.49, 0.5-0.99, 1.0-1.49, 1.5-1.99, > 2.0
mm in length) were separated with a set of sieves of appropriate sizes. Previous research
had verified this technique as an effective means of reliably sorting mussel material (A.
Alfaro, unpublished data). The mussels were then dried to constant wei ght in an oven at
80°C. The number of mussels within each size class was initially determined by counting
under the microscope. The number of dried mussels of each size class per unit volume
was calculated, and volume subsequently was used to estimate numbers of mussels.
Several test samples were processed initially to ensure the accuracy of the methodology.
The surface area of flattened algal and hydroid samples was determined from video-
computer images using NIH Image 1.61 software for the Macintosh (Harvey et al., 1993).
All algae and hydroids were then dried in an oven at 80°C and weighed. Percent data
sets of natural substrate abundance and mussel densities were arcsine transformed to

normalize the data.

An additional 20 samples of ~ 25 g wet weight were taken from each wash-up
sample to determine the number of mussels attached to nodes and inter-nodes of each of
the 4 types of substrates (Fig. 2a). A node area was defined as a 1 cm? area including at
least one axil, and an inter-node area as a 1 cm2 area without an axil (Fig. 2b). Node and
inter-node areas were randomly chosen from a large set of suitable areas. All mussels
within node and inter-node areas on each substrate sample were removed with forceps
and counted. The exact area occupied by each substrate within the 1 cm2 region was
determined from image analyses using NIH Image 1.61 software. The total number of
mussels per unit area of node and inter-node was calculated for each sample of algal and

hydroid substrates.
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Artificial Substrates

In order to further examine the settlement dynamics of mussel spat onto
morphologically distinct substrates, settling patterns onto artificial substrates of different
shapes were monitored in the laboratory. Five to six 10 cm long plastic aquarium plants
of 6 different types were placed in separate seawater tanks of 1.5 liters. The artificial
substrates were standard aquatic plant replicas and, for consistency, also were classified

as coarse-branching (Myriophyllum verticillatum, Ceratophyllum demersum, and

Cabomba aquatica), medium-branching (Elodea densa, Elodea sp., and Rotala indica),

and fine-branching (Vallisneria americana, V. spiralis, and Ceratopteris thalictroides)

substrates to facilitate comparisons with the natural substrate experiments. Although the
aquatic plants were not identical to the algae found in the wash-up samples, the surface
area and degree of branching were very similar to the natural substrates, and the degrees
of branching were distinctive among the 3 experimental groups. Mussel spat were
collected from intertidal habitats at NMB, detached from their original algal substrates,
and placed in a water tank with seawater on the same day. The density of mussels of
different sizes was adjusted to be similar among size classes. From this mixture,
subsamples of about 500 mussels, representing all sizes within 0.5 to 3.0 mm in length,
were separated using a standard plankton splitter. The mussel subsamples were then
placed in each of the 50 tanks containing artificial substrates. Each tank was aerated to
ensure constant re-suspension of unattached mussels. The water temperature was
maintained similar to the collection site at 15°C, and no food was added to the tanks
during these short-term experiments. The light regime was set to mimic outdoor
conditions. After 2 days, mussel abundance, size-frequency distribution, site of mussel
re-settlement, and substrate area were determined with the procedures outlined for natural

substrates. Percent mussel spat densities were arcsine transformed to normalize the data.
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RESULTS
Natural Substrates

Substrate characterization in wash-up samples revealed overall differences in the
total abundance of the four different settlement substrates, possibly due to seasonal
changes in algal and hydroid productivity. The total amount of algal and hydroid
material (+ SE) from the original 100 g subsample for the 3 wash-up samples was
96+2.3% in October 1998, 31+5.2% in December 1998, and 64+3.5% in May 1999.
However, the proportional algal and hydroid substrate comparisons among replicates and
wash-up samples indicated that coarse-branching algae were more abundant than any
other substrate for all 3 wash-up events (Fig. 3). The mean percent area (+ SE) of coarse-
branching algae was 69.1+2.7%, followed by medium-branching algae (14.1£1.4%),
hydroids (12.1+1.4%), and fine-branching algae (4.6+1.2%). A two-way ANOVA of
percent substrate among wash-up events (arcsine transformed data) showed no statistical
significance among wash-up events (ANOVA; F(2,12) = 0.35, p > 0.05), but a significant
difference among substrate types (ANOVA; F3,12) = 217.33, p < 0.05). The interaction
between wash-up and substrate type was not statistically significant (ANOVA; Fg,12) =
1.91, p > 0.05). Tukey’s pairwise comparisons of means failed to find significant

differences between medium-branching algae and hydroids (Tukey test; p = 0.799).

The total number of mussels differed greatly among samples of different wash-up
events. The first sample, collected on 17 October 1998 yielded mussel numbers ranging
from 12 to 3866 mussels/cm2 of substrate, and a mean (= SE) of 658.7+230.7
mussels/cm? of substrate. The second wash-up sample of 22 December 1998 contained
very few mussels, ranging from 0 to 12 mussels/cm? of substrate and a mean (x SE) of
2.6+0.7 mussels/cm? of substrate. Finally, the third sample of 16 May 1999 had a range

of 9 to 1632 mussels/cm?2 of substrate and a mean (+ SE) of 255.2+123.5 mussels/cm? of
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substrate. While the absolute number of mussels among the three wash-up samples was
very different, the percent of mussels within each substrate type was similar for all wash-
up samples (Fig. 4). The mean percent of mussels between replicates and among wash-
up events indicates that hydroid substrates consistently accumulated the greatest number
of mussels compared to all other substrates (Fig. 4). The mean percent of mussels/cm2 (+
SE) among substrates was 57+4, 28+2, 842, and 7+2% mussels/cm?2 for hydroids, fine-
branching, medium-branching, and coarse-branching algae, respectively. Results from a
two-way ANOVA on the arcsine transformed data, with wash-up event and substrate type
as factors, indicated that there was no statistically significant difference among wash-up
events (ANOVA; F2,12) =0.57, p > 0.05) and interaction (ANOVA; Fe,12)=4.41,p>
0.05), although there was a significant difference among substrate types (ANOVA;
F3,12) =419.97, p < 0.05). Tukey’s test comparisons failed to find significant

differences between coarse- and medium-branching substrates (Tukey test; p = 0.714).

Results from the size-frequency distribution of mussels within each substrate type
revealed a relationship between increasing mussel size and decreased degree of branching
of substrate. Coarse-branching algae had a greater percent of large mussels (1.5-1.99 mm
in length), while fine-branching algae and hydroids had the greatest percent of small
mussels (< 0.5 mm in length) (Figure 5 and Table 1). Two-way ANOVA's, with mussel

size class and wash-up event as treatment, were performed for each substrate (Table 1).

Results from mussel density comparisons between node and inter-node areas
within each of 4 natural substrates indicate that mussels were more abundant in node
areas in all substrate types (Fig. 6). Furthermore, the relationship between increasing
mussel abundance and decreased degree of substrate branching was generally apparent in
these samples as well (Fig. 6). However, no difference between coarse- and medium
branching algae was observed (Fig. 6). The mean number of mussels within node areas

were 4.7£0.9, 52.449.5, 557.1+33.9, and 1055.0+41.5 individuals/cm2, and within inter-
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node areas were (0.420.3, 23.7+6.0, 61.8+13.9, and 581.2+145.6 individuals/cm?2) for
coarse-, medium-, and fine-branching, and hydroid substrates, respectively. Although
size classes were not differentiated in this part of the study, the fact that the pattern is
similar for all substrate types (which contained different predominate mussel size classes)
suggests that mussels of all size classes were more abundant within node areas. In
samples with low total mussel abundances, clumps of mussels within node areas were
often clearly visible. As the total density of the sample increased, the clumps of mussels
extended from inter-nodes along the branches, and in some cases, the entire algal or
hydroid substrate was covered with mussels. A two-way ANOVA, with site of

attachment (node versus inter-node) and substrate type, showed statistical significance for

site of attachment (ANOVA: F(1,472) = 248.74, p < 0.05) and substrate type (ANOVA;
F3,472)=562.03, p < 0.05). A statistically significant interaction (ANOVA; F3472) =
72.54, p < 0.05) reflected the inability to differentiate settlement patterns between coarse-

and medium-branching algae.
Artificial Substrates

While the absolute number of mussels that settled on the artificial substrates was
much lower than the numbers recorded from the natural material found in wash-up
samples, the general trend among morphologically distinct groups was consistent with the
natural substrates (Fig. 7). Mussel settlement within coarse-branching artificial substrates
ranged from O to 2 mussels/cm? of substrate and had a mean of 0.21+0.05 mussels/cm? of
substrate. Medium-branching material had a settlement range from 0 to 6 mussels/cm?
and a mean of 0.38+0.09 mussels/cm2 of substrate. Finally, fine-branching material had
a range of 0 to 25 mussels/cm? of substrate and had a mean settlement of 3.23+0.45
mussels/cm? of substrate. Three one-way ANOVA's, with artificial plant type as
treatment, were run on the arcsine transformed data to test for settlement differences

among plastic aquarium plants within each of the 3 experimental branching groups. The
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results of these tests showed no significant differences among any of the groups
(ANOVA; F(2,15)=0.02, p > 0.05, ANOVA; F,15)=0.07, p > 0.05, and ANOVA;
F,15)=0.17, p > 0.05 respectively for coarse-, medium-, and fine-branching substrates)
(Fig. 7). However, a one-way ANOVA comparing mussel settlement on artificial
substrates with different branching degrees found significant settlement differences
among substrates (ANOVA; F(2,51)=80.17, p < 0.05) (Fig. 7). A one-way ANOVA
comparing all coarse- and medium-branching substrates, regardless of plant species,

resulted in non-significant substrate effects (ANOVA; F(1,34) = 1.06, p > 0.05).

Frequency distribution results from the artificial substrate experiments also
indicated greater settlement on fine-branching material than coarse- and medium-
branching material (Fig. 8). Generally, fine-branching substrates had a higher percentage
of <0.99 mm mussel size classe, while coarse- and medium-branching substrates had a
similarly high percentage of > 1.5 mm mussels, and very little to no settlement of < 1.5
sized mussels (Fig. 8). Results from statistical analyses, including two-way ANOVA's
for each experimental group (degree of branching and mussel size as treatment), are

shown in Table 2.

Settlement comparisons between nodes and inter-nodes areas within artificial
substrates also resulted in greater mussel densities in node areas than in inter-node areas
(Fig. 9). Again, no settlement differences between coarse- and medium-branching
substrates were observed, but fine-branching substrates did contain greater settlement
than the other 2 substrates (Fig. 9). Mussels often were observed extruding their foot to
test surrounding substrates. In some cases, mussels were observed moving from the tip
of an artificial plant to the nearest node. This migratory behavior sometimes resulted in
clumping of mussels. A two-way ANOVA, with site of attachment (node versus inter-

node) and substrate type, showed significant differences between node and inter-node

attachment sites (ANOV A F(2,102) = 13.40, p < 0.05) among artificial substrate species
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(ANOVA; Fpo, 102) = 41.60, p < 0.05), and interaction (ANOVA; F2,102)=11.00, p <

0.05).

DISCUSSION

One of the great interests in the field of invertebrate ecology is the question of
how initial settlement patterns affect the distribution of adult broadcast spawners such as
mussels. While oceanic-current dispersal of larvae and juveniles is a passive means of
transport, some degree of habitat choice is exercised by individuals that encounter and
attach to drift material. This initial settlement process on various morphologically
distinct drift materials may be of significance to the survival and successful re-settlement
of juveniles to the adult population. Thus, elucidation of micro-scale settlement patterns
of mussel spat on natural drift substrates may enhance our understanding of the process

of spat transport and arrival to coastal areas.

Substrate characterization within 3 wash-up events at NMB indicated that coarse-
branching algal substrates consistently comprised the majority of settlement substrates
found associated with wash-up events. Medium-branching algae, fine-branching algae,
and hydroids were less abundant. Drift algal material may originate from rocky intertidal
and subtidal areas. However, the majority of the material (mostly red algae) is subtidal in

origin (Osmundaria colensoi, Carpophyllum angustifolium, and Rhodymenia dichotoma;

Adams, 1994; Steneck & Dethier, 1994), indicating the importance of subtidal sources.
The large amount of subtidal material in NMB wash-up samples also may be a result of
the scarcity of rocky intertidal areas that could provide intertidal algal sources along the
beach (Fig. 1). Furthermore, none of the intertidal areas at or near NMB contain the
same species of algae found washed-up at NMB in enough abundance to indicate a likely

source (A. Alfaro, personal observation). The often fresh and intact nature of the
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material which arrives at the beach suggests that the subtidal material comes from rocks
situated just offshore (< 35 m water depth) of three rocky outcrops along the beach
(Tauroa Point, The Bluff, and Scott Point). Indeed, algal beds have been observed off
Tauroa Point (S. Hooker, unpublished), and extensive rocky substrates, likely to harbor
algal material, have been noted by local fishers off Scott Point. Furthermore, spawning
peaks of intertidal and subtidal mussels (< 35 m water depth), as well as algal seasonal
cycles, may strongly influence the abundance, dispersal and colonization potential of spat
within temporal and spatial scales (Alfaro et al., in review). However, more samples

collected throughout the year are necessary to clarify these patterns.

Quantification of mussel spat among algal and hydroid substrates indicated that a
greater number of spat settle on hydroids, followed by fine-branching algae; whereas
fewer spat settle on medium- and coarse-branching algae. Laboratory settlement
experiments with artificial substrates also resulted in greater settlement on fine-branching
material over coarse- and medium-branching substrates. Buchanan & Babcock (1997)
found a similar size-frequency distribution of mussel spat on intertidal algae at Piha,
North Island, New Zealand. In their study, the authors found that primary settlement of
mussels (< 0.4999 mm in length) was mostly on the hydroid Amphisbetia bispinosa, and
fine- and medium-branching algae, while larger mussels in the dispersal (0.5-5.4999 mm
in length) and stable (> 5.0 mm in length) stages of their life history tended to re-settle
onto coarser-branching algae and the adult mussel bed. By contrast, the present study
included consideration of a wider range of free-drifting algal-branching types (coarser red
and brown algae), that are likely of mostly subtidal origin. Nonetheless, the size-
frequency distribution of mussel spat on natural (in the field at NMB) and artificial (in
the lab) substrates strongly corroborates observations at Piha by Buchanan & Babcock
(1997). The field experiments at NMB indicated that the percent of mussel spat among

the 4 algal and hydroid substrates was similar for all 3 wash-up samples and may indicate
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that settlement patterns are not affected by absolute variations in substrate abundance.
Furthermore, mussel spat will settle predominantly on less abundant natural material even
when existing spat densities may be quite high (~3800 individuals/cm? on hydroid
material). This strong selectivity has been observed elsewhere (Butman, 1987; Schneider
& Mann, 1991a,b; Butman & Grassle, 1992; Grassle et al., 1992; Harvey et al., 1993;
Buchanan & Babcock, 1997). Schneider & Mann (1991a) found that there was a strong
selectivity of epifaunal invertebrates to macroal gae with varying degrees of branching.
The authors concluded that the relationship between invertebrate species and algal
morphology benefited the associated invertebrates in terms of food source and living
space provisions. It is unclear as to which different ecological properties may be
provided by different substrates (such as coarse-branching algae versus hydroids) to the
associated mussel spat, but it is likely that the relationship is based primarily on attaining
a structurally secure place to inhabit. Indeed, results from the artificial substrate
experiments suggested that mussels will preferentially settle onto filamentous substrates
on the basis of their physical shape. While these experiments with artificial substrates do
not rule out the possibility that chemical cues exuded by natural algae affect mussel
settlement patterns, they do support the idea that substrate morphology alone strongly
influences settlement of different-sized mussels. The observed movement of mussels
from the tips of artificial aquarium plants to node areas suggest that attraction cues

among mussels may exist, as well as substrate selectivity.

The size-frequency distribution of mussel spat on the various natural substrates
within NMB wash-up samples (Fig. 5), and artificial substrates (Fig. 8), shows a general
inverse relationship between spat size and degree of substrate branching. Thus, larger
mussels (1.5-2.0 mm) appear to settle predominantly on coarse-branching substrates,
while smaller mussels (<0.5 mm) preferentially settle on fine-branching material (Fig. 5

& 8). Buchanan & Babcock (1997) suggested that such size-specific settlement on
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morphologically distinct substrates in the intertidal zone may be largely a result of
recolonization of natural substrates. Our results suggest that the selection process also
may take place in subtidal habitats and in the water column, possibly within accumulated
patches of drift algae and hydroids. Furthermore, this size-specific selection persists even
after the mussels have been transported large distances by dynamic oceanographic
conditions evident at NMB. The possibility exists that the observed relationship between
spat size and substrate type is a result of differential growth rates that allow the less
abundant spat on coarse- and medium-branching algae to attain a larger size due to lower
crowding effect. However, the fact that all substrate types and mussel spat size classes
were consistently represented in all 3 NMB wash-up samples suggests that differential
growth rates of spat within patches of drift material is unlikely. Furthermore, artificial
substrate experiments resulted in similar trends after a period of only 2 days, which was

not long enough to note size differences due to growth.

A size-specific settlement pattern may represent a choice for scaled physical
stability, where, for example, larger mussels may require larger morphologically stable
substrates, such as the coarse- and medium-branching algae. However, smaller-scale
selectivity also may contribute to stability requirements of mussel spat. Comparisons of
settlement densities between node and inter-node areas within 4 different natural
substrates (Fig. 6), and 3 artificial plant substrates (Fig. 9), indicate that node settlement
is preferred by mussels settling in all types of substrates. Micro-scale selectivity has been
demonstrated in laboratory flume experiments (Harvey et al, 1993; Harvey & Bourget,
1995; Bourget & Harvey, 1998). Bourget & Harvey (1998) found that recruits of 9
marine invertebrates, including 6 bivalve species, were more abundant in nodes as
compared to inter-nodes, and that the rate of recruitment indicated that passive deposition
alone was not sufficient to obtain such an outcome. The authors ruled out the influence

of differential erosion and mortality on higher settlement patterns for nodes over linear



Chapter 4: Settlement — Morphological Cues 80

areas. Evidence has been accumulating that points to behavioral responses to small scale
(< 1 cm) substrate irregularities, such as pits, grooves, and depressions as determinants in
micro-scale settlement preferences (Bourget et al., 1994; Nellis & Bourget, 1996;
Bourget & Harvey, 1998). While chemical cues between spat and substrate, and among
individual mussels, cannot be excluded as factors in the site-settlement preference
experiments reported here, it is likely that morphology is the driving force to the strong

habitat selectivity observed in this study.

