Archival Tagging and Feeding of the
New Zealand Sea Star, Coscinasterias
muricata (Echinodermata: Asteroidea), in
Doubtful Sound

Tracey Channon

A thesis submitted for the degree of
Master of Science
At the University of Otago, Dunedin, New Zealand
7 May 2010
i

Abstract

Many species of sea stars are considered to be keystone species, meaning they
have a considerable effect on the habitat in which they are found. Their feeding
within the habitat will often control the distribution of associated species.
Investigating feeding activity at an individual level will enable researchers to better
understand how they structure marine communities. Also, understanding how food
limitations may affect their growth or reproductive potential will give us a better
understanding of how populations of sea stars react to changes in their environment,
particularly in relation to changes in food availability. Until now there has been little
research completed on the individual movement of sea stars, particularly over
extended periods.

The first aim of this research was to develop a method of tagging the mobile,
subtidal invertebrate Coscinasterias muricata that could be employed easily in-situ and
later be used in an effort to monitor the movements of the sea star in relation to the
freshwater layer which is found nearly permanently in Doubtful Sound. The second
aim of the following thesis was to test the use of electronic archival tags in the field as
a method of examining the ecology of a subtidal marine invertebrate, as opposed to
more conventional methods, such as direct diver observations. The final aim of this
thesis was to determine what, if any, affects food limitations have on the survival,
growth and potential reproductive output has on Coscinasterias muricata.

The New Zealand sea star, Coscinasterias muricata, was tagged with small
archival electronic tags that recorded water temperature and depth every 5minutes
for up to 2 weeks. Tagging was undertaken to test the viability of using electronic
ii

tags in research on the ecology of sea stars in a New Zealand fjord, where their
vertical distribution is influenced by the presence of low-salinity layers. The effects
of tagging were tested prior to in situ use, and tagging showed no significant
influence on survival, feeding, righting ability or movements. Tagging of the sea
stars in their natural environment at Espinosa Point, Doubtful Sound, New Zealand
provided information on their vertical movements over periods of up to 2 weeks.
The movement was compared to physical environmental data including the depth of
the low salinity layer.

The tagged sea stars showed variation between individuals and between
tagging trials in their movements. However in all but a couple of short periods the
sea stars remained in water that was close to full salinity. When the low-salinity
layer was relatively shallow (February 2008) the sea stars moved into shallower
waters, where they were likely feeding on the dense mussel band found in the
shallows. It was concluded that the sea stars were able to move at rates that would
allow them to track the bottom of the low-salinity layer as the tide moved in and out
and when the tide was high and the bottom of the mussel band was exposed to full
salinity sea water the sea stars would be able to feed on the mussels and still escape
the low-salinity layer as the tide moved out.

Laboratory studies into the effects of food limitations on the survival, growth
and reproductive potential of the sea stars were conducted over a period of 185 days.
Limited food availability had no effect on the sea star in terms of their survival,
somatic growth, pyloric caeca index or gonadal index. Limited food availability had
an effect on the timing of gametogenesis as seen through examination of the oocytes
and spermatogenic columns of the sea stars. Rather than the development of the
oocytes and spermatogenic columns being affected, it was the timing of the stages of
this development that appear to be influenced by a reduce quantity of food. From
iii

the research conducted it appears that both male and female sea stars fed ad libitum
reached maturity earlier than sea stars with restricted quantities of food.

This study is one of the first to utilise electronic tagging to study the ecology
of a mobile invertebrate such as a sea star. The success of this initial study suggests
that valuable quantitative could be gained by future tagging of these animals.
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1. General Introduction

1.1 Coscinasterias muricata
Coscinasterias muricata, which is commonly known as the eleven-armed sea
star, is from the Phyla Echinodermata, and class Asteroidea. C.muricata is widely
distributed throughout the Indo-Pacific region and is one of the most common sea
stars in coastal New Zealand, Southern Australia, Tasmania, Lord Howe Island and
Chatham Islands (Fig. 1.1)

Figure 1.1: Map of Australasia, the darker area shows the distribution of
Coscinasterias muricata including southern Australia, Tasmania, Lord Howe Island,
Chatham Island and coastal New Zealand
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C.muricata occupies both the intertidal and sub-tidal habitats but is usually
restricted to sheltered sites such as harbours and wave protected shores (Barker
1977). Coscinasterias muricata presents a lifecycle characterized by a benthic sedentary
adult phase, high fecundity, external fertilization and extensive passive larval
dispersal (Perrin et al. 2004). Spawning is seasonal and occurs between November
and March (Crump and Barker 1985). C.muricata can reproduce asexually through
fission (Crump and Barker 1985; Johnson and Threlfall 1987) or by producing
planktotrophic larvae (Barker 1978; Crump and Barker 1985). Not all populations
reproduce using asexual reproduction, this appears to include the populations in the
New Zealand Fjords (Sköld et al. 2002). C.muricata is found in high abundance inside
the wave-sheltered fjords where invertebrate communities dominate (Witman and
Grange 1998) and declines in abundance towards the entrances to the fjords (Sköld et
al. 2003), where space is dominated by macroalgae (Wing et al. 2001; Nelson et al.
2002).

1.2 Keystone Species
C.muricata is widely regarded as a keystone species, as are many other species
of sea stars. The term keystone species originally referred to top carnivores in a
community, but now the term is more broadly used to refer to important but noncarnivorous species (Menge et al. 1994). The definition of a keystone species is a
species whose impact on its community or ecosystem is large and disproportionately
larger, relative to its abundance (Power et al. 1996). Keystone predators are one of
many predators in a community that alone determine most patterns of prey
community structure, including distribution, abundance, composition, size and
diversity (Menge et al. 1994). Going by this definition keystone species have been
demonstrated or suggested to occur in all of the world’s major ecosystems (Power et
al. 1996). Keystone species can exert effects, not only through the commonly known
mechanism of consumption, but also through such interactions and processes as
2

competition, mutualism dispersal, pollination, disease and by modification of
habitats and abiotic factors (Mills et al.1993).

Predatory sea stars can play major roles in structuring marine communities
(Paine 1969b; Dayton 1971; Dayton et al. 1974; Power et al. 1996). Most studies have
concentrated on the effects of sea stars in intertidal communities; however it would
be reasonable to expect that the impact would be greater in sub-tidal communities
where they are not subjected to desiccation stresses for which echinoderms are
poorly adapted (Feder and Christensen 1966). Studies on feeding rate, prey selection
and foraging strategies are important in understanding the role of sea stars in marine
communities (Feder 1970; McClintock and Lawrence 1981; Gaymer et al. 2001;
Gaymer et al. 2002; Gaymer and Himmelman 2002).

Coscinasterias muricata is a critical predator in the New Zealand Fjords
(Witman and Grange 1998). Studies in marine (Connell 1961; Paine and Vadas 1969;
Lubchenco 1983) habitats have shown that predators can indirectly increase species
richness and diversity by consuming competitively superior prey (Palumbi and
Freed 1988). Such predators have been termed keystone species because of their
fundamental effect on community structure (Paine 1969). Studies have shown that
the effect of a keystone species is generally greatest at intermediate predation
intensities, meaning that mechanisms that regulate predation intensity can have a
dramatic effect on prey diversity (Paine and Vadas 1969).

The first indentified

keystone predator, the sea star Pisaster ochraceous, influences the coexistence of a host
of invertebrate and algal species in the space-limited intertidal zone of the West
Coast of North America by preferentially consuming the dominant competitor
Mytilus californianus (Paine 1974). In the New Zealand Fjords Coscinasterias muricata
has a major predatory influence on the species assemblages. Areas where the sea
3

stars are found in higher numbers tend to be more species diverse than sites where
the sea stars are reduced in numbers or absent completely (pers. obs.). The main
prey of Coscinasterias muricata in Doubtful Sound is the blue mussel, Mytilus
galloprovincialis. This mussel is always found close to the surface in what is
commonly a band of lower salinity water.

Clarke (2002) found that C.muricata

preferred M.galloprovincialis as its primary food source over other feed types such as
Ribbed Mussels (Aulacomya maoriana) and the algae (Ulva spp.). Clarke (2002) also
found that the salinity tolerance of Coscinasterias muricata is between 20 and 25PSU
yet M galloprovincialis s is often found in waters of this salinity or less. This brings up
several questions; are the sea stars being limited in the preferred food source by the
low salinity waters where the mussels are found? If the sea stars are feeding on the
blue mussels despite the lower salinity waters, what effects is this environment
having on them? If the sea stars are being limited in their feeding, is this having any
affect on their growth and potential reproductive output?

1.3 Salinity Tolerance in Echinoderms
Echinoderms are the only major animal phylum which is restricted to marine
habitats (Stickle and Diehl 1987).

There are approximately 7000 species of

echinoderms (Brusca and Brusca 2003) and less than one percent of these species are
known to be found in salinities any less than full salinity seawater (see Table 1 Stickle
and Diehl 1987). Echinoderms lack specialized excretory organs and the capacity for
osmoregulation (Binyon 1966 and 1972b). A few echinoderm species such as the
brittlestar Ophiophragmus filograneus (Turner and Meyer 1980) are found in brackish
waters, however these species show physiological and neuro-muscular indications
of stress under hyposaline conditions (Binyon 1972b; Forcucci and Lawrence 1986).
The reported exposures to hyposaline conditions for 38 species of echinoderms range
between 5 to 29‰ (Stickle and Diehl 1987). These exposures are seasonally episodic
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with durations spanning a few hours to days, but rarely exceeding one week. In
New Zealand it has been found that the small sea star species Patiriella regularis is
able to survive up to four days in freshwater (0‰) (Barker and Russell 2008). It is
likely that there are physiological costs to living in such a highly stressful
environment.

1.4 Fiordland
Fiordland is located on the South-western corner of the South Island, New Zealand.
Indenting the coastline of Fiordland are fourteen fjords stretching from Preservation Inlet at
the southern limit to Milford Sound around 200km north (Stanton and Pickard 1981) (Fig.
1.2). In the middle of coastal Fiordland lies the Doubtful Sound-Thompson Sound complex
(166°58'45‛E; 45°18'00‛S), the field location for the following section of research (Fig. 1.2).
The fjords are the drowned lower reaches of valleys formerly occupied by glaciers during the
last glaciation (Cotton 1956). Although fished heavily for certain species (i.e. crayfish), the
remote position of almost all the fjords ensures that they contain mostly unaltered marine
environments that feature many rare assemblages of rock wall biota (Grange and Singleton
1988).

Doubtful Sound is a typical fjord being narrow with steep sides and a few submarine
sills separating the deep basin from the open sea (Stanton & Pickard 1981). The fjord is
approximately 110km long in total, the main channel being around 40 kilometres long, the
remaining 70km being spread between the five secondary arms (Lamare & Stewart 1998;
Clarke 2002). The fjord has an average width of 1.2 km and a max depth of 421 meters
(Clarke 2002; Miller et al. 2006). The intertidal range is 2.0m at spring tides and 1.0m at neap
tides (Stanton & Pickard 1981). The fjords, including Doubtful Sound, have typical estuarine
circulation, comprising of a shallow low salinity surface layer travelling seaward with a
deeper replacement inflow of denser, saline ocean water (Stanton 1984; Stanton and Pickard
1981). The Doubtful Sound marine area is an unusual marine environment due mostly to the
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high orographic rainfall (~7m yr-1, Gibbs et al. 2000) combined with additional anthropogenic
freshwater input from the Manapouri Power Station (Miller et al. 2006).

Figure 1.2: Location of Doubtful Sound, Fiordland, New Zealand. The black dots show
the locations of Espinosa Point, M4 Mooring, Deep Cove and Hall arm study sites

Doubtful Sound has a large inflow of freshwater. Three factors contribute to the
freshwater input
1. A large catchment area (627km2) (Clarke 2002).
2. High rainfall due to prevailing moisture-laden winds coming eastwards across
the Tasman Sea (~7m yr-1 over catchment area) (Gibbs et al. 2000; Gibbs 2001) and
a riverine input of 135m3s-1 (Bowman and Dietrich 1995).
3. Increased freshwater input from the Manapouri Power Station due to the
discharge of freshwater into the head of the fjord via the ‘tailrace’ (350 – 450m3s-1)
which is several times greater than the mean natural inflow from precipitation
(Gibbs et al. 2000; Gibbs 2001).
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These factors contribute to the formation of what is known as the LSL or lowsalinity-layer. The Doubtful Sound low-salinity-layer (LSL) is likely to be one of the most
pronounced in the world (Gibbs 2001). The freshwater layer can be up to 10m thick
(Sköld et al. 2003) with typical salinities of 5 to 10‰. The fjord experiences estuarine
circulation with seaward flowing brackish water overlying deeper saline water (Stanton
& Pickard 1981). Strong wind events can also affect water movement in the sounds
particularly in near surface circulation (Gibbs 2001). The low salinity layer is robust and
is maintained year round (Gibbs et al. 2000). Low salinity events at shallow depths vary
in temporal frequency and duration in response to rainfall and associated runoff (Gibbs,
2001), wind stress (Gibbs et al. 2000), the additional freshwater input from the power
station. Due to the combination of these factors the LSL is thicker and more temporally
consistent than in the other fjords (Gibbs 2001).

The Manapouri Power Station, which is located in the west arm of Lake
Manapouri, was commissioned on the 8th September 1969. The plant diverts freshwater
through turbines then through an underground tunnel system releasing the water via the
‘tailrace’ into the head of Doubtful Sound. Tailrace discharge increases freshwater input
to the fjord from ~200m3s-1 (the amount delivered to the entire fjord by natural inflow) to
450-700m3s-1, more than doubling the freshwater inflow rate (Stanton and Pickard 1981).
Time series data from oceanographic moorings indicate that power station outflow has
established a mean surface salinity decline of 2 PSU (from 8 to ~6 PSU) in the inner fjord,
whereas the mid fjord region is now half of its original recorded mean salinity (from 25
to 12 PSU; Gibbs et al. 2000). The power plant outflow has altered the structure of the
naturally occurring surface low-salinity-layer (LSL). During a one-month period in the
summer of 1998, when rainfall was at its lowest (and salinity at its peak), water at 1m
deep in the inner fjord showed a mean salinity of 3 PSU and never reached a salinity
greater than 10 PSU (Gibbs et al. 2000). In the mid-fjord region, the salinity rarely drops
below 20 PSU (Gibbs et al. 2000). Studies have shown that the freshwater flows from the
hydroelectric power station have extended the low salinity surface waters further from
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the head of the fjord and this has led to lower variation in salinity conditions at the head
of Doubtful Sound (Tallis et al. 2004).

The underwater irradiance of the New Zealand fjords is very low, approximately
1-2% of surface light reaches 15m deep, due to the steep sided, narrow walls typical of
the fjords which restricts direct light from entering the water column (Grange et al. 1981;
Grange and Singleton 1988). The LSL further reduces irradiation through the scattering
of the light, due to the differing refractive properties of salt water and freshwater and
through light absorption by the humics found in the low-salinity layer (Peake et al. 2001;
Gibbs 2001). Doubtful Sound experiences large, along-fjord gradients in light penetration
(Goebel 2001) because of the presence of the permanent low salinity layer which thins
towards the coastal entrance of the fjord allowing the light to penetrate further (Gibbs et
al. 2000; Gibbs 2001). Concordantly macrophyte biomass and cover decreases along the
fjord with increasing distance into the fjord, ranging from dense kelp dominated
communities at the entrance, through to primarily coralline encrusted communities near
the head of the fjord (Wing et al. 2001).

The LSL is a key factor structuring benthic rock wall communities at shallow
depths throughout Fiordland (Witman and Grange 1998, Smith and Witman 1999) and
provides a refuge for sessile species from stenohaline predators and grazers (Witman and
Grange 1998).

This altered salinity regime in Doubtful Sound coincided with the

depletion of many invertebrate and algal species from the rock wall habitats in Deep
Cove and Hall Arm (Boyle et al. 2001). The variable salinity environments of estuaries
imply that the distribution of invertebrates will be partially determined by their ability to
avoid or regulate extreme salinity events (McLeod and Wing 2008). Mytlius sp. are able
to inhabit extensive salinity gradients as they use physiological mechanisms to regulate
stressors, such as the excretion of ammonium and transport of inorganic ions and free
amino acids (Livingstone 1988, Berger and Kharazova 1997, Gardner and Thompson
2001, Kube et al. 2007). Studies of the rock wall assemblages in Doubtful Sound have
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revealed unusual community structures and given insight into the dominating control of
the LSL on these assemblages (Witman and Grange 1998)

1.5 Aims of study
The overall aims of this thesis were to:
1.) Develop a method of tagging Coscinasterias muricata that could be used in situ
to monitor the movements of the sea stars in relation to the freshwater layer in
Doubtful Sound.
2.) Determine if the sea stars were moving into the freshwater layer, where the
mussels (M. galloprovincialis) are found, or if the sea stars are limited in their
food resources due to the location of the mussels within the LSL.
3.) Determine if the growth, survival or reproductive capabilities of the sea stars
are being altered due to possible food limitations.

9

2.1 Tagging Trials & Validation Introduction

Information on behaviour of an organism can come from a variety of different
methods. Laboratory studies are commonly undertaken, but do not to allow for
certain aspects of behavioural analysis, and assumptions about in situ behaviours
may not be valid. Direct observations by divers or video provides information on
habitat use, distributions, movements and biotic interactions (e.g. Karnofsky et al.
1989a,b). However these types of observations are restricted to shallow waters with
adequate light and/or small areas (Freire and González-Gurriarán 1998). Tagging can
be used for the identification of individuals or groups of aquatic animals, this could
have many uses beyond what we have previously been able to undertake. Biology,
ecology, fisheries and aquaculture research have all benefited from a variety of
marking and tagging techniques in the form of studies on growth, behaviour,
population dynamics and genetics to name just a few.

2.1.1 Tagging of Marine Animals
Tagging of marine species using electronic sensors is not new. Over the last 50
years (Sibert and Nielsen 2000), tagging of marine species has been giving scientists
information on migrations, movements, behaviours and physiology of marine
organisms in their natural environment. Tagging is most commonly undertaken on
finfish, such as the studies by Block et al. (2005) on the population structure of bluefin
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tuna and by Hampton (1986) on the condition of tagged Southern bluefin tuna.
Investigations into species such as tuna are common due to their economic
importance, large size and an interest in their physiology (Arnold and Dewar 2001,
Block et al. 2005; Davis et al. 2007). Tagging to monitor movement of invertebrates
has been completed on rock lobster (Jasus edwardsii) in Tasmania. This study looked
at short term (less than two weeks) and long term (between years) movement of the
lobsters (Barrett et al. 2009). The tags used, were for identification of individuals
only, meaning the information available was restricted to the position of the lobster
when recaptured. The advantage of this was that the tags were inexpensive allowing
thousands of lobsters to be tagged, but the disadvantage is that the movement
information is restricted to instantaneous data points. Other tagging studies include
work with marine vertebrates such as marine mammals. Archival tags called DTAG
(Digital Acoustic Recording Tag) have been developed to monitor behaviour of
marine mammals. These tags have been attached to more than 30 northern right
whales (Eubalaena glacialis) and twenty sperm whales (Physeter macrocephalus) with
recording durations of up to twelve hours per deployment (Johnson and Tyack,
2003).

The tags were used to monitor their response to sound, continuously

throughout the dive cycle. Hydrophone-equipped tags have also been used to record
exposure to noise, as well as physiological and behavioural sounds on free-ranging
northern elephant seals (Mirounga angustirostris).

The tags measured the dive

pattern, ambient and vessel noise exposure, acoustic signatures of swim strokes,
surface respiration and cardiac function (Burgess et. al. 1998).

Work involving

marine invertebrates is less common. In 1998 an estimated 11,800 electronic tags
were placed on marine animals, of which only approximately 35 were reported as
being used on marine invertebrates (Stone et al. 1999).
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2.1.2 Types of Electronic Tags
There are several different types of electronic tags that have been used
previously in the tagging of marine organisms including non-archival tags (do not
record information during deployment) such as PIT tags (passive integrated
transponder tags) which remotely track animal movements. PIT tags have been used
in the tagging of sea urchins (Hagen 1996) and benthic octopus (Anderson and
Babcock 1999). The study by Hagen (1996), used glass-encapsulated, physiologically
neutral, internal tags which are invisible after implantation.

These tags had

indefinite life spans which allowed unlimited non-destructive sampling of tagged
individuals. Tags of this type were a great advantage in the study of sea urchins
which until this point had only been tagged with external marks attached to the
spines which often lead to poor tag retention (Sinclair 1959).

Marine decapod

crustaceans fitted with transponders have been tracked in a number of studies
(Phillips et al. 1984, Smith et al. 1998). Freire & González-Gurriarán (1998) outlined
both the use of PIT tags and electronic tags as a method of tracking decapod
crustaceans. They state the downfall of each as being the problem of recapture
(Freire & González-Gurriarán 1998).

For both types of tags, to retrieve any

information, the organism has to first be relocated. In general tags of these types
tend to only be used on species which are exploited by fisheries – giving relocation of
an individual a higher probability.

Tagging that involves data recording and logging by the tag during
deployment (archival tagging) has been restricted to studies on decapod crabs (Freire
& González-Gurriarán 1998), squid (Semmens et al. 2007; Gilly et al. 2006), cuttlefish
(Jackson et al. 2005) and fish species (Heffernan et al. 2004). One particularly good
example of the use of archival tags is the work completed on jumbo squid Dosidicus
gigas by Gilly et al. (2006). The jumbo squid has a complex migration pattern and the
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work on these squids using archival tags have allowed researchers to better
understand their behaviour. Both archival tags and Pop-Up Archival Transmitting
(PAT) tags were used. Both devices sampled pressure and temperature every 2 to 4
minutes. The size of these particular tags used however makes them inappropriate
for work with smaller invertebrates. Another example of the use of archival tags is to
calculate rates of depth change and tilt angle distributions of cod in North, Irish and
Barents Seas (Heffernan et al. 2004).

Over time the size of archival tags has decreased as mirco-computer
technology advances. This decrease in size has made them more appropriate for
tagging smaller and smaller invertebrates, including sea stars. The use of these small
electronic archival tags has the potential to greatly advance our understanding of the
ecological role sea stars and other small marine invertebrates have in their
environments. Hopefully these tags will also be able to give us insights into how
benthic invertebrates respond to changes in their surrounding physical environments
(e.g. changing depth of the freshwater layer in Doubtful Sound). Several methods
have previously been used to attach tags to sea stars to aid in individual recognition
including vital stains (Loosanoff 1937; Feder 1959, 1970; Kvalvagnaes 1972),
puncturing (Kvalvagnaes 1972, Paine 1976) and harnesses (Kvalvagnaes 1972). To
the best of my knowledge no previous studies have looked at the use of archival tags
in the study of sea stars.

2.1.3 Validation
Once an organism has been tagged (such as a sea star in this study) tests must
be conducted to ensure that the tag itself or the tagging process is not having any
influence on the organism. For any proposed tagging method to be successful, all
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disturbance to the sea star needs to be minimized and the tag must provide a means
of recognizing the animals in the field. Numerous tagging studies have occurred in
the past that did not investigate the effects of the tags or tagging procedure on the
animal being tagged. This could potentially have an impact on any conclusions
drawn from results of the tagged individuals. Southern blue-fin tuna have been
tagged in numerous studies since 1959 which have given scientists a lot of
information on growth, mortality, movements and yield per recruit, however many
of these studies did not examine the effects of the tags themselves. Hampton (1986)
examined the effects of the tagging, 4590 tuna were tagged, 316 tagged and 737
untagged tuna were later weighed and measured (as they were recaptured). It was
found that overall condition of the tuna was reduced by capture and tagging;
behavioural changes immediately after tagging were also noted (Hampton 1986).
This could put doubt over all results gained through the use of these tags on
Southern Bluefin tuna.

In another study the effects of tagging octopus were

examined (Anderson and Babcock 1999). Octopus tagged in the laboratory and their
physical condition (including tag retention), behaviour, growth and survival were
compared with control groups.

2.1.4 Sea Star Tagging
In developing a tagging method it was important that the tags or the process
minimized any affect to the sea stars. Tag retention and retrieval along with survival
were the first important factors to consider. Archival tags of the type used must be
relocated to gain any data from them. In previous studies on sea urchin external
markers attached to spines (Sinclair 1959) wrapped around the test (Moore 1935) or
attached by drilling holes in the skeleton (Ebert 1965, Olson and Newton 1979) often
led to poor tag retention, along with high tagging mortality and reduced growth
rates (Hagen 1996). Hagen (1996) tagged sea urchins using PIT tags and found there
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to be no significant differences in survival between the tagged group and the control
group, there was also a high tag retention rate and no differences in the growth of the
tagged versus control sea urchins.

Sea stars are known to autotomize arms.

Arm loss combined with low

amounts of nutrient reserves could cause a reduced capacity to withstand low
availability of food and as the caecal reserves can be used for gametogenesis,
possibly a decreased capacity for reproduction (Lawrence and Larrain 1994).
It is important that any tagging method did not cause mortality of the sea stars
or arm automony.

Along with survival, tag retention and arm retention, movement, feeding and
righting behaviours of the sea stars could all be affected by the tags or tagging
procedure. It was important to ensure that the methods of tagging developed did
not affect any of these behaviours.

Righting responses have been used as an

indication of stress in response to environmental variables including temperature
and salinity in both sea urchins and sea stars (Diehl et al. 1979, Himmelman et al.
1984, Forcucci and Lawrence 1986, Lares and McClintock 1991 and Lawrence and
Cowell 1996). Righting experiments could be used to assess performance of neuromuscular coordination and behaviour of species with tags. Sea stars are normally
oriented with tube feet on the oral surface attached to the substratum. Overturning
an individual so that the oral surface faces up and the tube feet are not in contact
with the substratum elicits a righting response. The righting response of the sea star
involves co-ordination of movements of the tube feet to contact the substratum and
adjusts the position of the arms to turn over into a normal orientation (Barker and
Russell, 2008). Time taken to complete righting response is measured as activity
coefficient and indicates levels of stress and well-being (Lawrence and Cowell 1996).
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2.1.5 Aims of Study
The aims of this section of the thesis were to develop a successful method of
tagging the shallow water, mobile invertebrate, the New Zealand 11-armed sea star,
Coscinasterias muricata, which did not cause mortality or behavioural changes to the
sea stars, while ensuring that the tags were retained. The method needed to be
simple so that it could be implemented in the field in the shortest possible time,
without having to bring the sea stars back to shore and then return them to the water.
It is hoped that the method developed could be modified to use on other asteroids.
An in situ test of the tagging method was also trialled, methods and results for this
are described in chapter three.

