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Summary

Astropecten irregularis 1s an important predator in the structure and organization of
subtidal soft-sediment communities. Seasonal changes in the population dynamics of A.
irregularis and its prey exhibit complex interactions with each other and the physical

environment e.g. substrate, seawater temperature and tides. The dietary characteristics of
A. irregularis has been examined at sites throughout the southern and western coastal

waters of the British Isles. Although A. irregularis shows a strong seasonal preference
for juvenile bivalves e.g. Spisula subtruncata, its diet broadly reflects the relative
availability of prey and includes crustaceans, gastropods, polychaetes and echinoderms.
During winter starfish migrate off-shore into deep water and during summer they form
spawning assemblages. Changes in the arm length (growth) of A. irregularis is seasonal,
where maximal growth occurs between mid-summer and mid-autumn. Cluster analysis

and multi-dimensional scaling proved to be useful tools in the identification of seasonal

patterns in the starfish diet. Laboratory experiments and x-ray radiographs were used to
examine prey selection; interactions between prey density, prey survival within the
starfish stomach (which varies with predator size) and prey profitability were identified.
Capture and ingestion of different molluscan, crustacean and echinoderm prey have been
described. Freshly caught starfish exhibited an endogenously controlled quadri-diurnal
locomotory activity under continuous darkness, which coincided with expected slack
water at high and low tides. In a laboratory flume starfish burrow into the sediment in

response to strong water currents and form subsurface aggregations. The distribution and

occurrence of the polynoid commensal Acholoé squamosa and its host A. irregularis is

also reported.
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CHAPTER 1

General Introduction

Astropectinid starfish are conspicuous members of many subtidal benthic communities

around the world (Christensen, 1970; Peres, 1982), feeding predominantly on small
infaunal organisms such as molluscs and crustaceans (Christensen, 1970; Jangoux, 1982;
Nojima, 1989; Lemmens et al., 1995). Although previously a number of workers have

investigated the general feeding biology of Astropecten (Hunt, 1925; Christensen, 1970;
Burla et al., 1972; Massé, 1975; Ribi and Jost, 1978; Franz and Worley, 1978; Nojima,
1989; Beddingfield and McClintock, 1993; Lemmens et al., 1995; Freeman et al., 1999)
few studies have examined the role of Astropecten in structuring benthic assemblages at
the community level (Christensen, 1970; Wurzian, 1983). Wurzian (1983) for example,
studied the feeding rate of A. aranciacus which inhabits the shallow waters of the
Adriatic Sea and concluded that this particular species had a much less significant role in
the benthic community than had previously been expected. In the shallow coastal waters
off the British Isles and Denmark, however, A. irregularis (Pennant, 1777) is considered
to be an important predator of many infaunal species, particularly those associated with

soft-sediment habitats where this starfish is known to have a significant effect on the

population densities of the clam, Spisula subtruncata (Christensen, 1970; Freeman et al.,

1999).

The importance of asteroids as a controlling agent in the communities to which

they belong has been well documented (Galtsoff and Loosanoff, 1939: Hancock, 1955;



Paine, 1966, 1976; Brun, 1968; Dare, 1982; Dayton, 1975; Menge, 1982; Paine et al.,
1985; Menge et al., 1994; Navarrete and Menge, 1996). In some instances asteroids are
known to cause extensive damage to commercially exploited shellfish beds worldwide.
For example, Asterias rubens, is probably one of the most destructive predators of
cultivated stocks of the mussel, Mytilus edulis, in northern Europe (Korringa, 1976;

Dare, 1982) whilst other asteroids such as Acanthaster planci, have caused widespread

destruction of many coral reef communities throughout the tropics (reviewed by Moran,

1986).