The large volume of wash-up material (up to 70,000 tonnes/year; C. Hensley,
personal communication) that can be collected only along NMB suggests that settlement
on drift material may be an important part of the life history strategy for Perna
canaliculus. Indeed, floating algal clumps have been found to provide alternative habitats
and transport of invertebrates (Schneider & Mann, 1991a; Highsmith, 1985; Bologna &
Heck, 1999). Micro-scale selectivity of mussel spat of different sizes onto
morphologically distinctive substrate types may reflect a delicate level of organization
within the transitional environment of drift material. Transport by drift material may be
crucial to the invasion and retention of mussel spat onto new intertidal and subtidal sites
(Highsmith, 1985). Pulses of new mussel settlements have been observed at Scott Point,
NMB after large accumulations of drift material on the rocky shore (C. Hensley, personal
communication). It is possible that entire rocky shore mussel communities may depend
on the periodic arrival of spat from drift material. In the case of NMB, where rocky
habitats constitute a very small portion of the coastal area, it appears that most wash-up
events may arrive on the sandy beach where mussels have little chance of survival, unless
collected by spat collectors and transported to mussel farms. Additional research on
substrate availability and the dynamics of oceanographic transport of drift material at
NMB is critical to further understanding of mussel dispersal, colonization, and

maintenance of adult populations at various temporal and spatial scales.
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Figure 1. Location of study site at Ninety Mile Beach, northern New Zealand. Rocky intertidal areas
are found at Tonatona Beach, The Bluff, and Scott Point. Spatfall collection sites on 17 October 1998,
22 December 1998, and 16 May 1999 are marked (X) along the beach.
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Figure 2. (A) Diagram depicting node and inter-node areas on a filamentous
substrate. (B) Close-up of node and inter-node area (1 sz)_
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Figure S. Size-frequency distribution of mussels within 5 size classes and 3 spatfall events for
4 natural substrate types. Pairwise comparisons (Tukey test) were performed for substrates that
showed non-significant interactions (coarse-branching algae, medium-branching algae, and

hydroids) in an overall ANOVA test and are shown *).
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Figure 8. Size-frequency distribution of mussels within 5 size classes and 3 experimental groups
of artificial substrates. Pairwise comparisons (Tukey test) were performed for substrates that
showed non-significant interactions (coarse- and medium-branching substrates) in an overall
ANOVA test and are shown (*).




(9 =) "sodA) orensqns [RIOLINE ¢ UIY)IM SEOIR SPOU-IAUI PUB SPOU UIYJIM SIIISUSP [ISSOIA *6 NS

wnelsqgns Buiyouelig-sui4

(ww) ssejg azig jassnpy

wniensqns Buiyoueig-wnipspy  wnjessgns Buiyoueig-asieon

sepouiau| [
SSPON N

IpuUl # ) Ausuaq [assnpy

(z wd / sjenpia



ST Joxrg 87°0F50°0 0c<

CTTF0S6 66'1-G'T
su 0810 81 8 az1g x o[dureg IL°0709°LT 6v'1-0'1
0000 PEELT v zZIg STIFLT 6T 66°0-S°0
Su $68°0 7o (4 apdureg 96'0+18°Ct 6v'0> sproipAy
ST louy OL'TFLTO 0c<
8TTFIL'T 66'T-6'1
Su 93800 £Te 8 az1g x ojdureg OT'TFLS ST 6V 1-0'T
0000 01°L91 4 oZIg IV IFLSOE 66'0-S0 oudy
su 69€°0 80'1 ré ojdureg 9T T+81°0S 6v'0 > Buryoueiq-ourg
ST lorrg SEVFLE'T 0¢c<
ETYFE]IE 66'1-S'1
L10°0 (433 8 971§ x 9jdureg LETFSELT 6V’ 1-0'T
0000 124! 14 9ZIS YO EFLLYI 66'0-S0 ey
Su 9060 010 C opdureg Yo v+S1°CI 61°0 > uryoueIq-wnIpa
SI Jouy L6'EFSL'T 0Z<
PEEFEITS 66'1-G'1
Su G6L00 €€T 8 oz1§ x ojdureg 0E'9FIE€T 6V'1-0'1
0000 €9°LI 4 oIS 0T €EFPL9 660-S°0 Qe3[y
Su_ 6180 0Z0 (4 ojdueg 05 €¥79'6 6¥'0 > uiyourig-as1e0)
c00=20 /% (wuur)
d d P 90In0g
SSe[D)
VAONY HSTFUBIN] 9ZIS [aSSNA ad£ 1, ajensqng

"SUBIUI A1) UTRIQO 0) PAULIOJSUR) JOBQ PUE SISA[RUR [BO1)SIIE)S
10J pauLiojsuen auisoIe a1am e -adA) ojensqns Yoea 10§ UMOYS AT S, Y AONY ABM-0M 1 'sodfy
SIeNSqNS [BINIEU § JOF SOSSE[O ZIS G JO YIBa UIyIim A11suap [assnui jusoiad (FSF) UBJIA °T dIqe]



SL 101y 60°0Fh1'1 0c<
£T0FCI'T 66'1-S'1
0000 ve's 8 718 x o[dureg ST'0¥69°C 6v'1-0'1
0000 SUTv 4 azIg S OF6L 81 66'0-S°0 Sejensqng
6¥0'0 yIe (é Qrensqng 0€'0¥9T Ly 6v'0 > Suiyouriq-surg
SL louyg EI'0FET S 0c<
LO'0F9Y°0 66'1-C'T
St €660 £€°0 8 oz1g x ordureg £0°'0¥50°0 6v'1-0'1
0000 6L°ST L4 az1g 10°0¥10°0 66'0-S°0 sarensqng
Su 98L°0 YTo (4 frensqng 10°0F10°0 6v'0 > uryoueiq-umipay
SL louy 60°0799°¢ 0¢<
90°076T°0 66'1-S'1
Su 8660 Zro 8 971§ x ojdureg 00°0700°0 6V’ 1-0'1
0000 190 4 azI§ 00°0700°0 66'0-S°0 sojensqng
SU 8660 000 (4 densqng 00°0700°0 6v'0 > BuryourIg-9s180)
S00=10 /% (trur)
d d Ip 20Inog
sse|D)
VAONV ASTFUBIN 9ZIG [oSSNJA] ad£ 1, s1ensqng

"SUBSW 9y UIRIQO 0) PIULIOJSURI) JOBQ PUE SISA[BUR [BOISIE]S
10J POULIOJSUBI) SUISOIE 210M Ble( "adA) @Jensqns yora 10J UMOYS AIB S,V AONY AEm-0om], ‘sadA)
IENSANS [BIOYNIL ¢ 10] SISSE[O ZIS § JO Yord UNpIMm A1Isuap [assnu Juaotad (FSF) ueoy 7 9dqe]



Chapter 5: Settlement — Chemical Cues 96

CHAPTER 5

Chemical Settlement Cues from Algae in the green-lipped mussel, Perna

canaliculus.

Andrea C. Alfaro, Brent Copp, Shane Kelly, and Andrew G. Jeffs

ABSTRACT

Field and laboratory experiments were undertaken to test the effects of chemical

cues from algal extracts on settlement of mussel larvae, Perna canaliculus. Extracts from

7 algae were mixed with phytogel to make settlement plates. These treatment plates and

control plates (phytogel with no algal extract) were placed subtidally (5 m water depth) at
| Ahipara Bay, Ninety Mile Beach, northern New Zealand for a period of 2 weeks. Mussel
settlement occurred in 5 out of 7 algal extract plates, but not in any of the control plates.
Algal extract plates from 1-2 of the algal species used in the field experiments also were

‘ used in two laboratory experiment to test settlement of Perna canaliculus larvae which

were reared at the Cawthron Institute hatchery, Nelson, New Zealand. These laboratory
experiments conclusively indicated that algal extract plates attract a greater number of
settling larvae than control plates. Although it is not known whether the chemical(s) that
induced larval settlement are exuded from the algae themselves or the bacterial films
which are likely to have covered the initial algal surfaces, these field and laboratory
experiments are the first to indicate that chemical cues, in addition to known

morphological cues from suitable substrata, are involved in the settlement process of the
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New Zealand mussel, Perna canaliculus. These results may have relevant commercial

implications for development of chemically-treated ropes to induce mussel settlement,
which may be used reliably to harvest mussel spat from the wild to seed the aquaculture

farms and could be used in a commercial hatchery.
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INTRODUCTION

Larvae of many benthic marine invertebrates can to prolong their planktonic life
stage until they encounter suitable physical and/or biological conditions that act to trigger
settlement and metamorphosis of the larvae. Some physical factors involved in larval
settlement are water flow, light, gravity, and shape and texture of the substratum (Sebens,
1983; Morse, 1991; Pawlik et al., 1991; Tamburri et al., 1996; Walters and Wethey,
1996; Abelson, 1997). However, biological factors, such as aggregative behavior,
microbial films, and natural chemicals generally have been recognized as the most
influential cues of larval settlement (Pawlik and Hadfield, 1990; Pearce and Scheibling,
1990; Pawlik, 1992a; Keough and Raimondi, 1995; Toonen and Pawlik, 1996).
Considerable interest has revolved around the study of chemically-mediated settlement
processes for a range of marine invertebrates (reviews in Rodriguez et al., 1990; Pawlik,
1992a). Chemical cues have been attributed to stimulate settlement in many marine
invertebrates, such as abalone (Morse and Morse, 1984; Barlow, 1990), echinoderms
(Pearce and Scheibling, 1990; Johnson et al., 1991), barnacles (Maki et al., 1990; Wright
and Boxshall, 1999), polychaetes (Toonen and Pawlik, 1996: Walters et al., 1996), and
bivalves (Fitt et al., 1990; Tritar et al., 1992; Turner et al., 1994). The nature of these
chemical cues, in relation to the settlement of larvae, tends to fall in the categories of
chemicals exuded by conspecifics, algae, and bacterial films. For example, settlement of

larvae from the tube worm, Hydroides dianthus was attributed to be a direct response to

water-borne compound(s) exuded by nearby live adult conspecifics (Toonen and Pawlik,

1996). Furthermore, the effects of bioorganic films on settlement of larvae for a number
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of species, including polychaetes, bryozoans, barnacles, protozoans, sponges, and
ascidians showed a definite response by several larvae to microbial films prepared in the
laboratory (Keough and Raimondi, 1995). Experiments with algal substrata, which often
are covered by bacterial films, also have identified positive relationships between
chemical cues versus larval metamorphosis and settlement rates (Morse and Morse, 1984;
Pearce and Scheibling, 1990; Johnson et al., 1991; Walters et al., 1996). For instance,
abalone larvae, Haliotis rufescens, were shown to initiate settlement as a response to
chemical exudates from 3 foliose red algae (Laurencia sp., Gigartina sp., and Porphyra
sp.) (Morse and Morse, 1984). Moreover, the green sea urchin, Strongylocentrotus
droebachiensis was found to metamorphose on direct contact with aqueous extracts of the

coralline red algae, Lithothamnion glaciale (Pearce and Scheibling, 1990). Considerable

work has been undertaken to isolate and identify the specific chemicals involved in the
settlement and metamorphosis of various larval species (Bonar et al., 1990; Pawlik, 1990;
Pawlik and Hadfield, 1990; Zimmer-Faust and Tamburri, 1994). Chemicals such as
gamma-aminobutyric acid (GABA), and L-3-4-dihydroxyphenylalanine (L-DOPA),
which have been found in many organisms, have been identified as major inducers of
larval settlement and metamorphosis (Barlow, 1990; Bonar et al., 1990; Fitt et al., 1990).
However, because chemical inducers may be difficult to identify, many studies often start
with testing settlement responses to algal or bacterial extracts, and later progress to more
specific compounds (Fitt et al., 1990; Pearce and Scheibling, 1990; Johnson et al., 1991;
Turner et al., 1994). For example, Fitt et al. (1990) found that veli ger larvae of the
oyster, Crassostrea gigas had a settlement response to an unknown compound, similar to

L-DOPA, which came from a bacterial supernatant.
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The evolutionary importance or advantages of chemically-mediated interactions
continue to be debated (Schmitt et al., 1995). However, the clear advantages of
settlement induced by conspecifics, and herbivorous species induced to settle by algae
upon which the herbivore will feed, have been supported by numerous studies (Barlow,
1990; Pearce and Sceibling, 1990; Walters et al., 1996; Boettcher and Targett, 1998). For
bivalve species, such as oysters and mussels, the advantages of settling on adult shells
and macroalgae may provide 1) increased chances of survival in suitable habitats, 2) a
transport vehicle via algal drift, 3) a transition stage from the plankton to the rocky shore,
and 4) fertilization success. An important step in the life history of mussel species is a
direct association with macroalgae either attached to the bottom or free-floating in the
water column. A dramatic example of this relationship between mussel juveniles (spat)
and macroalgae is seen at at Ninety Mile Beach, northern New Zealand, where massive
quantities of algal drift material, covered with settled mussel spat, are collected from the
shore and transported to mussel farms to seed aquaculture farms. The morphology of the
filamentous algae or hydroids upon which these mussels settle have been identified to be
an important determinant in the settlement rates of different sizes of mussel spat (Alfaro
and Jeffs, in press). However, chemical cues exuded by different macroalgae also are
believed to be involved in the mussel settlement process.

One of the major problems of undertaking experiments on chemically mediated
settlement is the difficulty in obtaining viable larvae (Pawlik, 1992b). Larval collections
from the field are confounded by the high temporal and spatial variability in larval
abundance. Furthermore, spawning and maintaining larval cultures in the laboratory are

often challenging (Pawlik, 1992b). Nevertheless, experiments on larval settlement
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responses to chemical signals are extremely valuable to the New Zealand aquaculture
industry in terms of potentially increasing their seed stock from field collections of
chemically treated ropes and better retention of mussel seeds on growth ropes. A unique

opportunity to access hatchery-spawned mussel larvae, Perna canaliculus, from one of the

few successful hatcheries in New Zealand, Cawthron Institute, Nelson, allowed for the
first experiments to be undertaken to test for chemically-mediated settlement of this

mussel species on various preferred macroalgae. Settlement of Perna canaliculus larvae

on agar plates containing algal extracts and on control plates was investigated in the field,
at Ninety Mile Beach, northern New Zealand, and in laboratory experiments at Leigh

Marine Laboratory, The University of Auckland, New Zealand.

METHODS AND MATERIALS

Field Experiments

Extracts from 7 algal species, which are preferred by Perna canaliculus as

settlement substrata, were prepared in the laboratory and added to phytogel mixtures and
poured into separate plates (plastic petri dishes of 50 mm in diameter). The algae were

Scytothamnus australis, Melanthalia abscissa Corallina officinalis, Carpophyllum

maschalocarpum, Plocamium costatum, Osmundaria colensoi, and Gigartina alveata. A

flat plastic rack (about 1 m®) was constructed and used to secure the gel plates. Two
replicate gel plates for each of the 7 algal extracts, 2 control plates (phytogel without
algal extract), and 2 blank plates (no phytogel nor algal extract) were placed randomly in

the rack and suspended in the water column at Ahipara Bay, Ninety Mile Beach, northern
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New Zealand. The rack was secured perpendicular to the surface at about 5 m below the
water surface with four ropes anchored from each corner of the rack to the seafloor
(about 18 m water depth). The rack was kept afloat by surface buoys. After 2 weeks, the
rack was retrieved and the number of mussels settled in each of the gel plates
enumerated. Retrieval of the rack was not possible before 2 weeks due to poor weather
conditions that prevented access to the study site. A one-way ANOVA test was
conducted on the log-transformed (log (X+1)) data, and a Tukey test was used to identify
settlement differences among gel plates. Specific methodology for chemical procedures
is not described herein due to pending patten submission.
Laboratory Experiments

Two algal species, which had the greatest number of mussels that settled in the

field experiment were used in the laboratory experiments. Algal extracts of

Scytothamnus australis and Melanthalia abscissa were processed as described above, to
produce 6 replicate gel plates for each alga. Three algal extract plates from each algal
species were placed in each of 2 tanks (50 x 60 x 60 cm) of filtered seawater. In addition,
3 control plates (phytogel with no algal extract) also were added to each of the water
tanks. The 9 plates were randomly placed on the bottom of each water tank. The tanks
had free-flowing water with a 60-m mesh in the intake and outflow pipes to prevent
larvae from entering and exiting the experimental tanks. Both water tanks were aerated
throughout the experiment to provide adequate oxygenation to the larvae and to ensure a
constant mixing of water in the tanks. The tanks also were kept in the dark to prevent the

color of gel plates and light stimuli to interfere with the chemical cue experiments.
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Late stage or pediveliger mussel larvae, Perna canaliculus, were transported for 5

hours at 5 °C from Cawthron Institute to Leigh Marine Laboratory, The University of
Auckland. Once at the laboratory, about 3,000 larvae were immediately placed in each of
the 2 experimental seawater tanks. The larvae were fed only before leaving the
commercial hatchery and not during the experiment. After 24 hours, the gel plates were
removed carefully from the water tanks and all settled mussels on the plates were
examined and enumerated under the microscope. Analyses of variance and Tukey post
hoc tests were used to statistically analyze the log-transformed (log (X+1)) data from this
laboratory experiment.

A second laboratory experiment was conducted in the same manner as the

previous experiment with algal extract plates of Scytothamnus australis only. Four

replicate algal extract plates and 4 control plates were placed in each of 2 water tanks as
above. The number of mussels settled on the 16 treatment and control plates were

counted at the end of the experiment.

RESULTS
Field Experiments

Although the overall number of mussels settled on gel plates in the field were
low, 5 out of 7 algal extract plates had settled mussel, whereas none of the control nor
blank plates contained any mussels. The mean (+SE) abundance of mussels on algal
extract plates was 1.5+0.5 mussels/ plate, and the range was 0-6 mussels/plate. While
clear differences were observed between control and blank plates versus treatment plates,

a one-way ANOVA test among the 5 algal extract plates which had settled mussels
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indicated no significant difference among mean mussel abundances among plates
(ANOVA; Fy 5= 0.908, p=0.524). A Tukey test also resulted in no significant
differences among any combination of treatment, control, and blank plates (Tukey test; p

>0.05). (Fig. 1).