16

2.2: Tagging Trials & Validation
Methods

2.2.1 Tagging Methods Development
Several different methods of tagging the sea stars were trialled before heading
into the field. The tags used throughout the studies were Star Oddi DST-milli tags
(5g in water, 9.2g in air and 12.5mm x 38.4mm) and were attached to the sea stars
using wire fastenings (Fig. 2.1). The development of the tagging method is outline in
the pilot study (see appendix 6.1). The tags measured depth and temperature at user
defined intervals.

Figure 2.1 Tagging of Coscinasterias muricata
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2.2.2 Validation Study - Feeding Rate Trials
To establish whether there were differences in the feeding rate between tagged
and untagged sea stars a feeding rate trial was conducted. Eight tanks were set up
measuring 53cm(W) x 81cm(L) x 28cm(H), approximately 120L, with a medium flow
(0.5 – 1.0L min-1) of constantly running seawater. Three randomly selected sea stars
were weighed (as a group) and then put into each of the eight tanks. Four of the
tanks were chosen at random, and the sea stars in these tanks were tagged using the
wire only tagging method described in Appendix 6.1.

The tags used in this

experiment were plastic epindorf tubes filled with water to make them
approximately the same weight and size as the real tags. A hole was pierced in the
epindorf tube to allow attachment with the stainless steel wire. Once the tags were
all in place, the starfish were left to acclimatize for one hour. After this time ten live
cockles (Austrovenus stutchburyi), collected the same day, were weighed (as a group)
placed into each of the eight tanks. After 24, 48, 72, 96 and 120 hours the number of
cockles consumed were counted. The number of cockles consumed was defined as
the number of cockles which were opened, or partially opened, including those in the
process of being consumed. At the end of the week the sea stars and cockles (all
shells included) were re-weighed (as groups of three and ten respectively).

Statistical Analysis
The mean number of cockles consumed for tagged and untagged sea stars
after 120h was calculated. The mean number of cockles eaten for the two groups
during each of the five 24h periods and as a cumulative number over the 120h was
also calculated.
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The data were analysed in SPSS version 15.0.

The assumptions of

homogeneity of variance and normal distribution were first checked by conducting
Levene and Shapiro-Wilk tests. Failures of these tests led to a ln(x+1) transformation
of the data. A repeated measures ANOVA, with day being the repeated measure
and the tag as a factor was used to compare the untagged sea stars to tagged sea stars
and to analyse for an effect of day on the number of cockles eaten in each 24 hour
period.

2.2.3 Validation Study - Movement Trials
To establish whether there were any differences in the movement of tagged
compared to untagged sea stars a movement comparison was made. To do this;
eight sea stars were tagged using the wire only tagging method described in
appendix 6.1., and another eight sea stars were left untagged. This experiment was
undertaken in situ (at Deep Cove, Doubtful Sound (167°09’70‛E, 45°28’00‛S). The
topography at this particular site is a rocky sloping bottom. After tagging the sea
stars, they were all released at the same place in Deep Cove at a depth of
approximately 5m. The point at which the sea stars were released was marked with
a weight so enable us to return the next day to the exact point of release. After 24
hours, each of the sea stars were re-located. The horizontal distance from the sea star
to the release point was measured and recorded along with the status (tagged or
untagged) of each sea star. The depth each sea star was found was also recorded.
This particular area had no Coscinasterias muricata present prior to this experiment, so
all sea stars in the area were assumed to be part of the trial (sea stars used in the
experiment were collected from Espinosa Point, Doubtful Sound).
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Statistical Analysis
The average distance from the start point and the average depth the sea stars
were found was determined for tagged and untagged sea stars. The standard errors
were calculated for these also.
The data were analysed in SPSS version 15.0. The assumptions of analysis of
variance checked through Levene tests (homogeneity of variance) and Shapiro-Wilk
tests (normality). These tests suggested a transformation of the data was required. A
ln(x) transform was used. A one-way ANOVA was then used to determine if any
differences between the depths the tagged and untagged sea stars were found at
existed. A one-way ANOVA was also used to compare the horizontal distance from
the start point that the tagged and untagged sea stars had moved in the 24hour
period.

2.2.4 Validation Study - Righting Behaviour Trial
To determine if there were any differences in the righting behaviour of the
tagged versus the untagged sea stars a righting behaviour trial was completed in the
laboratory. Twenty four sea stars were tagged using plastic epindorf tubes filled
with water, by the wire only tagging method described in appendix 6.1 and another
26 sea stars were left untagged.
acclimatize.

The sea stars were then left for one hour to

Each of the tagged sea stars were weighed individually (in grams

accurate to two decimal places) and the inter-radial distance from the outside of the
central disc to the tip of the opposite arm was measured. To ensure consistency the
longest arm was always measured. Individually each of the sea stars were inverted
and the time taken for the sea star to completely right itself was recorded. The time
taken to right was defined as from the moment the sea star was placed upside down
on the bottom of the tank until the point at which the distal tip of the last arm
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contacted the bottom of the tank. This was repeated for each sea star three times
with five minute breaks between trials. The sea stars were then returned to their
tanks and left for five days, with cockles (A.stutchburyi) to feed on. After the five
days each sea star was again measured and weighed and inverted with the time to
right itself recorded. Three repetitions for each sea star were again conducted.

Statistical Analysis
The mean was calculated for the overall time taken for tagged and untagged sea
stars.

Along with this; the mean was calculated for the time to right for the

beginning of the experiment and the end of the experiment and for each individual
trial (i.e. trial one, two and three) for tagged and untagged sea stars.

The data were analysed statistically in SPSS version 15.0.

First the

assumptions of ANOVA were checked and a ln(x) transformation completed. A
repeated measures ANOVA was used to analyse the effects of the time (beginning
and end) on the time taken to right between tagged and untagged sea stars. The
assumption of sphericity was checked before this comparison and before a repeated
measure ANOVA was used to determine if there was any difference in the time
taken to right between tagged and untagged sea stars between the three trials
combining the beginning and end of the experiment into one group.
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2.3 Tagging and Validation – Results

2.3.1 Feeding Rate Trial
Prior to the start of the feeding trial and at the completion of the five day trial
all sea stars were weighed. The weight data was ln(x+1) transformed to meet the
assumptions of normal distribution and homogeneity of variances. The weights of
the sea stars ranged between 319.3g and 502.67g. The average weight of the tagged
sea stars was 420.35g and the average weight of the untagged sea stars was 410.14g.
There was no significant difference between the starting weight of the tagged and
untagged sea stars. Once the assumptions were checked and the starting weight was
found to be equal, the number of cockles (Astrovenus stuchburyi) consumed by the
tagged and untagged sea stars was analysed.

Figure 2.2 shows the cumulative

number of cockles consumed over the five day feeding trial by the tagged and
untagged sea stars.

Figure 2.2: The cumulative number of cockles (Austrovenus stuchburyi) consumed by the
tagged (dark line) and untagged (light line) sea stars over the five day feeding trial. The
error bars represent the standard error
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In order to reduce the bias of a feeding event on a single day affecting the
remainder of the days which could have occurred using the cumulative data, a
statistical anlaysis was carried out on the number of cockles (Astrovenus stuchburyi)
consumed by each group of sea stars daily. A Repeated Measures ANOVA was
completed on the transformed data with the day being the repeated measure and tag
being a factor. The assumption of sphericity was tested on the transformed data
using the Mauchly test.

Normal distribution assumptions and homogeneity of

variances were tested using the Shapiro-Wilk and Levene tests (see Appendix 6.2),
combined with visual assessments of the data and examinations of the residual plots.

It was found that there was no significant difference (F(1,6)=0.31, p=0.60, Table
2.1) in the number of cockles eaten between the tagged and untagged sea stars (Fig.
2.3). There was also no significant effect of day (F(4,24)=1.78, p=0.17, Table 2.1, Fig 2.3)
for the number of cockles consumed and no significant interaction between being
tagged or untagged and the day (F(4,24)=2.36, p=0.08, Table 2.1).

Table 2.1: Repeated measures ANOVA on the daily consumption of shellfish (Astrovenus
stuchburyi) between tagged and untagged Coscinasterias muricata

Day
Day*Tag
Error
Intercept
Tag
Error

SS
1.005
1.330
3.381
SS
3.087
0.024
0.465

df
4.000
4.000
24.000
df
1.000
1.000
6.000

MS
0.251
0.332
0.141
MS
3.087
0.024
0.078

F
1.783
2.360

p
0.165
0.082

F
39.796
0.311

p
0.001
0.597

Repeated measures (number of cockles eaten per day) were made of 5 consecutive days.
Data were ln(x+1) transformed.
Mauchly criterion = 0.210, DF=9, p=0.674
Shapiro-wilk test for normality & Levene test for homogeneity of variance – see Appendix 6.2
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Figure 2.3: Average number of shellfish (Astrovenus stuchburyi) consumed each day ±
standard error by tagged (dark) and untagged (light) Coscinasterias muricata across the five
day experimental period. n=4 for each column

2.3.2 Movement Trials
Both the data for the distance moved and the depth the sea stars were
relocated at, 24 hours after release, were ln(x) transformed to ensure that the
assumptions of normal distribution and homogeneity of variance were met. ShapiroWilk and Levene tests (see appendix 6.3) were used, along with visual analysis of the
data and examination of the residual plots. Although the untagged sea stars showed
a departure from normality for the depth they were relocated at, after examination of
the residual plots it was decided to continue without further transformation.

The depth at which the sea stars were relocated at varied between 4.9m and
7.2m. The average depth at which the tagged sea stars were relocated was 5.2m and
the average depth at which the untagged sea stars were relocated at was 5.5m. A
one-way Analysis of Variance was completed comparing both the distance from the
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release point the sea stars were relocated at and the depth at which they were found
for tagged versus untagged sea stars. It was found that there was no significant
difference (F(1,11)=0.17, p=0.69, Table 2.2) between the distance the tagged and
untagged sea stars had moved from the release point (Fig. 2.4). There was also no
significant difference (F(1,11)=1.19, p=0.30, Table 2.2) between the depth at which the
tagged and untagged sea stars were relocated at (Fig. 2.4).

Table 2.2: One-way ANOVA comparing the effect of tagging on the depth the sea
stars were relocated at, and the horizontal distance moved from the start point
24hours after release at Deep Cove, Doubtful Sound

Depth

Between Groups
Within Groups
Total

Between Groups
Distance Within Groups
Error

SS
0.011
0.098
0.109
SS
0.023
1.464
1.487

df
1
11
12
df
1
11
12

MS
0.011
0.009

F
1.186

p
0.299

MS
0.023
0.133

F
0.171

p
0.687

Data were ln(x) transformed.
Levene test for homogeneity of variances (Depth – F(1,11)=1.740, p=0.214; Distance – F(1,11)=2.361, p=0.153)
Shapiro-Wilk test for normal distribution (Depthtagged – W(6)=6.087, p=0.236; Depthuntagged – W(7)=0.711, p=0.005; Distancetagged –
W(6)=0.979, p=0.944; Distanceuntagged – W(7)=0.906, p=0.367).
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Figure 2.4: Average minimum distanced travelled from release point and average
depth (m) at which the tagged and untagged Coscinasterias muricata were relocated at
after 24hours in Deep Cove, Doubtful Sound. n=6 for tagged and n=7 for non-tagged
column

2.3.3 Righting Behaviour Trial
Prior to beginning analysis on righting behaviour of tagged versus untagged
sea stars the data was ln(x) transformed to meet the assumptions of normal
distribution and homogeneity of variances. Shapiro-Wilk and Levene tests were
used, along with visual assessments of the data and examinations of the residual
plots. The starting weights and inter-radial distances were analysed for the two
treatment groups to ensure they were equal at the start of the experiment period (see
appendix 6.4).

The time taken for the tagged sea stars to right ranged from just over 65
seconds to 780 seconds with the average time being 197 seconds. The time taken for
the untagged sea stars to right varied between 63 and 668 seconds with an average
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time of 187 seconds. The differences between the time taken to right for tagged and
untagged sea stars was compared for the three trials which were conducted
consecutively on each sea star. The assumptions for a repeated measures ANOVA
(trial being the repeated measure) were checked through Levene, Shapiro-Wilk (see
appendix 6.4) and Mauchly’s tests (Mauchly criterion=0.952, df=2, p=0.11) along with
visual analysis of the data and examination of the residual plots.

The analysis was completed on each of the three trials comparing tagged and
untagged sea stars. It was found that there was no significant effect of trial number
on time taken to right by sea stars (F(2,180)=0.980, p=0.38, Table 2.3, Fig.2.5). There was
also no significant effect of the interaction between the trial number and whether the
sea star was tagged or not (F(2,180)=0.26, p=0.77, Table 2.3).

There was also no

significant effect of the tag on time taken for the sea stars to right themselves
(F(1,90)=0.02, p=0.88, Table 2.3, Fig. 2.5).

Table 2.3:

Repeated Measures ANOVA comparing time taken for tagged and

untagged Coscinasterias muricata to right over the three consecutive trials which were
conducted five minutes apart

Trial
Trial*Tag
Error(Trial)
Intercept
Tag
Error

SS
0.228
0.060
20.954
SS
6963.115
0.021
86.707

df
2
2
180
df
1
1
90

MS
F
0.114
0.980
0.030
0.280
0.116
MS
F
6963.115 7227.551
0.021
0.022
0.693

p
0.377
0.773
p
0.000
0.883

Repeated measures (time taken to right) were made over three consecutive trials five minutes apart
Data were ln(x) transformed
Mauchly criterion=0.952, DF=2, p=0.114)
Shapiro-Wilk test for normal distribution (see Appendix 6.4)
Levene test for homogeneity of variance (see Appendix 6.4)
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Figure 2.5: Average time (s) ± standard error taken overall for tagged (dark) and
untagged (light) Coscinasterias muricata to right themselves in three consecutive trials
with five minutes between trials. n=25 for tagged sea stars and n=35 for untagged sea
stars

The time taken for the tagged and untagged sea stars to right was compared
prior to the start of the feeding period and again at the end of the five day feeding
period using a repeated measures ANOVA, with time being the repeated measure.
The assumptions of the repeated measures ANOVA were checked through the
examination of the residual plots, visual analysis of the data, Shapiro-Wilk tests for
normality and Levene tests for homogeneity of variance (see appendix 6.4). Due to
the fact that there are only two levels in the repeated measure (start and end) a
Mauchly test for sphericity cannot be performed, the mean square ratios have exact
F-distributions so sphericity is not a problem (Huynd and Feldt 1970).

The analysis of variance showed that there is a significant effect of time on the
time taken for a sea star to right (F(1,124)=16.18, p<0.001, Table 2.4). The sea stars,
regardless of whether they were tagged or not, could right themselves faster at the
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end of the experimental period compared to the beginning (Fig. 2.6). The analysis
also showed that the time taken for the sea stars to right was not significantly
affected by the tags (F(1,124)=0.28, p=0.60, Table 2.4, Fig. 2.6).

There was also no

significant effect of the interaction between whether a sea star was tagged or not and
when the righting was carried out (F(1,124)=0.97, p=0.33, Table 2.4)

Table 2.4: Repeated measures Analysis of Variance comparing the time taken to
right at the beginning and end of the experiment for tagged and untagged
Coscinasterias muricata
Time
Time*Tag
Error(Time)
Intercept
Tag
Error

SS
4.623
0.278
35.431
SS
6417.930
0.139
62.408

df
1
1
124
df
1
1
124

MS
F
4.623
16.180
0.278
0.971
0.286
MS
F
6417.930 12752.000
0.139
0.277
0.503

p
0.000
0.326
p
0.000
0.600

Repeated measures (time taken to right) were taken at the start/end of the experimental period (five days)
Data were ln(x) transformed
Levene Test of homogeneity of variance (See Appendix 6.3) Shapiro-Wilk test for normal distribution (See Appendix 6.4)
Assumption of sphericity met (Huynd & Feldt 1970)
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Figure 2.6: Average time (s) ± standard error taken for tagged (dark) and untagged
(light) Coscinasterias muricata to right prior to the start of the feeding trial, and after
five days of feeding in the laboratory. n=72 for tagged/start, n=78 for untagged/end,
n=57 for tagged/end and n=69 for untagged/end sea stars. Bars with different letters
show significant differences (p<0.05)
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2.4 Tagging and Validation Discussion

2.4.1 Tagging Trials
Many areas of marine research have benefited from advances in tagging techniques,
including biology, ecology, fisheries and aquaculture.

These advances have given

researchers information on areas such as growth (e.g. fluorescent dyes: Davis and Ovaska
2001), behaviour, population dynamics and genetics. With advances in computer technology
tags have become more sophisticated and smaller in recent years, allowing smaller and
smaller organisms to be tagged.

The development of archival tagging has also given

scientists the opportunity to monitor animals over longer periods of time as opposed to the
limited information gained from direct observations by divers or videos. The use of small
archival tags in this research will enable information to be collected on an ecologically
significant keystone species, Coscinasterias muricata. Until now, the movements of this sea
star have only been monitored by direct observations, giving only short snapshots into what
their movement patterns are. In developing a method for tagging it was also important to
consider the possibility of using these tags for other ecologically important species that have
previously not been tagged.

The main aim of the tagging trails was to develop a method of tagging the sea star
Coscinasterias muricata that would enable us to
1.) Individually identify the sea star
2.) Be easily carried out in the field (on a small boat)
3.) Make relocation of the sea star as easy as possible
4.) Minimize behavioural changes, mortalities or arm loss
5.) Ensure tag retention remained high
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In developing a method that satisfied all these requirements it was hoped that small
archival tags could be easily attached to the sea stars and used to monitor their movements
over periods of time.

2.4.2 Feeding Rate Trial
Sea stars feed on bivalves (i.e. mussels) by humping themselves over their
prey, attaching their podia to the valves of the bivalve and then exerting a steady
pull (Hickman et al. 2003). Within half an hour or so the adductor muscles of the
bivalve fatigue and relax and the sea star inserts its soft everted stomach into the
space between the valves, wraps it around the soft parts of the bivalve and secretes
digestive juices to start digestion (Hickman et al. 2003). After feeding the sea star
withdraws its stomach by contraction of the stomach muscles and relaxation of the
body-wall muscles (Hickman et al. 2003).

Digestion of the food occurs in the

digestive caeca which are located in the arms of the sea star (Hickman et al. 2003).

Piercing of the sea star arm with wire to attach the tags may have an effect on
the feeding rate of the sea star, either directly by a reduced ability to digest food in
the digestive caeca in the tagged arm, or indirectly by inhibiting or reducing the
ability of the sea star to move towards and consume a food source. It was important
that the method developed for tagging the sea stars did not cause them to drop any
arms, as arm loss is known to decrease the ability of sea stars to open mussels
reducing the likelihood of the sea star feeding successively (Ramsay et al. 2001). In
the week long laboratory trial the tagging methods did not cause arm autotomy in
any of the sea stars. Feeding rate trials comparing tagged and untagged sea stars
kept under the same conditions showed no significant difference in the amount of
cockles eaten over the course of 120 hours. This result suggests that the tagging of

31

the sea stars had no affect on the feeding rate or ability of the sea star to access the
food, at least in the short term (<1 week).

2.4.3 Movement Trial
Sea stars, including Coscinasterias muricata move through the use of their tube
feet. Coordinated action of many tube feet is what propels the sea star along rock
walls and other substrates. Piercing a sea star arm with wire to attach the tags, may
damage some of the tube feet that are used for movement. Studies conducted on the
sea cucumber Stichopus japonicus showed that damage of the tube feet was causing
the sea cucumbers to be unable to adhere to artificial reefs and resulted in the
epidermis starting to dissolve (Tanaka 2000). Piercing of a sea star arm may cause
damage to the radial nerves running through that arm. Sea stars with severed radial
nerves moved three times slower than control sea stars post surgery if the severed
arm was the leading arm (Piscopo et al. 2005). If an intact arm was the leading arm
the sea stars showed no differences to intact sea stars, the leading intact arm was able
to exert enough control over remaining arms to co-ordinate them to move towards
food sources efficiently (Piscopo et al. 2005). Movement trials conducted in Doubtful
Sound comparing tagged and untagged sea stars showed no significant differences in
the distance moved over 24 hours, suggesting that any damage that may have been
inflicted on the sea star arm was not enough to cause changes in the movement
behaviour for up to 24 hours post tagging (fig. 2.4).

2.4.4 Righting Trial
Righting by inverted individuals is a characteristic behaviour of echinoderms
(Reese 1966). The righting reaction in asteroids may be defined as the ability of the
sea stars, when placed on their aboral surface, to turn over onto the normal position
with the oral surface down (Polls & Gonor 1975). Righting behaviour has been used
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as an indication of stress and well-being of asteroids and echinoids in many studies
(Diehl et al. 1979; Forcucci and Lawrence 1986; Himmelmann et al. 1984; Lares and
McClintock 1991; Watts and Lawrence 1990). An unhealthy or injured starfish would
be likely to right themselves at a slower rate or not at all compared to a healthy,
uninjured starfish (Diehl et al. 1979). The righting movements of starfish are due to
positive stereotropism of the tube feet (Moore 1910). Inequalities in the lengths of the
arms can affect the righting ability of the starfish as short arms are more sluggish
than normal length arms (Moore 1910). Injuries to the arms can also inhibit the active
twisting and seizing of the surface with the tube feet of the affected arm (Moore
1910), An injury to an arm has been noted to inhibit its use for the initiation of
righting movements (Moore 1910).

Through the piercing of the arm, to attach the DST (data storage tags) sensor, the
sea star arm is inevitably injured in some form. The question is whether this was
enough of an injury to affect its ability to right itself? Righting rate trials comparing
tagged and untagged sea stars kept under the same conditions showed no significant
difference between tagged and untagged sea stars overall, immediately after tagging,
five days after tagging and on successive flipping trials. This result suggests that the
piercing of the arms with the wire, and the presence of the tags on the sea stars is not
affecting their ability to right themselves. Although not analysed quantitatively,
there was also no clear pattern about whether or not the pierced arm was being used
to initiate righting, was the last arm to be moved, or something in-between.
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3.1 In-Situ Tagging & Study Site Introduction

3.1.1 Keystone Species
Marine invertebrates such as sea stars are often dominant grazers and predators in
their environment (Power et al. 1996). Sea stars may or may not be a dominant species in
terms of abundance in a particular habitat but are often referred to as keystone species.
Keystone species differ from dominant species in that their effects are much larger than
would be predicted from their abundance (Power et al. 1996). A keystone predator is defined
as only one of several predators in a community that alone determines most patterns of prey
community structure, including distribution, abundance, composition, size and diversity
(Menge et al 1994).
Paine (1969) suggested two important properties relating to keystone predators:
1.

Keystone predators preferentially consumed and controlled the abundance of a
prey species

2. This prey species could competitively exclude other species from the community.
One example of sea stars being a keystone predator species is the work on Pisaster
ochraceus by Menge et al. (1994). It was found that P.ochraceus preferentially consumed and
suppressed mussels, which would otherwise have been the dominant space holders (Menge
et al. 1994). It was also found however, that this influence on the mussels depended on the
physical conditions in the habitat. P.ochraceus occupied an unambiguous keystone role on
the wave exposed rocky headlands, but in more wave-sheltered habitats the impact was
weaker or non-existent (Menge et al. 1994). This showed that in a rocky intertidal habitat
Pisaster occupied a keystone role under one context but a non-keystone role in other contexts
even though the specific locations were sometimes only tens of meters apart.
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Feeding behaviours can have profound effects on the environment, such as zonation
patterns and habitat conversions (Paine 1971; Paine 1974). The effect of removing a single
species from an exposed, rocky, intertidal habitat in New Zealand was examined by Paine
(1971). Complete removal of the carnivorous sea star Stichaster australis for nine months
resulted in the mussel, Perna canaliculus, extending its vertical distribution by 40% of the
available range and a decrease in species richness in the invaded area from 20 to 14 species
(Paine 1971). A second manipulation in a different area, involving removal of the sea star
and the brown algae, Durvillaea antarctica, resulting in 68-78% of the available space being
taken over by Perna and near total exclusion of other flora and fauna after 15months (Paine
1971). Similar results were again shown when the sea star, Pisaster ochraceus, was removed
manually from exposed, rocky, intertidal shorelines in North America. The removal of the
sea star resulted in the mussel, Mytilus californinus, advancing between 0.5 and 2m
downwards over 3-5years (Paine 1974). Along with this change in distribution, 25 species of
invertebrates and benthic algae were excluded from occupancy of the primary substratum by
the mussels (Paine 1974).

3.1.2 Tagging
Utilisation of archival tags provides a new and innovative approach to investigating
movements and foraging behaviours of echinoderms and in turn, has potential to greatly
advance understanding of their ecological role in the marine environment. In addition these
organisms frequently inhabit physically dynamic seascapes along the coast; hence the
approach will also provide insight into how benthic invertebrates respond to changes in their
surrounding physical environment. This research describes the first attempt to archival tag a
shallow water mobile marine invertebrate, the 11-armed sea star, Coscinasterias muricata.
Coscinasterias muricata are found both subtidally and intertidally throughout coastal
New Zealand. In Doubtful Sound however, they are restricted primarily to subtidal habitats
due to their intolerance to the low salinity water near the surface. C.muricata has a distinct
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feeding preference for the mussel, Mytilus galloprovincialis (Clarke 2002) over other food
resources in the habitat.

Echinoderms, including C.muricata play important roles in

structuring benthic suspension feeding communities in the New Zealand fjords (Lamare et al.
2009). Few M.galloprovincialis are found below the low salinity layer where C.muricata is
abundant, however M. galloprovincialis is prolific in shallow water (<2m deep) where the
water is often of a lowered salinity which C.muricata does not readily tolerate. In the past
investigations into the small-scale movements and distribution of C.muricata within discrete
sites in the fjords would have had to be based on diver observations or video footage.
Archival tagging of this species will allow their movements to be tracked over periods of
several weeks. These data combined with physical measurements will give greater insight
into their behaviour over time in relation to the changing surface salinities and their
distributions compared to that of the mussel, M galloprovincialis.

The tags used in this study on C.muricata were DST (data storage tags) milli type tags
which are specially designed as small archival tags for fish and other marine animals for
analysis of migration, distribution, feeding behaviour, vertical and horizontal movements.
The tags are produced by an Icelandic company – STAR ODDI Corporation
(www.staroddi.com). DST milli tags are also used commonly as stand alone loggers for
temperature and depth recording in oceanic or freshwater environments. The DST milli tags
can be used for internal tagging or external tagging using a two-point wire fastener. The
housing is made of bio-compatible material, which does not endanger the health of the
tagged animal. The non-transparent housing ensures that the sunlight does not affect the
measurements providing more reliable data. The tags record both temperature and depth at
intervals as determined by the user.