The key to the success of asteroids has generally been attributed to a range of

characteristics that give these predators considerable versatility unlike that of many other

benthic invertebrate predators (Menge, 1982). These characteristics include,
indeterminate growth where starfish will continue to grow depending on the availability

of food (Paine, 1976) a digestive system that is sufficiently generalized to allow a wide

range of prey to be assimilated (Feder, 1959; Mauzey et al., 1968; Lubchenco and

Menge, 1978) extra and/or intra-oral digestion which enables these predators to handle

both large or small prey items (Christensen, 1970; Dayton et al., 1974) a sensory ability
which 1s ‘sophisticated’ enough to enable prey, which may be buried in the sediment, to
be located and in some asteroids e.g. Pisaster giganteus, an ability to ‘learn’ about its
prey (Landerberger, 1966; Mauzey et al., 1968; Dayton et al., 1977) locomotory and
attachment mechanisms such as, tube-feet and flexible arms, which permit rapid
movement and firm attachment simultaneously, a variable number of arms which
provide power and flexibility when adhering to either sediment or prey (Ferlin, 1973:

Lawrence, 1987). Although our knowledge of such characteristics has been useful in
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understanding the role that asteroids play within the community, much of this

information has hitherto been largely confined to those species which occur

predominantly in intertidal habitats.

Paine (1966) clearly demonstrated the impact of Pisaster ochraceus on the

structure and diversity of a mussel dominated community on the Pacific coast of North

America by excluding starfish from certain areas of the rocky intertidal. In the absence of
this important predator, its most preferred prey and the spatially dominant species,
Mpytilus californianus, showed a dramatic increase in abundance, whilst the overall
diversity of other species within the community showed a significant decline. Paine
(1969) later described P. ochraceus as a ‘keystone species’ a concept he used to define
the relative importance of such predators within the community by the number of
different attributes they possessed. These attributes included, a preference for
competitively superior prey, M. californianus, a species which could potentially
eliminate other organisms, a large body size relative to prey size, a functional response to
increases in prey density, indeterminate growth and a relatively large foraging range
(Paine, 1969, 1976; Menge, 1982). It has been suggested that A. irregularis may also be
a ‘keystone species’ (Christensen, 1970) in soft-sediment subtidal communities.
However, there has previously been relatively little evidence to support such a claim and

more information is clearly required to determine the relative position of this asteroid

within the community it occupies.

Few studies have investigated asteroids inhabiting subtidal regions (Hancock,

1958; Nauen, 1978; Sloan and Robinson, 1983) and even fewer have examined their
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significance within soft-sediment habitats (Christensen, 1970; Anger et al., 1977). This
may, in part, be attributed to the difficulties often associated with conducting direct
observations or experimental manipulations on subtidal asteroids. For example, in many
subtidal habitats scuba equipment or underwater cameras may be required to observe
predator-prey interactions. In many cases, however, such observations may not always be

feasible because of poor weather conditions, expensive equipment and/or costly

manpower. More indirect methods such as beam trawls and benthic grabs, for example,
have usually been employed in order to infer general predator-prey interacts or
relationships. Since A. irregularis feeds by ingesting its prey intra-orally, this species 1s
well suited for quantitative and qualitative investigations into asteroid feeding biology
and consequently the role of this particular species within the community (Christensen,

1970). In this thesis the role of A. irregularis as a benthic predator is examined at a study
site located within shallow water to the northeast of Red Whart Bay. At this site soft-

sediment habitats predominate and these are well known for their suitability as nursery

grounds for many commercially exploited predators such as juvenile flatfish,
Pleuronectes platessa and Limanda limanda (Basimi et al., 1985; Carter et al., 1991)

and other non-commercial predator A. rubens, for example, which co-exists with A.

irregularis, feeding on very similar prey items such as S. subtruncata, Abra alba and

Nucula turgida (Allen, 1981).

The aim of this thesis has been to examine the general ecology and feeding habits

of A. irregularis and to establish its importance as a benthic predator within a soft-

sediment subtidal community. The thesis is divided into several chapters each one

except for chapters one and seven, containing its own introduction and discussion.
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Chapter one provides general background information to the thesis, whilst chapter

seven is a general discussion drawing together the most important aspects of each

chapter and provides a focus for future research.