Laboratory Experiments
Results from the first laboratory experiments with Scytothamnus australis and

Melanthalia abscissa algal extract plates clearly showed hi gher larval settlement on

treatment plates compared to control plates. Mean (+SE) abundance of mussels on S.

australis and M. abscissa algal extracts, and control plates were 8816, 7326, and 2+1

mussels/plate, respectively. Mussel abundance ranges were 33-142, 9-174, 0-5 mussels/
plate for S. australis and M. abscissa algal extract, and control plates, respectively. A
two-way ANOVA test, with tank and treatment (2 algal extract plates and 1 control plate)
as fixed factors, resulted in a non-significant difference between tanks (ANOVA; F,12)=
0.54, p=0.478), and significant differences among treatments (ANOVA: F,12)=55.18,
p =0.001) and interaction (ANOVA: F2,12)=5.13, p=0.025). A Tukey test found no

significant difference between S. australis and M. abscissa algal extract plates (Tukey

test; p = 0.415), but highly statistical differences between S. australis and control plates

(Tukey test; p = 0.001) and between M. abscissa and control plates (Tukey test; p =
0.001). (Fig. 2).
The second laboratory experiment, which tested the effect of chemical cues from

Scytothamnus australis, resulted in a clear difference among treatment and control plates.

However, the total number of mussels settled in this experiment was much lower that the



Chapter 5: Settlement — Chemical Cues 105

first laboratory experiment. The mean (+SE) abundance and range of mussels in plates
with S. australis extract were 13+2 and 2-21 mussels/ plate. Conversely, no mussels

settled on the control plates at all. (Fig. 3).

DISCUSSION

The distribution and abundance of adult populations of broadcast spawners, such
as mussels, are highly dependant on the physical and biological factors that affect larvae
during their pelagic life. Oceanographic processes, such as ocean currents, wind
conditions, and water temperature, may determine the transport and survival of larvae in
the water column. Smaller scale interactions between larvae and potential settlement
substrata are determinants in the successful transition between larval life stage and the
settled juvenile.

Adult populations of Perna canaliculus at Ninety Mile Beach, northern New

Zealand, are maintained by a dynamic transition between spawned gametes and by larval
and post-larval mussel arrivals back to the rocky shore. In the water column, mussel
larvae may encounter and settle on abundant filamentous red algae (Alfaro and Jeffs, in
press). These settlement materials may drift, and periodically accumulate, in exceedingly
high quantities at Ninety Mile Beach (up to 100 tonnes of algae with mussel spat) (C.
Hensley, personal communication). The arrival of these massive quantities of drift algae,
covered with mussel spat (up to 100% cover) are an indication that the settlement process
of mussel larvae onto algal material may be mediated by specific morphological and

chemical cues.
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Previous work on small-scale settlement patterns of Perna canaliculus within

morphologically distinct natural and artificial algae revealed strong size- and site-specific
selectivity by settling mussels (Alfaro and Jeffs, in press). Field and laboratory
experiments indicated that large mussels (1.5-2.0 mm in shell length) preferentially
settled on coarse-branching natural and plastic algae, and that small mussels (< 0.5 mm in
shell length) settled in greater numbers on fine-branching substrata (Alfaro and Jeffs, in
press). Furthermore, mussel settlement was significantly higher on highly branched
algae, and higher on node areas versus internode areas within both natural and artificial
algae (Alfaro and Jeffs, in press). Within the present research, the morphological
component of the algae was removed by introducing natural algal extracts on phytogel
plates used as settlement surfaces. Thus, this study provides the first indication that

chemical cues also may be involved in the settlement process of Perna canaliculus on

various algal species.

Initial field settlement experiments with algal extract, control, and blank gel plates
resulted in mussel settlement on 5 out of 7 algal extract plates and no settlement on
control nor blank plates. These results suggest that chemicals within the algal extracts
stimulated mussel settlement even within the low mussel abundances observed within the
field experiment. Mussel settlement on the gel plates may have been underestimated by
the fact that mussels could have attached and detached from the gel plates during the 2
week field experiment. Conversely, leaching of water-soluble compounds from the algal
extracts would have probably taken place within a few days after deployment of the
plates. Thus, if the settlement inducers were water-soluble, the algal extract plates would

have been effective attractants only at the beginning of the experiment period. During
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the 2-week period, bacterial films are likely to have formed on the gel plates and these
films potentially may have produced chemical cues. Keough and Raimondi (1995) found
that total recruitment of various larvae from polychaetes, bryozoans, barnacles,
protozoans, sponges, and ascidians species increased within experimental plates exposed
to microbial films for up to 6 days in the laboratory and then placed in the field to test
larval recruitment for up to 6 days. However, the results from the present study suggest
that the potential chemical influence of bacterial films formed during the experiments did
not interfere with the testing of settlement differences among control and treatment
plates. On the other hand, because bacterial films are likely to have formed over the
original natural algal material (before chemicals were extracted from the al gae), these
experiments could not distinguish whether settlement was enhanced by chemicals within
the algae themselves or the bacteria covering the algae. Johnson et al. (1991) conducted

settlement experiments with starfish larvae, Acanthaster planci, which showed

preferential settlement on the crustose coralline algae, Lithothamnium pseudosorum.
However, further experiments indicated that settlement, in fact, was chemically induced
by bacterial films, which readily formed on the surface of the coralline algae (Johnson et
al.,, 1991).

Two controlled laboratory experiments on mussel larval settlement on algal
extract gel plates resulted in significantly higher settlement on plates with algal extracts

of Scytothamnus australis and Melanthalia abscissa species compared to control plates.

These results also suggest that chemical cues from the algae, or bacterial films on the

surface of the algae, may induce settlement of Perna canaliculus. It is possible that

compounds such as GABA and L-DOPA exuded by the algae or bacterial films may be
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responsible for the clearly high settlement rate of mussels on treatment plates compared
to control plates. However, elucidation of specific chemicals involved in the triggering
of mussel larval settlement needs further investigation. While both laboratory
experiments conclusively indicated a preference in mussel settlement to treatment gel
plates, the second laboratory experiment resulted in lower overall settlement than in the
first laboratory experiments. These different results were attributed to the fact that larvae
used in the second experiment were younger, and most were not ready to settle.

Active exploratory behavior has been observed in several invertebrate larvae near
the time of settlement (Barlow, 1990; Fitt et al., 1990; Zimmer-Faust and Tamburri,
1994). Observation of the behavior of settling and newly settled mussels in the present

laboratory experiments suggest that Perna canaliculus utilized foot exploration and

crawling techniques to test the substratum before producing byssi threads. Barlow (1990)
used video techniques to observe an increased foot exploratory behavior in the abalone

Haliotis rufescens when the larvae were exposed for a few minutes to GABA. Crawling

behavior also was observed prior to settlement in the oyster larvae, Crassostrea gigas,

when the larvae were exposed to an unknown dissolved chemical from cultured

Alteromonas colwelliana and Vibrio cholerque bacteria (Fitt et al., 1990). Furthermore,

the fact that all treatments were in the same tank implies that settlement cues for this
species may be on contact rather than a water-borne chemical trigger.

The results from the first laboratory experiment with Perna canaliculus larvae

involving Scytothamnus australis and Melanthalia abscissa extract plates indicated no

significant differences in mussel settlement between these 2 algal extracts. Although

both S. australis and M. abscissa extract plates may have contained similar chemicals that
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induced similar mussel settlement rates, these experiments may have been biased slightly
due to uneven surface of one plate containing M. abscissa extract in tank A. This
treatment plate had a rugose surface instead of the smooth surfaces of the other plates.
Mussel larvae were observed in higher numbers (174 mussels) attached to small
depressions and distinct indentations on this particular plate. Although this experimental
bias did not affect the results and conclusions of these experiments, the attachment
behavior to a rugose surface is in agreement with previous work reporting on increased
mussel settlement on nodes within branching algae (Alfaro and Jeffs, in press).

The chemically-mediated settlement preferences reported herein, and the
substratum morphologic selectivity previously reported (Alfaro and Jeffs, in press),

suggest that the mussel Perna canaliculus is well adapted to settle on filamentous algae.

Specific filamentous algae, such as S. australis and M. abscissa, may provide a

mechanism for transport and dispersal of larvae and post-larvae to suitable rocky habitats.
Furthermore, drift algae and attached algae on the rocky shore also may provide a
microhabitat where mussels can attain a large enough size before transitioning from the

water column to the adult mussel bed, where the competition for space and food are high.
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Figure 1. Mean (+ SE) abundance of mussels settled on gel plates containing
extracts from 7 different algal species (Scytothamnus australis, Melanthalia
abscissa, Corallina officinalis, Carpophyllum maschalocarpum, Plocamium
costatum, Osmundaria colensoi, and Gigartina alveata), and control and blank plates
at Ahipara Bay, Ninety Mile Beach, northern New Zealand.
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Figure 2. Mean (+ SE) abundance of mussel larvae settled on gel plates containing
extracts from 2 different algal species (Scytothamnus australis and Melanthalia

abscissa), and control plates in laboratory experiments.
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Figure 3. Mean (+ SE) abundance of mussel larvae settled on gel plates containing
extracts from the alga Scytothamnus australis, and control plates in laboratory
experiments.
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CHAPTER 6

Population Dynamics of the Green-lipped Mussel Perna canaliculus at Various

Spatial and Temporal Scales in Northern New Zealand

Andrea C. Alfaro

In submission: Ecological Monographs

ABSTRACT

Ecological processes that differentiate and maintain intertidal populations of
mussels, Perna canaliculus, were studied within 3 sites at Ninety Mile Beach, northern
New Zealand. At these 3 sites (Scott Point, The Bluff, and Tonatona Beach), the
dynamics of larval availability, primary and secondary settlement, recruitment, and
mortality rates were investigated at various spatial and temporal scales. 1) Mussel
concentrations in seawater were variable with respect to study site and time of year, with
highest abundances at the northernmost population (Scott Point) and lowest
concentrations at the middle population (The Bluff). In seawater at all 3 sites, small
mussels (<0.25 mm in shell length) were more abundant in August 2000, while larger
mussels (>0.5 mm in shell length) were more abundant in March 2001. 2) Primary and
secondary settlement patterns were investigated during short-term (daily) and long-term
(monthly) settlement experiments, within quadrats that were cleared of all mussels in
both the mussel bed and in adjacent algal band habitats. At all sites, primary settlement
(<0.5 mm in shell length) was high within the algal band habitat in August 1999, 2000,
and 2001. Conversely, secondary settlement (>2.0 mm in shell length) was hi gh within
cleared areas in the mussel beds in November-March 1999-2000, 2000-2001. 3)
Abundance of mussels settling on artificial substrates placed in the intertidal did not

differ greatly from comparable areas of natural substrates (bare rock or algae within
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cleared quadrats). 4) Recruitment and mortality rates were recorded during monthly
surveys of the adult populations. Within 3 mussel size classes (<24, 25-74, >75 mm in
shell length), peak recruitment coincided with high mortality in August of the 2 years
studied. However, the most dramatic turnover of the population was observed at Scott
Point in both years, following a spawning event. In adjacent waters at Scott Point, large
accumulations of drift algae covered with juvenile mussels (up to 100% cover) may
deplete food supplies usually delivered to intertidal adult mussels, causing their demise.
Mats of adult mussels were observed “peeling-off” from the rocky shore at this time of
the year, making space available to the new recruits. Where nearshore algal
accumulations were moderate to low, only moderate to low mussel turnovers were

observed (e.g. Tonatona Beach and The Bluff).

Key words: Mussels; Spatial Scales; Temporal Scales; Population Dynamics; Settlement

Patterns; Recruitment; Mortality; Drift Algae; Perna.
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INTRODUCTION

Most intertidal invertebrates depend on the successful settlement and recruitment
of dispersing larvae to maintain viable populations. Successful recruitment to an adult
population may be highly variable in space and time, reflecting the demographic diversity
of a population (Hughes 1990; Doherty & Fowler 1994; Hunt & Scheibling, 1997,
Reusch & Chapman, 1997). Numerous studies have focused on the physical and
biological processes that influence settlement patterns of planktonic larvae on
morphologically and chemically distinct substrates (Butman, 1987; Schneider & Mann,
1991a, b; Butman & Grassle, 1992; Grassle et al., 1992; Pawlik, 1992; Bourget &
Harvey, 1998; Alfaro & Jeffs, in press). However, many marine invertebrates, such as
mussels, may re-settle several times on different substrates during their post-larval and
juvenile stages (Armonies 1992; Buchanan & Babcock 1997; Hunt & Scheibling, 1998;
Alfaro & Jeffs, in press). Re-settlement may take place through passive waterborne
dispersal, mucous-drifting, and crawling behavior (Bayne 1964; Kennedy, 1984; Lane et
al., 1985; Martel, 1993; Buchanan & Babcock 1997). Bayne (1964) first recognized the
importance of filamentous algae as the primary settlement substrate of larvae (< 0.5 mm)
of the mussel Mytilus edulis, which later move to the adult mussel beds as secondary
settlers (1-2 mm) through a bysso-pelagic phase. Juvenile mussels in the primary and
secondary settlement phases actively explore and choose settlement substrates by a
crawling behavior that involves foot movements and anchoring with mucous threads and
filaments (Sigurdsson, 1976; Board, 1983; Kennedy, 1984). Further studies on
settlement patterns of mussel larvae and juveniles on filamentous substrates have
revealed size-specific selectivity to morphologically distinct algae and hydroid species
from subtidal to intertidal areas (King et al., 1990; Hunt & Scheibling, 1996; Buchanan &
Babcock 1997; Alfaro & Jeffs, in press). Thus, algal substrates, especially those found

near adult mussel beds, may provide an important transition stage for primary mussel
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settlers to attain a large enough size before transferring to the adult mussel bed. By
entering the adult mussel bed as larger juveniles, these mussels may reduce the risks of

ingestion by adult conspecifics and increase their ability to compete for space.

While the mussel settlement process is dynamic and may involve various
settlement substrates and transitions to new substrates, recruitment involves the
successful establishment of individuals in the adult mussel bed. Variations in recruitment
rates among populations reflect differences in larval and post-larval availability and/or
early mortality of post-settlers (Connell, 1985; Hunt & Scheibling, 1997; Jenkins et al.,
1997). The balance between initial settlement on the mussel bed and early mortality is
regulated by biological processes, such as larval production, competition, and predation,
and physical processes, such as water motion, temperature, salinity, and desiccation, of a

particular geographical area.

Due to the unique oceanographic conditions at Ninety Mile Beach, northern New
Zealand, large quantities (> 140 tons per year) of drift algae with associated mussel
juveniles, or spat, accumulate nearshore. The drift algae serve as primary settlement sites
for 0.25 mm to 5 mm sized spat, and can transport spat along shore for several kilometers
before being washed ashore onto the beach. These wash-up or spatfall events are unique
in New Zealand and are harvested to supply about 80% of the seed requirements for the
national mussel industry (Jeffs et al., 2000). Such pulses of floating algae and attached
mussel spat are likely to have a major effect in the structuring of adult mussel populations
of the area. The populations themselves also may be regulated by biological and physical
factors that affect adult mussels, such as competition, predation, hydrodynamic forces,
temperature, and salinity. The sum total of these biological and physical factors is likely
to be reflected in the growth rates and mortality rates of mussels within various
populations. Therefore, comparisons among mussel populations must take into account a

combination of interacting factors that affect mussels at various life-history stages. This
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study addresses the spatial and temporal variability in abundance and size-specific
settlement patterns, recruitment, and mortality rates that affect the population dynamics

of the major intertidal mussel populations at Ninety Mile Beach, northern New Zealand.

METHODS AND MATERIALS
Study Site

Settlement experiments were conducted at 3 intertidal sites along Ninety Mile
Beach, northern New Zealand (Fig. 1). Rocky intertidal areas at Scott Point, The Bluff,
and Tonatona Beach support the only intertidal mussel populations along the 90-
kilometer stretch of sandy coast (Fig. 1). The coast at Ninety Mile Beach is exposed to a
strong hydrodynamic regime. The oceanographic conditions are mediated by the
predominantly southwesterly winds and swells, and the confluence of the northbound
Westland and the southbound West Auckland currents (Stanton, 1973; Sharples, in
press). The rocky outcrop at Scott Point is mostly covered with mussels, year around. At
the subtidal fringe, a dense band or zone of filamentous red and brown algae defines the
lower edge of the intertidal mussel bed. Mussels at this site are healthy and fast growing,
as indicated by the bright green concentric growth lines and the brown radial color lines,
which also are found in farm-grown mussels. The Bluff is a small rocky intertidal area
mid-way along Ninety Mile Beach (Fig. 1). Mussel beds at this site are not extensive, but
mussel abundances are consistent throughout the year. The sub-optimal growing
conditions for these mussels may be inferred from records of low growth rates and
relatively high levels of parasite infestation (Alfaro et al., in press; A. C. Alfaro,
unpublished data). An algal band also is prominent just below the adult mussel bed at
The Bluff, but these algae are of low abundance, especially in the winter. Mussels at the

southernmost site, Tonatona Beach, are of intermediate abundance and growth rates
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relative to the other 2 sites (A. C. Alfaro, unpublished data). A mixture of old and young
mussels often is apparent through the year, although abundances fluctuate. Algal cover is

high at the low tide mark and more abundant in the summer.

Mussel Concentrations in Seawater

To quantify the larval and post-larval mussel concentrations at the shoreline,
water samples were collected from seawater adjacent to the 3 adult mussel beds. Three
replicate 20-liter water samples were collected during the spawning season in August,
October, and December 2000, and March 2001 from each of the 3 sites. Water samples
were collected with a hand pump, and filtered though a 100-um mesh according to Hunt
& Scheibling (1996). The samples were fixed in 10 % formaldehyde, and mussels were
counted and measured under the microscope in the laboratory. Mussel concentrations
within 3 size classes (< 0.25, 0.25-0.5, and >0.5 mm in length) were determined for each

site during the sampling period.

Mussel Settlement and Recruitment

Because mussel spat (including Perna canaliculus) may utilize various substrates
before reaching their final destination, the distinction between settlement and recruitment
often is difficult to ascertain. In this study, settlement refers to post-larval mussels of
generally < 5 mm, which often attach to filamentous materials before transferring to a
more physically stable hard substrate. Recruitment is used, herein, to refer to juvenile
mussels of generally > 5 mm, which are likely to attach to rocky substrates and remain in
the adult population. These definitions are consistent with previous work on size-specific

settlement patterns of Perna canaliculus on algal and mussel substrates in rocky intertidal
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areas of New Zealand (Buchanan, 1994; Buchanan & Babcock 1997; Alfaro & Jeffs, in

press).