3.1.3 Species Distribution in Doubtful Sound
There has been a significant amount of research conducted on the biology of Doubtful
Sound marine species. The low salinity layer present in Doubtful Sound affects the vertical
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distribution of species directly through the exclusion of sessile and stenohaline species from
shallow waters (Grange et al. 1981; Kregting and Gibbs 2006 and Barker and Russell 2008)
and indirectly by restricting predation of mobile stenohaline species on shallow water
communities (Witman and Grange 1998). Effects on the distribution and abundance of
benthic organisms along the axis of Doubtful Sound have also been addressed in a number of
studies (Witman and Grange 1998, Boyle et al. 2001; Tallis et al. 2004). Witman and Grange
1998 studied the links between predator distributions, predator intensity, rainfall and the
depth of the LSL and sessile community structure. They found striking patterns of vertical
zonation corresponding to the depth of the LSL (Witman and Grange 1998). Boyle et al. 2001
observed changes in species composition in the intertidal rocky shore communities, as
compared to the descriptions made in 1965 before the power plant outflow commenced
(Batham 1965) and concluded that the observed displacement of a number of species to the
outer parts of the fjord likely reflect an impact from the power plant outflow. Tallis et al.
2004 studied the link between habitat conversion and human activities. In Doubtful Sound
they examined salinity changes attributed to the freshwater input from the hydroelectric
power station as a mechanism for habitat conversion and local decline of the New Zealand
little neck clam (Astrovenus stutchuburyi). They found evidence of clams being present close
to the input of the freshwater in the past but no clams living there at present. Further away
from the input of freshwater, where the intertidal salinity remained mostly unchanged, the
clams were abundant (Tallis et al. 2004). It is expected that studies will see a decline in
taxonomic richness in areas where the LSL is thick, persistent and the surface salinity is low
(Rutger and Wing 2006).

Wing et al. 2001 reported that macrophyte biomass and cover decreases along the
fjord with increasing distance into the fjord, ranging from dense kelp dominated
communities, through to primarily coralline encrusted communities. Many studies have also
reported on the differences between species assemblages in the low-salinity-layer and below.
Boyle et al. (2001) characterized the submarine cliffs by low diversity within the depths
subjected to the lowered salinities and Grange et al. (1981) and Smith and Witman (1999),
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showed that there is a rich and highly diverse assemblage of organisms occurring below this
layer.

Echinoderm research in Doubtful Sound has focused primarily on the echinoid
Evechinus chloroticus and the sea star Coscinasterias muricata, which are both common at
shallow depths immediately below the low-salinity-layer and their feeding activities have an
important role in the structuring of the shallow water communities (Witman and Grange
1998). There are also two other sea stars, Patiriella mortenseni (Barker and Russell 2008) and
Patiriella regularis which are both common throughout Doubtful Sound and Milford Sound.
P.regularis is most common in shallow water well within the low-salinity-layer and
P.mortenseni is more common deeper, below the low-salinity-layer. Both P.mortenseni and
P.regularis are found more commonly towards the inner fjord (Barker and Russell 2008).

Other echinoderm species which are common in the Fiordland region are Pseudechinus
huttoni, the white Sea Urchin, and Stichopus mollis, the common New Zealand sea cucumber.

3.1.4 Aims of Study
The first aim of this section was to successfully deploy and recover tagged
Coscinasterias muricata using the wire only tagging method described in Appendix 6.1. This
will be the first time that archival tagging has been completed on small, mobile marine
invertebrates. Successful application of the tagging method will allow information to be
gathered on the movements and behaviour of this species and techniques may be able to be
modified and applied to other small invertebrate species in the future. The low salinity
layer, in Doubtful Sound, is extremely dynamic and its thickness fluctuates in response to
rain and wind events (Gibbs 2001) hence the distribution of mobile predators is ultimately
linked with weather patterns and temporal changes in salinity stratification. Therefore in
this study an interest lies in quantifying the role of salinity in controlling the small scale
movements and feeding behaviour of C.muricata.
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3.2 In-situ Tagging & Species
Surveys Methods

3.2.1 Field Tagging Study
Sea stars were collected from Espinosa Point, Doubtful Sound (166°58’45‛E,
45°18’00‛S) using SCUBA. The sea stars were placed in a bucket at depth and the bucket was
sealed to prevent the sea stars coming in contact with the low salinity water during ascent.
Collected sea stars were immediately tagged using the wire only tagging method2 described
in 6.1., using the Star Oddi DST-milli tags (5g in water, 9.2g in air and 12.5mm x 38.4mm),
while taking care to keep them under water as much as possible and handling them as little
as possible (Fig. 3.1).

Figure 3.1: Tagging sea stars in the field. The red piece of insulation tape in the right hand
photo made relocation of the tags a much easier task

The sea stars were then returned to the approximate depth at which they were
located (again via the bucket filled with seawater) at Espinosa Point (Fig. 3.2). This tagging
process was conducted three times. Four sea stars were tagged in July 2007 (7th – 9th July
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2007), three in February 2008 (13th – 26th February 2008) and three in February 2009 (5th – 14th
February 2009). During all trial periods a single Star Oddi DST-milli tag was also placed at a
fixed location (at a depth of approximately 10m) at Espinosa Point, to record the tidal
information over the study period. After the tagged sea stars were relocated, the tags were
removed by cutting the wire and the sea stars were returned to approximately the place that
they were found.

Figure 3.2: Tagged sea star at Espinosa Point, Doubtful Sound

Initiating the Tags
The tags were initiated according to the instruction manual, and set to record
temperature (accurate to 0.1°C) and depth (accurate to 0.2m) every 5 minutes. Due to the
fact that temperature is related to salinity in Doubtful Sound, we are able to make some
assumptions about the low salinity layer from these readings combined with information
from the salinity sensor chain (see 3.2.2) and CTD casts.
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Data Analysis
The average depth from the fixed depth tag was calculated and this was used to
adjust the tide depth for graphing. The adjusted tide depth was calculated by the following
excel formula

= -1*(recorded tide depth + mean tide depth)

Using this calculated tidal cycle data, the sea star depth relative to the fixed tag depth
was calculated by subtracting the tide depth at a particular point in time from the sea star
depth at the same point in time. The actual sea star depth (with the tidal influence removed)
was then calculated by subtracting the mean tide depth from the sea star depth relative to
the fixed tag. The temperature of the water recorded by the DST-milli tags for each of the
tagged sea stars was also downloaded and graphed for each tagging trial.

After the movement of the sea stars was adjusted for tides, the instantaneous vertical
speed of each sea star was calculated. This was done by taking the depth at one time
subtracting the depth at the previous time giving the meters moved by the sea star over 5
minutes. This was multiplied by 12 to give the instantaneous vertical speed of the sea star in
m hr-1. The time that each sea star spent in various depth classes during each of the tagging
trials was analysed. The time in minutes each sea star spent in each of the 0.5m depth classes
was calculated.
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3.2.2 Physical Measurements

Salinity Sensor Chain
A series of salinity sensors were placed at the study site. These were located at 1m
and 2m deep and then approximately every 2 meters up to and including 8m deep. These
sensors recorded the salinity (resolution 0.1PSU, accuracy ±5%) every 10 minutes over the
course of the study period.
A contour plot was created using JMP version 7.0. The salinity data at each depth
was split into 2.5PSU sections. This plot was superimposed behind the sea star movement
graphs, as a means of visually assessing whether the sea star moved into water that had a
lowered salinity.

CTD Casts
Temperature and salinity profiles were taken, to a depth of between 9 and
25meters, at Espinosa Point when the sea stars were first released and when they
were retrieved for each of the three tagging trials. A profile was also taken each day
the tags were on the sea stars during the first tagging study.

During the two

successive trials, researchers did not remain in Doubtful Sound throughout the trial;
therefore CTD casts were not daily.

The temperature and salinity data from the downcast of the CTD casts were
plotted against the depth.

The depth at which the salinity reached 30PSU was

deemed as the bottom of the Low Salinity Layer (LSL). The relationship between
temperature and salinity was also visually assessed from the graphs.
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Rainfall Data
Rainfall data for Doubtful Sound was downloaded from the Secretary Island
weather station (166°886’E 45°221’S) via the National Climate Database (NIWA).
This recorded the rainfall around this area in mm hr-1 every hour.

3.2.3 Species Survey
Echinoderm density and depth distributions were assessed in July 2007,
January, April, July, October 2008 and February 2009. At each of the six survey times
four sites were surveyed, Espinosa Point (166°58’45‛E, 45°18’00‛S) and the M4
Mooring (167°04’307‛E, 45°21’153‛S) which were both classed as outer sites and
Deep Cove (167°08’2‛, 45°26’29‛S) and Hall Arm (167°06’31‛E, 45°27’85‛) which
were both classed as inner sites.

Espinosa Point
Espinosa Point is located mid way along the main Doubtful Sound channel,
approximately 15km from the open coastline and 20km from Deep Cove (Fig. 1.2) (Lamare et
al. 2002). Espinosa Point experiences semi-diurnal tidal cycles with a maximum vertical
range of 1.4m (Lamare & Stewart 1998). Temperatures at Espinosa and throughout the rest
of the Doubtful Sound typically range between 9-17°C annually at the ten meter depth band
(Lamare and Stewart 1998).

Espinosa Point consists of a rocky slope with a relief of

approximately 2:1 to a depth of around 10-12m. Deeper than this the slope becomes more
gentle and the rocks are replaced with sand. M.galloprovincialis (blue mussels) are present in
large numbers near the surface at Espinosa Point and Coscinasterias muricata (eleven-armed
sea stars) form mass aggregations below the low salinity layer. Espinosa Point has Ulva spp.
at shallower depths, and moderate to low densities of Ecklonia radiata, Carpopyllum flexuosum,
and Codium fragile at depths between five and fifteen meters (Lamare et al. 2002).
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M4 Mooring
The M4 Mooring is located towards the head of the fjord slightly compared to
Espinosa Point (Fig. 1.2). This site is referred to as the M4 Mooring as Cawthron Institute has
a permanent mooring buoy located at this site as part of the Doubtful Sound Monitoring
Project (DSMP). The sensors suspended at various depths under the buoy are used to record
the temperature (accurate to 0.002°C) and the salinity (accurate to 0.003PSU) of the water
every five minutes. The site itself consists of a vertical rock wall which descends in steps to a
depth of around sixteen meters. The topography below this (to dive-able depths) is a sloping
sandy bottom. Species such as C.muricata and M.galloprovincialis are also found in high
numbers at this site. Both Espinosa and the M4 Mooring sites are considered to be outer
sites.

Hall Arm
Hall Arm is the first arm, from the head, extending from the main Doubtful Sound
channel (Fig. 1.2). It is surrounded by near vertical rock walls, which tend to block a lot of
the incoming light, making the site quite dark and cold. The underwater topography mirrors
the above water topography with the rock wall falling away vertically. Species such as
Pseudechinus huttoni, Patiriella regularis and Patiriella mortenseni are commonly seen at Hall
Arm (Pers. Obs.).

Deep Cove
Finally the site named ‚Deep Cove‛ is situated just out of what is considered Deep
Cove on the northern side of the main Doubtful Sound channel opposite the entrance to Hall
Arm (Fig. 1.2). This site, although it is surrounded by near vertical walls like Hall Arm,
receives more light as the channel is wider at this point. Underwater the topography is near
vertical rock wall descending well below survey depths. There are also numerous overhangs
and indents in the rock face at this site. At Deep Cove, subtidal macrophytes are much less
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conspicuous, with the hard substratum below the low salinity layer being dominated by
encrusting coralline algae and bare rock (Lamare et al. 2002). Both Deep Cove and Hall Arm
are considered to be the inner sites.

At each site, SCUBA was used to assess the echinoderm species.

Divers

descended to 18m, the diver handling the 1m x 1m quadrat used a digital depth
gauge to control the depth. The quadrat was haphazardly placed on the seafloor or
against the wall depending on the topography of the site. The second diver counted
and recorded the number of Patiriella regularis and Patiriella mortenseni, Evechinus
chloroticus, Stichopus mollis, Pseudechinus huttoni and Coscinasterias muricata within the
quadrat.

Once all species were counted the quadrat was moved horizontally a

random distance, and all species counted. This was repeated to give a total of ten
quadrats at 18m deep. The divers then ascended to 16m and repeated the process to
give a total of ten quadrats at 16m deep. This was repeated at 2m depth intervals,
finishing at 2m deep. In total the echinoderms in 90 quadrats were counted.

It was decided that the Coscinasterias muricata data was the most important for this
study. This data was graphed individually. The individual sites were graphed (combining
all times) and the individual times graphed (combining all sites).
The C.muricata data was analysed statistically in SPSS version 15.0. Due to the type of
data a General Liner Model with a poisson distribution was chosen with a log-link as the link
function. The depth, site and time of survey and the interactions of these were used as the
factors in determining the number of species expected in a particular quadrat at a particular
time at a certain site.
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3.3 In-Situ Tagging & Species
Survey Results

3.3.1

July 2007 Trial
During the first trial, all four tagged sea stars were relocated on the 9 th July 2007.

Three of the tags were still attached to the sea stars and the fourth tag was found on the sea
floor (tag 8454). The tags in this trial collected data for a period of just over two days. Over
this time sea star movement was mostly during the first twelve hours and then again around
36 hours after the start of the tagging period (Fig. 3.3).

The sea stars were located between 1.22m below mean low water and 5.66m below
mean low water throughout the trial (Table 3.1). The mean depths of the sea stars were
between 2.64m below mean low water and 2.97m below mean low water (Table 3.1). Over
the tagging period the total vertical distance moved by the sea stars varied between 20.14m
and 39.81m and the average daily vertical moved was between 9.76m and 19.47m (Table 3.1).
If the topography of Espinosa Point is taken into account the vertical distances moved are
approximately twice these distances as the relief is around 1:2. There was little horizontal
movement of the sea stars over the tagging period.

The sea stars did not all follow the same patterns, with different sea stars
occupying both shallower and deeper depths at the same time (Fig. 3.3). This occurred at the
beginning of the trial and again to a lesser degree around 36 hours after the start of the
tagging period. Just after the second lot of movement by all four sea stars, the lowest salinity
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and temperatures were experienced by all four. Around this time, the salinity where the sea
stars were, dropped from approximately 34PSU to around 30PSU. The depths of the sea
stars did not appear to change in response to this drop in salinity (Fig. 3.3).

Table 3.1: Summary of vertical position and movement dynamics of the sea stars over the
July 2007 tagging period. Note tag 8454 was relocated on the floor having been detached
from the sea star after approximately 49hours

Max Depth (m below MLW)
Min Depth (m below MLW)
Mean Depth (m below MLW)
Standard Error
Time Tagged
Total Vertical Distance Moved (m)
Average Daily Vertical Distance Moved (m)
Average Instantaneous Speed (m hr-1)
-1

Maximum Instantaneous Speed (m hr )

8764
3.76
1.24
2.64
0.01
2 days, 1 h, 30mins
20.14
9.76

Sea Star
8784
8782
3.88
5.66
2.39
1.78
2.97
2.86
0.01
0.03
2 days, 1 h, 15mins
2 days, 1 h, 25mins
22.55
20.85
10.99
10.13

8454
4.58
1.22
2.83
0.03
2 days, 1 h, 5mins
39.81
19.47

0.41

0.46

0.42

0.76

3.96

3.12

2.88

5.64

3.3.1a Rainfall
During the July 2007 tagging period, there was no rain (Fig. 3.13). The changes in
the salinities in the surface waters during this time must have been attributed to incoming
freshwater in the form of runoff from the land, riverine inputs or movement of freshwater
down the fjord towards the entrance.

3.3.1b Speed
Speeds of the sea stars were based on their vertical movements. In July 2007 the
average instantaneous speeds of the sea stars ranged between 0.41m hr-1 and 0.76m hr-1 (Fig.
3.4). The maximum instantaneous speed ranged between 2.88m hr-1 and 5.64m hr-1 (Fig. 3.4).
As with the vertical distance, the speed of the sea stars can be assumed to be around double
these values, as the relief of Espinosa Point is around 1:2, meaning the sea stars moved
approximately double the distance recorded by the tags. Sea stars 8764, 8784 and 8782 all
moved on average around 0.5m hr-1. Sea Star 8454 moved slightly quicker (average
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0.76m hr-1) than this and had a maximum vertical instantaneous speed of almost double the
other three sea stars (5.64m hr-1).
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Figure 3.3: Top – Tidal Cycle (height of water above mean low water) over the July 2007 tagging period. Middle – Temperature of water (measured
every 5 minutes) at the position of the sea star. Bottom – Sea Star movement and salinity (measured every 5 minutes) over the July 2007 tagging
period, depths are compared to mean low water

Figure 3.4: Instantaneous speed of each individual sea star over the July 2007 tagging period (Top to Bottom – sea star 8764, 8784, 8782 and 8454

3.3.1c Time Spent in Each Depth Class
The four sea stars tagged in July 2007 showed very similar depth distributions to each
other (Fig. 3.5). All four sea stars spent most of their time around three to four meters below
mean low water. During this tagging period all sea stars spent over 65% (approximately 32
hours) of the time at three meters below mean low water or deeper (Table 3.2). Only sea
stars 8764 and 8454 spent any time at depths shallower than 2m. Sea star 8764 spent 1.85% of
(approximately 55mintues) its time shallower than 2m and sea star 8454 spend 1.7% of its
time (approximately 54mintues) at depths shallower than 2m (Table 3.2). Three of the sea
stars spent around 30% (approximately 15hours) of their time between two and three meters
below mean low water (8764 – 30.3%, 8782 – 27.3% and 8454 – 32.8%) the fourth sea star only
ascended to depths shallower than 3m for 1% of its time (approximately 30minutes) (Table
3.2).

Table: 3.2: Percentage of time spent in different depth classes for each of the four sea stars
tagged during the July 2007 tagging period. Note tag 8454 was relocated on the sea floor.

Depth
<2m
2-3m
3-4m
4-5m
>5m
Time Tagged

8764
1.90%
30.30%
66.70%
1.10%
0%
2 days, 1 h, 30mins

Sea Star
8784
8782
0%
0%
1%
27.30%
97.30%
60.70%
1.70%
7.90%
0%
4.10%
2 days, 1 h, 15mins
2 days, 1 h, 25mins

8454
1.70%
32.70%
57.40%
7.10%
1.10%
2 days, 1 h, 5mins
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Figure 3.5: Time spent in 0.5m depth classes between 0.5m above MLW and 9m below MLW
for four the four sea stars over a 2-day period
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3.3.1d Temperature, Salinity Profiles
CTD casts were taken throughout the tagging period (Fig. 3.6 and Appendix 6.5).
During this time in all cases the increase in salinity as depth increased was accompanied by
an increase in the temperature as depth increased (Fig. 3.6). This is seen easily in the
temperature/salinity plots being nearly linear relationships. On the first day of the tagging
period, the salinity profile shows that the surface salinities never drop below 30PSU (Fig.
3.6). However there is still an increase in salinity from around 32PSU to 34PSU by a depth of
6-8m (Fig. 3.6), this is accompanied by an increase in the temperature from around 11°C to
12°C. This suggests that the LSL at the time was both not very deep and not very fresh. In
the middle of this tagging period, the salinities below around 1.25m dropped below 30PSU
which was accompanied by a decreased temperature to around 9°C (see CTD cast graphs in
appendix).

At depths greater than 1.5m both the salinity increased to 34PSU and the

temperature rose to around 11°C. From this it was assumed that the depth of the LSL was
approximately 1.25m. Finally at the end of the tagging period salinities of 30PSU were
occurring around 1m and were increasing sharply to around 34PSU by 2m.

This was

accompanied by an increase in temperature over the same depth range from approximately
12.5°C to 11.5°C.
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Figure 3.6: Salinity and Temperature profiles for Espinosa Point, Doubtful Sound on 7th July
2007. The insert figure is the temperature/salinity profile plot for the water column from 0m
to 18m
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3.3.2

February 2008 Trial
During the second tagging period only three of the five tags were recovered. Two

of the tags (8784 and 8764) were found on the seafloor and the third tag was still attached to
the sea star. This tag was flooded ten days after deployment, but the data for this period was
still able to be retrieved from the tag. The remaining two tags during the trial were not
relocated.

Movement occurred throughout the tagging period, with particularly sea stars
8787 and 8764 being very active compared to the July 2007 tagging period (Fig. 3.7). Sea Star
8784 was fairly stationary for the first half of the tagging period before moving a couple of
meters deeper and then remaining roughly stationary again for the remainder of the trial
(Fig. 3.7).

The depth of the sea stars during this tagging period ranged from 0.39m above
mean low water to 4.93m below mean low water (Table 3.3). On average the sea star depth
was between 1.58m to 2.79m below mean low water (Table 3.3). The tags remained on the
sea stars between 7.34 and 13.82 days. The total vertical distance moved was between
53.35m and 183.21m over the tagging period (Table 3.3). This equated to an average vertical
distance moved daily of between 4.85m and 13.26m (Table 3.3). Due to the topography of
Espinosa Point, and the relief being approximately 1:2, we can estimate that the total distance
moved by the sea stars (ignoring any minimal horizontal movement) to be around twice
these vertical distances.

The sea stars showed asynchronous movement, with shallower and deeper depths
being occupied by each sea star at different times (Fig. 3.7). As with the July 2007 tagging
period the sea stars in this tagging period did not follow the same depth patterns, with
different sea stars occupying the shallower and deeper depths at the same times (Fig. 3.7).
Sea Star 8784 moved the least of the three sea stars. This sea star occupied mostly shallow
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depths around mean low water to 1m below mean low water for the first seven days of the
tagging period. This was followed by a move to around 3m to 4m below mean low water
where it remained for the rest of the tagging trial (Fig. 3.7). The other two sea stars (8787 and
8764) showed very dynamic movements across the tagging period until either it was
determined that the tag had fallen off the sea star in the case of sea star 8764, or until the end
of the tagging period in the case of sea star 8787. Both of these sea stars altered their depths
several times over several days.

The only period of lowered salinity occurred right at the end of the tagging
period, when only tag 8787 was still attached to the sea star (Fig.3.7). Around the 26 th
February the salinity to a depth of around 3m was lowered to 30PSU or less. At this time sea
star 8787 was found at depths of around 4m, just below the depth of the lowered salinity
(Fig. 3.7). Briefly around the 27th of February the low salinity water increased to a depth of
more than 6m; however sea star 8787 remained stationary at around 4m, hence was found
within the low salinity water for a short period of time (Fig. 3.7).

Table 3.3: Summary of vertical position and movement of the sea stars during the February
2008 tagging period. Note that tags 8784 and 8764 were relocated on the sea floor

Max Depth (m below MLW)
Min Depth (m below MLW)
Mean Depth (m below MLW)
Standard Error
Time Tagged
Total Vertical Distance Moved (m)
Average Daily Vertical Distance Moved (m)
Average Instantaneous Speed (m hr -1)
-1

Maximum Instantaneous Speed (m hr )

Sea Star
8784
3.99
0.06
1.58
0.02
10 days, 23 h, 45mins
53.35
4.85

8764
3.48
0.22
2.25
0.02
7 days, 8 h, 15mins
97.36
13.26

0.55

0.2

0.55

18.49

1.78

9

8787
4.93
-0.39
2.79
0.02
13 days, 19 h, 35mins
183.21
13.26
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3.3.2a Rainfall
During the February 2008 tagging period, there was a small amount of rain near
the beginning of the tagging trial (Fig. 3.13). A total of 18.6mm of rain fell between the 13 th
February and the 14th February 2008. During this time there was a brief period where the
salinity in the surface water (down to 1m below mean low water) fell to around 30PSU.
After this brief period of rain there were around nine days of dry weather. During the final
five days of the tagging period a total of 114.6mm of rain fell (Fig. 3.13). This period of rain
was followed by a deepening of the low salinity water. Around the 26th February till the end
of the tagging period salinities of less than 30PSU were found to depths of around 3m below
mean low water (Fig. 3.7). The surface salinity was less than 20PSU (Fig. 3.7).

3.3.2b Speed
During February 2008, the sea stars 8787 and 8764 moved at almost identical speeds,
both averaging 0.55m hr-1 (Table 3.3, Fig. 3.8). Their maximum speeds were quite different
however, with sea star 8787 having a maximum speed of 18.40m hr -1 and 8764 having a
maximum speed of less than half of this at 9.00m hr -1 (Table 3.3, Fig. 3.8). Sea star 8784
moved quite a bit slower than the other two sea stars averaging only 0.2m hr -1 and having a
maximum speed of only 1.78m hr-1 (Table 3.3, Fig. 3.8). Again like with the previous tagging
period, these figures can be assumed to be around half the actual speed of the sea stars, due
to the 2:1 relief of Espinosa Point.
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Figure 3.7: Top – Tidal Cycle (height of water above mean low water) over the February 2008 tagging period. Middle – Temperature of water
(measured every 5minutes) at the position of the sea star. Bottom – Sea Star movement and salinity (measured every 5 minutes) over the February
2008 tagging period, depths are compared to mean low water

Figure 3.8: Instantaneous speed of each individual sea star over the February 2008 tagging period (Top to Bottom – sea star 8787, 8784 and 8764)

3.3.2c Time Spent in Each Depth Class
The sea stars tagged in February 2008 did not show similar distributions in the time
spent at different depth classes as the July 2007 sea stars did. Sea stars 8787 and 8764 showed
a distribution skewed to a deeper depth range (Fig. 3.9). The third sea star (8784) showed a
bimodal depth range, spending some time in the shallower depths (approximately 149hours)
and then a portion of its time in the deeper depths (approximately 115hours) (Fig. 3.9).

Sea star 8787 spent over 65% (215.5horus) of its time at depths greater than 3m below
mean low water and only just under 17% (56.4hours) of its time at depths shallower than 2m
below mean low water (Table 3.4). Sea star 8764 also spent a greater amount of time at the
deeper depths with over 75% (132hours) of its time being spent at depths greater than 2m
below mean low water (Table 3.4), and only spending around 20% (35.25hours) of its time in
shallower water (Table 3.4). Sea star 8784 was slightly different. This sea star spent over 55%
(145hours) of its time in water shallower than 2m (Table 3.4, Fig 3.9) and more than 30%
(79hours) of the time was at depth of greater than 3m (Table 3.4, Fig. 3.9).

Table 3.4: Percentage of time spent in various depth classes for each of the three sea stars
tagged during the February 2008 tagging period

Sea Star
Depth
8787
8784
<2m
19.90%
56.40%
2-3m
17.60%
13.20%
3-4m
37.80%
23.20%
4-5m
16.70%
7.20%
>5m
11.00%
0.00%
Time Tagged 13 days, 19 h, 35mins 10 days, 23 h, 45mins

8764
20.40%
36.30%
43.30%
0.00%
0.00%
7 days, 8 h, 15mins
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Figure 3.9: Time spent in 0.5m depth classes between 0.5m above MLW and 7m below MLW
for three sea stars over a 14-day period (sea star 8787), 11-day period (sea star 8784) and a 7day period (sea star 8764)
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3.3.2d Temperature, Salinity Profiles
In February 2008, the salinity and temperature profiles were the opposite of the July
2007 profiles. This is what was expected as it was summer as opposed to winter. Salinities at
the beginning of the tagging period (Fig. 3.10) were low (<30PSU) in shallower water (<4m)
(Fig. 3.10).