Chapter two examines the seasonal changes in the population dynamics, spatial

distribution and reproductive biology of A. irregularis collected from the main study site
in Red Wharf Bay. In addition, seasonal migration patterns of starfish based on both field

and laboratory investigations are also presented. Chapter three investigates the seasonal
changes in the diet and prey selection of A. irregularis with particular reference to the
size of both predator and prey, and the abundance and biomass of prey. The chapter also
discusses the role of A. irregularis in a the soft-sediment community in Red Wharf Bay
and investigates the stomach contents of A. irregularis at various sites located within the

southern and western waters of the British Isles. Chapter four examines prey preference

by A. irregularis 1n laboratory aquaria, with particular reference to optimal foraging
theory, and considers the mechanisms underlying prey selection based on predator and
prey size, prey abundance and the retention time of prey within the starfish stomach.
Chapter five identifies the different methods used by A. irregularis to capture its prey
and 1nvestigates both exogenous and endogenous locomotory activity under varying
water velocities within a laboratory flume. Changes in the daily illumination where
constant conditions of light and dark are experimentally manipulated were also examined

in the laboratory. The locomotory speed exhibited by different size classes of starfish and

the changes in speed when prey items are encountered is also presented. Chapter six

investigates the association between the commensal polynoid worm, Acholoé squamosa

and its host A. irregularis. The distribution and abundance of A. squamosa around the
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southern and western coastal waters of the British Isles and the spatial distribution of this

symbiont on its host are also examined.



CHAPTER 2

Spatial Distribution, Spawning and Population

Structure of Astropecten irregularis

2.1 Introduction

In the coastal waters around the British Isles Astropecten irregularis inhabits a variety of

different substrates ranging from coarse gravel to fine mud, although it is more commonly
found in sand (Hunt, 1925; Holme, 1966; Christensen, 1970; Freeman et al., 1998). All
species of Astropecten are generally found either partially or completely buried within the
sediment, but when foraging, they roam over the sediment surface where they are

voracious predators of many infaunal invertebrates, particularly molluscs and crustaceans

(Christensen, 1970; Ribi et al., 1977; Ribi and Jost, 1978; Franz and Worley, 1982;

Nojima, 1989; Lemmens et al., 1995).

In benthic communities where Astropecten is common seasonal changes in the

abundance of this predator can have a profound influence on the population structure and
density of many infaunal invertebrates (Christensen, 1970; Morin et al., 1985). For
example, in Danish waters during the late summer months, newly settled juveniles of the
clam Spisula subtruncata, a preferred prey species of A. irregularis, are almost totally
eliminated as a result of starfish predation (Muus, 1966) whereas other molluscan prey,
such as juvenile Mya truncata conveniently avoid periods of intense starfish predation by

settling during the winter months when starfish are much less abundant and their feeding



rates are substantially reduced (Christensen, 1970). Larger M. truncata, on the other hand,

avoid starfish predation by occupying much greater depths within the sediment where they

are largely inaccessible to foraging starfish (Christensen, 1970).

Few previous studies have examined the seasonal changes in the spatial
distribution of Astropecten and these provide only limited confirmation that this genus is
migratory (Burla et al., 1972; Pabst and Vicentini, 1978; Nojima, 1983). Burla et al
(1972) documented the off-shore migration of Astropecten aranciacus, a common
asteroid in the shallower (<7m) inshore waters of the Mediterranean during the winter
months. Nojima (1983) similarly reported winter migrations in another shallow water

species, A. latespinosus, a common predator in Japanese waters.

Observations on the annual reproductive cycle and growth of Astropecten appear
to be confined to just two studies, that by Nojima (1982) and Christensen (1970). Nojima

noted that A. latespinosus, a common predator in the shallow coastal waters off Japan,

spawn during the summer months whilst its rate of growth is generally greatest during the
autumn months. Christensen, similarly observed spawning during the summer months in

A. irregularis and that growth also followed a seasonal pattern. His observations,
however, were based entirely on starfish kept under laboratory conditions and there

appears to be no comparative studies of this particular species to field populations.

In this study the seasonal changes in the spatial distribution and abundance of A.

irregularis in Red Wharf Bay, North Wales are examined, and the annual reproductive

cycle and population structure of this important benthic predator are described.