Short-term Settlement Experiments

Mussel settlement patterns within quadrats of natural and artificial substrates were
examined during five 2-5 day intervals at 3 rocky intertidal sites between August 1999
and March 2000. Within each of the 3 sites, 2 habitats (mussel bed and algal band) and 2
substrates (mesh and natural algae or bare rock) were examined in a factorial design (Fig.
2). In the mussel bed habitat, four 225 cm? areas or quadrats were cleared of mussels and
left as bare rock substrate, while another 4 quadrats were cleared of mussels and mesh
material was attached to the rock with concrete nails. The mesh material used was strips
of window screening material (2 mm mesh size) of a total area of 200 cm’ per quadrat.
Another 8 quadrats of the same size were cleared of mussels in the algal band habitat.
Four of these quadrats were left with natural algal substrates, but all mussels were
removed carefully from the algae by hand or with forceps. The other four quadrats in the
algal band habitat were cleared of mussels and algae, and mesh material was attached in
place, as described above. A 5 cm border also was cleared of all mussels and algae
around all experimental quadrats to prevent mussels from crawling into the quadrats from
adjacent areas (Hunt & Scheibling, 1998). All quadrats were established randomly
within each habitat and were at least 50 cm away from one another. Each quadrat was
marked with concrete nails driven into the rock and its position mapped for later
identification. To ensure consistent algal abundance among quadrats, that also was
similar to the mesh cover (200 cm®), algal substrates within the quadrats in the algal band
habitat were thinned out from areas of 100% algal cover. Algal surface areas were
determined using methods described in Alfaro & Jeffs (in press). After the 2-5 day

settlement experiments, all natural and artificial substrate material and all mussels within
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each quadrat were removed and frozen until mussels were counted and measured at a
later date. Daily settlement rates for each habitat and substrate combinations were
determined using new quadrats with new algal and mesh substrates in each of the 5
sampling events. Mussel settlement rates within 3 different size-classes (<0.49, 0.5-1.99,
> 2.0 mm in length) were obtained from each of the 2 habitats and 2 substrate types using

laboratory methods described in Alfaro & Jeffs (in press).

Long-term Settlement Experiments

Long-term settlement experiments were conducted in both mussel bed and algal
band habitats in each of the 3 study sites, but only mesh substrates within cleared
quadrats were used. From the short-term settlement experiments, it was established
mussel settlement rates did not greatly differed between algal and mesh material. Thus,
mesh material was used in the long-term experiments as a standard substrate within
which mussel settlement could be monitored for longer periods of time. These quadrats
were established in the same manner as in the short-term experiments. The sampling
period for these experiments varied from 24 to 43 days. The experiment was repeated 13
times at each study site between July 1999 and March 2001, with more intensive
sampling just after the spawning season (July to December). Mussel settlement rates
within each of the 2 habitats (mussel bed and algal band) were standardized to 30-day
sampling periods for each of the above mussel size classes to facilitate comparisons
among different months. Seasonal differences were tested by conducting separate

analyses for each of the 2 years (July 1999-June 2000 and July 2000-March 2001).
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Population Dynamics of Mussel Beds

The abundance and size-frequency distribution of mussels within mussel beds at
the 3 intertidal populations at Ninety Mile Beach were monitored between July 1999 and
March 2001. Four 625 cmzquadrats were randomly placed within each of 3 mussel beds
at Scott Point, The Bluff, and Tonatona Beach 13 times during the 21-month sampling
period. Each time, all mussels inside each quadrat were removed using a metal scraper,
frozen, and later counted and measured. All mussels were classified into 3 size-classes (<

24, 25-74, and > 75 mm in shell length).

Recruitment Rates

Recruitment rates were determined by recording the abundance of mussels
between 5-24 mm in shell length within quadrats sampled in the population dynamics
experiments between July 1999 and March 2001. Comparisons of recruitment
abundances among sites and dates were performed separately for each of the 2 years

sampled.

Mortality Rates

Mortality rates of mussels within each of the 3 intertidal populations were
estimated by quantifying the number of empty shells found within quadrats sampled in
the adult mussel bed between July 1999 and March 2001. In order to prevent recounting
of individuals, only right valves of dead mussels were counted. The right valves were
then measured and classified under 2 size classes (< 25, and > 25 mm in shell length).
Empty shells were examined for any marks (i.e. holes, scrapes, broken edges) that may

have indicated death due to predation (i.e. predatory snails, sea stars, and crabs). Dead
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mussels that had no sign of predation were assumed to have died of other causes (i.e. lack
of food, or poor health). The number of mussels eaten by predators was compared to the
number of unmarked empty shells among sampling times and among sites. The percent
mortality of new recruits (5-24 mm in shell length) and adult mussels (25-121 mm in
shell length) were compared among site, date, and cause of death (definite predation or

unknown causes).

Algal Abundances

To determine the predominant algal species within the algal band habitats, 4
randomly chosen 625 cm’ quadrats were sampled at each of the 3 study sites. A new set
of 4 quadrats was sampled on 5 occasions between August 2000 and March 2001 at each
study site. All algal material within each of the quadrats was removed with a metal
scraper and frozen for later analyses. The algal species were identified and their
abundances quantified by surface area in the laboratory. Algal abundances were

compared among sites and among sampling times for each year.
Statistical Analyses

Analyses of variance were used to identify statistical differences among processes
affecting various aspects of the population dynamics of 3 intertidal mussel populations at
Ninety Mile Beach. Data were tested for normality, independence, homoscedasticity, and

transformations were performed where necessary.
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RESULTS

Mussel Concentration in Seawater

Larval and post-larval concentrations in seawater were highly variable in space
and time. The overall trend among samples indicated that the sea water near Scott Point
had greater concentrations of mussels than Tonatona Beach, and that Tonatona Beach had
greater concentrations than The Bluff throughout the sampling period (Fig. 3). The total
mean (+SE) mussel concentrations for Scott Point, Tonatona Beach, and The Bluff were
37+4, 5+2, and 13+2 individuals/ 20 L, respectively, and the ranges were 18-58, 0-16,
and 1-25 individuals/ 20 L, respectively. Monthly variability in mussel concentration
between August 2000 and March 2001 indicates that mussel larvae and post-larvae (<
0.25 mm) were more abundant at the beginning of the spawning season in August, and
least abundant after the spawning season in December 2000 and March 2001 (Fig. 3).
However, larger mussels (> 0.5 mm) increased in abundance through the sampling
period, especially at Scott Point. Mussel abundances were log-transformed to meet
statistical requirements. A 2-way ANOVA comparing mean concentrations of mussels
among sites and dates for 3 mussel size classes are shown in Table 1. Result from Tukey
tests comparing levels within factors show no statistical differences between various sites
and months for medium-sized mussels (0.25-0.5 mm), which indicates a transition trend

between the inverse abundance relationship between small and large size classes (Table

1).
Short-term Settlement Experiments

Daily settlement patterns between August 1999 and March 2000 revealed marked
differences in mussel settlement between mussel bed and algal band habitats at each of
the 3 study sites (Fig. 4). However, differences in mussel settlement between mesh and

natural substrates were apparent only at Scott Point (Fig. 4 & Table 3). Mussel
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abundances generally were higher at the beginning of the spawning season (August) for
mussels < 1.99 mm in shell length. However, at the end of the spawning season
(December and March), mussel abundances were higher for larger individuals (> 2.0 mm
in shell length) (Fig. 4). Total mean mussel densities (+SE) within 2 habitats, 2
substrates, and 3 sites for the short-term experiments are shown in Table 2. Four-way
ANOVA tests (site, habitat, substrate, and date as fixed factors) of mean mussel
abundances for each mussel size class are shown in Table 3. Tukey test pair-wise

comparisons also are shown in Table 3.
Long-term Settlement Experiments

Results from the long-term experiments follow a similar pattern to those from the
short-term settlement experiment. Monthly settlement patterns for quadrats in the algal
band habitat suggest that small mussels (< 1.99 mm) are more abundant during the
spawning season (August- December), but densities of larger mussels (> 2.0 mm)
generally were less variable over time (Fig. 5). Mussel settlement inside the mussel bed
habitat indicates that small mussels also were more abundant during the spawning season;
however, even more accentuated is the trend that larger mussels (> 2.0 mm) are more
numerous between spawning seasons (December-July) (Fig. 5). Total mean mussel
abundances (+SE) and ranges for both habitats at the 3 sites are shown in Table 2. A
three-way ANOVA test comparing mean mussel abundances among 3 sites, between 2
habitats, and among dates, resulted in statistical significance in all factors and interactions
for all 3 mussel size classes for years 1 and 2 (Table 4&5). Non-significant pair-wise

comparisons with Tukey tests also are shown in Table 4&5.
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Population Dynamics of Mussel Beds

Results from studies of the population dynamics of mussel beds within 3 intertidal
areas at Ninety Mile Beach indicate that there were clear differences in total abundance
and size-frequency distribution of mussels over the 2-year sampling period. Total mussel
abundances were higher at Scott Point, followed by Tonatona Beach, and finally The
Bluff (Fig. 6). For year 1, the means (+SE) for Scott Point,” The Bluff 1, and Tonatona

Beach were 1133+140, 1164, and 308+34 individuals/ 625 cm’, respectively, and the
ranges were 88-2395, 85-145, 70-705 individuals/ 625 cm?, respectively. For year 2, the
means (+SE) for Scott Point, ’ The Bluff |, andTonatona Beachwere 1056+115, 11945, and
215+20 individuals/ 625 cm?, respectively, and the ranges were 56-1946, 56-152, and 66-
504 individuals/ 625 cm?, respectively. Populations at Scott Point and Tonatona Beach
had similar monthly fluctuations in mussel abundance during the 2-year study (Fig. 6).
High mussel abundances occurred during the spawning season (August-December),
followed by a gradual decline in number through to June and marked increase in July-
August (Fig. 6). The seasonal patterns within these 2 populations revealed an inverse
relationship between mussel abundance and mean mussel shell size, possibly due to the
Jower number of large mussels that can fit in a unit of area compared to smaller mussels.
Conversely, mussel abundance patterns for the population at The Bluff did not differ
greatly throughout the 2 years sampled (Fig. 6). Results from a one-way ANOVA test
comparing total mussel abundance among sites during year 1 and 2 revealed statistical
significance among sites (ANOVA; F(69) = 50.2; p < 0.05, and Fp 81y = 67.0; p < 0.05,

respectively).

Great variability also was found in the size-frequency distribution of mussels
among study sites. The population at Scott Point had a clear increase in mean mussel

shell size from August to its peak in July, followed by a rapid decline in July-August of
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both years (Fig. 7). Similar, but less dramatic patterns were observed at Tonatona Beach
and The Bluff over the 2-years of the study (Fig. 7). To facilitate comparisons of mussel
abundances among size-classes, the data were analyzed as percent frequency and were
arcsine-transformed to meet statistical requirements. Results from a 2-way ANOVA
comparing mussel abundances among sites and dates for each mussel size class during

year 1 and 2, and non-significant Tukey test comparisons are shown in Table 6.

Recruitment Rates

Results of recruitment measurements indicate that Scott Point had the highest
recruitment rates, followed by Tonatona Beach, and that The Bluff had the lowest
recruitment rates over the 2-year sampling period (Fig. 8). Seasonal changes in
recruitment rates were similar for all 3 populations. Peaks in recruitment were observed
in August, followed by a gradual decline through to December of each year (Fig. 8).
Mean (+SE) mussel abundances of new recruits for year 1 at Scott Point, The Bluff

, and The Bluff were 859+152, 20+4, and 12637 individuals/ 625 cm?,
respectively, and the ranges were 1-2351, 0-69, and 0-605 individuals/ 625 cm’,
respectively. Mean (+SE) mussel abundances of new recruits for year 2 at Scott Point,

The Bluff . and Tonatona Beachwere 811+137, 2544, and 9319 individuals/ 625 cm?,
respectively, and the ranges were 0-1863, 0-74, and 0-404 individuals/ 625 cm’,
respectively. Results from a two-way ANOVA on the log-transformed data for year 1
(July 1999 to February 2000) and for year 2 (July 2000 to March 2001) indicated
significant differences in mean abundance of new recruits (< 24 mm in shell length)

among sites, among dates, and interactions (Table 6).
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Mortality Rates

Analyses of empty shells within sampled quadrats in the adult mussel beds
suggest that more mussels died of unknown causes (unmarked shells) than through
predation (predator marks) at all 3 sites (Fig. 9). The overall abundance of unmarked
shells was greatest at Scott Point and lowest at The Bluff (Fig. 9). The mean (£SE) for
unmarked shells at Scott Point, Tonatona Beach, and The Bluff for year 1 were 2514,
9+1, and 410 individuals/ 625 cmz, respectively; and for year 2 were 1944, 8+2, and 310
individuals/ 625 cm?, respectively. The ranges for unmarked shells for year 1 were 1-
70,1-10, and 1-20 individuals/ 625 cm2; and for year 2 were 0-66,0-9, and 0-29
individuals/ 625 cm? for Scott Point, Tonatona Beach, and The Bluff, respectively. The
seasonal variability among large (> 25 mm) unmarked empty shells indicated that a
greater number of empty shells were present in August, and subsequently their numbers
declined through to December, but little seasonal variability was observed among empty
shells of young mussels (< 25 mm) at all 3 sites (Fig. 9). Conversely, mussel shells with
predator marks were not only less common, but little seasonality was observed in the
abundance of adult (> 25 mm) and young (<25 mm) mussel shells at the 3 study sites
(Fig. 9). Mean (+SE) number of mussel shells marked by predators at Scott Point,
Tonatona Beach, and The Bluff for year 1 were 10, 1£0, and 140 individuals/ 625 cm?,
respectively; and for year 2 were 210, 1+0, and 110 individuals/ 625 cm?, respectively.
The ranges for predator-marked shells for year 1 were 0-8, 0-4, and 0-4 individuals/ 625
cm?, and for year 2 were 0-8, 0-4, and 0-4 individuals/ 625 cm’ for Scott Point, Tonatona
Beach, and The Bluff, respectively. Results from statistical analyses of mortality rates
due to unknown causes and predation at Scott Point, The Bluff, and Tonatona Beach

during year 1 and 2 are shown in Table 7&8.
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Algal Abundances

The results of the algal abundance experiments within the algal habitats at the 3
intertidal sites indicate that overall algal abundances were greater at Scott Point with
128+8 % algal cover, followed by Tonatona Beach with 66+4 % algal cover. The Bluff
had the lowest overall percent algal cover with a mean (+SE) of 35+4 % (Fig. 10).
Ranges in percent algal cover were 60-220, 10-70, and 40-125 % for Scott Point, The
Bluff, and Tonatona Beach, respectively. The algal species found at all 3 sites were
Algal turf, Corallina officinalis, Champia laingi, Plocamium costatum, Scytothamnus
australis, Melanthalia abscissa, Gigartina alveata, and Osmundaria colensoi), except for
Scytothamnus australis, which was not found at The Bluff. Data for algal abundances
were arcsine-transformed to meet statistical requirements. A three-way ANOVA test of
mean percent algal cover among algal types (Algal turf, Corallina officianalis, Champia
laingii, Plocamium costatum, Scytothamnus australis, Melanthalia abscissa, Gigartina
alveata, and Osmundaria colensoi), among sites (Scott Point, The Bluff, and Tonatona
Beach), and among dates (August, September, October, and December 1999, and March

2000) are shown in Table 9.

DISCUSSION

A number of studies have focused on the ecology of intertidal mussels, including
larval supply, settlement patterns, recruitment rates, growth, mortality, and reproduction
(e.g., Petraitis, 1991; Stirling & Okumus, 1995; Bourget & Harvey, 1998; Caceres-
Martinez & Figueras, 1998; Hunt & Scheibling, 1998; Alfaro et al., 2001). A good
understanding of the dynamics of a population can be attained best by abundances and

size-frequency distributions at all life history stages within various temporal and spatial
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scales. In the case of the New Zealand green-lipped mussel, the unique ecological
conditions that support mussel populations at Ninety Mile Beach are of critical
importance to the mussel industry, which depends on the wild mussel seed collected in
this area. Ecological knowledge of Perna canaliculus at Ninety Mile Beach is limited to
a few studies on growth, reproductive behavior, and settlement patterns (Hickman, 1979;
Alfaro & Jeffs, 2001; Alfaro, et al., 2001). The present study furthers our understanding
of larval availability, settlement patterns, recruitment and mortality rates, and the overall

population dynamics of adult mussel populations at Ninety Mile Beach.

Mussel Concentrations in Seawater

The high variability of mussel concentrations in seawater among the 3 study sites
may be a result of different oceanographic conditions and/or local larval production.
Thus, Scott Point may have higher accumulation and retention of larvae and post-larvae
than Tonatona Beach, and Tonatona Beach higher than The Bluff. The inverse
relationship between abundance of small (< 0.25 mm) and large (> 0.5 mm) juvenile
mussels over time is consistent with known spawning periods, which at Ninety Mile
Beach start around July-August and persist through December (Alfaro et al., in press).
Older mussels (> 0.5 mm) present in the seawater samples may represent secondary
drifters from nearby intertidal areas. This temporal and spatial variability in plankton
samples has been observed for many mussel species (Lewandowski, 1982; Legendre &
Demers, 1984; Martel et. al., 1993; Hunt & Scheibling, 1996; Caceres-Martinez &
Figueras, 1998). Ciceres-Martinez & Figueras (1998) found that the abundance of
mussel larvae and post-larvae for Mytilus galloprovincialis varied greatly between two
adult mussel populations, and that the larval abundances were closely related to the

spawning periods of adult mussels. Furthermore, Martel et al. (1994) also found a strong
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realtionship between settlement rates and veliger concentrations of the mussel Dreissena
polymorpha in the water column near Wheatley, Ontario, which the authors attributed to
local wind-driven hydrodynamics. Thus, the higher larval abundances in the vicinity of
Scott Point suggest that more larvae are available for settlement on the shore of this
northern site. Conversely, the lower larval abundances in seawater adjacent to Tonatona

Beach and The Bluff equate with the observed lower settlement patterns there.

Settlement Patterns - Spatial Variability

Investigations on settlement patterns in the intertidal zone at Ninety Mile Beach
were conducted at 3 different spatial scales - among sites (100 km), between habitats (10
m), and between substrates (1 m). Results from the short- and long-term settlement
experiments were in agreement with the abundance and size-frequency patterns exhibited

by mussels on the shore.