The temperature profile was opposite to the winter profile, with warmer

temperatures being near the surface.

In this case the minimum temperature (17°C) is

reached when the salinity is at a maximum at approximately 4m (Fig. 3.10). At the end of
this tagging period the relationship looks closer to a ‚winter‛ relationship, with minimum
salinities and temperature occurring near the surface of the water. The salinity increases to
more than 30PSU by approximately 5m deep and the temperature reaches approximately its
maximum by around 5m as well. Although in this case the temperature is cooler at the
surface the difference is only about 1°C.

Figure 3.10: Salinity temperature profiles for Espinosa Point, Doubtful Sound on the 13th
February 2008. The insert figure is the temperature/salinity plot for the water column from
0m to 12m
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3.3.3 February 2009 Trial
In the final tagging period (February 2009) all three tags were relocated at the end
of the trial, however all three were found on the sea floor, no longer attached to sea stars. It
was determined that the tags remained attached for between three and nine days before they
fell off.

During the time that the tags remained on the sea stars the depths ranged between
0.75m and 9.29m below mean low water (Table 3.5). This was a greater range than either of
the two previous trials. The average depth of the sea stars varied between 3.68m below
mean low water and 5.09m below mean low water (Table 3.5). This too was a greater mean
depth than both of the previous tagging periods.

The total vertical distance moved by the sea stars for the entire tagging period
ranged between 43.98m and 96.03m (Table 3.5). This equated to an average daily vertical
movement of between 10.33m and 12.52m (Table 3.5). Again, as with the previous two trials,
due to the 1:2 relief of Espinosa Point, we can assume that the total vertical distance moved is
probably around twice this distance. Also like with the previous two tagging trials, there
was little horizontal movement of the sea stars, with all three tags being relocated in close
proximity (horizontally) to where they were released.

The beginning of the February 2009 tagging period showed a deepening of the
low salinity water, greater than the previous two tagging trials (Fig. 3.11). During the first
seven days the tags were deployed for, salinities of less than 30PSU were occurring at depths
of up to 4m below mean low water (Fig. 3.11). Surface salinities during this time were also
lower than they had been in the previous tagging periods, dropping below 15PSU on several
occasions (Fig. 3.11). Movements of the three sea stars tended to stay below the depths of
the lowered salinities apart from a short time around the 8th February 2009, where two of the
sea stars were located in salinities of down to 25PSU (Fig. 3.11). It was however around this
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time that sea star tag 8787 and 9399 fell off the sea stars. Sea star 8781 retained its tag for a
further six days and during this time remained well below the depths of the lowered salinity,
remaining in water with salinities greater than 32.5PSU (Fig. 3.11).

Table 3.5: Summary of vertical position and movement dynamics of each sea star during the
February 2009 tagging period

Max Depth (m below MLW)
Min Depth (m below MLW)
Mean Depth (m below MLW)
Standard Error
Time Tagged
Total Vertical Distance Moved (m)
Average Daily Vertical Distance Moved (m)
Average Instantaneous Speed (m hr -1)
-1

Maximum Instantaneous Speed (m hr )

8781
6.49
2.16
5.09
0.02
9 days, 7 h, 5mins
96.03
10.33

Sea Star
8787
5.37
0.75
3.68
0.04
3 days, 7 h, 5mins
41.26
12.52

9399
9.29
3.02
4.41
0.03
3 days, 7 h, 5mins
34.98
10.62

0.43

0.52

0.44

17.33

9.46

6.65

3.3.3a Rainfall
During the February 2009 tagging period there were three rain events. The first
occurred around February 7th. At this time there was a total rainfall of 14.2mm (Fig. 3.13).
This was followed by a brief period of no rain, then another larger rain event with a total of
604.mm of rain falling (Fig. 3.13). These two rain events coincided with a time of lowered
surface salinity and a deepening of the low salinity layer (Fig. 3.11). During this time surface
salinities intermittently reached salinities of less than 15PSU, and lowered salinity water
(<30PSU) reached depths of up to 4m below mean low water (Fig. 3.11). Later, towards the
end of the tagging period (around the 16th February 2009) a third rain event occurred with a
total of 31.8mm of rain falling (Fig. 3.13). At this time the surface salinity remained fairly
constant with salinities of around 30PSU reaching to depths approximately equal to mean
low water (Fig. 3.11).
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3.3.3b Speed
During February 2009, the average vertical speeds of the sea stars were quite similar
to the previous two tagging periods. The average speed during this tagging period ranged
between 0.43m hr-1 and 0.52m hr-1 and the maximum speeds reached by an individual sea
star ranged between 6.65m hr-1 and 17.33m hr-1 (Table 3.5, Fig. 3.12). Also like with the
previous two tagging periods these figures can be approximately doubled to get the true
instantaneous speed of the sea stars due to the 2:1 relief of Espinosa Point.
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Figure 3.11: Top – Tidal Cycle (height of water above mean low water) over the February 2009 tagging period. Middle – Temperature of water
(measured every 5 minutes) at the position of the sea star. Bottom – Sea Star movement and salinity (measured every 5 minutes) over the
February 2009 tagging period, depths are compared to mean low water

Figure 3.12: Instantaneous speed of each individual sea star over the February 2009 tagging period (Top to Bottom – sea star 8781, 8787 and 9399)

Figure 3.13: Rainfall (mm hr-1) measured on the hour every hour over the July 2007 (top), February 2008 (middle) and February 2009 (bottom)
tagging period

3.3.3c Time Spent in each Depth Class
The sea stars in the February 2009 tagging period showed three separate
distributions. Sea star 9399 was skewed to shallower depths (although these depths were
deeper than those in previous tagging periods), (Fig. 3.14). Sea star 8787 showed a bimodal
distribution with a peak in time occurring around 2.5m and another around 5.5m (Fig. 3.14).
Finally sea star 8781 showed a distribution skewed to deeper depths, occurring most
commonly around depth of 5m or more below mean low water (Fig. 3.14).

Sea star 9399 did not spend any of its time in depths shallower than 2m below mean
low water (Table 3.6, Fig. 3.14), with 80% (63hours) of its time was spent at depths greater
than 4m below mean low water (Table 3.6).

Sea star 8787 was the only sea star in this

tagging period to spend any time at the shallower depths with 1.6% (1.3hours) of its time
being in depths shallower than 2m below mean low water and 32.5% (25.7hours) of its time
being spent between 2m and 3m below mean low water (Table 3.6). This sea star spent most
of the remaining time below 4m, with over 59% (46.7hours) of its time below the 4m mark
(Table 3.6). Finally sea star 8781 spent the majority of its time at the deeper depths with, only
0.9% (2hours) being spent shallower than 3m, and over 93% (207.5hours) of its time being
spent below 4m below mean low water (Table 3.6).

Table 3.6: Percentage of time spent in various depth classes for each of the sea stars tagged
during the February 2009 tagging period

Depth
<2m
2-3m
3-4m
4-5m
5-6m
6-7m
>7m

8781
0.00%
0.90%
5.90%
15.40%
29.80%
48.00%
0.00%

Sea Star
8787
1.60%
32.50%
5.60%
20.80%
39.50%
0.00%
0.00%

9399
0.00%
0.00%
15.00%
48.40%
27.90%
4.50%
4.20%

Time Tagged

9 days, 7 h, 5mins

3 days, 7 h, 5mins

3 days, 7 h, 5mins
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Figure 3.14: Time (hrs) spent in 0.5m depth classes between 0.5m above MLW and 9.5m
below MLW for three sea stars over a 9-day period (sea star 8781) and a 3-day period (sea
stars 8787 and 9399
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3.3.3d Temperature, Salinity Profiles
The salinity and temperature profile for February 2009 is as would be expected for a
summer profile. The lower salinity waters on the surface were slightly warmer than the
deeper water. In water shallower than 1m the salinity was less than 30PSU. At around 1m
deep the salinity quickly rose to full salinity sea water (Fig. 3.15). The temperature decreased
from around 16°C on the surface to approximately 15°C at 1m (Fig. 3.15).

Figure 3.15: Salinity temperature profiles for Espinosa Point, Doubtful Sound on the 16th
February 2009. The insert figure is the temperature/salinity plot for the water column from
0m to 9m
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3.3.4 Species Surveys
The surveys of Coscinasterias muricata throughout Doubtful Sound show that
C.muricata lives mainly in depths of 8m or less throughout the seasons (Fig. 3.16). Below 8m
there are very few C.muricata if any at all (Fig 3.16). The mean depth of the sea stars varied
over the seasons between approximately 1.5m and 0.5m deep (Fig. 3.16) with the mean depth
being the shallowest in April 2008 and January 2009 and the deepest mean depth being in
October 2008 (Fig. 3.16). The greatest number of sea star occurring at any single depth was
in July 2008 at 4m deep, with an average of just below two sea stars per square meter (Fig.
3.16).

Figure 3.16: Average number of Coscinasterias muricata at each depth surveyed during each
of the six seasons surveyed. The error bars are the standard errors. The inserted graph is the
mean depth C.muricata are found at throughout the sites surveyed during each of the six
seasons. The error bars are the standard errors
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Comparing sites throughout Doubtful Sound, it can be seen that Espinosa Point has a
far greater number of Coscinasterias muricata than the other sites surveyed (Fig. 3.17).
However as with season, the sea stars still tend to be found at the shallower depths
(approximately 8m or shallower) (Fig. 3.17). The mean depth that the sea stars are found
differed among the sites (Fig. 3.17). The sea stars at Espinosa are found at a mean depth of
approximately 4m but range between around 2m deep and 6m deep (Fig. 3.17). The sea stars
at the other three sites all have average depths of between 6m and 12m and tend to be fairly
constricted in their distribution by depth at these sites (Fig. 3.17).

Figure 3.17: Average number of Coscinasterias muricata at each surveyed depth at each of the
four sites surveyed (all survey times are combined). The error bars are the standard errors.
The inserted graph is the mean depth (± standard error) that C.muricata is found at, at each of
the four surveyed sites
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To determine if any of the observed differences between sites, times and depths were
significant a statistical model was completed including time (survey season), depth, site and
the interaction between depth and site. Other interactions were not included in the model as
testing showed them to be insignificant in determining the number of C.muricata found.
From this model it was found that there was no effect of the season on determining the
number of C.muricata likely to be found (Chi-Square(5)=6.103, p=0.296, Table 3.7). There was
however an effect of site (Chi-Square(3)=23.070, p=0.000, Table 3.7) and of depth (ChiSquare(8)=44.979, p=0.000, Table 3.7). There was also an effect of the interaction between site
and depth (Chi-Square(23)=182.250, p=0.000, Table 3.7).

Table 3.7: Test of Model Effect, Number=log(mean+time+depth+site+depth*site)+poisson
error for the number of Coscinasterias muricata counted over six survey times, at four sites in
Doubtful Sound over nine depths

Wald
Chi-square
Intercept
24.042
Site
23.070
Time
6.103
Depth
44.979
Site*Depth 182.250
Source

df

p

1
3
5
8
23

0.000
0.000
0.296
0.000
0.000

From the parameter estimates for this model it can be seen that the only significant
parameter is the interaction between site and depth, in particular the interaction between
Espinosa Point and a depth of 4m (Chi-Square(1)=13.539, p=0.000). At this depth and this site
there are more Coscinasterias muricata found than at any other combination of sites and
depths, or times.
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3.4 In-Situ Tagging and Species
Survey – Discussion

3.4.1 Sea Star Tagging
Monitoring sea stars with archival electronic tags is a new way of quantifying
movements associated with foraging activities over relevant time scales (Lamare et al. 2009).
Using methods like this one as opposed to direct observations by divers removes some time
constraints. Quantitative observations can provide information on the spatial distribution of
sea stars, but these are typically at discrete times, and most often at the population level
(Lamare et al. 2009). Electronic archival tagging (as used in this study) on the other hand
provides more frequent monitoring over longer periods of time of individual organisms.
Measurements can be made over fine time-scales, giving information on the vertical position
and rates of movement of the sea stars (Lamare et al. 2009). Coscinasterias muricata were
tagged with small electronic archival tags to examine aspects of their distribution and
movements. The validity of this field data is supported by the fact that in laboratory and in
situ based trials we could not detect any changes in the behaviour of the tagged animals
versus the controls (see chapter two for more details). The sea stars were tagged in the field
for periods of time between two days and two weeks. Relocation of healthy sea stars with
tags still attached two weeks after release provides further evidence that the tagging process
was not affecting them.

Although the tags were all retained in the original tagging trials in the laboratory on a
few occasions the tags were removed from the sea stars in the field tagging trials, two tags
were not recovered. It is possible that mechanisms in the natural environment, such as
removal of the tags by fish or removal by scraping the tags against rocks and crevices, could
be reducing tag retention in the natural environment (Lamare et al. 2009). Due to the fact that
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several of the dislodged tags were able to be relocated emphasizes the importance of having
flat ground below the tagging area to ensure there is a chance the tags (even if removed from
the sea stars) are relocated.

The main aim of this section of this thesis was to test the methods developed in
chapter two in the field with an aim of examining the movements of the subtidal, mobile
invertebrate Coscinasterias muricata.

I have used foraging activities and environmental

influences as possible explanations for the movements shown by the sea stars.

Many studies have looked at the foraging strategies of sea stars, looking at aspects
such as the role of prey selection and distribution (Himmelmann and Dutil 1991), physical
drivers (Rochette et al. 1994; Witman and Grange 1998; Barker and Russell 2008), energetic
(Menge 1972) and inter and intraspecific competition (Menge and Menge 1974; Gaymer et al.
2002) during feeding.

Electronic tagging of individual sea stars provides a direct

quantitative method of exploring relatively complex and variable details of foraging activity,
such as where and how often they feed, how feeding strategies vary spatially and temporally
and how much movement may be occurring during foraging (Lamare et al. 2009). A study
on the sea star Leptasterias hexactis showed that feeding activity at high tides reached a high
point in mid to late summer and a low point in winter (Menge 1972). Menge (1972) stated
that probable factors for this cycle included reproduction (virtually immobilizing the females
during winter) and low food availability during winter compared to summer. A pattern
such as this could likely be occurring in Doubtful Sound, with females possibly becoming
almost immobilized in winter in preparation for spawning and the possibility of reduced
access to their main food source Mytilus galloprovincialis due to increased rainfall and hence
a deeper freshwater layer causing the mussels to be within a spatial refuge.
C.muricata tagged during the three tagging periods however did not show the same
pattern as the sea stars in the work by Menge (1972). There were no clear distinctions
between summer and winter months in how far the sea stars were moving (and hence
possibly feeding). The average daily movement of the sea stars was actually greatest in the
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winter (July 2007) tagging trial. The tagged sea stars were not sexed to determine if there
were any differences between male and female movements which could be related to
immobilization of females over the winter period. This is something that could be examined
in future research. When looking at the movement combined with the salinity information
from the same period of time it can be seen that in February 2008 the salinity throughout the
tagging period with the exception of the last day remained at virtually full salinity. During
this tagging period the sea stars moved the least and also showed the shallowest minimum,
maximum and mean depth compared to the other two tagging periods.

It could be

suggested that due to the near full salinity sea water at the surface the sea stars had moved
up into the region of the mussels and were feeding. The dense band of mussels at Espinosa
Point at these depths would likely mean that the sea stars did not need to move very far from
their start point, possibly explaining the decreased movements. In February 2009, there was
an increased amount of movement compared to February 2008 which could have been
caused by the sea stars attempting to escape the lowered salinity waters which were present
at the surface to depths of around four meters throughout most of the tagging period. This
would also explain why the sea stars had the greatest minimum, maximum and mean depth
out of all the tagging periods. Increased movement could be contributed to the sea stars
having to move greater distances between individual mussels to feed as they were not able
to reach the dense band of mussels in the shallower freshwater layer. The July 2007 tagging
period showed the greatest movement of the sea stars, however all movement was confined
to two movement events. In-between these events the sea stars remained fairly stationary. It
would be of benefit to return and tag during a winter climate for a longer period of time to
make better comparison to the summer tagging trials.
Coscinasterias muricata in Doubtful Sound feed nearly exclusively on the blue mussel
Mytilus galloprovincialis (Clarke 2002) found in the shallower waters generally between the
surface and two meters deep (Pers. Obs.). The mussels are protected to a certain degree from
the sea stars due to the frequent presence of the buoyant low-salinity layers (Witman and
Grange 1998). The movement of C.muricata into shallow water likely represents a foraging
associated activity (Lamare et al. 2009). Although not analysed quantitatively, personal
observations in February 2008 showed that the majority of sea stars located in the shallow
waters were feeding on mussels, while sea stars at deeper depths did not appear to be
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feeding in as great as numbers. From their vertical positions estimates of the approximate
amount of time that each individual sea star spends in contact with their preferred food
source (shallower than 2m) can be made. In July 2007 an average of 1.8% of the time was
spent in depths shallower than 2m, in February 2008 the average time spent shallower than
2m was 31.2% and 0.53% in February 2009. When we look at these numbers in relation to the
salinity they begin to make a lot more sense. During February 2008 the full salinity seawater
stretched right to the surface meaning the sea stars were free to spend a greater portion of
their time in the shallow water without encountering the lower salinity waters that they
would have during July 2007 and February 2009 had they spent more time in the shallow
water. Himmelman and Dutil (1991) show that the percentage of Asterias vulgaris feeding (of
comparable size to the C.muricata at Espinosa Point) is around 80% and they are found in the
greatest abundance in the top two meters and the abundance decreases with increasing
depth. This distribution pattern is much the same as what was seen in Doubtful Sound, with
the only difference being that the pattern is offset by approximately two meters by the low
salinity layer pushing the sea stars slightly deeper. The abundance of C.muricata is the
greatest at around two to four meters deep, directly below the low salinity layer, from there
the abundance of the sea stars decreases with increasing depth much like the distribution of
A.vulgaris.

This observed aggregation of C.muricata just below the low salinity waters

supports previous studies that have observed C.muricata aggregating beneath the influence
of the LSL (Witman and Grange 1998). These field observations are also supported by the
work completed by Clarke (2002) who concluded that C.muricata cannot tolerate exposure to
reduced salinities, with 100% mortality occurring after six hours at 15PSU and within
29hours if exposed to 20PSU. There are several sea star species that can tolerate to some
degree a lowered salinity (Shumway 1977; Forucci and Lawrence 1986; Stickle and Diehl
1987; Barker and Russell 2008), it is possible that C.muricata also shows some tolerance to
lowered salinity waters as individuals were seen on numerous occasions both within the
mixing layer and well within the low salinity water (Pers. Obs.). It is unlikely however that
they would be able to tolerate salinities below 25PSU, which commonly occur in the top two
meters of water, for any periods of time.

These observations highlight the need for

C.muricata to regulate its vertical distribution in response to changing surface salinities.
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Both species of sea stars A.vulgaris and Leptasterias polaris show feeding patterns
similar to what was observed for C.muricata in Doubtful Sound. The percentage of feeding
A.vulgaris and L.polaris (except juveniles) was significantly greater in shallow water (0-2m
deep) where the mussels were present compared to deeper water where the mussels were
absent (Himmelman and Dutil 1991). C.muricata showed a decreased proportion feeding as
depth increased. Again like with the distribution the pattern is similar but offset by the
presence of the low salinity layer. The proportion feeding with the top 2m of water is
dependent on the salinity at the time. Vertical movements of the sea stars tended to vary
between each sea star during each of the three trials. The sea stars were often found within
quite different depths to the other tagged sea stars at the same time suggesting that the
movement and possible foraging activities are quite variable at the individual level. As more
and more tagging is carried out in the future, hopefully a clearer pattern, at a population
level, will emerge as to the overall movements of the species.
As already briefly discussed; the ability of mobile invertebrates to forage within the
shallows in influenced by physical factors such as the low salinity layer (Witman and Grange
1998). Other factors may also influence foraging in the shallow water such as waves (Siddon
and Witman 2003), however within Doubtful Sound, exposure to waves is uncommon, as the
fjord is relatively sheltered. The application of electronic tags with benthic invertebrates
such as echinoderms allows for movement behaviours to be observed over time periods
relevant to physical oceanographic processes (Lamare et al. 2009). The tags used were able to
record some physical measurements such as temperature; this was combined with physical
measurements of the salinity from separate sensors deployed at the same time as the tagged
sea stars. The salinity in Doubtful Sound is to a certain extent related to the temperature of
the water (Rutger and Wing 2006; Peake et al. 2001). In winter the surface low salinity layer
is colder than the underlying seawater and in summer it is warmer (Peake et al. 2001). This
means that certain inferences could be made regarding the salinity of the water the sea stars
were in from the information gathered be the tags alone. However having the salinity
sensors in the water at the same time gave a much clearer explanation of the exact salinity
profile of the area.
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The ability of C.muricata to avoid the low salinity layer during a rainfall event
(causing deepening of the low salinity layer) is consistent with vertical speed measurements
that indicate C.muricata can move faster than the rate at which the LSL deepens (Lamare et al.
2009). The quickest deepening of the low salinity layer during a tagging period occurred in
February 2008. This occurred at approximately 0.5m h-1. The average instantaneous vertical
speed of the C.muricata ranged between

0.433m h-1 and 0.51m h-1. The maximum vertical

speeds ranged between 1.8 and 18.5m h-1. This means the sea stars would be able to move
deeper at approximately the same rate as the deepening of the low salinity waters. If you
take into account the relief of the site (1:2) the actual rate of movement is likely to be around
twice these estimates. This means that the sea stars can move considerable distances over
relatively short time periods in response to both physical and chemical cues (Lamare et al.
2009). The estimates of speed are comparable to the estimates of Witman and Grange (1998)
of 3.9m h-1 for the same species. In this instance it was thought that this would not be quick
enough to consume a mussel and escape the downward excursion of the low salinity water
within the tidal cycle. However, assuming the low salinity layer is no deeper than 2m
(which often it is not) it would take a sea star which had aggregated immediately below the
low salinity layer around half an hour to move to 1m deep (based on the slowest maximum
speed) where it would be in the middle of the dense mussel band. It would then take a
further half an hour for the sea star to move back to a depth where the low salinity water
would not reach. This would leave considerable time for the sea star to consume a mussel.
In terms of deepening of the freshwater layer with increased rainfall or snow melt, the speed
at which this occurs depends on the amount and intensity of rain or snow melt. The sea stars
would have been easily able to track the bottom of the low salinity layer in the deepening
event seen in February 2008.

80

4.1 Feeding - Introduction

Feeding is amongst the most important processes affecting the overall health and
performance of animals (Ivlev 1961). Feeding may be inhibited when animals, including
asteroids, are stressed by environmental changes (Sibly 1981; Lares and McClintock 1991).
Stress may also influence gut retention time and nutrient absorption. Processing of nutrients
and nutrient allocation under conditions of stress are mediated by intermediate metabolic
systems (Watts and Lawrence 1990) and ultimately may influence gametogenesis and
growth.

Differences in reproductive potential, nutrient storage capacity and size of

individuals are often related to food availability (Barker and Xu 1991b). Numerous field and
lab studies have shown that variation in food supply to echinoderms can greatly influence
the allocation of resources to somatic and gonadal growth and function (Guillou et al. 2000).

4.1.1 Pyloric Caeca
The pyloric caeca of sea stars has several nutritional physiological functions including
the production of digestive enzymes, assimilation of the products of digestion and the
storage of reserve materials (Lawrence 1985; Farrand and Williams 1988). The pyloric caeca
are generally considered to store nutrient reserves that are subsequently transferred to
gonads for gametogenesis, therefore a larger annual pyloric caeca index, means a higher
potential reproductive output (Lawrence and Lane 1982; Scheibling 1981). The pyloric caeca
index can directly reflect the nutritional conditions of sea star populations (Barker and Xu
1991b). Bishop and Watts (1992) suggested that after periods of starvation followed by
feeding, the stomach and intestine must attain some minimal size (or functional state) before
digestion and absorption occurs effectively. After the gut attains this minimal size or
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functional status, the gonads can recover both in size and gamete production at a maximal
rate.

4.1.2 Gonads
The gonadal index is a parameter which reflects the gonad size in relation to the body
size at a particular point in time (Barker and Xu 1991b). Gonad development is closely
related to nutrient acquisition (Lawrence 1987). Lawrence (1985) stated that a minimal
amount of food is necessary for maintenance – below this threshold, gonadal growth will not
occur. Consequently, those individuals which receive limited nutrients in the field may not
have the ability to produce gametes.

4.1.3 Gametogenesis
Reproduction in many species of sea stars is synchronized and occurs during
relatively brief periods of the year (Barker and Xu 1991).

The demands of sea star

reproduction are great, so most of the year is spent preparing both nutritionally and
physiologically (Ferguson 1975).

Laboratory studies have shown that sensitivity to environmental changes differs
according to the developing state of the gonads.

The initiation of gametogenesis and

spawning seem to be reliant on environmental factors (Bouland and Jangoux 1988), which
may include but are not limited to food availability. However, development progresses
regardless of the environmental conditions.

Changes in gonad size and composition give a good general picture of the course of
gametogenesis and spawning but more precise information may be obtained using
histological techniques (Lawrence 1973). Barker and Xu (1991b) show that oocyte area and
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diameter are the most appropriate criteria for closely defining the female reproductive cycle
and spermatogenic columns and the presence or absence of sperm reflect the actual stage of
developing cells in males, as opposed to looking solely at the gonadal index (Davis 1985).

4.1.4 Sea stars, Reproduction and Food Limitation
If the sea stars are in a limited food environment priority is given to maintenance of
the body wall over enlargement of the pyloric caeca or gonads (Harrold and Pearse 1980;
Nichols and Barker 1984). Sea stars with a favourable food supply can obtain sufficient
organic material to meet the metabolic requirement of growth and reproduction in addition
to maintenance (Barker and Xu 1991). Increased growth resulting from a better supply or
quality of food has been found in field and laboratory studies of Patiriella regularis (Crump
1971), and field observations of Asterias rubens (Vevers 1949) and Oreaster reticulates
(Scheibling 1981). Vevers (1949) concluded that growth of A.rubens depended on the amount
of food available. Poorly fed populations survived, but showed minimal growth and little or
no gonad maturation, whereas well fed populations often grew rapidly and reproduced
within one year after metamorphosis. Other studies have also reached similar conclusions
(Crump 1971; Harrold and Pearse 1980). Crump (1971) showed that sexual reproductive
potential in asteroids is closely related to food supply. A poorer diet reduces the energy put
towards sexual reproduction and may act as a stimulus for fission. If food is abundant, and
physical stresses are low, individuals grow rapidly and become sexually active at an earlier
age (Crump 1971).