2.2 Materials and methods

A bathymetric survey of the study area, approximately 3 x 5 km, was conducted using a 12

Koden Chromascope 200KHz echosounder linked to a RoxAnn system running Microplot

for logging in Red Wharf Bay, Anglesey, North Wales (53° 20’ SON 04° 06" 00W) (Figure

2.1). Seawater depths ranged from 13m inshore and 28m offshore and the bottom substrate |

consisted of sandy sediments (Figure 2.2). Although a large population of Astropecten
irregularis was discovered within the study area, an arbitrary boundary covering area
approximately 1km* was established at the centre of the population. This area was further

divided into sixteen plots (A1 to D4) each an area 0.65 of a square kilometer (0.25x0.25km).

Monthly samples were collected between October 1995 and May 1998 during neap tides
using a 2m or 3m beam trawl fitted with a S5mm® mesh. Although a single trawl was towed

at a speed ranging between 1 and 1.5 knots for a period of 8min inside each of the sixteen

sample plots by the University of Wales research vessels the Prince Madog or the
Sandpebbler. However, single tows within each plots were not always possible and on

occasion tows overlap plots or continued beyond the plot perimeter. The co-ordinates for

each trawl, the number of starfish collected and seawater depth are presented in Appendix L
The distance over the ground covered by each trawl was determined by recording the ship’s
position with a Glczbal Positioning System (GPS) when each trawl was shot and hauled;
these co-ordinates were then used to relocate each plot on subsequent visits. In each catch
the number of A. irregularis were recorded and the length between the mouth and the tip of
the longest arm of each starfish measured to the nearest 0.1mm using vernier calipers. Most

starfish were preserved in 5% formalin, although some were maintained in running seawater



Figure 2.1. The position of the study site (1km”) in Red Wharf Bay, A-D and 1-4 divide the

site into sixteen sample plots, which were trawled each month between October 1995 and

March 1998; inset shows the location of the study site off the coast of North Wales.
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Figure 2.2. (a) Location of study area in Red Wharf Bay off the coast of Anglesey,
North Wales. (b) A 2-dimensional contour map of the study area showing seawater
depth, and (c) Bathymetric profile of the study area showing the deepest (28m) and the
shallowest (13m) seawater depths, and the location of the sample plots (Al to D4;
central grid see Figure 1).
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for subsequent laboratory experiments. During the course of the study surface seawater

temperature in the Menai Strait was recorded.

A. irregularis were generally abundant throughout the year although in some months
during the winter they were scare. During one such month, February 1997 when A.
irregularis were absent from catches, a standard beam trawl, made heavier by attaching
additional tickler chains and lead weights to the main frame, was used to trawl the deeper
levels of sediment in order to establish whether starfish had burrowed deeper into the
sediment to avoid seasonally low seawater temperatures or were absent from the site due to

migration. To determine whether starfish had migrated inshore during February additional

samples were collected from the shallower inshore waters located to the south of the study

site using a standard beam trawl.

A measure of the dispersion of A. irregularis within the study site was calculated

using the Lloyd’s dispersion index C (Lloyd, 1967). This index has the advantage of

providing a more detailed measure of dispersion compared with other commonly used
indices such as the dispersion coefficient k (see Elliott, 1977) and has previously been

successfully used to investigate dispersion in other asteroid species (see Levin et al., 1985).

The Lloyd’s index (C) is calculated as;
C==
X
where m 1s the mean crowding when data are negatively binomial and the value of m is

SZ
calculated as; m=xX+—-1

A

10



where X is the mean density of A. irregularis (ind.ha') and S? is the sample variance.

When C p 1 the distribution is considered to be aggregated, otherwise it is considered to be

uniform. For samples where n>30 a significance value was estimated using the d-cnitenia
(Elliott, 1977). To quantify the seasonal changes in the spatial distribution of A. irregularis

throughout the study site, between December 1995 and December 1997, the average number

of starfish (ind.ha™) from each of the sixteen sample plots A1 to D4 were compared.