Settlement patterns among sites indicate that mussel abundances were generally
higher at Scott Point than Tonatona Beach, and that the lowest settlement rates were
observed at The Bluff. Differences in settlement patterns among coastal populations
elsewhere have been attributed to variability in larval supply, dispersal and transport by
local oceanographic conditions, and early mortality (Keough & Downes, 1982; King et
al., 1989; Martel et al., 1994; Hunt & Scheibling, 1996; 1997). For all 3 intertidal
populations in the present study, reproductive monitoring during the same sampling
period suggests that the population at Scott Point has a greater gamete production than
Tonatona Beach, and that Tonatona Beach has a higher gamete production than The Bluff
(Alfaro et al., 2001b). Thus, it is likely that varying reproductive efforts and larval
concentrations in the nearby water column, may directly affect the observed variations in

settlement rates among sites. Different oceanographic conditions among the 3 sites also



Chapter 6: Population Dynamics — Intertidal 136

may have a significant effect on the settlement differences. For example, the presence of
eddies may act to retain larvae, whereas straight coastlines tend to accelerate the flow of
larval transport. Further research on the local hydrodynamics likely would provide
valuable information as to the physical mechanisms that may cause these site-specific

settlement patterns at Ninety Mile Beach.

The most dramatic settlement differences among intertidal sites were observed in
the algal band habitat for the smaller mussel size-classes or primary settlers. Scott Point
had the greatest number of primary settlers, especially during the peak spawning season.
These primary settlers often covered up to 100% of the available substrate within
quadrats. Conversely, algal substrates were never completely covered with primary
settlers at Tonatona Beach during the sampling period. These settlement differences
between the northernmost and southernmost intertidal sites at Ninety Mile Beach suggest
that larval abundance adjacent to the mussel bed may not be limited at Scott Point. In
contrast, at Tonatona Beach, mussel concentrations in seawater may not have been
enough to saturate the available algal substrate. A combination of low mussel
concentrations in seawater and low algal availability may have been responsible for the
consistently low settlement rates at The Bluff throughout the year. Elsewhere, vegetated
nearshore habitats have been recognized to support higher densities of colonists, when
settler availability is not limited in nearby waters, as compared to nearby unvegetated

areas (Edgar, 1990; Edgar et al., 1994; Bostrom & Bonsdorff, 1997; Reusch; 1998).

No significant differences were observed in settlement rates of mussels > 1.5 mm
among the 3 study sites. These results, in conjunction with the fact that quadrats in the
mussel beds were never recorded to have 100% mussel cover, indicate that secondary
settlement into the adult mussel beds were not limited by space at any of the sites.
Moreover, it is evident that secondary settlement rates normally range between 0-15

mussels/ 225-cm?/ day in these natural intertidal populations. These settlement patterns
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are in strong agreement with findings by Bayne (1964), who first postulated that primary
mussel settlers (< 0.5 mm) almost exclusively settle on filamentous substrates, and then
transfer to the adult mussel bed as older/larger mussels or as secondary settlers (> 0.5
mm). The present study also is consistent with previous reports that primary settlement is
not limited to adjacent filamentous substrates, but also takes place in the adult mussel
beds, although usually at low frequencies (Bayne, 1964; McGrath et al., 1988; Buchanan,
1994).

Similarities in the total number of mussels settled on mesh material and on natural
substrates suggest that the mesh material used in these experiments may serve as an
appropriate proxy to natural substrates. Numerous artificial substrates have been used
with various degrees of success in mussel settlement experiments (King et al., 1990;
Bourget et al., 1994; Harvey & Bourget, 1995; Bologna & Heck, 1999). For example,
King et al. (1990) found that settlement of Mytilus edulis on nylon pad scourers served as
a good indicator of settlement events in filamentous algae and the adult mussel bed. The
authors also suggested that these artificial materials could be used to monitor mussel
recruitment cycles in the rocky shore (King et al., 1990). The present results imply that
there is a strong selectivity for juvenile mussels to settle on filamentous substrates
regardless of the composition of the material (i.e. algae versus plastic). However, further
studies are needed on the potential influences of physically- and chemically-mediated
settlement patterns in order to clearly elucidate differences between natural and artificial
filamentous substrates. Several studies have shown size-specific settlement differences
among substrates with various patterns of branching (Buchanan & Babcock 1997;
Bologna & Heck, 1999; Alfaro & Jeffs, 2001). These morphologically based preferences
may represent an ecological strategy for mussels to settle according to shell size on the
appropriate physical/ morphological structures, and thus reduce the chance of detachment

by waves or currents (Bologna & Heck, 1999; Alfaro & Jeffs, 2001). In this study, the
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relative abundances of different-branching algae in quadrats were similar throughout the
sampling period for all sites. Thus, the relative size-specific settlement patterns based on
substrate morphology would have been similar for all quadrats with algae and in

agreement with quadrats with artificial substrates.

Settlement Patterns - Temporal Variability

Inter-annual variations in mussel abundance for all mussel size classes were quite
low between 1999-2001 at the 3 intertidal sites. However, monthly settlement patterns
showed high mussel abundances in August, which corresponded with the peak spawning
period, as well as a consistent decrease in mussel abundance through December. Similar
results were obtained by Buchanan (1994), who observed that mussel populations at Piha
(~ 240-320 km south of the intertidal sites at Ninety Mile Beach) had a peak settlement in
September, followed by a decrease through December-January. Buchanan (1994) also
observed low levels of settlement throughout the year. At Ninety Mile Beach, there was
no evidence of trickle settlement, which concurs with the lack of any substantial
spawning peak between January and April (Alfaro et al., 2001). Thus, settlement
differences between Ninety Mile Beach and Piha populations may be a result of regional
differences in reproductive behavior. Furthermore, at Ninety Mile Beach, settlement of
small mussels (< 0.5 mm) was consistently high during spawning periods (August-
December) in both years, while larger mussels (> 0.5 mm) were more abundant between
spawning periods (December-July). These meso-scale temporal patterns also support
Bayne’s (1964) hypothesis that mussels first settle on filamentous algae as a transition

stage between the water column and the adult situation attached to the rocks.

Results from the daily settlement experiments indicate that there were no

significant temporal differences in the total mean mussel abundance among sites,
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between habitats and between substrate types throughout the study period. Daily
settlement patterns also indicate that settlement of small mussels (< 0.5 mm) was highest
in August and lowest in March. An inverse pattern was observed for larger mussels (>
0.5 mm), which were more abundant in March and less abundant in August. These
settlement results reveal strong settlement trends that are consistent among the 3 temporal
scales for mussel populations at Scott Point, The Bluff, and Tonatona Beach.
Furthermore, these trends are in agreement with reproductive behavior studies of the
same mussel populations in the area (Alfaro et al., 2001), and mussel abundance and size-
frequency distribution records within spatfall samples collected along the extent of the

beach during the study period. (A. C. Alfaro, unpublished data).

Population Dynamics of Mussel Beds

The population dynamics of mussel populations at Ninety Mile Beach varied
considerably in space and time during the 2-year sampling period. The mussel
population at Scott Point was the most dynamic intertidal population at Ninety Mile
Beach. Mussels at Scott Point appeared to follow a yearly cycle that started with a high
recruitment period in August-December. Mussels continued to grow in shell size from
December to July. In July, a high mortality event almost entirely killed off the adult
population and created new empty space on the rocky shore for a new cohort of mussels.
Young mussels, which had increased in shell size to over 0.5 mm, while attached to
nearby filamentous algae, started to transfer to empty spaces in the adult mussel bed.
While the effects of early mortality on these newly settled mussels in the adult mussel
bed may be high, high recruitment greatly influenced the dynamics of the population at
Scott Point during July. A similar pattern occurred at Tonatona Beach. However, the

seasonal changes from one yearly cohort to the next were less clear, possibly due to the
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less dramatic mortality of adult mussels in July, and the lower abundance of available
juvenile mussels in the seawater and adjacent algal beds. The effect of early mortality
may be a significant factor in the low retention of juvenile mussels in this population.
However, more short-interval sampling of mussel settlement would have to be conducted
to clearly elucidate this effect at Tonatona Beach. The population dynamics at The Bluff
were markedly different, with only very small seasonal changes between recruitment and
mortality rates. A combination of low mussel abundance in seawater, low settlement/
recruitment rates and low retention of young mussels may be responsible for the low
temporal variability at this site. The persistence of this mussel population at The Bluff
may be a result of the larval production of the few local mussels that do survive to
adulthood. It also is possible that sporadic larval pulses from other mussel populations at
Ninety Mile Beach may supply mussels to The Bluff. Whatever the reason,
environmental and biological conditions at The Bluff do not seem to provide the best

growing conditions needed for maintaining a substantial resident population.

The dramatic differences in population dynamics among sites at Ninety Mile
Beach are likely to stem from local oceanographic conditions that often concentrate algal
drift material covered with young settled mussels at Scott Point. Large rafts of drift algae
with mussel spat (up to 1 km long) have been observed to travel northbound along the
coast (moving about 5 km/ day), and accumulate for up to a week at Scott Point (A.
Alfaro personal observations, and C. Hensley personal communication). It is possible
that the large number of spat in the algal rafts (up to 10° mussels/ kg of wet algae) is able
to decrease the food concentration in the seawater adjacent to the shore (c.f., Stirling and
Okumus, 1995). The rapid deletion of food particles in the water column may starve,
and/ or significantly decrease the survival chances of mussels already in the rocky
intertidal area. Adult mussels may be especially vulnerable to reduced food availability,

since most are at the peak or just past the peak of reproductive output during this time
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(Alfaro et al., 2001b). Field observations revealed large numbers of moribund mussels
during this time. Many mussels had open valves that did not close quickly when
disturbed. When examined closely, these mussels appeared to have highly diminished
soft tissues. Furthermore, mats of mussel were observed being ripped off from the rocks
by strong wave action during winter. Presumably, the mussels were not able to continue
to generate byssal threads to maintain a strong hold on the rock during this time. Massive
mortality in this adult population during 2 consecutive years of observations is consistent
with the hypothesis that these large mussels cannot compete with young incoming settlers
for a limited food supply and space. Disturbance effects causing drift algal strandings
have been inferred to dramatically change the population structure of several nearshore
populations (Soares et al., 1996; Bell & Hall, 1997; Holmquist, 1997; Ing6lfsson, 1998;
Knowles & Bell, 1998). For example, Soares et al. (1996) observed a significant
decrease in biomass and density of adult clams, Donax serra, on beaches that had high
cover of stranded kelp, but juvenile abundance was affected only when the quantity of
kelp was exceedingly high. The authors concluded that the zonation patterns of Donax
serra were a direct result of the disturbance effect caused by stranded kelp, especially in

pocket areas along the coast where drift algae can accumulate (Soares et al., 1996).

Populations at both Tonatona Beach and The Bluff do not seem to be impacted as
severely by drift algae. The environmental and biological conditions at Tonatona Beach
appear more moderate in their seasonal changes, so that only part of the adult population
is replaced each year by new cohorts. Instead of rafts of algal material with mussel spat
accumulating at this site, and creating a rapid turnover in the adult population, small but
frequent pulses of mussel settlement cause a slow change in the population dynamics
during the spawning season. Drifting algae may bypass The Bluff on their way north via

a nearshore water current, but no significant accumulation nor retention of algae were
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observed that might cause a measurable change in the population dynamics at this

intertidal site.

Predation pressure, as inferred from surveys of empty shells on the adult mussel
beds of the 3 intertidal sites, revealed similar patterns among sites. Mortality from
predation was similar throughout the year for young and adult mussels at all 3 sites.
Natural mortality, as indicated by the unmarked empty shells found in quadrats sampled
within the adult mussel beds, appeared to be highest when the populations had attained
the greatest number of adult mussels (August). Although the number of empty shells
found within quadrats is not necessarily an accurate indicator of mortality rates in the
population, occurrences of large empty spaces during August, which previously had been
filled with adult mussels, appear to substantiate this high mortality event. Mortality of
young mussels may have been underestimated, since these mussels often have a weak

byssal attachment and readily dislodge with passing waves.

In summary, ecological differences among populations at Ninety Mile Beach may
be attributed to a combination of biological and physical processes that interact at various
spatial and temporal scales. Scott Point is the most dynamic intertidal population, owing
to the high concentration of mussels in nearby seawater, the high settlement of primary
settlers on the algal band habitat in August, and the high secondary settlement/
recruitment on the mussel bed in March. These settlement and recruitment patterns
coincide with a peak in mortality in the adult mussel bed, which provides empty spaces
on the rocky substrate for new recruits. The high mortality in August may be a
consequence of depleted of food supplies in the water column and low energy reserves of
adult mussels just past their reproductive peak. Depletion of food supplies in the water
column is attributed to a periodic, but seasonal, accumulation of young feeding mussels
in drift algae in nearby waters. Similar ecological patterns, with less marked transitions

among biological components, were observed at the Tonatona Beach, and were even less
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pronounced at The Bluff. It is argued that drift algae do not accumulate readily at these 2
southernmost sites at Ninety Mile Beach because of the northbound transport of algal and
spat material via local oceanographic currents. These interacting processes create
dynamic ecological system, which ensures the success of mussel populations at Ninety
Mile Beach, and provides a consistent supply of mussel spat for New Zealand’s mussel

industry.
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Figure 8. Recruitment rate of mussels (<24 mm in shell length) within quadrats in
the adult mussel bed at 3 intertidal sites (Tonatona Beach, The Bluff, and Scott Point)
between July 1999 and March 2001.
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Figure 9. Mortality rate of mussels within quadrats in the adult mussel bed at

3 intertidal sites (Tonatona Beach, The Bluff, and Scott Point) between July 1999
and March 2001. Mussels are shown within 2 size classes (<25 and >25 mm in
shell length). Mortality rates are shown for mussel that were killed by predators
and by unknown causes.
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Table 7: Statistical analyses of mortality rates in the mussel bed experiments for year 1.
Three-way ANOVA tests (Model I) are shown for each of 2 mussel size classes (<25, and
>25 mm in shell length) for the year 1999-2000. Fixed factors are site (Scott Point, The
Bluff, and Tonatona Beach), cause of death (unknown and predation), and date (6 months
between 1999-2000). Tukey tests are shown for non-significant pair comparisons. B =
The Bluff, T = Tonatona Beach, J = July 1999, A = August 1999, O = October 1999, N =
November 1999, D = December 1999, and F = February 2000. Data were log-
transformed. Non-significant tests at a = 0.05 are noted (ns).

Year 1
<25 mm >25 mm
Source df E p F p
Site 2 9.5 0.001 48.5 0.001
Death 1 6.2 0.015 766.7 0.001
Date 5 24.3 0.001 50.9 0.001
Site x Death 2 1.5 0.219 ns 31.3 0.001
Site x Date 10 2.0 0.045 4.5 0.001
Death x Date 5 4.2 0.002 21.3 0.001
Site x Death x Date 10 2.3 0.017 2.8 0.004
Error 108
Tukey tests Year 1
BxT 0.284 ns JxF 0.586 ns
JxO 0.565 ns AxO 0.990 ns
AxO 0.751 ns
AxN 1.000 ns
AxD 0.184 ns
OxN 0.826 ns

NxD 0.137 ns
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Table 8: Statistical analyses of mortality rates in the mussel bed experiments for year 2.
Three-way ANOVA tests (Model I) are shown for each of 2 mussel size classes (<25, and
>25 mm in shell length) for the year 2000-2001. Fixed factors are site (Scott Point, The
Bluff, and Tonatona Beach), cause of death (unknown and predation), and date (7 months
between 2000-2001). Tukey tests are shown for non-significant pair comparisons. S =
Scott Point, B = The Bluff, T = Tonatona Beach, J =J uly 2000, A = August 2000, S =
September 2000, O = October 2000, N = November 2000, D = December 2000, and M =
March 2001. Data were log- transformed. Non-significant tests at o= 0.05 are noted

(ns).
Year 2
<25 mm >25 mm
Source df F p F p
Site 2 3.6 0.031 21.8 0.001
Death 1 0.1 0.983 ns 217.0 0.001
Date 6 9.8 0.001 41.0 0.001
Site x Death 2 1.5 0.230 ns 14.6 0.001
Site x Date 12 0.9 0.510 ns 2.1 0.019
Death x Date 6 3.1 0.008 19.2 0.001
Site x Death x Date 12 0.5 0.920 ns 1.7 0.073 ns
Error 126
Tukey tests Year 2

SxT 0.228 ns JxA 0.062 ns

BxT 0.576 ns SxO 0.794 ns

Deaths 0.983 ns SxM 0.452 ns

IxO 0.338 ns OoOxM 0.998ns

JxM 1.000 ns NxD 0.853 ns

AxN 0.893 ns

AxD 0.090 ns

SxO 0.983 ns

SxN 0.577 ns

SxD 1.000 ns

OxN 0.132 ns

OxD 0.942 ns

OxM 0.338 ns

NxD 0.726 ns
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Table 9: Statistical analyses of algal cover experiments. A three-way ANOVA
test (Model I) was conducted to test mean differences in algal abundance among
algal types (Algal turf, Corallina officianalis, Champia laingii, Plocamium
costatum, Scytothamnus australis, Melanthalia abscissa, Gigartina alveata, and
Osmundaria colensoi), among sites (Scott Point, The Bluff, and Tonatona Beach),
and among dates (August, September, October, and December 1999, and March
2000). All data were arcsin-transformed. Non-significant tests at a = 0.05 are

noted (ns).
Abundance
Source df F p

Alga 7 38.1 0.00
Site 2 4.1 0.06 ns
Date 3 04 0.77 ns
Alga x Site 14 4.1 0.00
Alga x Date 21 1.8 0.02
Site x Date 6 0.2 0.98 ns
Alga x Site x Date 42 0.5 0.99 ns

Error 180
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CHAPTER 7

Variability in Mussel Settlement on Suspended Ropes Placed at Ahipara Bay,
Northland, New Zealand
Andrea C. Alfaro and Andrew G. Jeffs

In review: Aquaculture

ABSTRACT

Unique physical and biological conditions at Ninety Mile Beach, northern New
Zealand, are responsible for an accumulation of unusually high amounts of mussel spat,
Perna canaliculus, found nowhere else in the country. These massive quantities of
mussel spat are collected from the beach (>140,000 tonnes/ year) and transported to the
aquaculture farms, where they supply 80% of the industry’s mussel seed requirements.