4.1.5 Coscinasterias Feeding in Doubtful Sound
Subtidal populations of Coscinasterias muricata (such as those found in Doubtful
Sound) generally have large body size, lower incidence of fission and larger gonads than
intertidal populations subjected to greater stress and poorer feeding conditions (Crump and
Barker 1985).
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C.muricata has a feeding preference for the Blue Mussel (Mytilus galloprovincialis)
over other species such as the Ribbed Mussel (Aulacomya maoriana) and the algae, Ulva spp.,
in Doubtful Sound, New Zealand (Clarke 2002). The lower end of salinity tolerance for
C.muricata is between 20 and 25PSU (Clarke 2002). Although the exact salinity tolerance of
M.galloprovincialis is not known, it can be inferred from the research completed on the
conspecific M.galloprovincialis that mussels living in the shallow water in Doubtful Sound
are living close to their limits of physiological tolerance to low salinity (Witman and Grange
1998).

Mytilus galloprovincialis shows physiological adaptations down to 20PSU, but

lowered salinities can cause decreased respiration activity, changes in byssus thread
formation and a reduction in survival (Bayne 1976). Mussels living in these lowered salinity
conditions may be experiencing costs such as reduced growth, reduced reproductive output,
or both (Witman and Grange 1998) but at the same time may be avoiding predation by
staying within salinities that are not tolerated by their main predator in Doubtful Sound,
C.muricata. Due to M.galloprovincialis being primarily located in the lowered salinity waters
and C.muricata not being able to readily tolerate these conditions, the sea stars may have
limited access to the mussels and hence may be limited or restricted in their feeding. This
could potentially cause a reduction in overall growth, a reduction in pyloric caeca and
gonadal development and a reduction in gametogenic activity.

4.1.6 Aims and Hypotheses
The main aim of this section of research was to determine through a long-term
laboratory study whether Coscinasterias muricata shows changes in somatic growth, pyloric
caeca or gonad production or in their potential reproductive output in response to varying
feed quantities. By keeping all variables equal except for the quantity of food supplied to the
experimental sea stars, any changes in growth or size of any of the measured parameters
could be related back to the quantity of food given.
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The work completed on the movement of Coscinasterias muricata in Doubtful Sound
(see chapter three) showed that the majority of the time the sea stars are found below the low
salinity layer. Movements into the low salinity layer were quite infrequent, suggesting that
the only time the sea stars are able to feed on the mussels are during periods of little or no
rain/runoff which would cause the surface waters to be close to full salinity. The sea stars
did show movement into the shallow water (where the mussels are located) at times when
there was not such a decline in salinity near the surface. During one of the trials (see Figure
3.7) two of the sea stars appeared to move to depths of less than 2m, which coincides with
where the mussels are found, approximately every five days. Although this pattern is only
shown over a short period of time, it provided a possible feeding pattern that was able to be
replicated in this laboratory feeding trial. I have used this pattern of feeding once every five
days as one of the feeding regimes in the following work. I have also extended this to being
fed once every ten days as the second of the feeding regimes. I decided to use ad libitum
feeding as a form of a control regime.

The final feeding regime was based on the observations that at times when the low
salinity layer was more saline (or shallower) the sea stars would move into the shallow water
to feed. I was able to gather salinity data at two meters deep for the period of a year from a
permanent mooring close to the experimental site. From previous work on C.muricata I
decided that when the salinity at 2m was less than 30PSU the sea stars would not be able to
feed on the mussels due to their intolerance of the salinity of the water. When this salinity
was greater than 30PSU I assumed that the sea stars would be able to feed ad libitum. I used
this pattern to determine the feeding pattern of the sea stars in the laboratory trial (see
methods for full explanation).

It was thought that there would be a reduction in overall growth of the sea stars
combined with a reduced pyloric caeca index and gonadal index in the sea stars that were in
the lowered feed treatments.

It was also thought that the sea stars in the treatments
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receiving a reduced amount of food may have smaller oocytes and wider spermatogenic
columns due to development being slowed by the limited food availability.
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4.2 Laboratory Growth Experiment Methods

4.2.1 Collection
Fifty Coscinasterias muricata of various sizes were randomly collected from Espinosa
Point (166°58’45‛E, 45°18’00‛S) in Doubtful Sound, New Zealand using SCUBA in April
2008. The sea stars were brought to the surface in their ambient seawater in a sealed bucket
to avoid exposing them to the low salinity surface layer (LSSL).

The sea stars were

transported to the Portobello Marine Laboratory in Dunedin, in large 20L buckets of full
salinity seawater. Fresh seawater was added to the buckets several times between collection
and arrival at the laboratory. Forty of the sea stars were used for the groups held in the
laboratory (see 4.2.4), the remaining ten sea stars were used as a baseline group.

4.2.2 Laboratory Acclimatization
At the laboratory, the sea stars were placed into large (120L) holding tanks measuring
53cm(W) x 81cm(L) x 28cm(H). The seawater supply was filtered from the Otago Harbour
and was therefore at the same temperature as the harbour seawater throughout the holding
time (approximately 11°C). During this acclimatization time there was approximately ten
hours of light followed by fourteen hours dark in the holding tanks (natural period of light at
the time). Water supply into the tanks was kept at a medium flow of approximately 1.5 L
min-1. The sea stars were held in these conditions for two weeks to allow acclimatization to
laboratory conditions. During this time there was no mortality of the sea star.
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4.2.3 Growth Experiment set up
The growth experiment was conducted over 185 days from the 11th May 2008 to 7th
November 2008. After the two week laboratory acclimatization, the growth experiment
tanks were set up. Each individual sea star was placed into a 12L bucket (25cm in diameter
and 26cm high), with an attached lid to prevent the sea stars from escaping. Each tank had
seawater flow to the tank at a rate of approximately 0.5 L min-1. An outflow hole was drilled
approximately 2cm from the top of each of the tanks to allow the water to drain. The forty
tanks were held under identical conditions. The water temperature during the experiment
was equal to the water temperature in the Dunedin Harbour during the experimental period
(between 6°C and 12°C).

4.2.4 Feeding Regimes
The sea stars were maintained on four different feeding treatments during the 31
week experiment. Ten sea stars were randomly allocated to each of the following four
treatments:
1.

Ad libitum

2. One mussel (Mytilus galloprovincialis) every five days
3. One mussel every ten days
4. According to salinity levels in Doubtful Sound (see explanation below)

In the first treatment the sea stars were fed ad libitum (approximately four mussels,
M.galloprovincialis, every five days, more if required). This would be the most similar feeding
pattern to those experienced by the sea stars in Doubtful Sound if they were not being
limited in their movements by the low salinity layer and are able to feed as required on the
mussels. In the second treatment the sea stars were fed one mussel every five days. Feeding
in this manner was implemented to mimic the possible movement/feeding pattern identified
during the second in situ tagging period (Fig. 3.7). In this tagging period two of the sea stars
appeared to move upwards (possibly towards the band of mussels) twice, with
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approximately four or five days between the movements. The third treatment expanded on
this possible movement/feeding pattern; and the sea stars were fed one mussel every ten
days.

In the final treatment the sea stars were fed according to the salinity conditions and
how this might have affected the sea stars feeding in Doubtful Sound during 2007. To
determine this feeding pattern for the group of ten sea stars being fed according to the
salinity in Doubtful Sound, salinity data was collected from the M4 mooring (167°04’307‛E,
45°21’153‛S) courtesy of the Cawthron Institute. The M4 mooring is located on the northern
side, approximately half way along the main Doubtful Sound channel. This is close to
Espinosa Point; the study site for the in situ tagging trials completed and would hence have
very similar salinities to this site. The mooring itself measures salinity at various depths
hourly. The salinities at 2m deep (approximately the lower depth of the mussel band) were
averaged across each 24h period throughout 2007 (Fig. 4.1). When this average salinity
during a particular day dropped below 25 PSU it was assumed that the water was not saline
enough for the sea stars to be able tolerate (see salinity tolerances of Coscinasterias muricata in
Clarke 2002). When the average salinity was greater than 25PSU at 2m deep it was assumed
that the sea stars could move into the shallow water and feed on the mussels (Fig. 4.1).
Feeding of the sea stars in this treatment group in the laboratory experiments reflected these
averages. At the times when the sea stars in this treatment group were being fed; it was ad
libitum (approximately four mussels (M.galloprovincialis) every five days, more if required.
The remaining ten sea stars that were collected were used as a baseline group.
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Figure 4.1: Top: Averaged salinity (over 24 h periods). The dark areas show times when the
sea stars in the salinity feeding regime were fed ad libitum and the lighter areas represent
times when these sea stars were starved. Bottom: The average cumulative number of
mussels consumed by the sea stars in each of the four feeding regimes

4.2.5 Throughout Experiment
The sea stars were checked at a minimum of every three days, and mussels replaced
in the ad libitum replicates if required. Every five days (or ten days in the case of the ten day
treatment) all mussels were removed from the tanks and replaced with new fresh mussels.
The individual tanks were cleaned as required. To do this the sea stars were temporarily
removed from the tank and placed in another tank of the same dimensions filled with sea
water, being careful to handle the sea stars as little as possible due to possible effects of sweat
on sea stars (Zafiriou, 1972). The original sea star tank was emptied and scrubbed, rinsed
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with sea water, refilled and the sea star replaced. The mussels were also replaced at this
time.

Every time the sea stars were checked and fed or mussels replaced, the number of
mussels consumed was recorded so that an average number of mussels consumed could be
calculated (Table 4.1). By the end of the experiment five moribund sea stars had been
removed from the experiment (no more than two from one treatment). It is thought that an
unforeseen, temporary stop to the water supply may have caused these deaths.

Table 4.1: Number of mussels Mytilus galloprovincialis offered and consumed by each
group of experimental sea stars
Average Total Mussels Consumed
Total Mussels Offered
Number of Experimental Days
Number of Days Mussels Offered
Average Mussels Eaten Per Experimental Day
Average Mussels Eaten Per Feeding Day
Average % of Mussel Consumed

31
37

18
18

93
148

40
64

185
37
0.17
0.86
83.78%

185
18
0.10
0.98
98.33%

185
185
0.50
0.50
62.70%

185
58
0.21
0.68
62.03%

4.2.6 Mussel Collection
Mussels were collected by hand from three different locations. The majority of the
required mussels were collected from Espinosa Point, Doubtful Sound. These mussels were
kept in a tank at the Portobello Marine Laboratory with constant running seawater. In
addition, when collected mussel stocks were low, enough mussels to feed the sea stars until
the next opportunity to collect mussels from Doubtful Sound were collected from Mapoutahi
Peninsula, located just north of Dunedin or Allan's Beach on the Otago Peninsula.
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4.2.7 Data – Weight and Length
At the beginning of the experiment each of the sea stars were weighed (accurate to 2
decimal places) and the maximum inter-radial length of the longest arm, measured from the
outside of the central disc to the opposite arm tip, (to the nearest mm), was recorded. Other
physical characteristics were also noted, for example number of arms and number of shorter
arm. Half way through the experimental period the sea stars in the experiment were remeasured and re-weighed in the same manner, and then again at the completion of the
experiment.
At the beginning and end of the experiment a group of ten sea stars from Doubtful Sound
were also measured in the same way for a field comparison (this is the additional ten sea
stars that were collected at the start of the experiment but not used in the feeding regimes).

4.2.8 Data - Pyloric Caeca and Gonadal Indices
At the start of the experiment ten sea stars from the field were dissected. The gonads
were removed and weighed (accurate to two decimal places) as well as the pyloric caeca
(accurate to four decimal places). From the gonad and pyloric caeca weights and the sea star
wet body weight the gonadal index and pyloric caeca index were calculated using the
following formula.

(Gonad weight / sea star body weight) * 100 = Gonadal Index
(Pyloric Caeca weight / sea star body weight) * 100 = Pyloric Caeca Index

At the completion of the experiment all sea stars were dissected to weigh the gonads
and pyloric caeca. From this and the sea star wet body weight, the gonadal and pyloric caeca
indexes calculated for comparison. The ten sea stars collected from Espinosa Point at the end
of the experiment were also dissected and gonadal and pyloric caeca indexes calculated.
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4.2.9 Histology
At the completion of the experiment when adequate gonadal material was available,
a small sample of each sea star gonad was collected and placed in Bouin’s fixative for
histological analysis. The gonad samples were dehydrated in a graded ethanol/xylene series,
embedded in paraffin wax, sectioned at 10µm and stained using consecutive haematoxylin
and eosin stains. Cover slips were then mounted to each slide using DPX. Each slide was
observed by light microscopy to determine the sex and gametogenic stage of the gonads.

Three stages of maturity were determined.

These were growing, mature and

partially spawned. For the males, growing testes were characterized by intense sperm
production. The spermatogenic columns were larger and some sperm was found in the
lumen (Fig. 4.2D). The growing stage for females was characterized by an increase in the
oocyte diameter and dislocation of the larger oocytes to the lumen (Fig. 4.2A). Mature male
testes were filled with mature spermatozoa, the spermatogenic columns were narrower and
the lumen was completely filled with sperm (Fig. 4.2E). The mature female’s lumen was
filled with large, uniform size eggs (Fig. 4.2B). Partially spawned ovaries were similar to the
mature ovaries, only the lumen was no longer completely filled due to the release of gametes
(Fig. 4.2C). Finally in the partially spawned male testes the lumen was not densely filled by
sperm, there were some empty spaces due to sperm release (Fig. 4.2F).

To gain a better understanding of the level of maturity, female sea star oocytes
diameters and male spermatogenic column widths were analysed. Diameters of the first fifty
oocytes, with visible nuclei, were measured under a light microscope for each female sea
star. Fifty randomly selected measurements of the spermatogenic column width were taken
for each male sea star.
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Figure 4.2: A-C Histological sections of the ovaries. A – Growing stage showing oocytes (O)
starting to accumulate in the lumen. B – Mature stage showing the lumen filled by mature
oocytes (MO). C – Partly spawned stage showing spaces amongst the un-spawned oocytes
(UO). D-F Histological sections of the testes. D – Growing stage showing the thick
spermatic columns (SC) and sperm accumulating in the lumen (S). E – Mature stage with
lumen filled with sperm. F – Partly spawned stage containing spaces as a result of sperm
release
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4.2.10 Statistical Analysis
The statistical package SPSS version 15.0 was used to calculate all statistics.
Preceding all statistical analysis, assessments of the assumptions of normality (Shapiro-Wilk
test) and homoscedacity (Levene test) were conducted. When data were found not to be
normally distributed or lacked equal variances they were arcsine transformed prior to
further analysis as in the case of the gonadal index and pyloric caeca index. In cases where
this did not fix the problem of unequal variances a Welch test was used instead of the
ANOVA.

The average sea star weight and the inter-radial lengths of the four different
treatment groups and the field groups were calculated for the beginning, middle and end of
the experiment. These weights and inter-radial lengths were compared using a one-way
ANOVA at the beginning, in the middle and at the end of the experimental period.

At the end of the experiment the average gonadal index and pyloric caeca index for
all groups including the field groups was compared using Welch ANOVA. The percentage
of sea stars in each stage of maturity was calculated for each group. These were graphed and
compared visually. The spermatogenic column widths were also compared using the Welch
ANOVA comparing first the differences between the feeding treatments and then the
differences between the different gametogenesis stages identified. The same tests were
completed on the oocyte diameters. In any cases where significant results were returned
post-hoc Tamhane tests (for unequal variances) were carried out to investigate where the
differences were.
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4.3 Laboratory Growth Experiment Results

4.3.1 Weight and Length Results
The weight of the sea stars at the beginning of the experiment ranged from 229g to
302g with an average weight of 249g. By the completion of the experiment the weights
ranged between 213g (sea stars fed once every 10 days) to 240g (sea stars fed once every five
days). The average weight at the end of the experiment was 228g. The inter-radial length of
the sea stars at the beginning of the trials ranged between 141mm and 150mm, at the
completion of the experiment this range was 138mm to 147mm, with the largest sea stars
being those fed ad libitum. The average inter-radial length at the beginning of the trial was
145mm and this decreased to 143mm by the completion of the trials.

The wet weight and the inter-radial length of the sea stars at the beginning, middle
and end of the experiment was examined using the Shapiro-Wilk (normal distribution), and
Levene Tests (homogeneity of variance), as well as visual assessment of the data and
examination of the residual plots to ensure the assumptions of analysis of variance were met
(see appendix 6.6). After ensuring the assumptions were met; a repeated measures ANOVA
was completed comparing the wet weight and inter-radial length of the sea stars at the
beginning, middle and end of the experiment.

There was no significant effect of time (beginning, middle or end) on the inter-radial
length (Fig. 4.3) of the sea stars (F(1.859, 57.623)=0.826, p=0.435, Table 4.2). There was also no effect
of the feeding regime (Fig. 4.3), all sea stars had similar inter-radial lengths regardless of
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which feeding regime they were from (F(3,31)=1342.1, p=0.623, Table 4.2). There was also no
effect of the interaction between time and the feeding regime (F(5.576,70.535)=0.476, p=0.811).

Table 4.2: Repeated measures ANOVA with a Huynh-Feldt correction, comparing the interradial length of Coscinasterias muricata fed on four different feeding treatments, held in
laboratory conditions prior to the start, in the middle and at the end of the long term feeding
study
Source

SS

df

MS

F

p

Time

227.38

1.86

122.33

0.83

0.44

Time*Feed Regime

393.33

5.58

70.54

0.48

0.81

Error (time)

8530.00

57.62

148.03

Source

SS

df

Intercept

699290.17

1.00

Feed Regime
Error

MS

F

699290.17 1342.10

929.79

3.00

309.93

16152.43

31.00

521.05

0.60

p
0.00
0.62

Repeated measures (inter-radial length) were measured at the beginning, middle and end of the experimental period.
Data was not transformed
Levene tests for homogeneity of variance (see appendix 6.6)
Shapiro-Wilk tests for normal distribution (see appendix 6.6)
Test of Sphericity (Mauchly’s criterion=0.764, DF=2, p=0.018) Huynh-Feldt correction used (ε=0.929)
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Figure 4.3: Average inter-radial length (mm) ± standard error of Coscinasterias muricata held
in laboratory conditions prior to, in the middle of and at the completion of a long term
feeding trial. n=10 at beginning, n=10 at middle (except n=9 for 5 day) and n=8 for 5 day end,
n=10 for 10 day end, n=9 for ad libitum end and n=8 for salinity end

There was no significant effect of time (beginning, middle or end) on the weight of
the sea stars during the feeding trials (F(1.422, 44.069)=0.778, p=0.425, Table 4.3, Fig. 4.4). There
was also no significant effect of the feeding regime (F(3,31)=0.412, p=0.745, Table 4.3 and Fig.
4.4), meaning that all sea stars regardless of the feeding regime they were on, were of a
similar weight throughout the experimental period. Finally there was also no significant
effect of the interaction between time and the feeding regime (F(4.265,44.069)=1.353, p=0.264, Table
4.3).

Table 4.3: Repeated measures ANOVA with a Greenhouse-Geisser correction comparing the
wet weight of Coscinasterias muricata fed on four different feeding treatments, held in
laboratory conditions at the beginning, middle and end of the long term feeding study
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Source

SS

df

MS

F

p

Time

2690.78

1.42

1892.80

0.78

0.43

Time*Feed Regime

14042.42

4.27

3292.67

1.35

0.26

Error (time)

107250.27

44.07

2433.68

SS

df

MS

F

p

Intercept
Feed Regime

1870722.90
11499.61

1.00
3.00

Error

288072.83

31.00

Source

1870722.90 201.31
3833.20
0.41

0.00
0.75

9292.67

Repeated measures (wet weight) were measured at the beginning, middle and end of the experimental period.
Data was not transformed.
Levene tests for homogeneity of variance (see appendix 6.6)
Shapiro-Wilk test for normal distribution (see appendix 6.6)
Test for sphericity (Mauchly criterion=0.593, DF=2, p=0.000) Greenhouse-Geisser correction used (ε=0.711)

Figure 4.4: Average weight (g) ± standard error of Coscinasterias muricata held in laboratory
prior to, in the middle of and at the completion of a long-term feeding trial. n=10 at
beginning, n=10 at middle (except n=9 for 5 day) and n=8 for 5 day end, n=10 for 10 day end,
n=9 for ad libitum end and n=8 for salinity end
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4.3.2 Pyloric Caeca and Gonad Indices
The pyloric caeca index ranged between 5.6, for the sea stars taken from the field, and
8.5, for the sea stars fed ad libitum, at the end of the laboratory trials, with an average weight
of 6.4. The gonad index ranged between 0.6, for the sea stars fed once every ten days, and
2.5, for the sea stars fed ad libitum, at the completion of the experiment.

Indices were arcsine transformed to ensure that the data was normally distributed
and that the assumption of homogeneity of variances was met.

Shapiro-Wilk tests for

normal distribution (see appendix 6.6), Levene tests for homogeneity of variance were
carried out. Along with these tests visual analysis of the data and examination of the
residual plots led to the decision to use a Welch ANOVA.

A Welch ANOVA was conducted on the pyloric caeca index comparing the different
treatment groups. There was no significant difference (F(5,19.764)=2.4, p=0.074, Table 4.4) in
pyloric caeca index between the different treatments (Fig. 4.5). A Welch ANOVA was also
conducted on the gonad indices comparing the different treatments. There was a significant
difference (F(5,20.999)=5.735, p=0.002, Table 4.4) in the gonad index between the treatments (Fig.
4.6).

Table 4.4: Welch ANOVA comparing the pyloric caeca and gonad indices of Coscinasterias
muricata fed on four different feeding treatments

Pyloric caeca
Gonad

F
2.4

df1
5

df2
19.764

p
0.074

5.735

5

20.999

0.002

Data were arcsine transformed
Pyloric caeca: Levene test for homogeneity of variance (F(5,46)= 4.165, p=0.003)
Gonad: Levene test for homogeneity of variance (F(5,46)= 5.405, p=0.001).
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Figure 4.7: Average pyloric caeca index ± standard error of Coscinasterias muricata at the of
the long term feeding trial for each of the four feeding regimes as well as a group of sea stars
collected from Espinosa Point, Doubtful sound at the beginning and end of the experimental
period. n=8 (5 day), n=10 (10 day), n=9 (ad libitum), n=8 (salinity), n=7 (beginning field) and
n=10 (end field)

101

Figure 4.8: Average gonad index ± standard error of Coscinasterias muricata at the beginning,
middle and end of a long term feeding trial as well as a sample of sea stars collected from
Espinosa Point, Doubtful Sound at the beginning and end of the experimental period. n=8 (5
day), n=10 (10 day), n=9 (ad libitum), n=8 (salinity), n=7 (beginning field) and n=10 (end
field). Bars with different letters are significantly different (p<0.05)

A Tamhane post hoc test for unequal variances was completed on the transformed
gonad index data to determine which feeding regime was different. The only significant
difference (mean difference=0.07±0.02g, p=0.012) was found between the sea stars fed on the
five day treatment ( x =2.90±0.62g) and those taken from the field at the beginning of the
experiment ( x =0.30±1.20g), (Fig. 4.6). The sea stars which were fed on the five day regime
had slightly larger gonad indices than those of the sea stars taken from the field at the
beginning of the experiment. There were no other significant differences shown by this post
hoc test (Table 4.5).
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Table 4.5: Tamhane post hoc test for unequal variances comparing the gonad index for each
of the six different treatment groups
Feeding Regime Feeding Regime Mean Difference Std Error
5 Day

p

10 Day

0.044

0.022

0.635

Salinity

-0.016

0.025

1.000

Ad libitum

-0.017

0.040

1.000

Beginning (Field)

0.066

0.015

0.012

End (Field)

0.099

0.023

1.000

Salinity

-0.060

0.029

0.562

Ad libitum

-0.061

0.042

0.945

Beginning (Field)
End (Field)

0.022
-0.034

0.020
0.026

0.995
0.972

Ad libitum

-0.001

0.044

1.000

Beginning (Field)

0.082

0.023

0.100

End (Field)

0.026

0.029

0.999

Beginning (Field)

0.083

0.039

0.631

End (Field)

0.027

0.043

1.000

Beginning (Field) End (Field)

-0.056

0.021

0.255

10 Day

Salinity

Ad libitum

4.3.3 Gametogenesis Staging
After examination of the gonad of each sea star in the experiment it was found that
most sea stars fell into either the growing or mature stages of the gametogenic cycle. In both
male and female sea stars there was also one sea star determined to be in a partially spawned
state.

There were more male individuals in the growing phase that were fed on the five day
and ad libitum treatments compared to the ten day and salinity based treatments (Fig. 4.7).
There were more males from the later two treatments at the mature stage than the five day or
ad libitum stages (Fig. 4.7).

The female sea stars showed a different pattern. There were more sea stars which
were fed on the five day and salinity based treatment at the mature stage than the other two
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treatments (Fig. 4.8). All ad libitum treatment female sea stars were either growing or
partially spawned and the ten day group were either growing or mature (Fig. 4.8).

Figure 4.7: Percentage of male Coscinasterias muricata from each of the four treatments (5
day, 10 day, salinity and ad libitum) in each stage of gametogenesis at the completion of the
long-term feeding trial

Figure 4.8: Percentage of female Coscinasterias muricata from each of the four treatments (5
day, 10 day, salinity and ad libitum) in each stage of gametogenesis at the completion of the
long-term feeding trial
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4.3.4 Spermatogenic Column Width & Oocyte Diameters
The spermatogenic column width, when comparing the feeding regimes, ranged
between 49µm (10day) and 81µm (salinity fed) with an average width of

68.5µm. When

comparing the different stages the spermatogenic column width ranged between 59µm
(mature) and 75µm (growing) and had an average width of 66.8µm. The oocyte diameters
ranged between 73µm (ad libitum) and 103µm (salinity fed) when comparing the feeding
regimes, with an average diameter of 89µm. When looking at the different stages of the sea
stars, the oocyte diameter ranged between 59µm (mature) and 104µm (partially spawned)
sea stars, with an average diameter of 89.5µm.

The data from the spermatogenic column widths of male gonads and oocyte
diameters of female gonads was first examined for the assumptions of analysis of variance.
Levene tests and Shapiro-Wilk tests were used to analyse the homogeneity of variance and
the distribution of the data (see appendix 6.6). Along with these, visual assessments of the
data and examination of the residual plots were carried out. It was decided from these tests
not to transform the data and to carry on with the analysis using a Welch ANOVA.
The Welch ANOVA was used to determine if there were any differences between the
width of the spermatogenic columns or oocyte diameters between the different feed
treatments and also between the different stages of gametogenesis (Table 4.6). There was a
significant difference between the spermatogenic column width within the different feed
treatments (F(3,165.688)= 28.03, p<0.001, Table 4.7, Fig. 4.9).