To determine the reproductive status of A. irregularis, a representative size range of
between twenty and twenty-six formalin preserved starfish were selected from the monthly
samples collected from Red Wharf Bay, between December 1995 and May 1998. These
starfish were dissected under a low power binocular microscope, the gonad material from
each individual removed and together with the starfish oven dried at 60°C for a period of
three days and the dry weights estimated to the nearest 0.01mg using a top loading balance.
A gonad somatic index was calculated as the proportion of the gonad dry weight (GDW) to
the body dry weight (BDW) including the gonad weight. This method has previously been
used by Nojima (1982) on his study of the reproductive cycle of A. latespinosus and is

obtained as follows;

GDW
BDW

Gonad somatic index = % 1000

Growth of A. irregularis was estimated from the monthly size frequency data using

the method of Bhattacharya (1967). This analysis fits normal distribution curves to the

length frequency data to obtain estimates of the mean size classes for each sample set.

However, this type of analysis usually fits several curves to the distribution data to resolve
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overlapping size classes, but in the Red Wharf Bay population there is only one main cohort

of starfish and so the fitted normal distribution curve that best approximates this cohort was

used.

The effect of seawater temperature on the burrowing depth and locomotory activity
of A. irregularis was investigated in the laboratory. A total of eight starfish (arm length 30-
48mm) were kept individually in aquaria (surface area 750cm®) filled with sand to a depth of
10cm and supplied with running seawater maintained at a temperature of 18°C. Over a

period of 54 days seawater temperature, which was thermostatically controlled, was reduced

in increments of 2°C every six days until a minimum temperature of 2°C was reached. The

position of each starfish and its depth in the sediment were recorded twice a day, in the
morning and in the evening. Burrowing depth was estimated by gently probing the sediment

with a specially adapted depth gauge (see Appendix II). Since starfish emerge from the same

position once they have burrowed into the sediment following a period of foraging over the
sediment surface, their movements could be detect between observations. The positions of

each starfish were plotted onto a transparent plastic sheet which was marked appropriately

with a series of grid squares (1cm?).

2.3. Results

Astropecten irregularis showed marked seasonal trends in abundance, ranging from a

mean of 130ind.ha™ (0.013ind.m%) in July 1996 declining to a mean of 6ind.ha™
(0.0006ind.m*) in December 1996; on one occasion in January 1997 starfish were

completely absent from all beam trawl samples (Figure 2.3). Because A. irregularis is a

12
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Figure. 2.3 The abundance (ind.ha") of Astropecten irregularis (0+ SE) and seawater
temperature ( -e- ) in Red Wharf Bay between December 1995 and May 1998; n/d

denotes no data; abs denotes starfish absent.
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burrowing starfish low population densities during the winter months may indicate that

many individuals had burrowed deeper into the sediment in response to low seawater
temperatures. However, the use of a heavy beam trawl, which allowed a much greater
depth of sediment to be sampled, did not collect significantly (ANOVA F=0.14, P>0.05)
more starfish than the standard lighter trawl (Table 2.1) suggesting that most starfish had
probably migrated out of the study site during this period. In 1997 a second increase in
starfish abundance occurred during October and November when around 50ind.ha’

(0.005ind.m?) were recorded at a time when starfish numbers were usually low

<10ind.ha™ (0.001ind.m?) (see Figure 2.3).

Table 2.1. Beam trawl characteristics and the number of Astropecten irregularis collected

from Red Wharf Bay during February 1997.

Weight' Number of
Trawl (kg) extrachains trawls  Starfish?
Standard 35 0 16 17 (10)
Moderate 60 2 8 17 (12)
Heavy 85 4 8 18 (15)

'Values include chains and lead weights
*Values are mean (£SD)

Although the Lloyd’s dispersion index (C) indicated that in Red Wharf Bay A.
irregularis were highly aggregated in every month (Table 2.2), the value of C showed a

general seasonal trend, with the exception of high values in December 1996 which had a

very small sample range (2-11). Figure 2.4 shows the spatial distribution and abundance

of A. irregularis within the study area which showed marked seasonal trends. In general,

high starfish densities occurred during the summer months, whilst fewer starfish occurred

13
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during the winter months. The overall pattern of distribution indicates that the starfish
population appears to move northwards out of the study site at the beginning of winter
and then return to the site towards the end of winter, again from the north. Although
speculative, it is suggested that this northerly shift in their distribution is indicative of an
offshore winter migration. This pattern of migration is also supported by samples
collected from within the shallower more inshore waters, to the south of the study site,

where A. irregularis were absent from beam <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>