Direct settlement of mussels, Perna canaliculus, from the plankton to suspended ropes in

the water column was investigated at Ninety Mile Beach, northern New Zealand. Mussel
spat-collecting ropes were placed at two sites (inside and outside Ahipara Bay) and at 3
different depths. The abundances of mussels within 3 size classes were recorded monthly
during 2 spawning seasons in 1999 and 2000. Small mussels (<0.49 mm) were found to
be more abundant at shallower depths (2 m water depth) in August 2000, just after the
spawning of nearby mussel populations. Conversely, larger mussels (>1.0 mm) were
more abundant at greater depths (18 m water depth) in September-December. Larger
mussels are thought to have transferred from tumbling algae covered with mussels, which
are readily transported by hydrodynamic processes near the seafloor. Although higher

mussel abundances generally were found at the site inside the bay, these differences were
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not strongly supported by statistical analyses. The present research provides the first
evidence that artificial ropes deployed at Ahipara Bay may be of commercial value to
spat collectors on the beach and the mussel farm industry. These ropes could be used as
indicators of arrival of spatfalls, which are collected at the beach and used to seed the
mussel farms. Furthermore, ropes could be used as a new way of harvesting the massive

quantities of mussel spat available at Ninety Mile Beach, northern New Zealand.

Key words: Mussels; Settlement Patterns; Size Classes; Suspended Ropes; Perna.
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INTRODUCTION

Mussel settlement patterns on natural and artificial substrates are highly variable
in space and time (King et al., 1990; Hickman et al., 1991; Fuentes and Morales, 1994;
Martel et al., 1994; Ramirez and Céceres-Martinez, 1999). This variability has been
attributed to the timing and magnitude of larval supplies, and the physical conditions of
the environment, such as ocean currents, wind patterns, and temperature (King et al.,
1990; Kingsford, 1990; McConnaughey et al., 1992; 1994: Miller and Emlet, 1997).
Local oceanographic conditions and weather patterns further contribute to the dispersion
and concentration of larvae and juveniles at various spatial and temporal scales
(Kingsford, 1990; 1992; McConnaughey et al., 1994; Martel et al., 1994).

Monitoring mussel settlement rates on various natural and artificial substrates is
an important tool for assessing the population dynamics of nuisance species (Fraleigh et
al., 1993; Martel et al., 1994) and commercial species (Meredyth-Young and Jenkins,
1978; Fuentes and Morales, 1994; Ramirez and Caceres-Martinez, 1999). For example,
Fuentes and Morales (1994) found that settlement of the mussel Mytilus galloprovincialis
was high at shallower depths in a seaward site of the Ria de Arousa Bay in northeastern
Spain. In New Zealand, settlement studies have been limited to farm areas, such as
Marlborough Sounds in the South Island, and Coromandel in the North Island.

Meredyth-Young (1978) found variations in settlement of the mussel Perna canaliculus at

different sites in Marlborough Sounds, but no depth differences in mussel settlement.

However, Hayden and Kendrick (1992) found that the same mussel species settled in
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higher numbers in deeper areas (15 m water depth) compared to shallower areas (5m
water depth) in both Marlborough Sounds and Coromandel.

While harvesting of mussels settled on suspended ropes near mussel farm areas in
New Zealand is an important supplement to the industry’s total requirement for seed
mussels, the majority of the mussel spat (about 80 %) is collected from wash-ups of large
quantities of spat-covered drifting macroalgae at Ninety Mile Beach, northern New
Zealand (Hickman et al., 1991; Jeffs et al., 2000). The dependency of the mussel
industry on these natural supplies of mussel spat from Ninety Mile Beach stems from the
fact that nowhere else in New Zealand do algal drift material covered with mussel spat
(up to 100 % cover) wash to the shore in such massive quantities (>140,000 tonnes/year
of mussel spat attached to macroalgae). However, the spatial and temporal dynamics of
mussel spat arrival to the beach are highly variable and poorly understood (Jeffs et al.,
2000).

The purpose of this research was to investigate the temporal and spatial patterns
of mussel settlement, Perna canaliculus, on suspended ropes inside and outside of
Ahipara Bay at Ninety Mile Beach, northern New Zealand. Settlement differences
among mussel size classes were investigated at different water depths during several
months within 2 spawning seasons (July 1999-December 2000). The importance of these
findings are discussed both in terms of the potential use of suspended ropes at Ninety
Mile Beach to predict spatfalls and wash-ups, and the possibility to collect newly settled
mussel spat attached to the ropes, which could be transported directly to the mussel

farms.
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METHODS AND MATERIALS

Mussel settlement patterns were monitored from spat-collecting ropes, which
were placed at two sites at Ninety Mile Beach, northern New Zealand (Fig. 1). Twoto 4
anchor lines with spat-collecting ropes were placed at each of the 2 sites (inside and
outside Ahipara Bay), and the spat-collecting ropes were sampled monthly between
October-December 1999, and between July-December 2000. However, owing to rough
weather conditions, entanglement with passing trawlers, and vandalism, only one anchor
line per month for 6 months inside the bay and 4 months outside the bay were retrieved
for sampling. All anchor lines were placed at about 20 m water depth and suspended
with a buoy at the surface. From these vertical ropes, two smaller spat-catching ropes
(50 c¢m in length) were attached 1 m apart from each other at 2, 10, and 18 m water
depth, for a total of 6 spat-collecting ropes per anchor line. The spat-collecting ropes
were made of furry plastic (Kinnears Rope Ltd. “christmas tree” rope), which are used
extensively for mussel spat collection at other sites in New Zealand. Each month, a new
set of spat-collecting ropes were replaced for the old ropes, which were returned to the
laboratory for analysis. All mussels were removed from the ropes by vigorous agitation,
and with forceps. The mussels were then sorted into 3 size classes (<0.49, 0.5-0.99, and
>1.00 mm in shell length) by passing the mussels through different-sized sieves (Alfaro
and Jeffs, in press). Mussel abundances within the 3 mussel size classes were obtained
from ropes retrieved each month, among the 3 depths and between the 2 sites.

Mussel abundances were first log-transformed to satisfy assumptions of statistical

analyses. Analysis of variance tests were conducted separately for each of the 2 years
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and for each mussel size class, since size classes were not independent of each other.
Thus, for October 1999, a two-way ANOVA per mussel size class incorporated site
(inside and outside the bay), and depth (2, 10, and 18 m water depth) as fixed factors. In
2000, a three-way ANOVA included month (July, August, and September for 2000), site
(inside and outside of the bay), and depth (2, 10, and 18 m water depth) as fixed factors.
November 1999 and December 2000 were not included in the statistical analyses because
only ropes inside the bay were retrieved. Although the initial intention was to compare
mussel settlement inside and outside the bay, the loss of replicate anchor lines made the
site factor pseudoreplicated. Thus, site comparisons are made with caution since their
differences cannot be separated from the natural spatial variability of the environment.
Similarly, differences among months may include the inherent temporal variability of the
natural environment. Post hoc comparisons within factors were conducted with Tukey-

tests and used to make interpretations among factor levels and interactions.

RESULTS

The temporal patterns of mussel settlement within suspended ropes at Ahipara
Bay, northern New Zealand, indicated higher settlement in August, and decreasing
settlement to December. Monthly abundances (mean + SE) for small mussels (<0.49 mm
in shell length) were highest in August 2000 (2028+577 mussels/ 0.5 m rope) and lowest
in November 2000 (6111 mussels/ 0.5 m rope) (Fig. 2-3 & Table 1). Conversely, large

mussels (>1.0 mm in shell length) were most abundant inNovember 2000 (1141+605
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mussels/ 0.5 m rope) and least abundant in  July 2000 (866x181 mussels/ 0.5 m rope)
(Fig. 2-3 & Table 1).

Mussel settlement differences between the 2 sites (inside and outside the bay)
resulted in generally higher settlement inside the bay compared to outside the bay for all
mussel size classes (Fig. 2-3 & Table 1). The mean (+SE) mussel abundances inside the
bay for the entire sampling period were 13814274, 714+136, and 468139 for small,
medium, and large mussels, respectively. Outside the bay, mean (+SE) mussel
abundances were 1081+276,1281+268 and 422+103 for small, medium, and large
mussels, respectively.

A direct relationship between mussel size class and water depth was found in
ropes sampled among months and between sites. Small mussels (<0.49 mm in shell
length) were more abundant at the surface (2 m water depth), and had a total mean (xSE)
of 2086+403 individuals/ 0.5 m rope, while larger mussels were most abundant at water
depths of 18 m (1704+318 individuals/ 0.5 m rope) (Fig. 2-3 & Table 1).

For October 1999, a two-way ANOVA for each of the 3 mussel size classes
resulted in significant differences among mean mussel abundances for all factors (site and
depth) and interactions, except for site within 0.5-0.99 mm mussels and the interaction
within >1.0 mm mussels (Table 2). For 2000, three-way ANOVA’s for each mussel size
class, which also included month as a factor (July, August, and September), resulted in
significant differences among mean abundances for all sites and interactions, except for
site within 0.5-0.99 and >1.0 mm mussels, and for 2 first order interactions within 0.5-

0.99 mussels (Table 3).
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DISCUSSION

A central concern in the field of larval ecology is the need to identify factors
responsible for the variability of larval abundance and size-frequency distribution in the
ocean. Studies on spawning cycles, larval transport by means of hydrodynamic
processes, and mortality rates in the water column have improved understanding of
biological variability in the ocean (e.g. Kingsford, 1990; Nichols, 1996; Hunt and
Scheibling, 1997; Miller and Emlet, 1997; Snodden and Roberts, 1997). In particular,
use of artificial collectors, when well correlated with larval distribution in the water
column, can be a straightforward and effective way to identify temporal and spatial
fluctuations in spatfalls (Davies, 1974; Fuentes and Morales, 1994; Martel et al., 1994;
Ramirez and Céceres-Martinez, 1999). At Ninety Mile Beach, northern New Zealand,
the time and place of spatfall arrivals at the beach is of critical importance to the spat
collectors and mussel farms, which utilize the seed mussels. However, the large number
of interacting physical and biological factors that affect the abundance and distribution of
larvae and juvenile mussels in the water column have hindered previous attempts to make
predictions for future spatfall events (A. Alfaro, unpublished data). The present study is
the first to investigate mussel settlement patterns on suspended spat-collecting ropes at
Ninety Mile Beach, northern New Zealand. Vertical and horizontal settlement variability
was identified inside and outside of Ahipara Bay, and among 3 water depths within
various months in 1999 and 2000.

Higher mussel settlement of small mussels (<0.49 mm in shell length) was

recorded in August and settlement decreased through December. These temporal patterns
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agree well with the observed spawning period of the nearby adult population in July-
August, and decreasing through December (Alfaro et al., in press). A direct relationship
between spawing periods and subsequent settlement of post-larval juveniles has been
shown for several mussel species (Kautsky, 1982; King et al., 1989; 1990; Fuentes and
Morales, 1994; Snodden and Roberts, 1997; Ramirez and Caceres-Martinez, 1999).
Snodden and Roberts (1997) concluded that spawning events of Mytilus edulis in
Dundrum Bay, northern Ireland, coincided with the arrival of primary settlers on nearby
collection pads 6 weeks later. On rocky intertidal areas of west Ireland, King et al.
(1990) also attributed the appearance of new settlers (<0.3 mm) of the mussel Mytilus
edulis on collecting pads to direct settlement of larvae from the plankton just after
spawning times. At Ninety Mile Beach, the arrival of larger mussels (>1.0 mm) from
September to December likely represents secondary settlers that transferred from floating
algae tumbling on the bottom to the spat-collecting ropes at 18 m water depth. King et al.
(1990) also observed larger settlers (>0.75 mm) on their collecting pads, which the
authors attributed to migration from benthic habitats. Although these temporal patterns
cannot be attributed fully to seasonal patterns due to the lack of replication among
months, the trends are likely to be due to variations in mussel abundances caused by the
spawning season cycle. Analyses of mussel spat samples that arrived at the beach on
washed-up algae during the same sampling period also indicate that higher abundances of
small mussel (<0.49 mm) were present in August and larger mussels (>1.0 mm) were
more abundant in September-December (A. Alfaro, unpublished data).

Site differences indicate greater mussel settlement inside compared to outside

Ahipara Bay only for ¢ all mussel size classes ). However, these differences are
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confounded by lack of replication and the interacting factors of month and depth.
Therefore, it is likely that the observed differences in mussel abundances between sites
also incorporate some degree of natural spati al variability. Mussel settlement differences
among sites have been observed in many studies, especially those comparing habitats
inside and outside bays and estuaries (Kautsky, 1982; Petraitis, 1991; Fuentes and
Morales, 1994; Snodden and Roberts, 1997). These differences may be due to the greater
level of accumulation and retention of biological material in geographically confined
areas, compared to open, higher energy environments. Ahipara Bay is likely to be
affected by eddy currents that would tend to accumulate larvae and juvenile mussels,
especially when concentrations of small pre-settlers are high just after spawning periods.
However, testing this hypothesis will require further investigation.

Mussel abundances were generally higher for smaller mussels (<0.49 mm) at
shallower water depths, and higher for larger mussels (>1.0 mm) at greater depths. This
relationship between mussel size and water depth may be related to the greater buoyancy
and migratory capability of smaller mussels compared to the generally heavier, larger
mussels that are ready to settle (King et al., 1990; Martel et al., 1994; Buchanan and

Babcock, 1997). Small mussels of, Perna canaliculus, (<0.6 mm) were shown to slow

their rate of descent in the water column by 30% by using mucus threads, while larger
mussels were less likely to produce mucus threads (Buchanan and Babcock, 1997). In
addition, these small mussel size classes are highly mobile (Lane et al., 1985; Armonies,
1992; Martel, 1993; Buchanan and Babcock, 1997), which implies that some small
mussels may have settled and left the settlement ropes during the sampling period, thus

underestimating the total abundance of mussels settled at shallower depths. Red
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filamentous algae and hydroids covered with mussels (0.2-3 mm) form drifting patches of
up to 1 km in length at Ninety Mile Beach (A. Alfaro, personal observation). T his algal
material covered with growing mussel spat is negatively buoyant and is readily
transported by hydrodynamic processes acting near the seafloor (A. Alfaro, unpublished
data). Thus, it is quite likely that larger mussels transferred from loose algae rolling on
the bottom, to the spat-collecting ropes placed at 18 m (2 m above the bottom).

The statistical analyses conducted for all 3 mussel size classes during 1999 and
2000 resulted in significant interactions for most first and second order interactions.
These results indicate that differences in mussel abundance between sites, and among
depths (and among months for 2000), vary according to the particular combinations
among levels within factors. With a significant second order interaction, it is difficult to
ascertain the magnitude and direction of the contribution of each main factor. However,
post hoc comparisons suggest that small mussels were more abundant in August and that
abundances were not significantly different between July and September. These
differences may be more pronounced inside compared to outside the bay, and may be
more evident at shallower depths. Although there also was a significant second order
interaction for medium-sized mussels, this significance was mostly due to the interacting
effects of month and site. Depth appeared to be of little contribution to the interaction
and suggests higher settlement at greater depths in October-December 1999 (including
mostly large mussels) and shallower depths in July-November 2000 (including mostly
small mussels). Statistical comparisons for larger mussels in 1999 resulted in a
significant relationship between mussel abundance and depth, and higher settlement

inside versus outside the bay. In 2000, all 3 factors (month, site, and depth) contributed
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to a significant second order interaction, and it can only be suggested that higher
settlement of larger mussels took place in September at greater depths.

Although more replicate samples would have benefited this research, the results
of this first subtidal rope settlement experiment at Ninety Mile Beach indicate that ropes
may be a useful way of monitoring spatfall events, and they may be a feasible method for
collecting spat in the area. Besides showing a good correlation between settlement and
spawning periods, and between settlement and spat arrival at the beach, it also is apparent
that different mussel size classes may be collected separately by placing ropes at different
water depths. More research is necessary to identify sites of optimal mussel settlement at
Ninety Mile Beach. However, the identification of generally higher settlement inside
Ahipara Bay suggests that commercial settlement ropes may be better placed inside the

protection of Ahipara Bay.
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Figure 1. Map of the study area at Ninety Mile Beach, northern New Zealand. Two sites, where
mussel settlement ropes were deployed, are shown (circled x) inside and outside of Ahipara Bay.
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CHAPTER 8

Multi-scale effects of wind conditions, temperature, and tidal range on the dynamics

of mussel spat transport and arrival on coastal areas of northern New Zealand

Andrea C. Alfaro, Brian McArdle, and Andrew G. Jeffs

In preparation: Journal of Marine Research

ABSTRACT

Historical records of wind speed and direction, tidal range, water temperature,
and modeled swell height and direction were examined to elucidate daily, monthly, and
inter-annual patterns of mussel spat (Perna canaliculus) arrival to Ninety Mile Beach,
northern New Zealand between 1990 and 1999. For the long-term data set, a statistical
approach was taken to identify the conditions that favored spatfall events and amounts.
Spatfall events and amounts correlated well with strong offshore winds. On days with
high tidal range, there was a suggestive increase in spatfall amount, but this trend was
non-significant. Daily and seasonal water temperature records did not show significant
effect on the timing nor the scale of spatfall events nor spatfall amounts. However, low
swell height in the onshore direction was highly significant to spatfall events and
amounts. Within the 9-year data set, storm events (wind speeds > 20 m s‘l) were most
frequent between May-August. An average lag time of 4 months was found between

peak storm events and the subsequent peak in spatfall events and amounts in September-
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October. Years with a greater number of storm events also were associated with
significantly higher spatfall events and amounts. Storminess and water temperature may
be associated with El Nifio/ La Nifia episodes, which greatly influence the wind climate
of New Zealand. Possible ecological and oceanographic processes are put forward to
explain the observed relationships between spatfall events and natural forces, such as

winds, tides, and swell.
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INTRODUCTION

Numerous hydrological studies have attempted to relate oceanographic
information to the distribution and transport of marine invertebrate larvae and juveniles
(Farrell, et al., 1991; Wing, et al., 1995; 1998). The widespread dispersal of planktonic
larvae of many sessile invertebrates is highly dependent on both the population dynamics
of adult populations and oceanographic processes. Settlement and recruitment of
invertebrate larvae to coastal areas may occur over spatial scales of 1 to 100’s of
kilometers, and temporal scales of 1 day to several years (Farrell, et al., 1991; Elbert et
al., 1994; McConnaughey et al., 1994; Miller and Emlet, 1997). During the dispersal or
transport phase, larvae and juvenile invertebrates may be associated with drift algae,
which provide micro habitats, as well as a vehicle for dispersal (Kingsford, 1992;
Kingsford and Milicichi, 1987; Ing6lfsson, 1998; Norkko, 1994). These larval and
juvenile pulses to the coast are likely to be directly related to ocean currents, tidal ranges,
and the wind patterns that influence local hydrodynamic processes, such as surface
currents, eddies, and upwelling events (Epifanio et al., 1989; Kingsford, 1990; Clancy
and Cobb, 1997; Miller and Emlet 1997; Chiswell and Roemmich, 1998; Eggleston et al.,

1998; Stoner and Smith, 1998).