There was also a significant

difference in the spermatogenic column width in relation to the gametogenesis stage
(F(2,103.631)=15.90, p<0.001, Table 4.7, Fig. 4.10). There was a significant difference between
oocyte diameters in relation to the different feed treatments (F(3,365.866)=31.03, p<0.001, Table
4.7, Fig. 4.11). Finally there was a significant difference in oocyte diameters in relation to the
different gametogenic stages (F(2,172.573)=354.66, p<0.001, Table 4.7, Fig. 4.12).

Table 4.7: Welch ANOVA comparing oocyte diameters and spermatogenic column widths
of Coscinasterias muricata fed on four different feeding regimes over the long term feeding
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experiment and the gametogenesis stage the sea stars were in at the completion of the
experiment
F
28.04
15.90

df1
3.00
2.00

df2
165.67
103.63

p
0.00
0.00

Feeding Regime

31.03

3.00

365.87

0.00

Stage

354.66

2.00

172.57

0.00

Spermatogenic Feeding Regime
column width Stage
Oocyte
Diameter
Data was not transformed.
Shapiro-Wilk test for normal distribution (see appendix 6.6)
Levene test for homogeneity of variance (see appendix 6.6)

Post hoc Tamhane tests for unequal variances was carried out on all data which
showed significant differences (Table 4.8). These tests showed that the sea stars fed on the
five day regime had significantly (mean difference=22.65±3.90, p<0.001, Table 4.8) larger
spermatogenic columns ( x
(x

5Day

=71.80±3.00µm) than the sea stars fed on the ten day regime

=49.15±2.49µm, Fig. 4.8). The sea stars fed on the ten day regime had significantly

10Day

(mean difference=22.90±3.00µm, p<0.001, Table 4.8) smaller spermatogenic columns than sea
stars

fed

on

the

ad

libitum

(x

ad

libitum

=73.25±1.67µm)

difference=31.84±3.81µm, Table 4.8) based regimes ( x

salinity

and

salinity

(mean

=81.00±2.88µm) (Fig. 4.9). Finally

the spermatogenic columns of the sea stars fed on the ad libitum regime were significantly
smaller (mean difference=8.94±3.33µm, p=0.046, Table 4.8) than the sea stars fed on the
salinity based regime. There were no significant differences between the five day and ad
libitum or the five day and salinity based regime spermatogenic columns (Fig. 4.9).
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Figure 4.9: Average spermatogenic column width (µm) ± standard error for each of the four
feeding treatments of Coscinasterias muricata held in laboratory conditions over the long term
feeding trial. n=120 (5 day and 10 day), n=180 (salinity) and n=360 (ad libitum). Bars with
different letters are significantly different (p<0.05)

The
(x

mature

post

hoc

tests

also

showed

that

mature

spermatogenic

columns

=59.11±2.74µm) were significantly smaller (mean difference=16.46±3.16µm, p<0.001,

Table 4.8) than the growing ( x
recovering ( x

recovery

growing

=75.57±1.56µm) columns and also smaller than the

=66.00±2.12µm) sea stars (mean difference=9.57±2.64µm, p=0.002, Table

4.8). There was no difference between the growing and recovering sea stars (Fig. 4.10).
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Figure 4.10: Average spermatogenic column width (µm) ± standard error for each stage of
gametogenesis identified in Coscinasterias muricata held in laboratory conditions at the
completion of the long-term feeding experiment. n=180 (mature), n=600 (growing) and n=60
(partially spawned). Bars with different letters are significantly different (p<0.05)

Tests showed that oocyte diameters for the five day regime ( x
stars were not significantly different from those of the ten day ( x

=91.46±2.25µm) sea

5day

=88.50±1.66µm) regime

10day

but were significantly larger (mean difference=18.21±3.89µm, p<0.001, Table 4.8) than those
fed

on

the

ad

libitum

regime

(x

adlibitum

=73.25±3.16µm)

and

significantly

(mean

difference=11.65±2.69, p<0.001, Table 4.8) smaller than those fed on the salinity regime
(x

salinity

=103.11±1.47µm, Fig. 4.11).

The sea stars fed on the ten day regime were also

significantly (mean difference=15.25±3.57µm, p<0.001, Table 4.8) larger than the sea stars fed
on the ad libitum regime, but significantly (mean difference=14.61±2.22µm, p<0.001, Table
4.8) smaller than the sea stars fed on the salinity controlled regime (Fig. 4.11). The sea stars
fed on the ad libitum regime were significantly (mean difference=29.86±3.49µm, p<0.001,
Table 4.8) smaller than the sea stars in the salinity controlled regime (Fig. 4.11).
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Figure 4.11: Average oocyte diameters (µm) ± standard error for each of the four treatment
groups of Coscinasterias muricata held in laboratory conditions over the long term feeding
trial. n=240 (5 day and 10 day), n=180 (salinity) and n=120 (ad libitum). Bars with different
letters are significantly different (p<0.05)

Post hoc tests showed that mature oocytes were significantly larger (mean
difference=44.48±1.73µm, p<0.001, Table 4.8, x
(x

growing

mature

=104.06±1.09µm) than growing oocytes

=59.58±1.35µm) but there was no difference between mature and partially spawned

( x =104.83±2.33µm) oocytes (Fig. 4.12). The post hoc tests also showed that growing oocytes
were significantly (mean difference=45.25±2.70µm, p<0.001, Table 4.8) smaller than partially
spawned oocytes (Fig. 4.12).
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Figure 4.12: Average oocyte diameters (µm) ± standard error for each of the stages of
gametogenesis of Coscinasterias muricata held in laboratory conditions over the long term
feeding trial. n=480 (mature), n=240 (growing) and n=60 (partially spawned). Bars with
different letters are significantly different (p<0.05)

Table 4.8: Tamhane post hoc test for unequal variances for both spermatogenic column
widths and oocyte diameters comparing feeding regime and gametogenesis stage
Feeding Regime Feeding Regime Mean Difference Std. Error
5 Day
10 Day
22.651
3.899
Ad libitum

-0.252

3.433

1.000

Salinity

-9.197

4.159

0.159

Ad libitum

-22.903

3.002

0.000

Salinity

-31.847

3.811

0.000

Ad libitum

Salinity

-8.944

3.333

0.046

Stage

Stage

Mature

Growing
Partially spawned

16.456
9.567

3.155
2.637

0.000
0.002

Growing

Partially spawned

-6.889

3.466

0.141

Spermatogenic
column width 10 Day

Spermatogenic
column width

Mean Difference Std. Error

Feeding Regime Feeding Regime Mean Difference Std. Error
5 Day
10 Day
2.958
2.797
Oocyte
Diameter

Oocyte
Diameter

p
0.000

Ad libitum
Salinity

p

p
0.873

18.208
-11.653

3.885
2.692

0.000
0.000

10 Day

Ad libitum

15.250

3.572

0.000

Ad libitum

Salinity
S

-14.611
-29.861

2.217
3.491

0.000
0.000

Stage

Stage

Mature

Growing
Partially spawned
Partially spawned

Growing

Mean Difference Std. Error
44.479
-0.771
-45.250

1.735
2.577
2.696

p
0.000
0.987
0.000
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4.4 Laboratory Growth Experiment Discussion

The main aim of this section of research was to determine through a long-term
laboratory study whether Coscinasterias muricata showed changes in somatic growth, pyloric
caeca or gonad production or in their potential reproductive output in response to varying
feed quantities.

Food levels were based on patterns observed in the movements of

C.muricata throughout trials conducted previously in Doubtful Sound (see chapter three),
and on the salinity pattern recorded in Doubtful Sound. It was thought that there would be
a reduction in overall growth of the sea stars combined with a reduced pyloric caeca index
and gonadal index in the sea stars that were in the low feed treatments. It was also thought
that the sea stars in the treatments receiving a reduced amount of food may have smaller
oocytes and wider spermatogenic columns.

Feeding is among the most important processes affecting the overall health and
performance of animals (Ivlev 1961).

Numerous field and lab studies conducted on

echinoderms have led to conclusions that any variation in food supply greatly influences the
allocation of resources to somatic and gonadal growth and function which can affect
reproductive potential, nutrient storage capacity and size of individuals (Guillou et al. 2000;
Barker and Xu 1991). Sea stars with a favourable food supply can obtain sufficient organic
material to meet the metabolic requirement of growth and reproduction in addition to
maintenance (Barker and Xu 1991).

In contrast gametogenesis and maturation can be

affected by poor nutritional conditions and may be arrested in asteroids (Xu and Barker
1990). It has been suggested that priority is given to somatic maintenance when sea stars are
starved (Harrold and Pearse 1980; Nichols and Barker 1984).
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4.4.1 Body Size
Numerous studies have been conducted on the effect of food-limitation on the body
size of echinoderms.

Menge (1972b) showed that the sea star Leptasterias hexactis was

achieving smaller sizes than it would if Pisaster ochraceus was not present in the same
environment.

Removal of P.ochraceus allowed the wet weight of L.hexactis to increase

significantly over 15 months as the sea stars were no longer being food limited by the
competition of the larger sea stars (Menge 1972b).

The asteroids, Hyphalaster inermis,

Styracaster horridus and Stryacaster chuni all have higher adult growth rates when specimens
were living in richer environments that were higher in the amount and quality of food
(Ramirez-Llodra et al. 2002).

The work completed here on C.muricata found no difference in the wet body weight
or inter-radial distance between the food limited sea stars and those fed ad libitum. It would
appear that C.muricata from Doubtful Sound held in laboratory conditions can maintain the
same growth rate regardless of the quantity of food supplied (to a minimum of one mussel
every ten days). It may have been of use to have an unfed control group, which would have
been expected to have the smallest body sizes compared to the other treatment groups. This
group would have represented the worst case scenario and given a baseline to compare the
other treatment groups to. C.muricata from Otago Harbour have been shown to increase
growth with increased food supply over a period of 125 days (Sköld et al. 2002). These sea
stars have been shown to reproduce asexually, with all sea stars from the Otago Harbour
showing signs of fission, except for those in a starved state (Sköld et al. 2002). Fissiparity
decreases with increasing size in C.muricata and growth rates and gonad development
increase with supply of food (Sköld et al. 2002). This would suggest that fewer fissiparous
individuals would exist in habitats where food is abundant (Sköld et al. 2002). Rapid growth
would allow individuals to more quickly reach the size threshold at which fission begins to
be suppressed (Sköld et al. 2002). C.muricata in Doubtful Sound rarely show signs of asexual
reproduction (Sköld et al. 2002). From personal observations it is seen that C.muricata in the
fjord are generally of quite a large size, it is uncommon to see smaller specimens. It is
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possible that due to their larger size, they are reaching the size threshold quickly enough that
they do not need to undergo fission for reproduction. To reach this size quickly it would
have to be assumed that they are not food limited.

4.4.2 Pyloric Caeca
The pyloric caeca index is commonly larger in individuals which are not food limited.
This has been shown in many species of sea stars including Allostichaster insignis (Barker and
Scheibling 2008), Sclerasterias mollis (Xu and Barker 1990) and Odontaster validus (StanwellSmith and Clarke, 1998). Inshore populations of Scleratserias mollis had significantly smaller
pyloric caeca indices than offshore populations (Barker and Xu 1991). This difference in size
was put down to the differing food resources available in the different habitats. It was found
that there was a positive correlation between food resources and organ indices in
populations of S.mollis (Barker and Xu 1991). Unlike these examples, Coscinasterias muricata
from this experiment showed no differences in the pyloric caeca index after the completion
of the long-term feeding trial between food limited and ad libitum groups. There was also
no difference between the treatment groups and sea stars taken directly from the field. Due
to the fact that no differences in pyloric caeca were seen in the experiment, it was assumed
that like with the body size, the pyloric caeca growth was not being restricted by a low food
supply (to a minimum of one mussel consumed every ten days). Again, it would have been
useful to have a group of sea stars that were starved for a comparison. The results may have
also been different if the experiment was conducted over a longer period of time.
Unfortunately due to time constraints this wasn’t possible.

Since the pyloric caeca are

generally considered to be storage, for nutrient reserves that are subsequently transferred to
gonads for gametogenesis, the higher the annual pyloric caeca index the higher the potential
reproductive output would be (Scheibling 1981). As the sea stars pyloric caeca indices do not
differ in this experiment with changing food availability it is assumed that the sea stars
reproductive potential is not being limited in this way.
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4.4.3 Gonadal Index
The reproductive cycle of asteroids has been shown to be controlled by various
factors including food availability (Bouland and Jangoux 1988). A minimal amount of food
is necessary for maintenance, below which gonadal growth will not occur; consequently
individuals who receive limited food supplies in the field may not be able to produce
gametes (Lawrence 1985). If an organism is food limited, or starved, and then is able to feed
again, before the gonads recover and gamete production occurs at a maximal rate, the
stomach and intestines must attain some minimal size (or functional state) before digestion
and absorption occur effectively (Bishop and Watts 1992). Growth of Asterias rubens depends
on the amount of food available, where poorly fed populations will survive, but show
minimal growth and little or no gonad maturation, while well fed populations often grow
rapidly and can reproduce within one year after metamorphosis (Vevers 1949; Crump 1971;
Harrold and Pearse 1980). Gonad indices, like the pyloric caeca index, are commonly greater
in individuals who are not food limited for many species of sea stars. Like with the pyloric
caeca, Sclerasterias mollis also showed changes in the gonad index with a change in food
availability (Barker and Xu 1991). Coscinasterias muricata showed a decreased gonad index in
the sea stars taken from the field at the beginning of the experimental period compared to
the sea stars at the end of the experiment in the food-limited (five day) group. This is
probably because when the sea stars were taken from the field they were near the start of the
gametogenic cycle, hence the gonads were at their smallest gametes having recently been
spawned. Other than this, there were no other differences between the food-limited sea stars
and those fed ad libitum. This again, like with the body size and the pyloric caeca index,
would suggest that the sea stars from Doubtful Sound in the experiment are not being food
limited (to a minimum of one consumed sea star every ten days).

4.4.4 Oocytes
Oocyte diameter may provide complementary information regarding the stages of
female gamete development (Schoenmakers and Voogt 1980). Larger oocytes are present in
mature asteroids in greater proportions prior to spawning, when gametogenesis begins the
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proportion of smaller oocytes increases (Georgiades et al. 2006). The highest proportion of
small oocytes will occur post-spawning. Oocyte diameter has been shown to be related to
asteroid feeding condition (Xu and Barker 1990; Sköld et al. 2002). In the sea star Sclerasterias
mollis oocyte diameter has been shown to be smaller in starved individuals compared to fed
ones, indicating that reproductive events in the starved animals are being disrupted (Xu and
Barker 1990).

Differences in egg size and content might have important biological

consequences.

This study showed that the mature oocytes were the largest, followed by the partially
spawned oocytes and finally the growing oocytes. This is as would be expected with oocytes
increasing in size until they reach the point of maturity and are spawned. In relation to the
feeding treatments, the oocytes from the sea stars fed according to the salinity regime in
Doubtful Sound had the largest oocyte diameters, followed by the five day treatment, then
the ten day treatment and finally the sea stars fed ad libitum had the smallest oocytes. The
ad libitum sea stars were either in the growing or partially spawned states, and tended to
have the smallest oocytes. It may be possible that these sea stars were a little ahead of the
other sea stars in their gametogenic cycle due to the increased amount of food they received,
compared to the other treatment groups, over the course of the study. The sea stars fed on
the five day and ten day regimes were either in the growing or mature state and had
intermediate sized oocytes. These sea stars are likely to be slightly behind in the cycle
compared to the ad libitum sea stars due to being food limited for most of their gametogenic
cycle. The sea stars fed according to the salinity regime were all mature sea stars meaning
that all these oocytes should be at their largest point (they were the largest oocytes out of all
treatment groups) and they were probably at an intermediate stage of gametogenesis
compared to the other groups. From this it would seem that female sea stars with unlimited
access to food resources could reach maturity and spawn earlier than sea stars with limited
food supplies. Increased growth of oocytes with increasing food supply has been seen in
several other studies. Mean oocyte size was found to be significantly greater in the sea star
Sclerasterias mollis in fed compared to starved individuals after 120 days (Xu and Barker
1990). This indicates that the reproductive events in the starved animals were disrupted.
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This could be the same as what occurred with the oocytes in the Coscinasterias muricata in this
research.

4.4.5 Spermatogenic Columns
Male sea stars have also shown changes in their gametes in relation to food
availability. As testes grow, intense sperm production starts and the spermatogenic columns
become larger, some sperm starts to be found in the lumen (Carvalho and Ventura 2002).
When sea stars mature the testes are filled with mature spermatozoa and the spermatogenic
columns become narrower until the lumen is completely filled with sperm (Carvalho and
Ventura 2002). As the sea stars spawn the testes become less densely packed with sperm and
some empty spaces start to show due to sperm release (Carvalho and Ventura 2002). During
periods of stress, gonads may be re-absorbed and gametogenesis may be altered or arrested
(Lawrence and Lane 1982; Guillou et al. 2000).

In the testes of Sclerasterias mollis, the

spermatogenic columns were gone in almost all the starved animals but not in the fed
animals after 110 days of starvation, and fed sea stars had a much larger number of motile
spermatozoa which were present in all testes compared to starved sea stars (Xu and Barker
1990). This implied that changes to the duration of the development stages in the starved
males had occurred (Xu and Barker 1990). In this case the columns of the starved S.mollis
had degraded and disappeared while the fed S.mollis consistently obtained nutrients both by
directly ingested food and by moving substances stored in the pyloric caeca and the body
wall and utilized these to maximize reproductive output (Xu and Barker 1990).

The size of the spermatogenic columns in the male sea stars in this study in relation
to their maturity status was as expected.

The mature sea stars had the smallest

spermatogenic columns, followed by the partially spawned then growing sea stars. When
related to the feeding regime it seemed that the sea stars on the five day regime were the
slowest developers, with all individuals still being in the growing phase and having
spermatogenic column widths which were growing towards a maximum. The sea stars fed
on the ten day and salinity based regimes were in the middle of the development process
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with some sea stars still in the growing phase and others in the mature phase. These sea
stars had the largest (salinity based regime) and smallest (ten day regime) spermatogenic
columns. This is likely explained by the small sample size of males in these groups. Finally
the sea stars fed on the ad libitum regime were the most advanced and were either partially
spawned or back in the growing phase. This pattern is quite similar to the females.

4.4.6 Limitations
If this long-term feeding study had been conducted over a longer period the results
may have been different. Unfortunately this was not possible as the time frame on the
research was restricted by available collection dates along with availability of laboratory
space and time constraints of the project as a whole.

4.4.7 Timing of Reproductive Cycle
From the research conducted it appears that rather than the development of the
oocytes and spermatogenic columns being affected, it is the timing of the stages of this
development that may be being affected by changes in food availability. From this research
it would appear that both male and female sea stars fed ad libitum reached maturity earlier
than sea stars with restricted quantities of food, including the sea stars that were fed based
on the salinity regime in Doubtful Sound.

This agrees with several other studies that

showed that when food is scarce, reproductive output and timing is changed in asteroids
(Crump 1971 and Harrold and Pearse 1980). For example differences in oocyte diameters
between Odontaster validus from two different sites were shown to differ with changes in
food availability (Chiantore et al. 2002). This suggests a shift in the occurrence of spawning
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4.4.7 Conclusions
The availability of food to the sea stars in the salinity based feeding regime closely
mimicked the times at which the in situ sea stars would have been able to enter the top 2m of
the water column, when the salinity was greater than 25PSU in Doubtful Sound during 2007.
During these times it is very likely that the sea stars would be feeding on the mussels found
in this area. It would seem from the research conducted that these sea stars are unlikely to
show effects of food limitation in respect to their overall body size, pyloric caeca index or
gonadal index. There is a possibility that the reduction in food availability was causing a
change in the timing of gametogenesis with both male and female maturity status for the sea
stars fed according to the Doubtful Sound salinity lagging slightly behind the maturity status
of the sea stars fed ad libitum. This would agree with other studies which have shown that
groups of individuals which migrate through barriers (such as the low salinity layer) or
overgraze an existing site of sustainable forage, may go for weeks with no appreciable
nutrient uptake, potentially inhibiting gametogenic activity in both sexes (Lawrence 1985).
However once a new food source is found the gonads of both sexes can respond, the males
very quickly and the females a little slower (Lawrence 1985).

This response to food

availability after periods of starvation could explain the situation in Doubtful Sound.
Coscinasterias muricata at Espinosa Point in Doubtful Sound are unlikely to be permanently
food limited. However some effects of temporary food limitations are possible as seen with
the lag in gametogenesis of the sea stars fed according to the salinity compared to sea stars
fed ad libitum.

If the gonads respond quickly at times of feeding ad libitum, when the

freshwater layer is shallow (less than 2m) it may mean the sea stars are able to tolerate the
low food periods and hence maintain their pyloric caeca indices and body growth.
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5. General Discussion

5.1 Summary Table

Table 5.1: Summary table of key questions and outcome from research
Key Questions
Are there any effects on behaviour of sea
stars when tagged?

Outcome
No measurable outcome

Are C.muricata found within the LSL in

On occassion, but for only very short periods of

Doubtful Sound?

time at salinities between 25 and 30PSU

Are there any changes in somatic growth
with varying food supply?
Are there any changes in pyloric caeca or
gonadal indicies with varying food supply?

No measureable changes
No measureable changes
Sea stars with unlimited food supplies had faster

Are there any changes in reproductive
potential with varying feed quantities?

developing oocytes and spermatogenic columns
than sea stars with limited food supplies,
potentially changing the timing of the
reproductive cycle

5.2 Development of Tagging Method
Tagging of marine animals has been occurring for at least the last 50 years (Sibert and
Nielsen 2000). Many species have been tagged including tuna (Block et al. 2005), whales
(Johnson and Tyack 2003) and elephant seals (Burgess et al. 1998) to name just a few.
Tagging of marine invertebrates is far less common. Advances in micro-computer
technology has made the use of small archival electronic tags more viable for use on small
invertebrates and tagging work now occurs on sea urchins (Sinclair 1959) and crustaceans
(Philips et al. 1984). Tagging methods vary considerably between different species from
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internal tags to external tags attached to the animal. Regardless of the methods used, effects
of the tags and tagging processes need to be avoided to ensure that any data collected from a
tagged animal is valid.
The first aim of this study was to develop a method of tagging the mobile, subtidal
invertebrate Coscinasterias muricata that could be employed easily in-situ and later be used in
an effort to monitor the movements of the sea star in relation to the freshwater layer which is
found nearly permanently in Doubtful Sound. The method developed had to be easy to use,
quick (so could be completed at the study site), result in high tag relocation and not have any
detrimental effect on the sea stars (Table 5.1).

After several validation studies were carried out, the method developed proved to
have a fairly high success rate. No tagged sea stars died during the laboratory trials, and all
relocated sea stars in the field appeared to be in good health. Although two tags were not
recovered, there was a fairly high relocation success, either by finding the tag still attached to
the sea star, or off the sea floor. Throughout movement, feeding and righting trials (used as
a measure of fitness) the tagged sea stars did not appear to be behaving any differently to the
untagged sea stars (Table 5.1).

The development and laboratory trials of this method have shown this to be a viable
method that can be applied in the field. Tagging of this type when implemented in the field
will yield valuable information about the movements and behaviours of smaller
invertebrates over time scales that would previously have been impossible to monitor.

5.3 In Situ Movements of Coscinasterias muricata
The foraging activity of sea stars can have an important role in structuring sessile
marine communities, both in the intertidal (Menge et al. 1994) and subtidal (Witman and
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Grange 1998).

Fully understanding the role of sea stars in this structuring of marine

ecosystems requires quantifying their foraging activity and feeding rates (Lamare et al. 2009).

Quantitative observations can provide information on the spatial distribution of sea
stars, but these are typically at discrete times, and most often at the population level (Lamare
et al. 2009). Archival tagging like what was used in this study allows information to be
gathered continuously over ecologically significant time frames. This, in turn, gives us a
better understanding of what is occurring throughout the population.

The second aim of this study was to test the use of electronic archival tags in the field
as a method of examining the ecology of a subtidal marine invertebrate, as opposed to more
conventional methods, such as direct diver observations. It was hoped that through the use
of these tags, feeding behaviours in relation to the freshwater layer could be more readily
identified.

From the tagging it was found that C.muricata was present on occasion within the
lowered salinity water near the surface in Doubtful Sound (Table 5.1). During all three
tagging periods at least one sea star experienced lowered salinity waters down to
approximately 25 to 30PSU. There were no instances where any tagged sea stars were found
to be in salinities of less than 25PSU. This agrees with previous work completed by Clarke
(2002) who found that C.muricata had a salinity tolerance of somewhere between 20 and
25PSU. It was also seen that the individual sea stars did not follow similar patterns of
movements to one another. With the exception of the July 2007 tagging period (which was
only two days) the sea stars did not appear to move in the same direction or move in general
at the same time. This would suggest that to get a better overall view of what the sea star
movements are on a population scale, many more sea stars would need to be tagged.
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Speeds of the sea stars based on their vertical movements showed that it may be
possible for the sea stars to move into the mussel area and back down again, during times of
shallow low salinity layers (<2m deep) without being ‚caught‛ by the low salinity water. It
is likely that it would also be possible for the sea stars to escape any deepening of the low
salinity layer caused by an increase in rainfall or snow melt.

Many studies have previously looked at the foraging strategy of sea stars including
the role of prey selection and distribution (Himmelman and Dutil 1991), physical drivers
(Rochette et al. 1994) and inter and intraspecific competition (Menge and Menge 1974) during
feeding. The data collected on C.muricata shows the potential of electronic tagging as a
powerful tool for understanding benthic behavioural ecology of sea stars and other foraging
benthic invertebrates beyond what is possible from discrete observations (Lamare et al. 2009).

5.4 Growth and Reproductive Potential of Food Limited Sea Stars
Feeding is among the most important processes affecting the overall health and
performance of animals (Ivlev 1961). Animals which receive limited food supplies can be
affected in several ways including a reduction in growth (Crump 1971; Vevers 1949;
Scheibling 1981; Ebert 1967), changes in gametogenic activity (Andrew 1986; Scheibling 1981;
Xu and Barker 1990; Silva et al. 2004), gonad growth (Lawrence 1985; Guillou et al. 2000;
Lawrence and Lane 1982) and pyloric caeca growth (Klinger et al. 1988). In many cases when
food is limited priority is given to somatic growth and maintenance (Harrold and Pearse
1980; Nichols and Barker 1984). If this is the case the reproductive output could be affected
substantially in populations which are permanently food limited.