Hydrodynamic transport of marine larvae and juveniles and their recruitment to
coastal areas have been extensively studied, especially for commercial species such as
crabs (Eggleston et al., 1998a; McConnaughey et al., 1992; McConnaughey et al., 1994;
Epifanio, 1995) and lobsters (Katz, et al., 1994; [Comeau and Drinkwater, 1997];

Eggleston et al., 1998b). Many of these studies have addressed the effect of wind-
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generated currents as a major contributor to the transport and subsequent arrival of
invertebrate larvae to coastal areas. A commonly proposed transport mechanism is that
of an onshore surface movement of larvae due to significant onshore winds (Hudon and
Fradette, 1993; Katz et al., 1994; McConnaughey et al., 1994). Other mechanisms
influencing larval recruitment to the shore involve oceanographic processes such as
upwélling, selective tidal transport, river mouth advection, and Ekman transport
(Hernandez-Leén, 1991; McConnaughey et al., 1994; Thorrold et al., 1994; Wing et al.
1995; Grimes and Kingsford, 1996; Eggleston et al., 1998a). However, these transport
mechanisms apply to surface-transported pelagic organisms. Many marine invertebrates
may disperse while in association with “loose-lying” or bottom drifting algae (Holmquist,
1994; 1997; Norkko, 1998). Conceptual oceanographic models for bottom drifting or

benthipelagic organisms have been lacking (but see Epifanio et al., 1989).

In the case of the New Zealand green-lipped mussel, Perna canaliculus, the
dispersal and recruitment potentials of larvae and juveniles in the water column are not
only influenced by hydrodynamic processes but also are strongly dependent on the
availability of algal material that provide the majority of the substrates for primary and
even secondary settlement of juveniles (Hickman, 1982; Buchanan and Babcock, 1997;
Alfaro and Jeffs, in press). Mussel juveniles or spat will preferentially settle on
filamentous algal material, either attached to the bottom or drifting in the water column,
although mussel settlement also takes place on other fibrous materials such as hydroids
and artificial debris (Buchanan and Babcock, 1997; Alfaro and Jeffs, in press).
Unattached subtidal algae (mostly red algae), unlike some detached brown algae and

kelps (i.e. Sargassum, Macrocystis), are "loose-lying" on the bottom and are transported
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by bottom currents (Norton and Mathieson, 1983). Mussel larvae and juveniles may
settle on these drifting materials until a more suitable substrate, such as bare rock, is
encountered. However, the ultimate survival of mussels to adult size within suitable
rocky substrates is limited to a small percentage (< 1%) of the initially settled mussels

within algal and other fibrous materials (A. C. Alfaro, unpublished data).

At Ninety Mile Beach, in northern New Zealand, periodic pulses (spatfall events)
of drift algal material with attached mussel spat (up to 100% coverage) arrive along the
90 km long beach. Spatfall events generally consist of distinct clumps (10-100 m?
horizontal extent) of mussel spat (0.3-2 mm, and in occasion 0.3-10mm in length) with
drift algae (mostly red algae), hydroids, and debris (Alfaro & Jeffs, in press). Because
only about 5% of the intertidal area is covered by rocky habitat suitable for mussel beds,
most of the mussel spat that strands on the sandy beach has little chance of survival.
Nevertheless, their arrival (up to 140 tonnes of wet algae with spat per year) is of great
economical value to the spat collectors who supply the seed spat, still attached to the drift
material (up to 10° mussels/kg of wet algae), to mussel farms for subsequent aquaculture
production (A. C. Alfaro, in preparation). These spatfall events or wash-ups are unique
in New Zealand and provide about 80% of the mussel industry seed requirements, which
converts to > $150 M/ year revenues to the country (Jeffs et al., 2000). Consequently,
research on the local oceanographic and climatic conditions are essential to the
understanding of why mussel spat accumulate in such massive quantities at Ninety Mile
Beach, and why are spat sometime absent for up to 9 months of the year. A useful
approach to investigate temporal and spatial patterns in larval and juvenile transport and

landings in nearshore environments is the use of physical and biological historical data.
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Based on records such as wind speed and direction, water temperature, and fishery
landings, models have been derived to reduce unpredictability in nearshore fisheries,
which have been regarded previously as highly variable in time and space

(McConnaughey et al., 1994; Clancy and Cobb, 1997).

In the present study, the relationships between spatfall events at Ninety Mile
Beach, northern New Zealand, and local physical forcings (wind patterns, water
temperature, tidal range, and swell conditions) were investigated in historical records
between 1990 and 1998. Patterns within temporal scales of days, months, and years were

examined to attempt to elucidate the dynamics of spat arrival to the beach.

METHODS AND MATERIALS

Study Site

The study site encompasses 90 km of coastal area at Ninety Mile Beach, northern
New Zealand (Fig. 1). The virtually straight sandy beach stretches from Ahipara Bay to
Scott Point, with only three intertidal rocky areas suitable for mussel bed formation (Reef
Point, The Bluff, and Scott Point) (Fig. 1). Reef Point and Scott Point contain large
rocky intertidal habitats with extensive adult mussel populations that may extend
subtidally (M. Morrison, unpublished data). These intertidal and subtidal populations are
likely to be the predominate sources of larvae in the area. The offshore subtidal
environment is quite even, shallow sloping, containing a soft sediment seabed to an

offshore distance of 60 km and up to depths of 200 m. The local oceanographic regime is
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dominated by the interaction of the southbound West Auckland current and the
northbound Westland current (Stanton, 1973; Sharples, in press). The predominant winds
affecting the shelf waters at Ninety Mile Beach are from the south-west (Reid, 1982;
Sharples, in press) (Fig. 1). These southeasterly winds have been observed to create
strong upwelling in the area (Stanton, 1973). However, easterly and northeasterly winds
also are strong in the summer, and are associated with the passage of tropical cyclones to
the north of New Zealand (Moir et al., 1986; Sharples, in press). The tidal environment
around New Zealand is dominated by a coastally-trapped Kelvin wave traveling anti-
clockwise around the shelf with an elevation amplitude of less than 1-2 m and a tidal
current amplitude of about 10-20 cm s (Sharples, in press). El Nifio effects in New
Zealand are associated with lower sea surface temperatures (Gordon, 1986). Lower sea
surface temperatures have been attributed to increasing southerly winds from the
Antarctic and a large-scale diffusive upwelling phenomenon caused by the reduction in
the source of tropical water to the Australasian region (Sprintall et al., 1995; Sharples, in
press). Accompanying the southeasterly winds, swells from the south-west also create a

high level of exposure to the coast line (Moir et al., 1986).
Physical Data

Wind records were obtained from nearby Cape Reinga meteorological station (S
34° 26’ and 173° 5.3’ E). The station’s anemometer is located 226 m above sea level and
it is well exposed to the winds. Wind records from this station are known to be
representative of the entire Ninety Mile Beach area (Kaitaia wind report; G. Daw,
personal communication). The wind data included hourly measurements of wind speed

and direction from May 1990 to May 1999. Wind speeds > 20 m s™ were considered
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strong winds or storm events suitable to cause significant water movement, and

potentially to dislodge and transport drift algae and mussel spat.

Tidal range data were provided by The National Institute of Water and
Atmospheric Research. The data were generated for a mid-point along Ninety Mile
Beach using a CashCanz model. Daily tidal information also covered the sampling time

between May 1990 to May 1999.

Water temperature records were obtained from a data logger placed 0.5 m below
low water level at the south end of the study area S 35° 10.8' and 173° 5.3'E for the
period of January 1991 to May 2000. Three gaps in the water temperature data set were
between 19 August to 12 October 1992, 16 October 1993 to 26 April 1994, and 1 January

to 1 July 1998.

Swell height and directions were obtained from a model generated for Ninety

Mile Beach. Swell data were available only between May 1990 and December 1993.

Records of Southern Oscillation Index were extracted from the New Zealand
National Climate Database, maintained by The National Institute of Water and

Atmospheric Research. These records covered the period between 1990 to 2000.

Spat Collection Data

Detailed records of the dates and amounts of spatfall from May 1990 to May 2000
were obtained from 6 spat collectors at Ninety Mile Beach. Spat collectors patrol the
extent of the beach daily in search of algal drift patches close enough to the shore to be

collected with hand nets. Some algal patches may drift offshore from Ninety Mile Beach,
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but unique oceanographic conditions tend to accumulate and transport distinctive patches
of algal material to the surf zone, where almost all the spat is collected. The algal patches
may drift northward along the coast during the course of a few days until the majority of
the material is collected or the ocean conditions change and push the algal patch offshore.
For the purpose of this research, a particular collection of algae with attached spat on a
given day is referred to as a spatfall event. The amount (wet weight) of algae with spat
collected from each spatfall event also was obtained, but because the amount of algae
with spat collected was influenced by spat demands from the mussel farms, results from
these data were used only in general ecological interpretations. Variations in mussel spat
within algal material are not included in this research because they were assumed to have

no effect on the dynamics of spatfall arrival to the beach.

Statistic Analyses

Statistical models were used to elucidate daily relationships between spatfall
events and amounts, and the physical factors of wind speed, wind direction (onshore
versus offshore), tidal range, water temperature, and swell height in the onshore direction
during the 9-year data set. Because data for some physical parameters were not available
for the entire 9 years, 3 different statistical models had to be fitted with the available data
and each tested for each response variable (spatfall events and spatfall amounts). One
model was constructed with the mean daily wind speed, wind direction, and tidal range
for the period May 1990 to May 1999. Thus, strong winds in a given direction were
expected to enhance the probability of a spatfall event and high spatfall amounts. Tidal
range was incorporated in this model with the a priori expectation that spring tides would

bring greater spatfall amounts than neap tides. For the second model, water temperature
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was added to the physical parameters of wind speed, wind direction, and tidal range.
This model included data from May 1990 to May 1999 excluding the periods between 19
August to 12 October 1992, 16 October 1993 to 26 April 1994, and 1 January to 1 July
1998. Finally, a third model included swell in the onshore directions with wind speed,
wind direction, and tidal range for the period January 1990 to December 1993. The
expectation for this model was that low swells would enhance spatfall events and

amounts at Ninety Mile Beach.

Because the spatfall data were binary and episodic (spatfalls often occurred over a
number of days) classical analytic methods based of normal independent data could not
be used. Re-sampling methods were used for the significance tests. Thus, 2 response
variables were modeled with each of the 3 different physical data sets. First, logistic
regression was used to model the probability that a spatfall event would take place (any
amount of algae and spat collected on a given day). Second, least squares regression was
used to fit models that included the spatfall amount (wet weight of algae with spat) that
arrived to the beach on a spatfall event. It was considered unlikely that there would be
any spatfall in the absence of any wind. Therefore, the models were fitted with no
intercepts, which simplified the analysis considerably. Thus, all 6 analyses focused of the
slopes of the relationships between the physical parameters and spatfall events or the
physical parameters and spatfall amounts. A separate slope of wind speed was generated
for both wind directions (onshore and offshore) within each analysis. Seasonal changes

within the physical and biological data also were identified from the models.

After the models had been fitted, the test statistics for the parameter groups were

compared to null distributions prepared by a permutation procedure. Since the null
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hypotheses were that the time sequence of the spatfall events (and amounts) were
unrelated to the time sequences of the environmental factors, the permutation method
randomized the starting point of the spatfall sequence relative to the physical factors. To
preserve the data sequence, the data were wrapped around to produce a random
association between the spatfall events (and amounts) and the factors that preserved both

the correlations among the factors and their autocorrelation structure.

The same models (logistic and linear) were fitted using the daily mean length of
the hourly wind vectors (a proxy for wind directional stability) instead of wind speed.
Thus, a steady wind in a given direction was expected to enhance the probability of a
spatfall event. However the results were so similar to those from mean wind speed that

they are not presented here.

RESULTS

Daily Patterns

Results from the statistical models incorporating wind speed, wind direction, tidal
range, and spatfall events indicated that the only significant effects on the probability of a
spatfall event occurring on a given day (prob(S)) was the mean wind speed/direction
interaction (Table 1; Fig. 2). An offshore wind had a significantly higher probability of
generating a spatfall event than an onshore wind (Tables 1; Fig. 2). For an offshore
direction in the wind, the odds of a spatfall event occurring on a given day prob(S)/(1-

prob(S)) increased by an estimated 13% for each 10 kmh-! increase in wind speed. If the
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wind was in the onshore direction, the probability of a spatfall event decreased by an
estimated 40%. Thus, results from this model suggest that spatfall events tended to be
associated with strong offshore winds. With regard to the effect of wind speed, wind
direction, and tidal range on the spatfall amount (total weight of algae with spat) that
arrived at the beach, an offshore wind increased the amount of spatfall by an estimated
181% for every 10 kmh-! increase in mean wind speed. If the wind was in the onshore
direction, the amount of spatfall decreased by an estimated 12% for every 10 kmh-1

increase in mean wind speed.

The effects of tidal range on the spatfall events and amounts were non-significant
for all 6 analyses. However, a slight indication that a large tidal range may have
increased the chances of a large spatfall amount was found within the first model

(including wind speed, wind direction, and tidal range) (Table 2; Fig. 3).

Analyses that included water temperature as an added physical forcing failed to
detect any effect of water temperature on both, the probability of spatfall events and the
averaged daily spatfall amounts (Table 1&2; Fig. 4). However, the models including
swell height in the onshore direction detected a strong negative effect for both spatfall
events and amounts. Thus, for every meter increase in the swell height, the odds of a
spatfall event were reduced by 81% and the spatfall amounts were reduced by 39%

(Table 1&2; Fig. 5).
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Monthly Patterns

Monthly records of storm events and spatfall events between January 1991 and
December 1998 showed distinctive seasonal patterns. The number of storm events,
defined as maximum wind speeds >20 m s per month indicated that the months of May
through October had the greatest number of storms of the year (Fig. 6). Monthly spatfall
events were highest between September and October (Fig. 6). Thus, a lag time of about 4
months is apparent between peak number of storms and peak number of spatfall events
(Fig. 6). Similar trends were observed for spatfall amounts, which also peaked between
September and October. The monthly mean number (2.36£2.36) of storms through the
calendar month, regardless of year, varied from 0.66 events in February to 5.11 events in
June. The average number of spatfalls ranged from 8.5 in May to 46.1 in October. The
spatfall amounts ranged from 23550-178659 kg/month in May and September,

respectively.

Results from the relationship between mean monthly swell height and number of
spatfall events and spatfall amounts between 1991 and 1993 revealed a generally inverse
relationship between swell height and both, spatfall events and amounts. Mean swell
height was highest in August and lowest in December-January for months between 1991
and 1993 (Fig. 7). The number of spatfall events peaked in February and October, when
swell conditions were generally low. Spatfall amounts were low between February and
July, when the mean swell height was rising. However, peak spatfall amounts took place
in August-October, when swell conditions were highest (Fig. 7). The monthly mean

swell height varied from 1.420.1 events in December to 2.3+0.1 events in August. The
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number of spatfall events ranged from 1 in May to 16 in October, and the total spatfall

amounts ranged from 480 kg/month in July and 103340 kg/month in August.

Yearly Patterns

Inter-annual patterns of high wind speeds and spatfall events show a direct
relationship between the number of high wind speed events (wind speeds >20ms™) and
spatfall events between 1991 and 1998. Two peaks of strong wind speeds were observed
in 1992 and 1996 (Fig. 8). Within the 8-year period, 1993 had the lowest number of
strong wind speeds (14 events), whereas 1996 had the greatest number of strong wind
speed events (41). Similar peaks in 1992 and 1996 were observed in the spatfall data
(Fig. 8). The range of spatfall events within the 8-year data period was from 20 events in
1991 to 74 events in 1996 (Fig. 8). Spatfall amounts followed a similar direct

relationship with the number of storm events except during1993-1994 (Fig. 8).

Records on the Southern Oscillation Index directly related to the number of storm
events (wind speeds > 20 m s and the number of spatfall events that took place at
Ninety Mile Beach between 1991 and 1998 (Fig. 9). An El Nifio event affected New
Zealand between 1991 and 1995 (Fig. 9). This 4-year El Nifio was particularly strong
between 1993-1994, which coincided with the lowest point in the number of storm and
spatfall events within the sampled period (Fig. 8&9). A strong La Nifia event in 1996
clearly matched a peak in number of storms and spatfalls the same year (Fig. 8&9). A
recorded El Nifio in 1997 and La Nifia in mid-1998 again were closely followed by the

number of storms and spatfall events at Ninety Mile Beach (Fig. 8&9).
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DISCUSSION

For bottom dispersers or negatively buoyant larvae and juveniles, a subtidal
transport mechanism is required for dispersal (Epifanio, 1995). In the case of mussel
larvae, settlement often takes place on filamentous algal material, which is neutrally or
negatively buoyant. As the density and size of mussels increase, the spat/algal material
becomes heavier, and forms dense clumps where often the initial algal substrate is no
longer visible. Under strong water currents, such as storms and cyclones, algal material
may becomes dislodged and form algal patches that tumble near the bottom. Studies of
the effects of wind-driven subtidal currents on the transport of negatively buoyant
materials are lacking. However, Reusch and Chapman (1995) observed the movement of
adult mussel clumps with wind speeds of less than 10 m s in a shallow subtidal habitat
in the Western Baltic. Storm events have been associated with dislodgment and onshore
transport of adult mussels (Witman and Suchanek, 1984; Witman, 1987; Reusch and
Chapman, 1995), but no detailed studies have been undertaken to record the movement of

bottom-drifting algal/spat clumps (but see Bonsdorff, 1992; Holmquist, 1994).

Daily Patterns

In the present study, offshore winds correlated well with a spatfall event on the
beach. Rapid cross-shelf transport responses to wind conditions have been observed in
other invertebrate larvae (Stoner and Smith, 1998). Stoner and Smith (1998) found that

larvae from the gastropods Strombus gigas and S. costatus, which inhabit the upper few
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meters of the water column, have a lag response to arrival at the shore of 6-8 hours after a
strong onshore wind condition. Lag times of less than 12 hours have been suggested to
be associated with larval transport of the crab, Callinectes sapidus, although it is still
unclear as to whether the transport is through surface and/or bottom waters (Epifanio,
1995). Surface drift algae, with their associated invertebrate communities, also have
been observed to move with slight breezes (Ingélfsson, 1998). Macrocystis pyrifera
clumps (1-2 kg) have been reported to move under wind speeds of 3.6-5.1 m/s
(Kingsford, 1995). However, it is unknown to what extent strong wind speeds can move

bottom-drifting material.

Upwelling conditions may upwardly transport heavier material, such as algal/spat
clumps, to near-shore surface waters. Upwelling events have been recorded along the
west coast of New Zealand's North Island, including Cape Reinga (Fig. 1) (Stanton, 1973,
Sharpless, in press). However, these upwelling events are normally caused by southerly
winds that move water northward along the coast. Then, Ekman transport carries surface
water away from the land such that upwelling of deeper water takes place. Southerly
winds are the predominant winds at NMB and these wind conditions may be responsible
for upwelling and the onshore transport of algal clumps in spatial scales of 100 km. Itis
possible that, in conjunction with an upwelling mechanism to bring algal/spat material
near shore, a smaller scale and closer to shore process is responsible for the accumulation
of spat/algae in the surf zone. Our data showed that northerly and northeasterly winds
were more likely to be associated with spatfall events and high spatfall amounts on the
same day. It is possible that strong offshore winds may act to decrease the onshore

swells allowing for smaller scale (10-100 m) entrapment of algal material in the surf
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zone. Low swell conditions in the onshore direction where found to increase the
probability of a spatfall event and the probability of a large spatfall amount. However,
more detailed oceanographic studies would need to be conducted in the area to elucidate

the effects of local ocean dynamics on spat/algal transport.

Tidal rage did not significantly affect the arrival of algae and spat to the beach.
However, there was a slight indication that spring tides resulted in higher spatfall
amounts. Spring tides have been associated with greater onshore transport than neap

tides (Kingsford, 1990).

Monthly Patterns

Monthly mean storm events within the 1991-1998 data show a distinct peak in
June, whereas the number of spatfall events peaked in October. These data support the
notion that a high number of storm events in May-August result in a high number of
spatfall events in September-October. This 4-month average lag time between peak
storm events and peak spatfall events may reflect the time scale within which algae are
dislodged by storms from subtidal habitats, and are transported to the surf zone. Algal
clumps tumbling on the bottom have been recorded to move more than 0.5 km in 24
hours (Holmquist, 1994), although algal patches near the surf zone at Ninety Mile Beach
have been observed to move with the along-shore currents up to 5 km per day (C.
Hensley, personal communication). However, bottom transport in deeper areas may be

slower and accumulation of drift algae may require several days to months.
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The mussel spawning season at Ninety Mile Beach is during winter-spring
(Alfaro et al., in press). Thus, the peak in spatfall events also may reflect a time when
mussel larvae are available in quantities large enough to saturate most of the floating
algal substrate available in the water column. Once algal substrates have attracted large
numbers of settlers, the material becomes quite negatively buoyant and may only be
moved by subtidal hydrodynamic processes. Thus, the time of the year over which the
peaks of storm/spatfall events take place may be related to a combination of factors
including frequency of storm events, availability of algal material, mussel spawning
events, and subtidal water flow dynamics. Climatic conditions for the area predict
increased wind speeds in winter months, as shown by our historical data and Moir et al.
(1986). Attached algal biomass has been recorded to be highest in summer months when
the temperature is highest (Kingsford, 1992), and algal abundances are high until winter
storms dislodge them (Rees et al., 1977; Lenanton et al., 1982; Dobbs and Vozarik, 1983;
Kingsford, 1992). Although there is little information about oceanographic conditions of
the area, the biological and physical factors mentioned, may be responsible for the

distinctively large number of spatfall events recorded in September-October.

Yearly Patterns

Within a larger temporal scale, the present data suggest strong inter-annual
agreement between the number of storm events, the number of spatfall events, and El
Nifio/ La Nifia years between 1991 and 1998. A peak number of storm and spatfall
events in 1996 coincided with the strongest La Nifia period recorded by the Southern

Oscillation Index. A strong El Nifio event in 1993-1994 related well with a drop in the
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number of storm and spatfall events in that period. The Southern Oscillation Index
directly relates to sea surface temperatures, such that, an El Nifio period is reflected in an
increase in sea surface temperature and a deepening of the thermocline (Goring & Bell,
1999). There are 3 possible processes by which El Nifio/ La Nifia events may affect the
observed spatfall event patterns. 1) while sea surface temperatures and depth of the
thermocline may have little effect on the availability and arrival of algae to the beach, it

is possible that higher temperatures and lower nutrients (caused by lowering of the
thermocline) may reduce the number of mussel spat available for settlement in the water
column. Because this study only reflects spatfall events that contained a substantial
number of spat attached to the algae to make their collection commercially viable, it is
likely that low numbers of mussel spat, not algae, may have resulted in the low number of
spatfall events during El Nifio years. 2) during El Nifio years, changes in wind-driven
Ekman transport also have been noted a have been associated with reduced coastal
upwelling (Mysak, 1986). The suggestion that arrival of algal material with spat to the
surf zone necessitates a net transport of bottom water to the surface is substantiated by
the findings that less spatfall number were recorded in El Nifio years and greater numbers
were recorded in La Nifia years. 3) it also is possible that El Nifio/ La Nifia climatic
conditions do not directly affect the number of mussel spat, but the number of storm
events. The number of storm events, in turn, affects the amount of algae that is ripped off

from the bottom and becomes available for transport to the beach.

Finally, spatfall events and amounts arriving at the beach appear to be affected by
a combination of physical factors that vary considerable within small and large temporal

scales. Wind speed and direction and swell height in the onshore direction have
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significant effects on the dynamics of spatfall arrivals to the beach. However, more detail
information is needed to elucidate the specific mechanisms involved in the accumulation
and transport of bottom drifting material. The oceanographic and weather conditions at
Ninety Mile Beach are highly complex and poorly understood. Thus, further studies are
needed to investigate other oceanographic processes, such as water circulation, vertical
and horizontal advection, and internal waves, that greatly affect the dynamic west coast

of New Zealand.
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Table 1. Logistic regression model fitted on the
probability of spatfall events (any amount of algae and spat
collected on a given day). F-statistics are presented for 3
models containing different parameters. Parameters
include A) mean wind speed (m/s), wind direction (onshore
and offshore), tidal range (mm), and date (January 1990 to
December 1998), B) water temperature (°C) was added to
the model, and C) swell height (m) was added to the model,
and C) swell height in the onshore direction was added to
the model. Each logistic model contains 5000

permutations.
A

Parameter p - value
p(wind speed) 0.050
p(wind direction) 0.301
p(date) 0.191
p(wind speed x wind direction) 0.001
p(wind speed x date) 0.288
p(wind speed x wind direction x date) 0.205
p(tidal range) 0.138
B

Parameter p - value
p(wind speed) 0.759
p(wind direction) 0.514
p(date) 0.359
p(wind speed x wind direction) 0.004
p(wind speed x date) 0.819
p(wind speed x wind direction x date) 0.436
p(tidal range) 0.965
p(temperature) 0.202
(&

Parameter p - value

-~ p(wind speed) 0.001

p(wind direction) 0.024
p(date) 0.229
p(wind speed x wind direction) 0.001
p(wind speed x date) 0.382
p(wind speed x wind direction x date) 0.104
p(tidal range) 0.258

p(swell) 0.001
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Table 2. Least squares regression model fitted on the
probability of spatfall amounts (amount of algae and spat
collected on a given day, in kilograms). F-statistics are
presented for 3 models containing different parameters.
Parameters include A) mean wind speed (m/s), wind
direction (onshore and offshore), tidal range (mm), and date
(January 1990 to December 1998), B) water temperature
(°C) was added to the model, and C) swell height (m) in the
onshore direction was added to the model.

A

Parameter p - value
p(wind speed) 0.548
p(wind direction) 0.689
p(date) 0.141
p(wind speed x wind direction) 0.001
p(wind speed x date) 0.647
p(wind speed x wind direction x date) 0.448
p(tidal range) 0.093
B

Parameter p - value
p(wind speed) 0.759
p(wind direction) 0.514
p(date) 0.359
p(wind speed x wind direction) 0.004
p(wind speed x date) 0.819
p(wind speed x wind direction X date) 0.436
p(tidal range) 0.965
p(temperature) 0.302
C

Parameter p - value
p(wind speed) 0.752
p(wind direction) 0.108
p(date) 0.409
p(wind speed x wind direction) 0.013
p(wind speed x date) 0.850
p(wind speed x wind direction x date) 0.291
p(tidal range) 0.999

p(swell) 0.001
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CHAPTER 9

General Discussion

Within the past 20 years, our understanding of mussel ecology has increased
considerably. The role of reproductive behavior (Darrigran et al., 1999; Myrand and
Himmelman, 2000), larval abundance and distribution (Martel et al., 1994; Caceres-
Martinez and Figueras, 1998), settlement and recruitment patterns (Hunt and Scheibling,
1997; 1998), and population dynamics (Hunt and Scheibling, 1996; McQuaid et al.,
2000) have been extensively investigated for a number of mussel species. Furthermore,
these detailed studies have contributed substantially to the identification of major
population dynamics and community structure trends in the rocky shore (Pawlik, 1992;
Petraitis, 1995; Hunt and Scheibling, 1997; Reusch and Chapman, 1997; Robles, 1997).
Conversely, the level of spatial and temporal variability observed within different life
stages in many mussel species, has made it difficult to apply general models to specific
populations. Therefore, research intending to elucidate ecological patterns within and
among mussel populations first necessitates a good understanding of the basic biology of
the species and the major environmental factors acting on such populations. Further
evaluation of the main biotic and abiotic processes affecting the population at different
spatial and temporal scales can provide a solid understanding of the system as a whole.

For mussel species such as, Perna canaliculus, a good understanding of the
ecological forces acting to maintain wild populations is essential to successful
aquaculture practices. This need for field-based knowledge is accentuated for wild

mussel populations extending intertidally and subtidally along Ninetly Mile Beach,
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northern New Zealand. Prior to this research project, the physical and biological
processes that contribute to the availability, accumulation, and transport of massive
quantities of mussel spat, attached to macroalgae, to the beach were almost entirely
unknown. The organism-environment interactions that exist at the reproductive, larval,
settlement/recruitment, and adult population dynamic stages of this species create a
complex ecological system at Ninety Mile Beach. Using techniques from a variety of
scientific disciplines, directed laboratory and field experiments were conducted to
elucidate ecological patterns that contribute to the maintenance and success of this highly
productive mussel system.

Studies on the reproductive behavior of the major intertidal and subtidal
populations of Perna canaliculus at Ninety Mile Beach indicated that these mussels
generally had a well-synchronized and prolonged spawning period between June-
December, when the water temperature was low and rising. This spawning period is
more extensive than southern areas such as Marlborough Sounds, New Zealand, and
these differences may be attributed to the overall warmer water temperatures at Ninety
Mile Beach. Identification of clear redeveloping gonad stages within mussels studied at
Ninety Mile Beach also implies that multiple spawnings take place throughout the year.
Furthermore, a prolonged spawning season and the occurrence of multiple spawnings
point to a potentially high production of larvae that may account for the massive spatfall
events at Ninety Mile Beach. Differences in gonad indices among intertidal and subtidal
populations also indicated that subtidal populations at the southernmost end and one

intertidal population at the northernmost end of Ninety Mile Beach have the greatest
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gonad indices of all populations studied, and may be the greatest contributors to the high
spatfall productivity of the area.

Once the gametes are in the water column and fertilization has taken place, larvae
will begin their search for suitable substrata to settle on. Macroalgae, mostly filamentous
red algae, are the main substrata that larvae and juvenile mussels will settle on.
Morphological and chemical cues were shown to directly mediate the settlement
selectivity of larval and post-larval mussels. Field and laboratory experiments indicated
that young mussels of different size classes preferentially settled and re-settled on various
substrata according to the branching degree of the substratum, the specific site of
attachment within the substratum, and the chemical composition of the substratum. Thus,
small mussels (< 0.5 mm in shell length) tended to settle on fine-branching natural and
artificial substrata, while larger mussels (1.5-2.0 mm in shell length) tended to settle (or
re-settle) on coarser-branching substrata. Furthermore, young mussels preferred to settle
on node versus internode areas within natural and artificial substrata. When the
morphological component was removed from the settlement experiments by placing algal
chemical extracts on phytogel plates, mussels settled in greater numbers on plates
containing algal extracts compared to control plates, which only had phytogel. This clear
morphological and chemical settlement specificity may be an adapted strategy for mussel
larvae and post-larvae to increase their survival chances by settling on filamentous algae.
Filamentous algae may provide a protective microhabitat of concentrated food supplies
where young mussels may survive for long periods of time. Because macroalgae are
readily dislodged from their original substrata, and are able to survive for a considerable

time in the water column before disintegrating in the water column, these substrata also



Chapter 9: General Discussion 232

may provide an effective mechanism for transport and dispersal for mussels attached to
this drift material.

Within the drift algae, juvenile mussels may continue to grow until they reach a
suitable rocky shore. Once near the rocky shore, mussels may detach from the drift algae
and mucous drift and re-settle onto other algal substrata attached to the rocks, or in a few
instances, directly onto the adult mussel bed. Field experiments conducted to elucidate
patterns of larval availability, primary and secondary settlement, recruitment, and
mortality rates within intertidal populations at Ninety Mile Beach indicated that a clear
and specific pathway may exist for mussels to transfer from their early life in the water
column (and drift algae) to the adult mussel bed in the rocky shore. Larval availability in
seawater adjacent to the studied intertidal areas was higher for small mussels (< 0.25 mm
in shell length) in August, just after the start of the spawning season, and higher for larger
mussels (> 0.5 mm in shell length) later in the season in March. Results from short- and
long-term settlement experiment on adult intertidal mussel beds and adjacent algal areas
suggest that primary settlement takes place predominantly on the algal substrata. Then,
mussels may transfer from these algae to the adult mussel bed as larger mussel recruits
more able to compete for space and food with their adult conspecifics. Peaks in
recruitment rates also coincided with peaks in mortality rates in August, indicating the
importance of early mortality effects on intertidal populations of the area. A particular
population at the northernmost end of Ninety Mile Beach had a dramatic turn-over of
individuals in August of the 2 years studied. During this time, the intertidal zone suffered
an almost 100 % mortality of adult mussels, which were soon replaced by young mussels,

which were abundant on the attached and free-floating algae nearby. The mortality of
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mussels within this population was attributed to a combination of low energy levels of
mussels, which had just spawned, and a periodic accumulation of large quantities of drift
algae covered with mussel juveniles (up to 100 % cover), which may have smothered
adult mussels by depleting the food supplies of the area. As a consequence, mussels of
large shell size, but diminished body tissue size, were observed “peeling-off” from the
rocks, making space available for new recruits. The high turn-over rates of some
intertidal populations at Ninety Mile Beach, together with the massive strandings of
mussel spat along the stretch of the beach, suggest that a powerful oceanographic
mechanism may continuously act to accumulate and deliver the negatively buoyant algal
material covered with spat to the shore in un-limiting quantities.

While the high abundance of mussel spat at Ninety Mile Beach is unique in this
country, the arrival of spatfall material to the surf zone is more sporadic and irregular.
Unreliable sources of mussel spat collected from the surf zone may be complemented
with mussels harvested from settlement ropes placed subtidally inside Ahipara Bay,
Ninety Mile Beach. Field experiments that tested settlement patterns on suspended ropes
at 3 different water depths inside and outside Ahipara Bay indicated that mussel
settlement was high for small mussels (< 0.49 mm in shell length) at the shallowest
depths (2 m water depth) just after the start of the spawning season in August.
Conversely, larger mussels (> 1.0 mm in shell length) were more abundant at greater
depths (18 m water depth), and were thought to have transferred as secondary settlers
from tumbling algae on the seafloor. Although settlement differences between inside and
outside the bay were not statistically significant, results from these experiments suggest

that settlement ropes placed inside Ahipara Bay may be used reliably as indicators of the
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arrival of spattfalls to the beach, and as an alternative source of mussel spat, which can be
harvest directly from the water column.

An attempt to elucidate temporal variability in spatfall events on the beach was
undertaken by comparing historical records of wind speed and direction, tidal range,
water temperature, and modeled swell height and direction with records of spatfall events
for the period 1990-1998. Specifically, a statistical model was used to identify
oceanographic and weather conditions that favored spatfall events and amounts within
daily, monthly, and inter-annual temporal scales. Analyses of the large data sets resulted
in a significant increase in spatfall events and amounts during days of strong offshore
winds and low swell, and a suggestive increase in spatfall amount with high tidal range.
After removing seasonal variability, water temperature was found to have no significant
effect on spatfall events nor amounts. Monthly storm events (wind speeds > 20 m/s)
were most frequent between May-August, while spatfall events and amounts were greater
4 months later in September-October. Years with a greater number of storm events also
were associated with significantly higher spatfall events and amounts. These weather and
oceanographic patterns may be associated with El Nifio/La Nifia events, which greatly
influence the climate in New Zealand.

It is clear that the dynamic life history processes of Perna canaliculus at Ninety
Mile Beach make this mussel species well adapted to the complex and energetic ocean
conditions of the northwest coast of New Zealand. These favorable environmental
conditions allow for a prolonged spawning season, especially from productive subtidal
populations, which generate unlimited amounts of mussel larvae in the water column.

These larvae readily saturate the abundant drift macroalgae, which tumble on the
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seafloor. A combination of favorable ocean currents which meet offshore of Ninety Mile
Beach appear to accumulate this drift material and periodically push it to the nearshore,
where mussel spat are able to re-colonize and maintain adult populations, as well as
provide the major source of mussel spat to support the mussel farms in New Zealand.
Finally, this thesis is submitted to The University of Auckland, New Zealand in
the hope that it may provide a foundation for continued research in the field of mussel
ecology at Ninety Mile Beach. It is suggested that the appropriate private and
government organizations extend funding opportunities for future work on the ecology of
this important commercial species. Further studies may target research on the basic
oceanographic patterns of the area, identification and quantification of the main sources
of macroalgae, and continued monitoring of mussels within drift material and within
intertidal and subtidal populations at Ninety Mile Beach, northern New Zealand. The
study of this mussel species, endemic to New Zealand, also provides a unique
opportunity for this country to export valuable ecological knowledge to the scientific

community of the world.
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