The aim of this section of the study was to determine what, if any, affects food
limitations have on the survival, growth and potential reproductive output has on
Coscinasterias muricata. It was found that limitation of food (as little as only one mussel every
ten days) had no affect on the overall weight, length, pyloric caeca index or gonad index of
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the sea stars when compared to sea stars fed ad libitum (Table 5.1). However when the
gametes themselves were analysed there were some changes that could be attributed to food
limitations. The sea stars which were fed ad libitum appeared more advanced than the food
limited sea stars in their gametogenic cycle, showing signs that they had already spawned at
the time of dissection (Table 5.1). The sea stars which were fed at intervals that closely
mimicked the times that would have been available for the sea stars to feed in Doubtful
Sound were generally at a mature stage with large oocytes and small spermatogenic
columns. The more food limited groups (fed every five or ten days) were generally less
advanced in their gametogenic cycle often still showing signs of being in the growing phase
and some in the mature phase.

These findings agree with other studies who have shown that in asteroids, if food is
limited gametogenesis can slow or cease (Lawrence 1985; Xu and Baker 1990) and gonads
may even go as far as regressing (Lawrence and Lane 1982; Guillou et al. 2000). Priority is
given to somatic growth and maintenance (Harrold and Pearse 1980) which explains why no
differences were found in the body size, length or pyloric caeca. Some minimal amount of
food is necessary for maintenance, below which gonadal growth may not occur (Bishop and
Watts 1994), consequently those animals which are food limited in the field may not be able
to produce gametes. After periods of starvation followed by feeding (as would be the case
when the low salinity layer deepens and then retreats), the stomach and intestines must
attain some minimal size before digestion and absorption occurs effectively (Bishop and
Watts 1985). After the gut attains this minimal size or functional state, the gonads can
recover in both size and gamete production at a maximal rate (Bishop and Watts 1985). It is
likely that when the low salinity layer retreats (shallower) the sea stars are able to access a
great deal of mussels allowing maximum feeding rates and maximum recovery from
starvation. This sort of phenomenon could be the explanation as to how, although it would
appear looking at the gamete production that the sea stars may be somewhat food limited,
that C.muricata still appear to reach a large enough size, quickly in the fjords to avoid
reproduction via fisson.
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If the sea stars in Doubtful Sound are being limited due to the freshwater layer
restricting their access to the mussels, it may be that the reproductive cycle timing is slightly
lagging compared to what it would be if there was no food limitation. This could lead to a
lowered reproductive value of the sea stars, as both maturation rate and gonad production
have a profound effect on the reproductive value of the individual (Meidel and Scheibling
1999). It may be possible that when the freshwater layer in Doubtful Sound deepens due
strong up-fjord winds (common during rain events, Gibbs 2001; Gibbs et al. 2000) and heavy
periods of rainfall and spring snow melt there could be periods of time where feeding is
limited and development of the sea star and the gametogenesis process may be affected.

5.5 Future Research and Recommendations
Future research in this field needs to include extended tagging trials, both for longer
periods of time and at different times of the year. It was unfortunate that during the in situ
tagging trials conducted in this study that there was not a great deal of movement of the low
salinity layer. It would be of extreme value to have sea stars tagged during periods of
deepening of the low salinity layer to beyond what was seen in this study and to monitor the
movements of the sea stars during this time. Tagging the sea stars in greater numbers would
also give a much clearer picture of the movements of the population as a whole. This could
either be achieved by numerous more tagging periods or by investing in several more tags.
It would also be of value to tag sea stars at other locations either within the fjords or even
outside of the fjords for comparisons of movements. Surveys conducted looking at food
availability versus depth could be used to further investigate spatial variations in
reproductive potential/growth along the LSL, or through comparisons outside of the fjords.

Finally at some stage in the future is would be interesting to modify this tagging
technique for use on other important invertebrates, such as sea urchins or other species of sea
stars.
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5.6 Summary and Conclusions
In summary a successful method of tagging Coscinasterias muricata was developed
that did not affect the survival or behaviour of the animal. This method was used in
Doubtful Sound to monitor ten sea stars for periods of two days to two weeks, giving
information about their movements in relation to the low salinity layer and the dense mussel
band found near the surface of the water. Through long term laboratory feeding studies it
was also found that the sea stars in Doubtful Sound are likely to be experiencing some
degree of food limitation. This appears to be lengthening the time it takes for the sea stars to
reach maturity within a reproductive cycle but is not limiting enough to cause a reduction in
growth.
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6. Appendix

6.1 Tagging Trials
Several different methods of tagging the sea stars were attempted before heading into
the field. For each method (outlined below) the tagged sea stars were left in the same tank as
other untagged sea stars and were fed on live cockles (Austrovenus stutchburyi). The sea stars
were left with the tags (backpacks) on for at least a week, or until the method failed.

Backpack Trial One
The first backpack trialed consisted of elastic and a cut-out plastic ice-cream container
lid.

The body of the sea star was traced around to give a circle on the plastic lid

approximately the same size as the sea star. Each circular plastic disc had five ‘arms’ (Fig.
6.1) which were approximately the same width as the sea star arms. Each of the five ‘arms’
had two slits big enough for the elastic to be threaded through, one on either side of the
‘arm’. The plastic backpack was attached to the aboral side of the sea star by threading the
elastic through one slit, under the sea star arm and back through the other slit, then tied on
the upper side. This was done on each of the five ‘arms’. The tag was attached to the middle
of the backpack using thin (0.5mm) stainless steel wire.
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Figure 6.1: Diagram of backpack trial 1. The circular disc is approximately the same size as
sea star body, with 5 ‘arms’ being the same width as sea star legs. The backpack was
attached by thin elastic and the tag attached by 0.5mm diameter stainless steel wire

Backpack trial Two
The second backpack trial used only 5mm elastic. The elastic was threaded under
and over the sea star arms. It was threaded around the sea star twice, so that all arms were
bound by the elastic. The ends of the elastic were then tied off. Another piece of elastic was
used to hold either side of the back pack to each other (Fig. 6.2). Again the sensor was
attached to the middle of the elastic ring using stainless steel wire.
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Figure 6.2: Backpack trial number 2. The elastic is threaded over and under each of the
arms. A second piece is used to hold the backpack in place. The tag is attached using
stainless steel wire

Wire Only Tagging Trial
The third method consisted of using 0.5mm thick, stainless steel wire and piercing it
through one of the sea star arms from the dorsal side to the ventral side. The wire was then
threaded through the hole in the tag and the two ends of the wire twisted together to hold
the tag in place (Fig 6.3). Any sharp parts of wire were removed to prevent them digging
into the sea star.
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Figure 6.3: Wire only tagging method

Backpack Trials - Results
Attempts to tag the sea stars using either using plastic ice-cream container backpacks
attached with elastic or using simply using elastic harnesses around the sea star arms did not
work. The sea stars were able to remove the elastic from around one leg at a time until free.
This took anywhere from between 10minutes to 24 hours depending on the way in which the
harness was attached. By tightening the harnesses to prevent movement the sea stars started
to drop arms, so the harnesses were removed.

Wire Only Tagging Trials - Results
By piercing a 0.5mm stainless steel wire through the sea star arms, the tags were
successfully attached. After almost two weeks in the laboratory tanks with tags attached in
this manner the sea stars had not dropped any arms nor were they able to remove the tags.
The tags were often moved from the dorsal side where attached, to the ventral side.
Throughout the two weeks that the tags were left in place in the laboratory, no mortality of
the sea stars, either in the control group or tagged group was recorded.
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Tagging Trials - Discussion
In the beginning it was thought that piercing the sea star arm with wire would likely
cause arm loss and most likely a change in behaviour due to this. Piercing of sea urchin tests
has caused decalcification in some urchins and eventually led to tag losses in the study
conducted by Olson and Newton (1979).

The sea star Asterias rubens has been tagged

through a puncturing method but this led to autotomy, abscesses, discarding of the tag and
cannibalism (Kvalvågnæs 1972). Feder (1955) also had unsuccessful attempts to tag the sea
star Pisaster ochraceus using stainless steel wire. Other methods using backpacks were trialed
prior to attempting puncturing in an effort to eliminate these problems, however like with
trials conducted on Asterias rubens (Kvalvågnæs 1972), the sea stars demonstrated incredible
ability of getting rid of the harness. Due to the backpack (harnesses) being unsuccessful,
trials involving piercing the sea star arms were carried out. The immediate laboratory
results over a week showed no mortalities and no loss of arm when the sea stars were tagged
using this method.

There were also no immediately identifiable changes in behaviour

throughout the tagging process or in the week that followed.

6.2 Validation – Feeding Trials

Table 6.1: Shaprio-Wilk test for normality of data for the weight of the tagged and untagged
sea stars at the beginning of the feeding trials
Time
Start
End

Tag
Tagged
Untagged
Tagged
Untagged

Shaprio-Wilk Stat
0.807
0.98
0.964
0.91

df
4
4
4
4

Sig.
0.116
0.904
0.804
0.482
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Table 6.2: Levene test for homogeneity of variances for the weight of the tagged
and untagged sea stars at the beginning of the feeding trial
Time
Start
End

Levene Stat
0.142
0.057

df1
1
1

df2
6
6

Sig.
0.719
0.82

Table 6.3: One-way ANOVA checking for differences between the starting weights of the
tagged and untagged sea stars prior to the start of the feeding trials
Between Groups
Within Groups
Total

Sum of Squares
0.001
0.211
0.212

df
1
6
7

Mean Square
0.001
0.035

F
0.043

Sig.
0.843

All data were ln(x+1) transformed.
Levene test for homogeneity of variances (F(1,6)=0.142, p=0.719)
Shapiro-Wilk test for normal distribution (Tagged W(4)=0.807, p=0.116; Untagged W(4)=0.980, p=0.904)

Table 6.4: Shapiro-Wilk test for normal distribution and Levene Test for homogeneity of
variance for each day during the experimental feeding period for tagged and untagged sea
stars. The darkened areas highlight significance (p<0.05)
Time
Day One
Day Two
Day Three
Day Four
Day Five

Day One
Day Two
Day Three
Day Four

Tag
Tagged
Untagged
Tagged
Untagged
Tagged
Untagged
Tagged
Untagged
Tagged
Untagged

Levene Stat
4.14
2.221
0.517
1.155

Shaprio-Wilk Stat
0.913
0.813
0.630
0.840
0.729
0.945
0.630
0.630
0.729
0.729

df1
1
1
1
1

df2
6
6
6
6

df
4
4
4
4
4
4
4
4
4
4

Sig.
0.500
0.129
0.001
0.194
0.024
0.683
0.001
0.001
0.024
0.024

Sig.
0.088
0.187
0.499
0.324
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6.3 Validation – Movement Trials

Table 6.5: Shapiro-Wilk test results for normal distribution and Levene test results for
homogeneity of variance for the distance and depth the tagged and untagged sea stars were
relocated at 24 hours after release

Depth
Distance

Tagged
Untagged
Tagged
Untagged

Depth
Distance

Shapiro-Wilk
0.873
0.711
0.976
0.906
Levene
1.74
2.361

df
6
7
6
7
df1
1
1

Sig.
0.236
0.005
0.944
0.367
df2
11
11

Sig.
0.214
0.153

6.4 Validation – Righting Trials

Table 6.6: One-way ANOVA comparing the differences between the weights and interradial distances of tagged and untagged C.muricata at the beginning of the righting trials

Length

Between Groups
Within Groups
Total

Weight

Between Groups
Within Groups
Error

Sum of Squares
0.000
2.288
2.288
Sum of Squares
0.219
15.411
15.630

df
1
48
49
df
1
48
49

Mean Square
0.000
0.048

F
0.008

Sig.
0.931

Mean Square
0.219
0.321

F
0.682

Sig.
0.413

Data were ln(x) transformed
Levene test for homogeneity of variances (Length F(1,48)=0.001, p=0.973; Weight F(1,48)=1.326, p=0.255)
Shapiro-Wilk test for normal distribution (Lengthtagged W(24)=0.971, p=0.687; Lengthuntagged W(26)=0.975, p=0.745; Weighttagged
W(24)=0.939, p=0.153; Weightuntagged W(26)=0.881, p=0.006)
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Figure 6.4: Average weight (g) ± standard error of tagged and untagged C.muricata at the
beginning of the righting behavior trial. n=25 for tagged and n=35 for untagged sea stars.
Bars with different letters are significantly different (p<0.05)

Figure 6.5: Average length (mm) ± standard error of tagged and untagged C.muricata at the
beginning of the righting behavior trial. n=25 for tagged and n=35 for untagged sea stars.
Bars with different letters are significantly different (p<0.05)
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Table 6.7: Shapiro-Wilk test for normal distribution for the time taken for the tagged and
untagged sea stars to right themselves in each of the three trials. Blackened sections show
areas of significance (p<0.05)
Trial
Trial One

Tag
Tagged
Untagged
Tagged
Untagged
Tagged
Untagged

Trial Two
Trial Three

Shaprio-Wilk Stat
0.966
0.941
0.937
0.906
0.937
0.904

df
43
49
43
49
43
49

Sig.
0.221
0.016
0.020
0.001
0.021
0.001

Table 6.8: Levene tests for homogeneity of variance for the time taken for the tagged and
untagged sea stars to right themselves in each of the three trials

Trial One
Trial Two
Trial Three

Levene
3.643
0.058
0.118

df1
1
1
1

df2
90
90
90

Sig.
0.06
0.81
0.732

Table 6.9: Shapiro-Wilk tests for normal distribution and Levene tests for homogeneity of
variances for the time taken for sea stars to right for tagged and untagged sea stars and the
beginning and end of the experimental period

Start
End

Start
End

Tagged
Untagged
Tagged
Untagged

Shapiro-Wilk
0.971
0.951
0.969
0.919
Levene Stat
0.449
0.47

df
57
69
57
69
df1
1
1

Sig.
0.186
0.009
0.157
0
df2
124
124

Sig.
0.504
0.494
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6.5

Tagging Study – CTD Casts

Figure 6.6: Salinity and Temperature profiles for Espinosa Point, Doubtful Sound on 8th July
2007. The insert figure is the temperature/salinity plot for the water column from 0m to 11m
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Figure 6.7: Salinity and Temperature profiles for Espinosa Point, Doubtful Sound on 9th July
2007. The insert figure is the temperature/salinity plot for the water column from 0m to 13m

Figure 6.8: Salinity temperature profiles for Espinosa Point, Doubtful Sound on 27 February
2008. The insert figure is the temperature/salinity plot for the water column 0m to 24m
161

6.6 Long Term Feeding Study

Table 6.10: Shapiro-Wilk tests for normal distribution for inter-radial length and wet weight
of C.muricata at the beginning middle and end of the long-term feeding trial
Time
Feeding Regime
Beginning 5 Day
10 Day
Salinity
Ad libitum
Length Middle
5 Day
10 Day
Salinity
Ad libitum
End
5 Day
10 Day
Salinity
Ad libitum
Time
Feeding Regime
Beginning 5 Day
10 Day
Salinity
Ad libitum
Weight Middle
5 Day
10 Day
Salinity
Ad libitum
End
5 Day
10 Day
Salinity
Ad libitum

Shapiro-Wilk Stat
0.892
0.984
0.966
0.884
0.839
0.951
0.916
0.941
0.887
0.959
0.873
0.97
Shapiro-Wilk Stat
0.868
0.892
0.923
0.897
0.963
0.91
0.903
0.979
0.938
0.854
0.937
0.957

df
8
10
8
9
8
10
8
9
8
10
8
9
df
8
10
8
9
8
10
8
9
8
10
8
9

Sig.
0.246
0.982
0.867
0.172
0.074
0.684
0.397
0.588
0.222
0.769
0.161
0.892
Sig.
0.144
0.18
0.452
0.237
0.836
0.281
0.307
0.96
0.591
0.065
0.578
0.769

Table 6.11: Levene Tests for homogeneity of variances for weight and inter-radial lengths at
the beginning, middle and end of the long-term feeding trial
Time
Beginning
Length Middle
End
Time
Beginning
Weight Middle
End

Levene Stat
1.658
3.209
1.519
Levene Stat
0.621
1.019
0.734

df1
3
3
3
df1
3
3
3

df2
31
31
31
df2
31
31
31

Sig.
0.196
0.036
Sig.
0.397
0.607
0.397
0.54
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Table 6.12: Shapiro-Wilk test for homogeneity of variances for pyloric cecea and gonadal
indcies comparing the different feed regimes. The dark area shows significance (p<0.05)
GONAD
PYLORIC CEACEA
Feeding Regime
5Day
10Day
Salinity
Ad libitum
Beginning (field)
End (field)

Shapiro-Wilk
Statistic
df
0.931
8
0.921
10
0.918
9
0.962
8
0.861
7
0.963
10

Sig.
0.529
0.362
0.38
0.833
0.156
0.82

Feeding Regime
5Day
10Day
Salinity
Ad libitum
Beginning (field)
End (field)

Shapiro-Wilk
Statistic
df
0.943
8
0.892
10
0.899
9
0.913
8
0.796
7
0.2
10

Sig.
0.644
0.177
0.247
0.373
0.037
0.534

Table 6.13: Shapiro-Wilk test for normal distribution for spermatogenic columns and oocyte
diameters comparing both feed regimes and gametogenesis stage. The dark areas show
significance (p<0.05)

Spermatogeneic
column width

Oocyte Diameter

Spermatogeneic
column width
Oocyte Diameter

Comparison
5Day
10Day
Ad libitum
Salinity
5Day
10Day
Ad libitum
Salinity
Mature
Growing
Recovery
Mature
Growing
Partially Spawned

Shapiro-Wilk
Statistic
df
Sig.
0.957
61
0.033
0.903
59
0
0.92
180
0
0.918
120
0
0.962
240
0
0.962
240
0
0.887
120
0
0.973
180
0.001
0.923
300
0
0.933
90
0
0.888
30
0.004
0.976
480
0
0.914
240
0
0.932
60
0.002

Table 6.14: Levene test for homogeneity of variance for both spermatogenic column and
oocyte diameter comparing feed regime and gametogenesis stage. The dark areas show
significance (p<0.05)

Spermatogeneic
column width
Oocyte Diameter

Comparison
Feeding Regime
Stage
Feeding Regime
Stage

Levene Stat
10.017
7.942
39.538
3.294

df1
3
2
3
2

df2
416
417
776
777

Sig.
0
0
0
0.038
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a b s t r a c t
Sea stars are important marine predators, and their feeding often controls the distribution of associated
species. Therefore, quantifying their activity at an individual level is important in further understanding how
they structure marine communities. Sea stars are difﬁcult to tag, so there is little information on activity of
sea stars in their natural environment over extended periods of days to weeks. We tagged the New Zealand
sea star Coscinasterias muricata with small archival electronic tags that recorded water temperate and depth
every 5 min for up to 2 weeks. The tagging was undertaken to test the viability of using electronic tags in
research on the ecology of the sea stars in a New Zealand ﬁord, where their vertical distribution is inﬂuenced
by the presence of low-salinity layers. The effects of the tagging were tested in the laboratory and in the ﬁeld,
with tagging having no detectable inﬂuence on in vitro survival, feeding rate, and righting time, or on their in
situ movement and depth distribution. Laboratory experiments testing the salinity tolerance of C. muricata
showed they could tolerate salinities as low as 25 PSU for at least a 20-day period. Tagging of sea stars in their
natural environment provided information on depth distributions, vertical migrations and the inﬂuence of
the physical environment on their behaviour. The tagging also revealed a large variation in activity at the
individual level. This study represents one of the ﬁrst to utilise electronic tagging to study the ecology of a
mobile invertebrate such as a sea star. The success of this initial study suggests that we could gain valuable
quantitative insight into the ecology of these animals in future tag deployments.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Electronic tagging of marine species has been undertaken for nearly
50 years (Sibert and Nielsen, 2000), providing information on movement
and migration, behaviour and physiology of organisms in their natural
environment that would otherwise be difﬁcult to quantify. Electronic
tagging of marine species has largely focused on ﬁnﬁsh and other marine
vertebrates (e.g., marine mammals) for reasons such as their economic
importance, large size, and an interest in physiology (Arnold and Dewar,
2001; Block et al., 2005; Davis et al., 2007). Fewer studies have involved
tagging marine invertebrates. For example, in 1998 an estimated 11,800
electronic tags were placed on marine animals, of which only ~35 were
reported as being used on marine invertebrates (Stone et al., 1999).
Electronic tagging of marine invertebrates has included nonarchival tagging (tags that identify an individual but do not record
any information during deployment) such as PIT (passive integrated
transponder) tags and active transponder tags to remotely track
animal movements. PIT tags have been tested for use with sea urchins
(Hagen, 1995) and benthic octopus (Anderson and Babcock, 1999),
while movements of marine decapod crustaceans ﬁtted with trans⁎ Corresponding author.
E-mail address: miles.lamare@otago.ac.nz (M.D. Lamare).
0022-0981/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jembe.2009.02.010

ponders have been tracked in a number of species (Phillips et al., 1984;
Smith et al., 1998). Archival tagging, where data such as temperature
and depth is recorded and logged by the tag during deployment, has
been restricted to studies on decapod crabs (Freire and GonzálezGurrirarán, 1998) and squid (Semmens et al., 2007). An excellent
example of the utilisation of archival tags was undertaken on the
jumbo squid Dosidicus gigas (Gilly et al., 2006), with researchers able
to fully understand and appreciate the complex migration behaviour
and space utilisation of this animal in its natural environment.
The latest technology in microcomputers and the miniaturization of
waterproof archival tags opens up the possibility of electronically tagging
a range of smaller benthic marine invertebrates. Marine invertebrates
such as sea urchins and sea stars are often dominant grazers and predators in their environment (Power et al., 1996), and their feeding
behaviour can have profound effects on their environment (such as
zonation patterns and habitat conversion, Paine 1971, 1974). The utilisation of miniature archival tags provides a new and innovative approach
to investigating movement and foraging behaviour of echinoderms and,
in turn, has the potential to greatly advance our understanding of their
ecological role in the marine environment. Additionally these organisms
frequently inhabit physically dynamic seascapes along the coast; hence
the approach will also provide insight into how benthic invertebrates
respond to changes in their surrounding physical environment.
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Tagging of sea stars for individual recognition has been attempted
using a number of methods including vital stains (Loosanoff, 1937;
Feder, 1959, 1970; Kvalvågnæs, 1972), puncturing (Kvalvågnæs, 1972;
Paine, 1976) and harnesses (Kvalvågnæs, 1972). In this study, we
describe the ﬁrst attempt to archival tag a shallow water, mobile
marine invertebrate, in this case the New Zealand 11-armed sea star,
Coscinasterias muricata Verrill (Asteroidea: Asteriidae). Echinoderms
including C. muricata are known to play an important role in
structuring benthic suspension-feeding communities in New Zealand
ﬁords. The study involved laboratory testing for any detrimental effects
of attaching the tag to the sea star, and ﬁeld-testing of tags over a twoweek period. The ﬁeld study was undertaken in Doubtful Sound, one of
14 ﬁords along the southwest coast of New Zealand. The region has
extremely high rainfall (~5 to 7 m year− 1, up to 200 mm day− 1) that
results in the frequent presence of a buoyant low-salinity layer (LSL)
that overlies the seawater (Gibbs, 2001). The LSL affects the vertical
distribution of species directly through the exclusion of sessile
stenohaline species from shallow waters (Grange et al., 1981; Kregting
and Gibbs, 2006; Barker and Russell, 2008), and also indirectly by
restricting predation of mobile stenohaline species on shallow water
communities (Witman and Grange, 1998). The LSL is extremely
dynamic and its thickness ﬂuctuates in response to rain and wind
events (Gibbs, 2001); hence the distribution of mobile predators such
as C. muricata is ultimately linked with weather patterns and temporal
changes in salinity stratiﬁcation. Therefore, in this study, there is a
wider interest in quantifying the role of salinity in controlling the
small-scale movements and feeding behaviour of C. muricata.
2. Materials and methods
2.1. Study site
Tagging of C. muricata was made at Espinosa Point, Doubtful Sound
(166° 58′ 45″ E, 45° 18′ 00″ S), one of 14 glacially-carved ﬁords that lie
along the southwest coast of New Zealand. The hydrography of
Doubtful Sound is complex. The ﬁord has a large input of freshwater,
with an average rainfall of 465 mm month− 1, an average riverine input
of 135 m3 s− 1 and an average anthropogenic input of ~ 380 m3 s− 1 that
is discharged into the sound from the Manapouri Hydroelectric Power
Station (Gibbs et al., 2000; Gibbs, 2001). The fresh water input results
in a semi-permanent low-salinity layer (LSL) throughout the ﬁord,
which has typical salinities of 5–10‰. The LSL varies in thickness

depending on location and on weather conditions, but in general is
thicker toward the ﬁord head and during rain events. At Espinosa Point,
LSL thickness (as deﬁned by the depth of the 28 PSU isohaline) ranges
from 0.5 to 3 m during dry periods to as great as 8–10 m during rain
events. The tidal cycle at Espinosa Point is semi-diurnal and has a
maximum vertical range of 2 m; organisms inhabiting the ﬁrst few
meters of the rock walls are therefore exposed to a wide range of
salinity over the course of a tide cycle. Water temperatures within the
LSL in Doubtful Sound range from about 7 °C to 18 °C, whereas
temperatures within the seawater layer are more stable and range
from about 11 °C to 17 °C annually.
Espinosa Point seabed consists of sloping schist bedrock to a depth
of 15 m, which ﬂattens off to a low sloping sandy fan. Based on a diver
survey using a high resolution depth gauge and swimming a known
distance, the slope of the rock wall was estimated at approximately
60° with a relief estimated at 1 m vertical distance to 2 m distance
along the rock wall. In some places the bedrock is covered with small
areas (b10 m2) of coarse sand, mussel shell fragments, and small
schist and quartz rocks (30 to 70 cm diameter). There is strong
zonation in the subtidal community with a dense band of the green
algae Ulva pertusa and the blue mussel Mytilus edulis galloprovincialis
extending from the low intertidal to a depth of 1 m (MLW). Below this
is a patchy band of sea urchins Evechinus chloroticus extending from
1 m to 3 m depth, then a similarly patchy band of C. muricata. The
vertical distribution of these two species is however, variable
depending on the depth of the LSL. Encrusting coralline algae
dominates the algal communities in the sea urchin band, with
increasing amounts of articulate coralline algae below 3–4 m depth.
Between 5 m and 15 m depth, the rock wall community is dominated
by a species rich assemblage of suspension-feeding invertebrates (e.g.,
brachiopods, ascidians, black corals) and deeper water macroalgae
such as Carpophyllum ﬂexuosum, Ecklonia radiata and Codium fragile.
2.2. Tagging
Sea stars were tagged with small (13 mm×38 mm, 5 g in water)
archival temperate and pressure DST-milli™ electronic tags (Fig. 1)
manufactured by Star-Oddi (Iceland). For deployment, tags were
programmed to record sea temperature (0.032 °C resolution, ± 0.1 °C
accuracy) and depth (±0.4% accuracy) every 5 min.
Tags were attached to sea stars by piercing one arm ~10 mm from the
central disk with 0.7 mm stainless steel wire (Fig. 1). The piercing was

Fig. 1. A tagged C. muricata (170 mm diameter) at Espinosa Point, Doubtful Sound. Insert shows the attachment of the Star-oddi DST-milli temperature/time/depth recorders to an
arm of the sea star by piercing the arm with stainless steel wire.
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directed through the mid-line of the arm, with the wire protruding
through the oral side doubled back between the arms. The tags have a
small attachment hole that the wire was threaded through, and both
ends of the wire twisted together and the excess wire removed. This left
the tag ﬁrmly hatched to the aboral surface of the sea star arm.
2.3. Effects of tagging on C. muricata
Experimental tests for any detrimental effects of tagging on
feeding, righting, and in situ movement of C. muricata were undertaken. Effects of tagging on survival and the retention of tags were also
monitored. Experimental tests for feeding and righting were carried
out on animals that were collected at Espinosa Point and transported to
the Portobello Marine Laboratory. Eight tanks with ﬂow-through
ﬁltered seawater at ambient temperature were established, and to
each three sea stars were randomly allocated. In four of the tanks, the
sea stars were tagged with dummy tags of approximately the same
dimensions and weight as the electronic tags. The sea stars in the four
control tanks were left untagged. The mean size and weight of the sea
star was not signiﬁcantly different (P N 0.05) between the two
treatments. Sea stars were then fed 10 live cockles (Austrovenus
stutchburyi) and over the following 5 days a daily count of the number
of cockle eaten was recorded. Sea stars used in the feeding trials were
also tested for righting rate at the beginning and end of the 5-day
feeding trials. After any handling for tagging, weighing and measuring
the sea stars were left to settle for 1 h then were placed upside down
and the time taken to right was recorded. This was repeated for each
sea star three times, with a ﬁve-minute break between trials.
Sixteen large C. muricata (~ 0.20 to 0.30 m in diameter) were
collected from Espinosa Point, and half were tagged with dummy tags
as described above. The remaining C. muricata were handled in a
similar manner to the tagged sea stars but were not tagged. All sea
stars were transported a site of similar aspect to the shore and
topography but largely devoid of C. muricata, and released by divers at
a depth of 5 m within a 1 m2 area. The site was revisited 24 h later and
the distance travelled from the original release location, and the depth
of the tagged and untagged sea stars was recorded.
2.4. Effects of salinity on C. muricata activity
The vertical distribution of C. muricata in Doubtful Sound is known to
be inﬂuenced by gradients in salinity (Witman and Grange,1998). A series
of laboratory experiments were therefore conducted in order to isolate the
effects of salinity on sea star activity. C. muricata were collected from
Espinosa Point and kept in 110 L aquaria supplied with running seawater
for 3 weeks and fed a diet of bivalves prior to experimentation. The sea
stars were then divided into ﬁve groups and subjected to one of ﬁve
salinity treatments, 33–34 PSU (control), 30 PSU, 25 PSU, 20 PSU and 15
PSU. Treatments were applied in a ﬂow-through aquaria system, with
freshwater and seawater mixed in a reservoir manifold that then fed water
into the treatment tanks (each treatment having its own mixing
manifold). The desired salinity was obtained by varying the ﬂow of
freshwater and seawater into each manifold. Each treatment was
replicated three times, with each replicate having three sea stars per tank.
The application of salinity treatments were made in a 20-day
experiment, with the sea stars not acclimated to salinity treatments prior
to the experiment. At the start of the treatment the righting time for each
animal was recorded (in seconds) at 9:00 AM, 11:00 AM, 1:00 PM and
3:00 PM. On days 2, 3, 5,10 and 20, the righting response was recorded at
10:30 AM and 1:30 PM. Righting time in seconds was divided by 1000 to
give an activity coefﬁcient (Shirley and Stickle, 1982).
2.5. Field deployment
Five large C. muricata of similar size (0.20 to 0.23 m total ray
diameter) were collected by SCUBA and were tagged on 13 February
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2008 using methods described above. The sea stars were then
immediately returned to the location and depth from which they
were collected. Tagging and return was completed within 1 h of
collection. A short inspection dive was carried out the following day,
and three of the ﬁve tagged sea stars were relocated and appeared
normal (the remaining two were not found). Tags were relocated
2 weeks later (27 February 2008) and data was successfully retrieved
for three of the ﬁve tagged sea stars. Two tags were relocated on the
seaﬂoor and one of the tags was found still attached to a sea star. The
latter tag had ﬂooded after 10 days; however, data for the 10-day
period were still able to be retrieved from the tag.
To remove the effects of tide on the depth records of the sea stars, we
moored one of the Mill-DST tags at 10 m depth, and programmed it to
record tidal height every 5 min and at precisely the same time as readings
were made by the tags deployed on sea stars. Later, the tidal signal was
removed from the sea star recordings and the residual depth records of
the tagged sea stars indicated their movement up and down the rock
wall, and their depth relative to mean low water (MLW). There was a
small degree of horizontal movement of the tagged sea stars, with
individuals found within 5 m of their release point.
2.6. Characterising the physical environment
A mooring of conductivity/temperature recorders (Data Flow Systems
Pty Ltd, New Zealand) was deployed at the study site during the period of
the tagging trials. Recorders were placed at 2, 4, 6, 8 and 10 m depth and
programmed to measure temperature (±0.1 °C) and salinity (±0.1
mSiemens cm– 1) every 10 min. Temperature and salinity proﬁles for the
upper 10 m of the water column were also recorded using a Seabird SE25
CTD proﬁler at the end of the deployment period (27 February 2008).
Hourly rainfall data (mm h− 1) were obtained from a weather station
located at the entrance of Doubtful Sound (45°13′ S, 166°53′ E).
2.7. Statistical analysis
The effects of tagging on sea star behaviour and physiology were
examined using ANOVA, while the effect of salinity on sea star activity
was tested using repeated measures ANOVA. If required, data were log or
log(x + 1) transformed prior to testing, with homogeneity of variance
examined using a Bartlett test (Bartlett, 1937). In one case, it was not
possible to homogenise variances, and comparisons were made using
Welsh ANOVA test. All statistical analyses were undertaken using JMP 7.0
(SAS Institute Inc.).
3. Results
3.1. Effects of tagging on C. muricata
During feeding and righting experiments, all sea stars tagged using
the method described above retained their tags over a two-week
period. There was no mortality in either the tagged or untagged sea
stars over this period. Repeated measures ANOVA indicated that there

Table 1
Univariate repeated measures ANOVA of the number of cockles eaten between tagged
and untagged C. muricata.
Source of variation
Between-subjects
Tagging
Within-subjects
Time
Tag × time

F(DF)

P

0.495(1, 6)

0.507

1.286(4, 3)
2.186(4, 3)

0.435
0.273

Repeated measurements (number of cockles eaten per day) were made on 5
consecutive days. Data were ln(x + 1) transformed.
Mauchly criterion = 0.159, DF = 9, P = 0.524.
Bartlett test for homogeneity of variances (F = 0.661, P = 0.744).
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Fig. 2. Cumulative number of shellﬁsh (Astrovenus stuchburyi) eaten by tagged and
untagged C. muricata in aquaria over 5 consecutive days. n = 4 for each column.

Fig. 3. Righting times of tagged and untagged C. muricata in the laboratory prior to the
start of feeding trials, and after 5 days feeding in the laboratory. n = 4 for each column.

3.3. Field deployment
was no signiﬁcant (P = 0.507, Table 1) difference in the number of
cockles eaten by tagged or untagged C. muricata (Fig. 2). Two-way
ANOVA indicated that for both tagged and untagged sea stars, the time
taken to right was signiﬁcantly (P b 0.001, Table 2) faster at the start of
the feeding trial compared with 5 days after feeding (Fig. 3). At both
times there was, however, no signiﬁcant (P = 0.659, Table 2)
difference between tagged and untagged sea stars in righting rates
(Fig. 3). In terms of in situ movement, no signiﬁcant difference was
detected in either the distance travelled (P = 0.687, Table 3A), or the
depth (P = 0.299, Table 3B) of the tagged and non-tagged C. muricata
24 h after release (Fig. 4).
3.2. Effects of salinity on C. muricata activity
Sea stars placed in 15 PSU water died within 6 h of exposure, while
treatment with 20 PSU seawater resulted in very low activity
coefﬁcients on initial exposure, and 100% mortality by 29 h (Fig. 5).
Sea stars placed in 25, 30 and 34 PSU experienced no mortality during
the 20-day trial period. Activity in these three treatments was variable
over time, with no indication of changing activity rate with treatment
duration. Among the salinity treatments, activity was almost always
greatest in the full salinity treatment, and tended to decrease with
decreasing salinity treatment. In this respect, the average (±SD)
activity coefﬁcient over all times pooled was 4.02 ± 1.46 at 25 PSU,
4.16 ± 2.42 at 30 PSU, and 5.56 ± 1.92 in the 34 PSU salinity treatment.
A repeated measures ANOVA indicated a signiﬁcant difference in
activity coefﬁcient among salinities (P b 0.001, Table 4) but not days
(P = 0.066, Table 4). A post-hoc test of differences among salinities
indicated activity was signiﬁcantly greater in the 25 to 34 PSU
treatments compared with the lower salinities, but was not
signiﬁcantly different from 25 to 35 PSU.

Table 2
Two-way ANOVA of the effect of tagging on righting time in C. muricata, immediately
after tagging, and after a further 5 days.

Three of ﬁve tags were recovered in the ﬁeld, with only one still
attached to the sea star. The three tags collected data for a period
ranging from 7 to 14 days. Over this time period, sea star movement
was very dynamic in terms of vertical location (Fig. 6A), with sea stars
altering their depth over several days. The sea stars ranged over a 5 m
depth band between 0.39 m above MLW and 4.9 m below MLW
(Fig. 6A), with mean depths of 2.22, 2.75 and 1.58 m for each
individual respectively (Table 5). For Sea star 1 and Sea star 2, the
time spent at each depth (Fig. 7) was skewed to a deeper depth range,
with both sea stars spending the majority of time (63% and 77%) at
depths greater than 2 m, and approximately 10% of the time less than
1 m depth. Sea star 3 showed a bimodal depth distribution, spending
57.8% of its time at depth shallower than 1 m, and 22.5% of its time at
depths greater than 2.5 m. Interestingly, the movements of the sea
stars were asynchronous, with shallow and deeper depths occupied by
each sea star at different times (Fig. 6A). Sea star 3 moved the least of
the tagged sea stars, occupying shallow depths between 14 and 20
February followed by a movement to deeper depths for the remainder
of the tagging period (Fig. 6A). Over the course of the tagging the sea
stars moved a total vertical distance of between 53.3 and 178.7 m
(Table 5), with the average vertical distance moved per day between
4.86 m and 14.15 m. Based on depths of the sea stars, the average
vertical speed moved was similar for Sea star 1 and Sea star 2 (0.58 m
h− 1 and 0.51 m h− 1), although the maximum speed was higher in Sea
star 1 (Table 5, Fig. 8). Sea star 3 moved at slower speeds during the
study (see Table 5). If we take into account the vertical relief at
Espinosa Point, the vertical distances based on depth recordings
equate to approximately half the distance actually travelled. The sea
Table 3
One-way ANOVA of the effect of tagging C. muricata on distance travelled (A) and depth
located (B) 24 h after tagging.
(A) Distance
Analysis of variance
Source

Analysis of variance
Source

SS

DF

MS

F-ratio

P

Model
Error
Total

0.712
1.047
1.761

3
36
39

0.237
0.029

8.159

b0.001

SS

DF

MS

F-ratio

Tag
0.00428
1
0.0042
0.1707
Error
0.2761
11
0.025
Bartlett test for homogeneity of variances (F = 3.58, P = 0.058)

P
0.6874

(B) Depth

Effect of test
Source

SS

DF

F-ratio

P

Day
Tag
Day × tag

0.693
0.005
0.014

1
1
1

23.793
0.198
0.488

b 0.001
0.659
0.489

All data were ln(x) transformed.
Bartlett test for homogeneity of variances (F = 0.319, P = 0.8119).

Source

SS

DF

MS

F-ratio

P

Tag
Error

0.00199
0.0185

1
11

0.0019
0.0016

1.1857

0.2995

Data were ln(x) transformed. Variances were heterogeneous for depth data, so
comparisons were made using Welsh ANOVA testing for equal means, allowing for
unequal variances.
Bartlett test for homogeneity of variances (F = 6.79, P = 0.0092).
Welsh ANOVA testing mean equal (F(6.03, 0.28) = 1.372, P = 0.2801).
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Table 4
Univariate repeated measures ANOVA of activity coefﬁcients of C. muricata among
salinity treatments.
Source of variation
Between-subjects
Salinity
Within-subjects
Timea
Salinity × timea

F(DF)

P

13.805(4, 10)

b 0.001

3.064(2.09, 20.9)
1.333(8.36, 20.9)

0.066
0.281

Repeated measurements of activity were made at six discrete times.
Mauchly criterion = 0.0045, DF = 14, P b 0.001.
Degree of freedom and P-value adjusted by Greenhouse–Geisser ε = 0.418.

a

Fig. 4. Average depth and minimum distance travelled 24 hours after release of tagged
and untagged Coscinasterias muricata in Deep Cove, Doubtful Sound. N = 6 for each
column.

stars showed little horizontal movement over the course of the
deployment; therefore, they are moving up to 10 to 28 m each day. If
we take into account the 1:2 relief of the terrain, their speeds are also
considerably higher and, in turn, approximately twice those shown in
Table 5.

The temperature regime the sea stars experienced ranged from
13.6 to 17.5 °C over the course of tagging (Fig. 6B). Two of the sea stars
(Sea star 1 and 2) experienced almost identical temperature regimes
for the period of tagging overlap, with temperatures ranging between
15.5 and 17.5 °C. Sea star 3 had a similar thermal history, although it
experienced a period of lower sea temperatures between 17 and 20
February, with temperatures as low as 13.6 °C encountered. This likely
reﬂects the closer proximity of this individual to the cooler lowsalinity water within the LSL.
4. Discussion

3.4. The physical environment
A low-salinity surface layer (b28 PSU) occurred at Espinosa Point
intermittently during the period of sea star tagging, with the depth of
the 28 PSU halocline 3.2 m on 27 February (Fig. 9). Temperature and
salinity were correlated (Fig. 9), with temperatures greater that
15.9 °C associated with seawater greater than 28 PSU. Over the course
of the study, the LSL deepened markedly on the 25 February, with
salinities b30 PSU at 4 m by the end on 26 February (Fig. 6A). The
increase in the LSL can be attributed to an increase in rainfall toward
the end of the study period (Fig. 6D), with a total of 114 mm falling
between 23 and 27 February. Prior to this, no rainfall occurred
between the 14 and 22 February. Sea star 1 and 2 never occurred in
water with salinities less than 28 PSU, with the two moving deeper
during periods were the LSL increased in depth (i.e. 18 February and
23 February). During the period of the deep LSL and low surface
salinities between 25 and 27 February, the remaining tagged sea star
maintained its deep position between 4.5 and 5 m, which coincided
with high salinity seawater. Sea star 3 remained in shallow water
during the ﬁrst week of tagging, despite periods of lower salinity.

The foraging activity of sea stars can have an important role in
structuring sessile marine communities, both in the intertidal (Menge
et al., 1994; Menge and Branch, 2001) and subtidal (Witman and
Grange, 1998; Gaymer et al., 2004; Himmelman et al., 2005). Fully
understanding the ecological role of sea stars requires quantifying
their foraging activity and feeding rate, such as prey selectivity and
activity budgets of individuals during feeding (Gaymer et al., 2004;
Himmelman et al., 2005). Monitoring sea star activity electronically
presents a novel method for quantifying such movement and
associated foraging activities over ecologically relevant time scales.
C. muricata were tagged with small electronic archival tags to examine
aspects of their distribution and movement. The validity of ﬁeld data
will depend on the effect tagging has on the animal. We could not
detect any change in either the behaviour of tagged animals versus
control animals, either in terms of feeding rates or movement over a
24-hour period. Similarly, tagging by piercing the sea star arm did not
appear to have a detrimental effect on the ﬁtness (as measured by
righting time) either immediately following tagging, or after 5 days of
tagging. The relocation of a healthy, tagged sea star from the ﬁeld two

Fig. 5. Activity coefﬁcients (righting time/1000) of Coscinasterias muricata exposed to ﬁve salinity treatments over a 20-day period. 100% mortality occurred in the 15 and 20 PSU
treatment by day 1 and 2 respectively. N = 3 for each column.
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Table 5
Summary of vertical position and movement dynamics of sea stars over the tagging
period.

Days tagged
Mean depth
Maximum depth
Minimum depth
Total vertical distance moved
Average daily vertical
distance moved
Average speed
Maximum speed

Sea star 1

Sea star 2

Sea star 3

7.0
2.22 m
3.48 m
0.22 m
99.1 m
14.15 m

13.6
2.75 m
4.9 m
+0.39 above MLW
178.7 m
13.14 m

11.0
1.58 m
3.93 m
+0.06 above MLW
53.3 m
4.86 m

58 cm h− 1
23.3 m h− 1

51 cm h− 1
19.2 m h− 1

20 cm h− 1
1.78 m h− 1

weeks after tagging provides further evidence that the tagging process
was relatively benign.
Tags were fully retained in the laboratory; however, two tags were
removed from sea stars in the ﬁeld during the tagging trials and two
were not able to be recovered. These results suggest that there are
mechanisms in the natural environment that reduce tag retention.
Possible mechanisms include the removal of tags by ﬁsh or

inadvertent removal by scraping of the tags against rough landscape
features such as rocks and crevices. The fact that two of the dislodged
tags were still able to be relocated highlights the importance of
conducting these types of tagging studies in areas that have ledges or
ﬂat terrain below the area of deployment.
The primary aim of this study was to test the utility of electronic
archival tags in examining the ecology of a subtidal marine
invertebrate such as C. muricata as apposed to more conventional
methods such as direct observations. Quantitative observations can
provide information on the spatial distribution of sea stars, but these
are typically at discrete times, and most often at the population level.
In contrast, electronic archival tagging like that used in this study
provide continuous, ﬁne time-scale, quantitative information on sea
star activity such as the vertical position, vertical direction and rates of
movement at the individual level. The data collected on C. muricata
shows the potential of electronic tagging as a powerful tool for
understanding behavioural ecology of sea stars and other foraging
benthic invertebrates beyond that possible from discrete observations.
We use foraging activity and environmental inﬂuences on their
movements as examples.
Foraging strategies, and their optimisation, have been examined in
sea stars extensively (i.e. Menge, 1972), with the aim of understanding

Fig. 6. Change in the vertical position relative to MLW of tagged sea star (A). The temperatures logged by each sea star over the same period are given (B). Positions and temperatures
were recorded every 5 min. Tidal height above MLW (C) and rainfall data (D) for Espinosa Point, Doubtful Sound is given for the two-week period of tagging.
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the role of prey selection and distribution (Himmelman and Dutil,
1991), physical drivers (Rochette et al., 1994; Witman and Grange,
1998; Barker and Russell, 2008), energetics (Menge, 1972), and interand intra-speciﬁc competition (Menge and Menge, 1974; Gaymer
et al., 2002) during feeding. Electronic tagging of individual sea stars
provide a direct quantitative method of exploring relatively complex
and variable details of foraging activity, such as where and how often
they feed, how feeding strategies vary spatially and temporally (in
relation to spatial variability in food and changes in energetics), and

Fig. 7. Time spent in 0.5 m depth classes between 0.5 m above MLW and 5 m below
MLW for two sea star over a 7-day period (Sea star 1), 11-day (Sea star 3), and a 13-day
period (Sea star 2).
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how much movement may be occur during foraging. Importantly,
variability among individuals in foraging can be quantiﬁed, such as
between sizes and sexes.
C. muricata in New Zealand ﬁords feed almost exclusively on blue
mussels found within shallow waters (Clarke, 2002), which provide
some refuge from predators due to the frequent presence of buoyant
low-salinity layers (Witman and Grange, 1998). The movement of C.
muricata into shallow water likely represents a foraging associated
activity. For example, our direct observations indicated that the
percentage of sea star feeding was 92% (n = 98) in water less than
1 m,12% (n = 88) between 1 and 3 m depth, but only 9% (n = 100) in sea
stars at depths between 3 and 5 m (M. Lamare, unpublished data). From
their vertical position we can therefore estimate the percentage of time
each individual spends in contact with their preferred food (and hence
the percentage of the population). The average percentage of time spent
in shallow water (b1 m above MLW) was ≈26% among the three sea
stars, which would could potentially mean approximately a quarter of
the population are feeding at any one time. Himmelman and Dutil
(1991) found a similar percentage of the population feeding in Leptasterias polaris, but lower for the larger Asterias vulgaris (10 to 11%).
Vertical movement of the three tagged sea stars contrasted, and suggest
that foraging activity is relatively variable at the individual level. Sea star
1 and 2 tended to occupy deeper water below the mussels, and migrated
into shallow water to feed for relatively short periods (bday), and at
intervals of approximately 5 days. In contrast, Sea star 3 occupied
shallow depths for the ﬁrst week of tagging before moving to submussel depths for the remaining 4 days of tagging.
The ability of mobile invertebrates to forage within the shallows is
also inﬂuenced by physical factors such as waves and the presence of
low-salinity layers (Witman and Grange, 1998; Siddon and Witman,
2003). Hence, the application of electronic tags to benthic invertebrates such as echinoderms allows for movement behaviours to be
observed over time periods relevant to physical oceanographic processes. Electronic tagging of sea stars can be used to quantify the
inﬂuence of the physical environment on their behaviour, both directly
by logging physical parameters on the tag itself, and indirectly if their
activity is correlated with concomitant measurements made on the
physical environment. C. muricata tagging provides examples of both.
In Doubtful Sound, water temperature is often correlated with salinity,
and the temperature data logged by the sea stars can be used as proxy
of salinities the sea stars encounter. During the 2 weeks of the tagging
lower salinity water (b28 PSU) had a temperature of less than 15.8 °C.
The temperatures logged by Sea star 1 and 2 were almost always above
this temperature indicating they remained in full salinity water, even
during ﬂuctuating surface salinities. In contrast, Sea star 3 logged
temperatures less than 15.8 °C during a period when it occupied
shallow water indicating a period of exposure to lower salinity water
for a period of 2–3 days. Comparing vertical distributions of C. muricata
with salinity proﬁles over the course of the study was less interesting
due to the lack of rainfall over the sampling period. Salinities remained
relatively high, with the exception of the last three days of the study,
when lower salinities (b30 PSU) penetrated down to 3 m. During this
deepening of the low-salinity layer (LSL), the single remaining tagged
Sea star 2 moved to its deepest position between 4 and 5 m and
beneath the layer of low-salinity water. While this response is based on
a single observation, it supports previous studies that have observed C.
muricata to aggregate beneath the inﬂuence of the LSL (Witman and
Grange, 1998; Clarke, 2002).
The ﬁeld observations are consistent with laboratory observations
that indicate that C. muricata cannot tolerate exposure to reduced
salinities (b25 PSU), with 100% mortality occurring within 6 h
exposure to 15 PSU and within 29 h if exposed to 20 PSU. The ability of
C. muricata to tolerate a degree of lower salinity (i.e. down to 25 PSU)
is consistent with previous observations (Shamway, 1977; Forcucci
and Lawrence, 1986; Stickle and Diehl, 1987; Barker and Russell,
2008), but shows that the low salinities found at the sea surface of
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Fig. 8. Vertical speeds of tagged sea stars over a 7 to 14-day period. Instantaneous speed (given in cm hr– 1) was calculated from the change in vertical position over each 5 minute
logging period. Note that there are y-axis breaks in all ﬁgures.

Doubtful Sound could not be tolerated by C. muricata for any length of
time.
These observations highlight the need for C. muricata to regulate its
vertical distribution in response to changes in surface salinities, (which
ranged from 11 to 34 PSU during the period the tagging). Interestingly, it
appears as though the animal began its descent prior to the deepening of
the LSL at Espinosa Point, which would suggest that other physical cues
such as changes in wave action associated with increased winds may also
be playing a role in their vertical distribution. Rainfall is typically
accompanied by strong up-ﬁord winds that set up the freshwater at the
head of the ﬁord and cause a deepening event; hence the thickening of
the LSL at Espinosa point is lagged behind the beginning of the rainfall
(Gibbs, 2001). An increase in wind-induced wave action at the beginning
of the rainfall is suggested by a corresponding increase in noise in depth
measurements on both the tag on Sea star 2 and the tag being used as a
tide gauge.
The ability of C. muricata to avoid low-salinity exposure during a
deepening event is consistent with vertical speed measurements that

indicate C. muricata can move faster than the rate at which the LSL
deepens. For example, the rate at which the LSL deepens during weather
events is on the order of 0.5 m h– 1, while the rates of C. muricata vertical
movement observed in the present study were estimated between 1.78
and 23.3 m h− 1. If we take into account the 1:2 relief of the terrain at
Espinosa Point (see Fig. 1), their actual rate of movement is about twice
as high as these estimates, meaning that they can move considerable
distances over a relatively short time period in response to both physical
and chemical cues. Our estimates of vertical movement for C. muricata
(see Table 1) are comparable with an average of 3.9 m over a 6 h period
(i.e., 15.6 m day− 1) measured for the same species by Witman and
Grange (1998), but considerably faster than those measured for other sea
stars (2.3 to 4.3 m day− 1 for Acanthaster planci (Keesing and Lucus,
1992), 1.5 to 3.7 m day− 1 for Asteria pectinifera (Kurihara, 1999), and an
average of 1.42 m over 6 h (i.e., 5.7 m day− 1) in Patiriella regularis
(Witman and Grange, 1998s)).
The research presented here introduces the strong potential of using
archival electronic tags for studying movement behaviour in a foraging
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Fig. 9. Salinity temperature proﬁles for Espinosa Point, Doubtful Sound on 27 February 2008. The insert ﬁgure is the temperature/salinity plot for the water column from 0 to 15 m.

benthic invertebrate. This paper was not intended as a detailed study on
C. muricata behaviour, although we have highlighted the utility of the
technique through a brief discussion of the application of tagging data for
understanding sea star behaviour and their response to the physical
environment. Coupling these sets of data opens up the ability to
quantitatively understand the role of the physical environment in driving
ecology processes, directly for the species of interest, but also indirectly
by understanding how the physical environment inﬂuence keystone
species and habitat modiﬁers. Despite its expense, future research with
small archival tags should advance of our quantitative understanding on
the behavioural ecology of invertebrate species with a large vertical
range, high degree of mobility and nocturnal activity (i.e. larger
crustacean species, octopus).
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